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ABSTRACT 
This research project investigated the practical application of crossflow membrane 

filtration technology to treat wheat starch waste streams at an operating wheat starch 

manufacturing plant, where costs and compliance issues had a negative impact on 

company business.  Water usage, wastewater generation, wastewater treatment and 

costs were investigated and membrane filtration trials undertaken.  These data were 

utilised to determine system requirements and enable project costs to be calculated 

and investment alternatives compared. 

Water usage at the site averaged 530 kL/day (standard deviation = 194 kL/d) to 600 

kL/d (standard deviation = 89 kL/d) with 8.7 kL to 9.0 kL water used per tonne flour 

throughput.  Waste streams discharged to sewer and Liquid Fertiliser represented 

around 70-75% and 20% of incoming water.  Three primary waste streams from the 

factory were combined and treated through the on-site wastewater treatment plant 

(WWTP).   

The WWTP volume was 340 m3 to 370 m3 and biogas produced off-set natural gas 

costs.  The treatment train consisted of a head tank, preacidification tank, mix tank, 

anaerobic digester and aeration tank.  Although designed to treat a hydraulic loading 

rate (HLR) of 13 m3/h and an organic loading rate (OLR) of 4.4 t/d the WWTP was 

regularly overloaded treating up to 26 m3/h HLR and 17.3 t/d OLR and not always 

operated within optimal conditions.   

Freshwater inputs were $1.13/kL and wastewater sewerage discharge costs were 

based on volume ($0.39/kL) and quality parameters such as biochemical oxygen 

demand measured over a five day period (BOD5) ($1.07/kg) and suspended solids 

(SS) ($0.42/kg). Water input costs were in the vicinity of $220,000/y and wastewater 

discharge costs ranged from $520,000/y to $3.2 M/y.  Other disposal costs included 

anaerobic sludge ($169,000/y) and Liquid Fertiliser ($263,000/y).   

Ceramic membranes, manufactured by Fairey Industrial Ceramics, UK with different 

pore sizes (0.2 µm, 0.35 µm and 0.5 µm) were trialled with untreated wheat starch 

waste streams.  Total solids, SS and chemical oxygen demand (COD) concentrations 

were reduced by up to 30%, 88% and 92%.  Cleaning efficiencies of up to 70% were 

achieved with sodium hydroxide solutions.  No benefits were gained by increasing 

transmembrane pressure (TMP) above 100 kPa.  Backflushing 30 seconds every five 

minutes increased permeate flux.  Permeate flux frequently increased over time using 
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wheat starch wastewater as the feed, unlike when model starch solutions were used.  

Concentrated solids had a greater value as a stockfood component (average $546/d) 

than as biogas (average $227/d). 

Anaerobic effluents were treated using two different membrane types simulating side-

stream MBR and submerged MBR processes.  Using the side-stream MBR, effluent 

was progressively filtered in a multi-stage microfiltration and ultrafiltration process.  

Flux ranged from 51-60 L/m2h and COD reduction was 84%-87%.  Total nitrogen 

(TN) and total phosphorus (TP) were completely removed (0.1 µm membrane) and 

metal concentrations decreased for calcium, potassium, magnesium, aluminium, 

copper, iron, manganese, zinc and cadmium.  Cleaning efficiencies were least for the 

0.1 µm membrane and increased as membrane pore size decreased.   

Anaerobic permeate samples using a 0.4 µm submerged membrane contained 1.5 

mg/L TP (original sample 61.9 mg/L) and 13.3 mg/L TN (original sample 350 mg/L).  

Bioavailable nitrogen compounds were 3.9 mg/L and 0.043 mg/L for N-Ammonia and 

N-Oxides respectively.  Filterable reactive phosphorus concentration was 0.23 mg/L. 

Anaerobic permeate quality was suitable for crops moderately tolerant to salinity (0.1 

µm and 0.4 µm membranes), could cause foliar injury to plants and posed a low risk 

of complexing with cadmium in soil.  TP and TN levels were suitable for irrigation 

use long term (100 years) (0.1 µm membrane) and short term (20 years) (0.4 µm 

membrane).   

Increased biogas generation, as a result of COD being retained by a side-stream 0.1 

µm membrane, could provide additional energy (43,000 GJ/quarter) with a natural gas 

equivalent value of around $500,000.   

Financial analyses were undertaken on four investment alternatives and the 

application involving microfiltration of untreated wastewater was identified as the 

least cost option for managing financial and other issues associated with wastewater 

discharge at the wheat starch factory.  
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1. INTRODUCTION 

This thesis project investigates the practical application of crossflow membrane 

filtration technology to alleviate financial and other difficulties associated with 

wastewater discharge issues, as experienced by a small wheat starch manufacturing 

plant in Queensland, Australia.  The plant was commissioned during the 1950s when 

potable water was free and discharge to sewer of unwanted tailing streams was also a 

free unencumbered and usual practice.  Streams discharged to sewer from the study 

site were always further treated in a municipal wastewater treatment plant prior to 

discharge to the environment.  The cost of water inputs, wastewater treatment and 

wastewater discharge had increased since the plant was commissioned.  Discharge 

licence conditions and legislative requirements had also become more stringent and 

costs associated with managing these changes also increased.    

Data contained within this thesis focuses on the period between March 1999 and 

March 2001 when on-site investigations were undertaken.  The word ‘application’ in 

the title of the thesis was taken very seriously and it was therefore interpreted that any 

research outcome would need to have considered more than just technical data.  For 

something to be applied within industry, it must be feasible and optimal from an 

economic, technological, and legislative perspective.  Theoretical knowledge and 

practical application come together in this research with a presentation of relevant 

literature followed by a description and investigation of the study site, membrane 

filtration experimental results and the financial analysis of various alternatives.  

Literature was reviewed for three aspects of the research project for the wheat starch 

processing factory and these sections are presented in Chapter 2, Chapter 3 and 

Chapter 4 with respective titles: 

A. Wheat starch processing 

B. Wastewater treatment options  

C. Crossflow membrane filtration technology  

The literature review pertaining to wheat starch processing commences with an 

overview of the wheat kernel from which wheat flour is produced and is followed by 
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an introduction to the many variety of products derived from this source.  The 

economic viability of processing these products is dependent on a number of factors 

and these are summarised in the review.  In detail, the physical and chemical 

characteristics of the major components of wheat flour, including starch, gluten, fibre, 

non starch polysaccharides and lipids are then presented.  Summaries of literature 

reviewed relating to the various fractionation processes used in the industry, such as 

the Alkali, Martin, Batter and the Alfa-Laval/Raisio processes are also provided.  

Finally, literature relating to water usage and wastewater characteristics within the 

industry has also been reviewed in this chapter.  

It was important to review the literature relating to wastewater treatment within the 

starch manufacturing industry as this was a major aspect of this research project.  

Whilst it is recognised that solving wastewater treatment problems can include cleaner 

production and end of pipe approaches, many manufacturers continue to focus on end-

of-pipe strategies as this is where the problem is noticed and consequently perceived.  

Within this chapter, the drivers and barriers to cleaner production approaches are 

presented from the literature reviewed.  Examples of cleaner production assessment 

tools are also provided.  The study site for this project had an on-site treatment 

process in place which primarily relied on an anaerobic biological digester to degrade 

the organic fraction of the wastewater.  Consequently, it was pertinent to review 

literature relating to this field to provide the most up to date information for the 

successful operation of this plant.  In addition, membrane filtration technology, if 

applied would need to work with this system to enhance benefits for the starch 

manufacturing plant.  

As this research project investigated the application of crossflow membrane filtration 

technology for the wheat starch manufacturing site with a view to reuse the 

remediated processing and waste streams, literature was reviewed relating to this field 

of research.  Initially, the difference between crossflow and dead-end filtration is 

presented to set the scope of this project.  This is followed by a review of membrane 

classification parameters including the separation mechanism, pore size, morphology 

and composition, geometry and configuration, flow direction, materials, hydrophilic 

and hydrophobic properties, driving forces, membrane bioreactors and novel 

membrane filtration developments which further define this growing technology.  

Membrane filtration performance measures were also investigated and these 
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parameters are presented for permeate flux models and the critical flux concept.  

Other aspects of membrane filtration technology reviewed and presented include 

membrane fouling, cleaning, system components and design considerations.  The 

economics of membrane filtration applications have also been investigated and this 

area of review covers the investment evaluation framework, capital costs, operating 

costs and measures of profitability.  Finally in this chapter, literature relating to 

membrane filtration of wheat starch factory effluents has been reviewed and the 

details are presented.   

The research methodology applied to this study is presented in Chapter 5.  This 

includes the research approach and objectives and constraints, as well as the methods 

utilised for the site investigation, membrane filtration trials and data analysis. 

Chapter 6 presents the study site investigation which was undertaken to determine and 

fully understand the boundaries and potential implications of the research project.  

Previous investigations undertaken at the site are briefly presented followed by 

relevant details on the starch factory, the waste water treatment plant (WWTP) and 

the costs associated with water purchase and wastewater discharge.  Data presented in 

this chapter form part of the research results as these represent investigative outcomes 

from research undertaken during the study period.  Productivity constraints related to 

the disposal of effluent are also indentified at the end of this chapter. 

The legislative framework applicable to the identified productivity constraints are 

presented as Appendix F.  This provides an overview of Commonwealth, State and 

local legislation and guidelines requiring consideration for an environmental 

engineering development considering the remediation of processing or waste water 

streams for reuse as either a food-grade water used on-site or the potential for a 

recycled water product to be sold and used off-site by an external customer.  

Consideration is given to legislation and guidelines covering aspects such as 

environmental protection, water trading, drinking water quality requirements and 

water reuse guidelines.  This has been a rapidly developing area over the previous 

decade.   

Utilising outcomes from the site investigation, legislative framework review and 

membrane filtration experiments, an investigation was undertaken to determine the 
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potential for reducing productivity constraints and these results are presented in 

Chapter 8.  These investigations covered the following areas: 

 Reducing waste generation (Section 7.2) 

 Enhancing WWTP performance (Section 7.3) 

 Membrane filtration of a raw wheat starch waste stream (Section 7.4) 

 Membrane filtration of a biologically treated wheat starch waste stream 

(Section 7.5) 

 An approach that combines the benefits of cleaner production and tail end 

applications (Section 7.6) 

For the sections covering membrane filtration applications, detailed analyses were 

undertaken to determine values for permeate and retentate produced during the 

process as well as other advantages to the manufacturer in terms of the reduction of 

shutdown periods due to WWTP failure, production of a stockfood component, biogas 

generation rates, savings on wastewater discharge fees and potential production and 

sale of water for reuse.  Following this, financial analyses and comparisons were 

undertaken on four project alternatives to determine where membrane filtration 

technology would be best applied to the starch manufacturing plant and the extent of 

those benefits.  These financial assessments are provided in Section 7.7 and were 

undertaken for the following investment alternatives: 

 Alternative 1:  The do nothing approach which is used to compare results from 

other alternatives against 

 Alternative 2:  Microfiltration (MF) of the raw wheat starch tailing stream QXE 

 Alternative 3:  MF of the biologically treated wheat starch effluent using a side-

stream membrane bioreactor 

 Alternative 4:  MF of the biologically treated wheat starch effluent using a 

submerged membrane bioreactor (SMBR) 

A comparative summary of results from the financial analysis of the four alternatives 

assessed are then presented as a conclusion to Chapter 8.  This section clearly 

identifies and compares the net present value (NPV) and the accumulated cost over a 
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20 year project life for all the alternatives assessed and identifies the least cost 

alternative for the wheat starch manufacturing plant.   

The conclusions from this holistic research project are presented in Chapter 9.  This 

brings together the succinct findings for the various investigations undertaken forming 

overall potential outcomes for the project.  Findings associated with membrane 

filtration technology on the various wheat starch waste streams with different 

membrane types and optimised operating conditions are presented.  Both 

technological and financial outcomes of the research project have been investigated, 

as applied to a small to medium sized wheat starch manufacturing plant located in 

Queensland, Australia.   
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2. LITERATURE REVIEW PART A: WHEAT 

STARCH PROCESSING 

2.1. The Wheat Kernel 

Wheat (Triticum aestivum L.) is one of the oldest and widely grown crops (Van Hung 

et al., 2008).  The wheat kernel is then the starting point for processing wheat flour, 

from which the major products of wheat starch (63-72%), gluten (12%) (Van Der 

Borght et al., 2005) and bran are produced.  Wheat quality parameters include 

“…yield, disease resistance, climatic tolerance, specific weight, protein content, 

protein quality and baking performance” (Massaux et al., 2008).  The wheat kernel 

has been widely researched from a range of perspectives, including for example, its 

physical properties (Edwards et al., 2007; Neethirajan et al., 2007), drying kinetics 

(Ghosh et al., 2007), moisture contents (Al-Mahasneh and Rababah, 2007), extent of 

physical damage (Pearson et al., 2007) and the relationship between size and shape of 

wheat kernels and milling properties (Breseghello and Sorrells, 2007).  Hemery et al. 

(2007) presents a literature review on dry-milling processes for wheat grains including 

information relating to the composition, structure and physical properties of wheat 

grain tissues.  Cornell and Hoveling (1998) provide comprehensive information on the 

properties of wheat as well as processing aspects.  This research focuses on wheat 

with respect to where wheat flour is used as the starting point for wheat starch and 

gluten production.   

The wheat kernel, as shown in Figure 1, is comprised of outer and inner components.  

The outside pericarp is approximately 50 μm thick and consists primarily of bran 

while the inner section is known as starchy endosperm from which white flour is 

processed.  Endosperm contains a mixture of starch granules and proteins such as 

albumins, globulins, gliadins, and glutenins.  Starch granules contain some lipids and 

proteins and are variable in shape and size.  Major proteins include gliadins and 

glutenins which together are referred to as the ‘gluten complex’.  These can be 

separated from the other proteins as they are formed in discrete particles.  Wheat flour 

proteins vary in properties with genetic, environmental and agronomic factors during 

wheat kernel development. (Cornell and Hoveling, 1998) 
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Figure 1: Wheat kernel (Cornell and Hoveling, 1998) 

2.2. Wheat Flour Products 

Wheat flour and individual components such as starch and gluten have a variety of 

uses.  For example, wheat flour products are often used as a component of animal 

feeds (Nortey et al., 2007) or blended with meat products in canned pet food (Cornell 

and Hoveling, 1998; Polo et al., 2007).  In Denmark, most co-products from vegetable 

and agro industries are utilised as feed for ruminants (Serena and Knudsen, 2007).   

Wheat starch (commonly called corn flour in Australia) is also used in food and non-

food applications (Jane, 1997).  In food applications, starch is used as candy dusting 

agents, in baking powder, as fat substitutes (<2 µm size) (Jane, 1997), as a thickener 

and as a sweetener in a range of foods (Whistler et al., 1984).  Non-food applications 

include uses in the textile industry, pharmaceutical products, cardboard 

manufacturing, mineral oil drilling, cosmetics and toiletry products (Entwistle et al., 

1998).  Starch syrups (glucose) are widely used in food and non-food applications 

(Cornell and Hoveling, 1998) to make confectionery and industrial grade syrups.  

More recent developing markets include starch based products being used in 
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degradable plastics (Wollerdorfer and Bader, 1998), surfactants, starch foam 

packaging materials (Entwistle et al., 1998), as adsorbents in wastewater treatment 

applications (Zhang and Chen, 2002; Crini, 2005) and as encapsulation agents for 

pesticides in the agrochemical industry (Entwistle et al., 1998).  Starch wastewater has 

been used as the raw material for bioconversion by Bacillus thuringiensis to produce 

biopesticides (Yezza et al., 2006), and following an acid treatment by Saccharomyces 

cerevisiae strains for fuel ethanol production (Zaldivar et al., 2005).  Navenna et al. 

(2005) demonstrated that starch contained in wheat bran could be bioconverted to 

lactic acid by Lactobacillus amylophilus.  The use of the non-starch polysaccharides 

(NSP) for bioethanol production has also been investigated (Palmarola-Adrados et al., 

2005).  

Gluten has a variety of food and non-food applications.  As a food, gluten is best 

known as the key ingredient in bread that gives it the characteristic porous texture (the 

unique elasticity of the gluten complex enables gases to form within the dough) 

(Cornell and Hoveling, 1998).  It is also used in breakfast cereals, as a meat and milk 

protein substitute for vegetarian products (Cornell and Hoveling, 1998) and as a fish 

food component (Storebakken et al., 2000).  Al-Neshawy and Al-Eid (2000) 

investigated the benefits of using wheat gluten as an additive in vegetable oil to 

replace possibly carcinogenic synthetic antioxidants currently used to improve oil 

quality and stability.  Like starch, gluten has also been investigated as the raw 

material for a biodegradable packaging material by several researchers (Micard and 

Guilbert, 2000; Roy et al., 2000; Micard et al., 2001).  Chemical and enzymatic 

modifications of gluten can also extend the potential usage applications by altering 

solubility and surface hydrophobicity (Kong et al., 2007a; Agyare et al., 2008). 

2.3. Economic Viability  

The economic viability of wheat starch processing is dependent upon the financial 

returns from gluten obtained as a co-product (Entwistle et al., 1998).  Although gluten 

is of a lower concentration in wheat flour than the starch, its value is greater on a mass 

basis. Entwistle et al. (1998) indicates that a wheat starch plant processing 100,000 

tonnes of flour would produce 9,000 tonnes of gluten and 46,000 tonnes of starch 

although the gluten represented 25% of the total sales per tonne of starch produced in 

the UK.  Wheat starch, because of its ability to form gels, is used as a thickener in 
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foods and as a size in the textile industry, however corn and rice starches effectively 

compete with wheat starch applications in terms of cost and effectiveness (Cornell 

and Hoveling, 1998).  A-grade wheat starch is product sold as ‘cornflour’ on 

Australian supermarket shelves.  In the United States corn starch from corn is the 

major variety of starch used (Cornell and Hoveling, 1998).   

2.4. Wheat Starch 

2.4.1. Amylose and Amylopectin - Structure 

Starch is a carbohydrate primarily comprised of two polysaccharides, namely amylose 

and amylopectin (Lillford and Morrison, 1997; Crini, 2005; Massaux et al., 2008; Van 

Hung et al., 2008).  Amylose and amylopectin are polymers of D-glucose, as shown in 

Figure 2, and consequently, they are referred to as D-glucans and both have the 

formula (C6H10O5)n (Cornell and Hoveling, 1998).  Amylose is a linear-type lightly 

branched molecule with -1,4 glucosidic bonds while amylopectin has a branched 

structure formed by the addition of -1,6 glucosidic bonds (Cornell and Hoveling, 

1998; Massaux et al., 2008).  These polysaccharides exhibit excellent adsorption due 

to high hydrophilicity (hydroxyl groups), functional groups (primary amino, hydroxyl 

groups, acetamido), chemical reactivity and flexible polymer chain structure (Crini, 

2005).  
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Figure 2: Haworth representation of amylose and amylopectin (Cornell and Hoveling, 1998) 

The proportions of amylopectin and amylose in wheat starches vary.  Wheat starch 

typically contains 70-85% amylopectin while some high-amylose corn starches have 

85% amylose (Cornell and Hoveling, 1998).  Van Hung et al. (2008) indicates that 

wheat starch contains approximately 25-28% amylose and 72-75% amylopectin.  An 

increase in the total amylose content in wheat starches was shown to decrease final 

viscosities of wheat starch slurries by Blazek and Copeland (2008).  On the other 

hand, a positive correlation was found starch pastes viscosity parameters and 

“amylopectin chains with the degree of polymerization greater than 36…” (Blazek 

and Copeland, 2008).  The properties of wheat starch were found to be primarily 

influenced by the wheat cultivar type and to a lesser extent, by the culture year 

(Massaux et al., 2008). 

2.4.2. Starch Granules - Particle Sizes 

The size and shape of starch granules differ for different botanical origins (Lillford 

and Morrison, 1997) as shown in Table 1.  Typically, rice starches have relatively 

small starch particles, potato the largest and other starches such as wheat and tapioca 

fall in between (Gregorová et al., 2006).  The size distribution of wheat starch is 

reported to be bimodal by some authors (Frazier et al., 1997; Van Hung et al., 2008) 

and trimodal by Cornell and Hoveling (1998).  Wheat starch granules vary in shape 

dependent upon their size (Frazier et al., 1997; Cornell and Hoveling, 1998).  The 
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small granules 2-5 μm diameter are spherical and larger granules 10-50 μm are 

lenticular (Cornell and Hoveling, 1998) or oval (Van Hung et al., 2008).  The 

distribution of corn starch particle sizes is narrower than other starches such as wheat, 

potato and rice (Gregorová et al., 2006).   

The polysaccharides amylose and amylopectin are different sizes.  Amylose has a 

molecular weight (MW) in the range 105–106
 g/mol (Massaux et al., 2008) while the 

much larger amylopectin has a MW of around 108
 g/mol (Parker and Ring, 2001).  In 

water, amylose becomes a stiff flexible coil and has a hydrodynamic radius of 7-

22 nm whilst amylopectin hydrodynamic radius is around 21-75 nm (Parker and Ring, 

2001). 

Table 1: Size and shape of starch granules from different botanical origins  

Starch 
type 

Granule 
diameter size 
(m) 

Granule shape Reference 

Rice 3-9  
1.5-5.8 
4.4-4.8 (median) 

 
polyhedral and irregular 
polyhedral and  more 
isometric than potato 

(Cornell and Hoveling, 1998) 
(Singh et al., 2006) 
(Gregorová et al., 2006) 

Wheat  2-55  
20-21 (median) 

Smaller granules spherical, 
larger granules lenticular 
Spherical and oval shaped 

(Cornell and Hoveling, 1998) 
(Gregorová et al., 2006) 
(Van Hung et al., 2008) 

Potato  100-180  
10-65 
46-49 (median) 

 
“oval and sausage shaped” 
“most anisometric” 

(Cornell and Hoveling, 1998) 
(Yuan et al., 2007) 
(Gregorová et al., 2006) 

Although particle sizes of starches in pure solutions can be determined relatively 

easily, Cornell and Hoveling (1998) indicate that in food products, particles are often 

nonspherical, aggregates or gelled particles with normal, skewed or bimodal 

polydisperse systems.  In addition, food products can contain complex mixtures of 

fats, proteins and starch dispersions, these particles can change and sizes redistribute 

during storage (Cornell and Hoveling, 1998).  Starch properties can be modified by 

chemical, physical, enzymatic and genetic means, with the most common commercial 

starch modifications being derivatisation, cross-linking, hydrolyzing and oxidation 

(Jane, 1997).  Starch is hydrophilic and because of this, the conformation of hydrated 

soluble polymers is different from the unhydrated granule (Lillford and Morrison, 

1997).  
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2.4.3. Starch Solubility 

Undamaged starch granules are insoluble in cold water, partially soluble in warm 

water (low MW amylopectin) and they swell and burst, forming a gel in hot water 

(Cornell and Hoveling, 1998).  When chemicals with hydrophobic tails, such as fatty 

acids or 1-butanol, are present in the aqueous media, starch molecules form helical 

complexes as the hydrophobic tail complexes with the hydrocarbon of the starch 

(Jane, 1997).  Without the complexing chemicals with hydrophobic tails present, 

double helices are formed as starch molecules intertwine followed by retrogradation 

and syneresis (Jane, 1997).  Syneresis is the process whereby a starch gel contracts 

and a liquid exudates.  

Amylopectin is more soluble in water and more stable to retrogradation than amylose 

because it has more –OH groups exposed, due to its extensive branching and 

consequently less coiled structure.  Amylose molecules tend to “zipper” together 

excluding hydrogen-bonded water held previously and are the cause of starch gels 

stiffing upon cooling.  “Amylopectin… is less able to zipper and thus does not release 

bound water”.  Consequently “retrograded amylose is more resistant to degradation by 

amylases than is amylopectin”.  (Cornell and Hoveling, 1998) 

Damaged starch granules swell in cold water and are not more soluble in water 

because they are damaged (Cornell and Hoveling, 1998).  Various treatments can also 

increase starch solubilities including acid treatments (Sandhu et al., 2007) and acid-

alcohol treatments which result in an increase in the amylose to amylopectin ratio 

(Mukerjea et al., 2007).   

2.4.4. Starch Gelatinisation  

One of the primary functions of starch is related to its water absorbing ability which 

results in gelatinisation and a loss of granular organisation (Blazek and Copeland, 

2008).  When heated in an excess of water, the native crystalline structure of starch 

swells as the bonds are irreversibly disrupted in a process called gelatinisation (Parker 

and Ring, 2001).  Gelatinisation of starch forms gels or pastes and for most gelling or 

pasting purposes a concentration of 4-8% wheat starch is suitable (Cornell and 

Hoveling, 1998).  Amylose is preferentially solubilised during the gelatinisation 

process (Parker and Ring, 2001) and leaches from the starch granule (Anguita et al., 

2006).  It has been suggested by Parker and Ring (2001) that the lower MW 
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components of amylopectin are also solubilised.  The temperature at which 

gelatinisation occurs (Cornell and Hoveling, 1998) and the pasting properties of 

different cereal sourced starches differ (Blazek and Copeland, 2008).  As extracted 

from Cornell and Hoveling (1998), the gelatinisation temperatures for various cereal 

crops are listed in Table 2, showing that wheat has the lowest gelatinisation range of 

the starch sources shown.   

Table 2: Gelatinisation temperature of starch from various sources 

Starch source Gelatinisation temperature (C) 
Corn 61-72 
White potato 62-68 
Sweet potato 82-83 
Tapioca 59-70 
Wheat 53-64 
Rice  65-73 

Gelatinisation of starch is often measured as the temperature at which birefringence 

disappears (Cornell and Hoveling, 1998; Parker and Ring, 2001; Baks et al., 2007).  

However, Baks et al. (2007) indicate that differential scanning calorimetry and x-ray 

measurements are superior to the simple loss of birefringence techniques as they can 

determine when the gelatinisation process is complete.  Baks et al. (2007) found that 

different measurement methods could lead to different results.  

Gelatinisation of wheat starch is dependent upon a range of factors including pressure 

(Bauer and Knorr, 2004), temperature, starch type, the presence of other substances 

such as organic acids (Cornell and Hoveling, 1998), salt, yeast (Salvador et al., 2006) 

lipids and amylose (Debet and Gidley, 2006), the amylose:amylopectin ratio (Tester, 

1997; Blazek and Copeland, 2008; Van Hung et al., 2008), granular size (Vermeylena 

et al., 2005), solution pH (Cornell and Hoveling, 1998) and the starch:water ratio 

(Baks et al., 2007).  Bauer and Knorr (2004) found a strong positive correlation with 

the degree of gelatinisation and electrical conductivity when starch solutions 5 w/w% 

were under pressure (up to 500 MPa).  Salvador et al. (2006) report that the presence 

of salt as NaCl (1.2 and 2.4%), sucrose (10 and 20%), and yeast (2, 4 and 8%) all 

caused an increase in the gelatinisation temperature in wheat starch solutions.  Debet 

and Gidley (2006) found that swelling was restricted for wheat and maize starches 

when protein, lipids and amylose were present.  Cornell and Hoveling (1998) also 

indicate that amylose inhibits swelling due to complexation reactions with lipids.  Van 

Hung et al. (2008) studied genetically modified high-amylose starches grown in 
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Australia and found that these starches had a lower energy requirement (lower 

transition enthalpy) for gelatinisation and a higher gelatinisation temperature than 

‘normal’ wheat starches which was attributed to the larger amorphous area within the 

granules.  Vermeylena et al. (2005) found that gelatinisation temperature was greater 

for the smaller granules and postulated that this was related to the “…denser stacking 

of amylopectin double helices” in smaller particles.  Conversely, within the 

amylopectin structure of the larger particles, in excess water conditions of 60%, 

gelatinization occurred at lower temperatures (Vermeylena et al., 2005).  This is in 

agreement with Cornell and Hoveling (1998) who indicate that largest granules lose 

birefringence first.   

Cornell and Hoveling (1998) indicate that swelling of wheat starch begins at 45-50C; 

birefringence is lost and gelatinisation enthalpy decreases at 50-55C; a dissociation 

of double helices at 55-60C; and swelling is complete at 85C.  However, Baks et al. 

(2007) investigated gelatinisation of wheat starch at different starch concentrations 

and found that at 10% and 60 % starch, by mass, the gelatinisation process 

commenced at the same temperature of 50°C but was complete at different 

temperatures being 75°C and 115°C respectively.  Lillford and Morrison (1997) 

indicate that the viscosity of gelatinised starch slurries tend to rise to a maximum and 

then decrease due to stirring related shear stress on the amylopectin molecules causing 

disruption.   

Gels normally refer to colloidal solutions with elastic properties such as gelatin, and 

although starch pastes are colloidal systems, they are a true gel only at high 

concentrations.  Interactions responsible for the gel-like properties include hydrogen 

bonds, dipole-dipole interactions and Van der Waals-London dispersion forces.  

However, even when at high concentrations starch pastes do not liquefy during 

heating like gelatin gels do.  The irreversible portion of the setting process with starch 

gels or pastes is referred to as “retrogradation”.  (Cornell and Hoveling, 1998) 

Pasting characteristics of starch include; gelatinisation temperature, maximal viscosity 

versus concentration, and viscosity breakdown.  A Brabender Amylograph (or 

Viscograph) is an instrument used to measure these pasting characteristics from a 

starch suspension with viscosity measurements taken over time during a set heating 

program.  When the pasting characteristics of maize, potato and wheat starches are 
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compared (8% starch by mass), as shown in Figure 3, it is apparent that the viscosity 

increases with time and the influence of temperature is least for the wheat starch.  

Also noted is that the wheat starch viscosity does not decrease after cooling like 

potato and maize starches.  (Cornell and Hoveling, 1998) 

 

Figure 3: Cooking temperatures of wheat, potato and maize starches (Cornell and Hoveling, 

1998) 

The pH of wheat starch slurries (6% w/w), altered by the addition of hydrochloric acid 

(HCl) or sodium hydroxide (NaOH), had an effect on the viscosity curves obtained for 

cooking temperatures 75-98C as shown in Figure 4.  Within the range of pH 4.5 and 

9.0 the effects of pH were not significant, however an appreciable lowering of the 

gelatinisation temperature occurred below and above that range.  Greatest reductions 

were achieved for wheat starch slurries at pH=2 and to a lesser extent pH=10.  

(Cornell and Hoveling, 1998) 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

16

 

Figure 4: Viscosity of wheat starch slurries (6% w/w) on cooking at different pH values (Cornell 

and Hoveling, 1998) 

Starch gelatinisation is affected by the presence of sugars, salts, lipids, protein and pH 

of the suspension.  Starch gelatinisation is retarded if sugars and, to a lesser extent, 

salts are present due to a lowering of the water activity and reduced plasticizing effect 

on starch. Disaccharides decrease the gelatinisation rate, peak viscosity and gel 

strength more than monosaccharides.  Salts have a greater effect on potato starch than 

other starch types “…due to the presence of phosphate groups on the amylopectin”.  

Lipids such as “…monoglycerides of 16-18 carbon atom acids, also cause an increase 

in gel temperature and a delay in achieving maximal viscosity”.  (Cornell and 

Hoveling, 1998)  

Parker and Ring (2001) indicate that the gelatinisation process has an effect on starch 

solution rheology.  An increase in temperature or the presence of other starch-affinity 

compounds increased the swelling extent associated with gelatinisation (Parker and 

Ring, 2001).   

2.4.5. Rheology 

First it is necessary to provide definitions of the terms used within this section relating 

to rheology, as extracted (mostly verbatim) from Australian Standard® Rheology-

Glossary of terms and classification of properties (AS 3882-1991): 
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 Group 1 Basic Definitions 

o Rheology - The study of the deformation of materials, including flow. 

o Shear stress - The tangential component of stress. Symbol:  

o Viscosity - The property by which a material resists deformation, 

manifested in the dissipation of energy during flow. 

o Viscoelasticity - The property of a material exhibiting both viscous and 

elastic components. 

 Group 2 Behaviour, Properties and Models 

o Shear thinning fluid (pseudoplastic liquid) - A time-independent fluid 

displaying decreasing apparent viscosity as shear strain rate increases. 

o Shear thickening fluid (dilatant liquid) - A time-independent fluid 

displaying increasing apparent viscosity as shear strain rate increases.  

o Thixotropy - A decrease of apparent viscosity under shear stress 

followed by gradual complete recovery after the shear stress is 

removed.  

 Section 3 Classification of Rheological Properties of Materials (Classification 

tests and responses as well as the key to rheological behaviour of materials are 

presented with which to assess material behaviour against).   

o ‘Test 2’ (applicable to fluids) – A sequence of instantaneous changes in 

shear strain rate.  Some responses of shear stress are illustrated …as 

functions of both time and shear strain rate.  These responses 

differentiate between inelastic and viscoelastic behaviour, between 

Newtonian and non-Newtonian viscous behaviour and between time-

independent and time-dependent behaviour. 

o From the classification table presented in AS 3882-1991, rheological 

behaviour is defined by experimental result.  Table 3 shows a selected 

number of fluid classification types which are used in literature to 

describe wheat starch fluids.  
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Table 3: Rheological behaviour classification for select fluid types (AS 3882-1991) 

Classification Experimental result 
Inelastic fluid Stress at constant shear strain relaxes instantaneously 
Viscoelastic fluid Stress at constant shear strain relaxes gradually with time 
Newtonian fluid Linear relation between shear stress and shear strain rate 
Shear-thinning fluid Viscosity decreases as shear strain rate increases 
Shear-thickening fluid Viscosity increases as shear strain rate increases 
Thixotropic fluid Viscosity decreases with time during shearing 
Negatively thixotropic fluid Viscosity increases with time during shearing  

Uncooked wheat starch particles have a complex rheology in hydrophilic media such 

as water (Melrose et al., 1997) and do not have simple Newtonian properties of 

constant viscosity (Cornell and Hoveling, 1998; Al-Malah et al., 2000).  Melrose et al. 

(1997) report “…steep shear thinning at low shear rates and shear thickening at high 

shear rates”.  They postulate that at high shear rates, particles become closer and 

subsequently experience stronger viscous interactions to form larger clusters (Melrose 

et al., 1997).   

Wheat starch solutions are reported to display thixotropic behaviour dependent on 

concentration.  Abu-Jdayil et al. (2004) found that the thixotropic behaviour of wheat 

starch solutions was dependent on concentration in that it was antithixotropic at 2 

wt% starch and thixotropic at 4 wt% and 6 wt% starch concentrations. 

Viscosity and thixotropic behaviour are different for different starch types.  

Thebaudin et al. (1998) investigated the rheological behaviour of four types of starch 

in water systems including a modified waxy maize, normal maize, waxy rice and 

wheat and found that the wheat and normal maize starches had lower viscosity and 

enhanced thixotropic behaviour compared to other starches studied, as shown in 

Figure 5.  The samples (c) and (d) in Figure 5 exhibit little evidence of thixotropic 

behaviour.  The wheat (a) and normal maize starches (b) are more sensitive to 

shearing effects than the other starches.  Thebaudin et al. (1998) also found that the 

gel from wheat starch was ‘stiffer’ than the gel formed from maize starch.  
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Figure 5: Rheological behaviour of starch (starch paste flow curves) at 60°C for (a) wheat, (b) 

maize, (c) modified waxy maize and (d) waxy rice (Thebaudin et al., 1998) 

Pastes made from wheat flour will differ from pastes made from wheat starches.  

Constituents in wheat flour such as proteins, lipids and non-starch polysaccharides all 

affect flour paste viscosity while these are mostly removed during starch isolation 

processes (Blazek and Copeland, 2008).  In starch pastes, the interaction of amylose 

and amylopectin in a hydrated environment affects the viscoelastic characteristics and 

as the total amylose content increased in wheat starches, the peak, breakdown and 

final viscosities decreased (Blazek and Copeland, 2008).  A direct quote from Blazek 

and Copeland (2008) to describe viscoelastic characteristics follows: 

Viscoelastic characteristics of starch pastes and gels 
arise from the chemical structure of amylose and 
amylopectin and the way these two molecules interact in a 
hydrated environment. When a combination of heat and 
shear is applied to starch granules in water, starch 
granules gelatinize and form a paste in which the starch 
components are dispersed in the aqueous phase and 
amylose takes on a random coil configuration. On cooling 
the starch paste below the coil-to-helix transition 
temperature, amylose polymers start to aggregate 
through hydrogen bonding, forming junction zones and 
creating a gel network. With time, outer branches of 
amylopectin align and simple junction points may develop 
into more extensively ordered regions by retrogradation, 
leading to a crystalline order. 
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From the literature reviewed it is clear that wheat starch solutions are non-Newtonian 

fluids which can display complex rheological behaviours that are shear-thinning and 

shear-thickening at low and high shear rates respectively.  They are also reported to be 

thixotropic dependent upon concentration.  As well, the viscosity and extent of 

thixotropic behaviour differed for different starch types.  Pastes produced from wheat 

flour differ from pastes made using wheat starch, as starch contains fewer components 

than wheat.  During gelatinisation, aggregation of amylose polymers occur and then 

amylopectin align to form an ordered crystalline structure providing the gel with 

viscoelastic characteristics.  

2.4.6. The Effect of pH Treatments 

pH treatments of wheat starch solutions were found to affect the amount of 

recoverable crude starch, the content of lipids, proteins and pentosans within the 

various fractions, gelatinisation temperatures (Cornell and Hoveling, 1998) and 

enzymatic hydrolysis activity (Ozbek and Yuceer, 2001).  Cornell and Hoveling 

(1998) report that the amount of crude starch recovered from starch milk by 

centrifugation was relatively constant up to pH 8.5, less at pH 10 and none 

sedimented at pH 11.5, as shown in Table 4.  The centrifuged samples of crude starch 

had a greater concentration of lipids, proteins and pentosans in the top tailing starch 

fraction than the bottom heavier, larger granular prime starch fraction as shown in 

Table 5.  As discussed previously and shown in Figure 4, the pH of wheat starch 

slurries affected gelatinisation temperatures with these being lower when pH<4.5 and 

pH>9.0.  Özbek and Yűceer (2001) report that pH had an effect on the enzymatic 

hydrolysis of wheat starch with an amylase enzyme at 60°C, as shown in Figure 6.  

The enzymatic activity was greatest at 52% and the maximum hydrolysis degree was 

40% at pH 6.5.   

Table 4: The effects of different pH treatments for 3 h at 25C on percentage (v/v) of top layer 

(tailing starch) obtained on centrifugation (Cornell and Hoveling, 1998) 

pH Reagent used Volume % of total sedimented 
2.0 HCl 34 
3.0 Formic acid 38 
4.5 Formic acid 38 
6.0 No addition 37 
8.5 NaOH 32 
10.0 NaOH 14 
11.5 NaOH 0 
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Table 5: Lipid contents of starch fractions at different pH values (Cornell and Hoveling, 1998) 

pH of starch 
extraction 

Fraction Soxhlet extract (%) Total lipid (hydrolysis 
method) % 

2.0 Bottom 
Top  

0.78, 0.80 
1.50, 1.30 

1.37 
1.83 

6.0 Bottom 
Top 

0.59 
1.82 

1.14 
2.30 

10.0 Bottom 
Top 

0.58 
2.21 

1.39 
2.62 

 

 

Figure 6: The effect of pH on wheat starch hydrolysis (Ozbek and Yuceer, 2001) 

2.5. Gluten 

2.5.1. The Gluten Complex 

After the water-soluble material and starch are washed from a wheat flour dough (or 

batter), gluten is the protein rich stretchy plasticine-type yellowish material 

remaining, (Torbica et al., 2007) which is often referred to as the gluten complex 

(Bushuk, 1997; Wieser, 2007).  Gluten represents around 80% of the total protein in 

wheat flour (Saulnier et al., 1997) and includes two main protein groups traditionally 

categorised according to solubility in 60% alcohol-water mixtures - the soluble 

gliadins and the insoluble glutenins (Cornell and Hoveling, 1998; Elizalde and 

Pilosof, 1999; Bérot et al., 2001; Torbica et al., 2007; Wieser, 2007).  The other major 
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difference between the two proteins are that gliadins are monomeric globular proteins 

(Shewry and Tatham, 1997; Micard and Guilbert, 2000) stabilised by intra-molecular 

disulphide bonds (Agyare et al., 2008) while the glutenins are polymeric proteins 

(Elizalde and Pilosof, 1999) joined by inter- and intra-molecular disulphide bonds 

(Agyare et al., 2008). 

Different researchers present different aspects of how each component of gluten 

contributes to the overall function of the finished product whilst others just give an 

overview without necessarily breaking down the various components.  For example, 

Wieser (2007) indicates that hydrated gliadins contribute to the viscosity and 

extensibility of bread dough while glutenins provide for dough strength and elasticity.  

Other researchers indicate that the cohesiveness of the gluten complex in water-flour 

mixtures is attributed to the hydrogen bonding of amide side chains (Cornell and 

Hoveling, 1998) and are stabilised by intermolecular disulphide bonds (Egorov et al., 

1998), Van der Waals forces and hydrophobic interactions (Salvador et al., 2006).  

Undoubtedly, the finished product of gluten is not only comprised of gliadins and 

glutenins.  Final product gluten also contains residual carbohydrates, lipids and 

minerals (Bushuk, 1997) along with non-starch polysaccharides (NSP) which are 

mostly arabinogalactan and to a lesser extent arabinoxylan (Saulnier et al., 1997).  

Cornell and Hoveling (1998) indicate that the commercially marketed product, dry 

vital gluten, typically has the following properties: 

 80% protein 

 10% starch 

 5% lipid 

 8-9% moisture 

 Minerals, fibre, and trace impurities 

2.5.2. Gliadins  

Gliadins were traditionally classified into four subgroups -, -, -, - gliadins based 

on electrophoretic mobility in gel electrophoresis at low pH (presented in decreasing 

order of mobility) (Woychick et al., 1961; Örnebro et al., 1999; Wieser, 2007).  Fu et 

al. (1996) further differentiated the -gliadins into fast moving and slow moving 

groups dependent upon their solubility at 50% and 70% propan-1-ol solutions.  Fast 

moving -gliadins were insoluble in 70% propan-1-ol solutions as was glutenin while 
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slow moving -gliadins were soluble in both 50% and 70% propan-1-ol solutions.  

Consequently, Fu et al. (1996) deduced that slow moving -gliadins were more 

hydrophobic than fast moving ones given that they were soluble at a higher propanol 

concentration. 

Örnebro et al. (1999) investigated the adsorption of -, -, -, - gliadins onto 

hydrophobic surfaces and reported the following outcomes: 

 -gliadins aggregated to the surface more than other gliadins when protein 

concentration was 25 µg/mL.  Adsorption of the -gliadins was affected by 

pH being less dependent on concentration and having a lower absorbed level 

at pH 4.0 than at pH 6.0.  This was attributed to a smaller tendency for 

aggregation to occur when pH was greater from the isoelectric point (IEP).  

Although the specific IEP was unknown for the -gliadin sample, it was 

indicated that IEP for gliadin proteins generally range from pH 6.4 – 8.5. 

 The orientations of the - and -gliadins were dependent upon concentration 

switching the major axis from parallel to perpendicular to the surface with 

increasing concentration. 

 The orientation of - gliadins were parallel to the surface at all concentrations. 

 -, -, -gliadins blocked adsorption of - gliadins and could replace - 

gliadins in a previously formed layer. 

Overall, MW ranges for gliadins are reported within the literature as 28,000-55,000 

(Wieser, 2007), 30,000-45,000 (Elizalde and Pilosof, 1999), 31,000-74,000 (Örnebro 

et al., 1999) and 30,000-50,000 (Cornell and Hoveling, 1998).  The MW, physical 

dimensions and monolayer coverage onto hydrophobic surfaces during adsorption 

experiments, as reported by Örnebro et al. (1999), are presented in Table 6. 

Wieser (2007) indicates that since the earlier classification system, gliadins have been 

regrouped into subgroups 5-, 1,2-, /-, and -gliadins based on amino acid 

sequences, compositions and MW with the distribution of gliadin type dependent on 

growing conditions and wheat genotype (Wieser, 2007).  -gliadins have high levels 

of glutamine, proline and phenylalanine but lack cysteine (Wieser, 2007).  /-, and 

-gliadins have lower levels of glutamine and proline than the -gliadins (Wieser, 

2007).  In addition, -, - and -gliadins are sulphur rich (Shewry and Tatham, 1997) 
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and contain cysteine (Kieffer et al., 2007) while the -gliadins are sulphur poor 

(Wieser et al., 1987) and do not contain cysteine (Kieffer et al., 2007).  5-gliadins 

have MW around 50,000, 1,2-gliadins MW around 40,000 and /-, and -gliadins 

MW range overlap at around 28,000-35,000 (Wieser, 2007).   

Table 6: Properties of -, -, -, and -gliadins (Örnebro et al., 1999) 

Gliadin type Molecular weight  
(D or amu) 

Dimensions  
(nm) 

Monolayer coverage 
(mg/m2) 

-gliadins 31,000 11.7 x 3.1 1.4 – 6.7 
-gliadins 31,000 11.7 x 3.1 1.4 – 6.7 
-gliadins 33,000 12.5 x 3.2 1.4 – 6.7 
-gliadins 44,000 – 74,000 15.4 x 3.2 1.8 – 10.4 

2.5.3. Glutenins 

Glutenins are polymeric proteins, comprised of a number of subunits linked together 

by disulphide bonds (Elizalde and Pilosof, 1999) and they have a MW range from 

500,000 daltons to > 10 million (Wieser, 2007) daltons.  Glutenin subunits, after 

reduction of disulphide bonds, are known as high-molecular-weight and low-

molecular-weight subunits with MW ranges of 67,000-88,000 and 32,000-35,000 

respectively and these reduced subunits have a similar aqueous alcohol solubility as 

gliadins (Wieser, 2007).  Cornell and Hoveling (1998) describe the structure of 

glutenins as having “regions of -helix as well as -structure in the subunits, with 

sections of ‘random coil’ structure in between”.  Glutenins have high molar levels of 

amino acids such as glutamine (30%), proline (13%) and glycine (9%) (Cornell and 

Hoveling, 1998).  

2.5.4. Rheological Properties of Gliadins and Glutenins 

In wheat flour mixtures generally, a number of parameters have been reported to 

affect the viscosity and functional properties of wheat flour dough including, but not 

necessarily limited to, the type of mixing actions (Peighambardoust et al., 2006), 

gluten and amylose contents (Chanvrier et al., 2007) as well as the presence of water 

extractable arabinogalactan peptides and water unextractable arabinoxylans (Autio, 

2006).  Redgwell et al. (2001) reported that the addition of enzymes such as purified 

xylanase caused a decrease in viscosity for wheat flour batters upon mixing due to 

depolymerisation action on the arabinoxylans.  Chanvrier et al. (2007) studied five 

wheat flour types at 28% moisture content and 140°C and determined that for all 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

25

types, shear viscosity decreased with increasing shear rate, displaying shear thinning 

behaviour.  Chanvrier et al. (2007) concluded that the molecular characteristics of 

both starch and gluten impacted on the viscosity of the wheat flour solutions.  Song et 

al. (2008) attributed the nonlinear rheological properties of gluten-water mixtures to 

“…the gradual destruction of intermolecular interactions during deformation”. 

At a more specific level of investigation, some researchers have studied the 

rheological behaviour or viscosity property of dough components.  Sun et al. (2007) 

demonstrated that gliadins were influenced by pH in that gliadins were partly flexible 

and elongated due to electrostatic interactions and as the pH increased the viscosity 

decreased.  In addition, the rheological properties of gliadins and glutenin suspensions 

are reported to be non-linear and dependent upon concentration (Xu et al., 2007), 

environmental influences such as wheat bug attack (Torbica et al., 2007) and wheat 

genotypes (Rakszegi et al., 2007).  Furthermore, gliadins were reported to have 

demonstrated non-Newtonian behaviour at pH between 2.5 and 8.0 and were shear 

thinning (Sun et al., 2007; Xu et al., 2007) at various shear rates whilst the glutenins 

had shear thickening behaviour at low shear rates and shear-thinning behaviour at 

higher shear rates (Xu et al., 2007).  Kuktaitea et al. (2004) postulate that the -

gliadins interact with glutenins through non-covalent interactions during dough 

processing in a way that causes hydrophilic residues to orientate to the outside and the 

hydrophobic tails to the inside of the dough in aqueous medium.   

Redgewell et al. (2001) indicates that arabinoxylans, which are a non-starch 

polysaccharide (see Section 2.7), “…play a key role in the rheology of flour-water 

mixtures…” although the mechanisms behind the interactions remain unknown as the 

data reported are contradictory.  According to Redgewell et al. (2001), this can be 

attributed to “the poor understanding of the interactions, either polysaccharide–

polysaccharide or polysaccharides–protein, at the tertiary and quaternary level” and 

this “…remains one of the most important challenges facing scientists attempting to 

resolve this complex area of flour rheology”. 

2.5.5. Gluten Based Biodegradable Packaging Materials 

Research into the development of biodegradable packaging materials using wheat 

starch products as an ingredient was thought to be relevant to this research project for 

a number of reasons.  During membrane filtration, a film builds up on the surface of 
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the membrane which is generally known as fouling and can also be considered as a 

dynamic membrane.  Articles relating to packaging materials provide some insight 

into the permeability and intermolecular structures of the wheat starch and gluten 

films produced under various crossflow membrane filtration conditions.  Given the 

possibility that knowledge gained in developing biodegradable packaging materials 

might be directly transferable to the formation of a dynamic membrane with 

maximum water transmission and maximum solute retention, select articles in this 

field of research are briefly presented.  

In the quest for developing gluten based biodegradable packaging materials by 

exploiting the thermoplastic properties, Micard and Guilbert (2000) investigated the 

thermal behaviour of native and hydrophobised wheat gluten, gliadin and glutenin-

rich fractions. As the water mass fraction increased from 0-2.0, the glass transition 

(Tg) temperature decreased for both the native and hydrophobised gluten (Micard and 

Guilbert, 2000).  Tg temperature was taken at the inflexion point for the change in heat 

capacity at constant pressure (ΔCp) (J/gC) and for all fractions the rate of decrease 

changed at a temperature of 50-60C and at a water mass fraction of 0.9-1 (Micard 

and Guilbert, 2000).  Changes to gluten occurred at accelerating rates above the Tg 

such as an increased water absorption and decreased foaming capacity (Elizalde and 

Pilosof, 1999).   

The rate of change for the water absorption of the gluten due to temperature increases 

(i.e. the slope, k), was greatest for the glutenin-rich fractions and lowest for the 

gliadin-rich fraction (Micard and Guilbert, 2000).  It was suggested to be a result from 

gliadins having “…slighter secondary interactions with water” and contained less 

hydrophilic amino acids decreasing potential water interactions (Micard and Guilbert, 

2000). 

Roy et al. (2000) researched water vapour transport parameters of a cast wheat gluten 

film for the purpose of improving moisture barrier properties.  Diffusion, permeability 

and solubility coefficients were determined for a range of relative humidity (RH) of 0-

84% at 25C.  They found that permeability, solubility and diffusion coefficients 

increased as the RH increased and attributed this to “…extensive swelling of the 

protein network caused by sorbed water enhanced water molecule diffusion…”.  The 

moisture sorption isotherm constructed for the film showed a good fit to other 
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moisture sorption isotherm models.  Permeability of proteinaceous hydrophilic films 

increased with film thickness (Roy et al., 2000).  

Wheat gluten films are poor water vapour barriers due to the presence of hydrophilic 

proteins in the gluten as well as added hydrophilic plasticizers for film flexibility 

purposes (Roy et al., 2000).  According to Debeaufort et al. (1994) in Roy et al. 

(2000), the mode of water vapour transport through polymer films occurs in the 

following order: 

1. Absorption of water vapour on to the polymer surface 

2. Solution of water vapour into the polymer matrix 

3. Diffusion of water vapour through the polymer 

4. Desorption of water vapour from  the other surface of the polymer 

For the purpose of developing biodegradable plastics from gluten, Song et al. (2008) 

investigated the “…equibiaxial extensional deformation of glycerol plasticized 

moisture-containing gluten”.  They found that water was the most important additive 

for the network structure formation as it promoted “…interchain hydrogen bonding, 

hydrophobic interactions and sulfhydryl-disulfide interchange reaction”.  The addition 

of hydrophilic glycerol to dehydrated gluten resulted in a “…highly viscose dispersion 

system” (Song et al., 2008).   

The properties of films made from both gluten and starch have also been studied.  Roy 

et al. (2000) postulated that the monolayer water content achieved in their 

experiments was a lower value to that of other researchers based on their sample 

having a higher protein content and therefore lower starch content than experiments 

conducted by other researchers.  They found that starch was “…more effective in 

depressing the water activity of the film than protein” (Roy et al., 2000).   

Roman-Gutierreza et al. (2003) studied the surface hydration and components of 

wheat flours by measuring contact angles and water adsorption on various wheat flour 

based compacts.  They found that gluten had both the lowest wettability and water 

drop absorption compared with damaged and undamaged starch particles which was 

attributed to the hydrophobic nature of the gluten and the hydrophilic nature of the 

starch particles as well as changes in the density, porosity and microstructure of 

materials due to compaction.  In addition, the water absorption rate was less for 
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damaged starch than undamaged starch.  Furthermore, compacted insoluble and 

soluble pentosans had a slower absorption time than for flour and starch materials.  

When the initial water content of the flour particles was increased prior to the 

compaction, higher water absorption rates (more hydrophilic) were achieved due to 

the presence of water molecules within the compacted layers.  Compactions under low 

and high pressures provided different results in that deformations of particles were 

elastic and reversible under low pressures and were plastic and irreversible under high 

pressures (high pressures were 700 MPa).  However, compactions were not 

homogeneous and the intergranular porosity significantly affected the kinetic 

parameters such as water absorption rates.  (Roman-Gutierreza et al., 2003) 

2.5.6. Amino Acids 

2.5.6.1.Classification 

Gliadins and glutenins are both proteins (Cornell and Hoveling, 1998) and amino 

acids are the basic building blocks of proteins (Palecz et al., 2000).  Naturally 

occurring proteins can contain greater than 20 amino acids and can be classified by: 

whether they are acidic, basic or neutral; contain polar or nonpolar side chains; the 

absence or presence of sulphur (Cornell and Hoveling, 1998); and whether side chains 

are aliphatic or aromatic (Nishikaze and Takayama, 2007). 

Amino acids are usually of the L-configuration with an -amino structure and can be 

presented as a Fischer projection or as a zwitterion (hybrid) form as shown in Figure 7 

and Figure 8 respectively (Cornell and Hoveling, 1998).   

 

Figure 7: The Fischer projection of an -amino acid with relationship to L-glyceraldehyde shown 

(Cornell and Hoveling, 1998) 
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Figure 8: The Zwitterion form of an -amino acid (Cornell and Hoveling, 1998) 

2.5.6.2.Isoelectric point and pKa values 

Due to the presence of basic and acidic groups these zwitterions cause the amino acids 

to be amphoteric or ionisable in aqueous solutions (Cornell and Hoveling, 1998; 

Palecz et al., 2000; Kovács and Samhaber, 2007).  That is, the pH of the solution and 

the IEP of the amino acid will determine which ionic form of the amino acid occurs in 

that solution (Cornell and Hoveling, 1998; Mejri et al., 2005).  When solution pH is 

greater than the IEP, the resulting compound will be in the anionic or negative form 

(Kovács and Samhaber, 2007).  Conversely, when solution pH is less than the IEP of 

the protein or amino acid, the resultant compound will have a net positive charge 

(Cornell and Hoveling, 1998).  At the IEP the amino acid has no net charge.  The 

chemical characteristics for some amino acids are provided in Table 7, as sourced 

from Heinau and Kirste (1994) and presented in ascending order (acidic, neutral and 

then basic pH) of IEP values. 

According to Cornell and Hoveling (1998) the IEP can be calculated using pKa 

values, as shown in Equation 1.  pKa is the acid-base dissociation constant which is 

the negative of the logarithm of the acid dissociation constant Ka.  pKa values are 

solvent dependent (Bordwell, 1988) and are commonly expressed as in water or in 

dimethyl sulfoxide (DMSO).  Cornell and Hoveling (1998) provide glycine as an 

example in water, which they report to have an IEP value of 6.07 calculated from pKa 

values of 2.35 and 9.78.  Note that IEP and pKa values provided by Heinau and Kirste 

(1994) vary slightly to values provided by Cornell and Hoveling (1998). 

Equation 1: IEP calculation using pKa values 

)(2
1

21 pKapKaIEP   

where pKa1 and pKa2 are respectively acidity constants for carboxyl and amino 

groups. 
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The pKa of different groups (carboxyl group, -amino group and side chains) can be 

neglected dependent upon whether the amino acid is basic, acidic or neutral.  For 

basic amino acids, such as arginine, the influence of the carboxyl group is negligible 

and therefore the pKa of the carboxyl group is neglected in calculations considering 

only those for the basic side chain and the -amino group.  For acidic amino acids, 

such as glutamic acid, the influence of the -amino group is neglected for 

calculations, considering only the pKa values for the carboxyl group and the side-

chain carboxyl group.  For neutral amino acids such as glycine if the solution pH 

drops to below the pKa of the carboxyl group by more than two units, this group is 

almost entirely unionised.  (Cornell and Hoveling, 1998) 
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Table 7: Chemical characteristics of amino acids sorted by ascending isoelectric points (IEPs) 

 Chemical representation 
Molecular 
formula 

Molecular 
weight 

Isoelectric point 
(IEP – solution pH) 

Acidity 
classification 

pKa values 
CAS registry 
number 

Aspartic acid 
(Asp) 

 

C4H7NO4  133.10  2.77  

Acidic 

1.88, 3.65, 9.60  56-84-8  

Glutamic acid 
(Glu) 

 

C5H9NO4  147.13  3.22  

Acidic 

2.19, 4.25, 9.67  56-86-0  

Cysteine (Cys) 

 

C3H7NO2S  121.15  5.02  

Neutral  
1.71, 8.33 
(thiol), 10.78  

52-90-4  

Phenylalanine* 
(Phe) 

 

C9H11NO2  165.19  5.48  

Neutral  

2.58, 9.24  63-91-2  

Threonine (Thr) 

 

C4H9NO3  119.12  5.64  

Neutral  

2.15, 9.12  72-19-5  

Tyrosine (Tyr) 

 

C9H11NO3  181.19  5.66  

Neutral  

2.20, 9.11, 10.07 
(phenol) 

60-18-4  
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 Chemical representation 
Molecular 
formula 

Molecular 
weight 

Isoelectric point 
(IEP – solution pH) 

Acidity 
classification 

pKa values 
CAS registry 
number 

Serine (Ser) 

 

C3H7NO3  105.09  5.68  

Neutral  

2.21, 9.15  56-45-1  

Methionine* 
(Met) 

 

C5H11NO2S  149.21  5.74  

Neutral  

2.28, 9.21  63-68-3  

Tryptophan 
(Trp) 

 

C11H12N2O2  204.23  5.89  

Neutral  

2.38, 9.39  73-22-3  

Isoleucine* (Ile) 

 

C6H13NO2  131.17  5.94  

Neutral  

2.32, 9.76  73-32-5  

Valine* (Val) 

 

C5H11NO2  117.15  5.96  

Neutral  

 72-18-4  

Glycine (Gly) 

 

C2H5NO2  75.07  5.97  

Neutral  

2.21, 9.15  56-40-6  

Leucine* (Leu) 

 

C6H13NO2  131.17  5.98  

Neutral  

 61-90-5  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

33

 Chemical representation 
Molecular 
formula 

Molecular 
weight 

Isoelectric point 
(IEP – solution pH) 

Acidity 
classification 

pKa values 
CAS registry 
number 

Alanine (Ala) 

 

C3H7NO2  89.09  6.00  

Neutral  

2.35, 9.87  56-41-7  

Proline (Pro) 

 

C5H9NO2  115.13  6.30  

Neutral  

1.99, 10.60  147-85-3  

Histidine* (His) 

 

C6H9N3O2  155.16 7.47  

Basic 
1.78, 5.97 
(imidazole), 8.97 

71-00-1  

Lysine* (Lys) 

 

C6H14N2O2  146.19  9.59  

Basic 

2.20, 8.90, 10.28 56-87-1  

Arginine* (Arg) 

 

C6H14N4O2  174.20  11.15  

Basic 
2.18, 9.09, 13.2 
(guanidine)  

74-79-3  
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2.5.6.3.Side-chains: hydrophobicity and structure 

Other factors affecting the properties and structure of amino acids include whether the 

side chains are hydrophilic or hydrophobic (Palecz et al., 2000; Palecz and Nadolna, 

2006) as well as whether they are aliphatic or aromatic (Nishikaze and Takayama, 

2007).  According to Cornell and Hoveling (1998), glutamine has the most 

hydrophilic (polar) side chain while isoleucine is the most hydrophobic.  Surface 

hydrophobicity is an indicator for potential intermolecular interactions and 

subsequently, functional characteristics (Wang et al., 2006).  Aliphatic amino acids 

produced more negative ions than aromatic amino acids during mass spectrometry 

experiments, according to Nishikaze and Takayama (2007), where the ion yield was 

dependent upon gas-phase acidity and hydrophobicity which were affected by 

ionisation and desorption processes.  

2.5.6.4.Cereal amino acid composition 

The amino acid compositions of different cereals are not identical.  The essential 

amino acid composition of some cereals including wheat, rye, corn, barley, oats, rice 

and sorghum, as presented by Cornell and Hoveling (1998), indicate that corn is the 

only common cereal deficient in lysine, an essential amino acid.  Essential amino 

acids are those that are not biosynthesised by the body and must be supplied via diet.  

Values for amino acid composition for wheat, corn and rice have been extracted from 

Cornell and Hoveling (1998) and are presented in Table 8.  Of these nine essential 

amino acids, wheat has the highest content on a dry solids basis (dsb), except that of 

leucine where corn has a higher content than wheat.  Rice had lower levels of 

essential amino acids than wheat and corn.  

The amino acid composition of a wheat gluten sample, as extracted from Storebakken 

et al. (2000) is presented in Table 9, in decreasing order of percentage of amino acid 

in the wheat gluten sample.  Essential amino acids are identified as shaded cells. 
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Table 8: Essential amino acid composition of wheat, corn and rice  

Amino acid Wheat (% dsb) Corn (% dsb) Rice (% dsb) 
Leucine (Leu) 1.00 1.11 0.60 
Arginine (Arg) 0.80 0.51 0.51 
Phenylalanine (Phe) 0.70 0.51 0.40 
Isoleucine (Ile) 0.60 0.51 0.40 
Valine (Val) 0.60 0.40 0.51 
Lysine (Lys) 0.50 0.20 0.30 
Histidine (His) 0.30 0.20 0.10 
Methionine (Met) 0.20 0.10 0.20 
Tryptophan (Trp) 0.20 0.10 0.10 

Table 9: Amino acid composition as a percentage of crude protein for a wheat gluten sample  

Amino acid % of wheat gluten 
sample 

Amino acid % of wheat gluten 
sample 

Glutamic acid (Glu) 38.3 Isoleucine* (Ile) 3.5 
Proline (Pro) 11.4 Tyrosine (Tyr) 3.2 
Leucine* (Leu) 7 Glycine (Gly) 3 
Serine (Ser) 5.2 Alanine (Ala) 2.7 
Phenylalanine* (Phe) 5 Cysteine (Cys) 2.2 
Valine* (Val) 3.9 Histidine* (His) 1.9 
Threonine (Thr) 3.7 Methionine* (Met) 1.6 
Arginine* (Arg) 3.6 Lysine* (Lys) 1.5 
Aspartic acid (Asp) 3.5 Tryptophan (Trp) 0.9 

2.5.6.5.Measurement 

Amino acids are the direct measurable reference parameter to proteins in that it is not 

possible to measure proteins directly due to protein denaturation during analytical 

processes.  However, in practice, total protein content is usually estimated using the 

Kjeldahl method for determining total nitrogen and multiplying this value by a factor 

(Cornell and Hoveling, 1998; Williams et al., 1998) which differs for different 

materials (Williams et al., 1998).  For wheat and wheat-derived products, the factor 

used is 5.7 (Williams et al., 1998) except for highly purified wheat starch where the 

factor is not used (nitrogenous compounds are mainly phospholipids in highly purified 

wheat starch) (Cornell and Hoveling, 1998).  According to Cornell and Hoveling 

(1998), the basis for using 5.7 as the factor is related to the nitrogen content of the 

major amino acids in wheat.   

2.5.7. Wheat Protein Solubility 

The solubility of wheat proteins can be expressed as solubility in 60% alcohol-water 

mixtures and water only.  Approximately 72% of wheat protein is gluten (Kong et al., 

2007b) and of the gluten complex, the major proteins are gliadins and glutenins.  The 
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gluten complex proteins primarily represent the water insoluble proteins and these are 

separated from the starch milk by sieves, while the soluble proteins are difficult to 

recover in commercial practice (Cornell and Hoveling, 1998).  Gluten solubility is 

dependent on solution pH and is at a minimum solubility at the IEP of 6 (Mejri et al., 

2005).  Soluble proteins are comprised mainly of albumins, globulins and smaller 

peptides and are higher in lysine than gluten (Cornell and Hoveling, 1998).  From 

Table 7, lysine is basic with an aliphatic structure and an IEP = 9.59.  Enzymes are 

also contained in the water-soluble material (Cornell and Hoveling, 1998).   

Various studies have been undertaken to determine the effects on wheat protein 

solubilities due to the influence of pressure and temperature (Kieffer et al., 2007; 

Schurer et al., 2007), ionisable amino acids present and surface hydrophobicity 

(Fouques and Ralet, 1996), solution pH (Cornell and Hoveling, 1998; Mejri et al., 

2005), the addition of salt (Fu et al., 1996; Cornell and Hoveling, 1998; Mejri et al., 

2005; Agyare et al., 2008), and the presence of wheat enzymes and protein 

denaturation processes (Cornell and Hoveling, 1998). 

Kieffer et al. (2007) and Schurer et al. (2007) studied the effects of hydrostatic 

pressure and temperature on gluten solubility in ethanol solutions.  Kieffer et al. 

(2007) found that increasing pressure and temperature affected the ethanol soluble 

fraction and thiol (also known as mercaptan) content within gluten due to cleavage 

and rearrangement of disulphide bonds.  α- and γ-gliadins which contain cysteine 

were transferred to the ethanol insoluble fraction while ω-gliadins not containing 

cysteine were not.  Schurer et al. (2007) found that cysteine additions to isolated 

gliadin and glutenin increased gluten’s resistance to extension and decreased protein 

solubility with increasing pressure and temperature.  The observed effects were 

stronger with the cysteine additive than without and this was attributed to disulphide 

related mechanisms.   

The solubility of proteins in water is influenced by “…the number of ionisable amino 

acids and on surface hydrophobicity” (Fouques and Ralet, 1996).  Glutenins are 

insoluble in water because of a large molecular weight (up to 3 million) as well as 

having a greater proportion of the amino acid side chains being non-polar rather than 

polar (Cornell and Hoveling, 1998).  Cornell and Hoveling (1998) describe gliadins as 

having a poor water solubility due to low levels of amino acids with charged side 

chains. 
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The solubility of wheat proteins in water is also affected by solution pH, due to the 

amphoteric nature of proteins.  Gliadins and glutenins have a minimum solubility at 

the isoelectric points, however, in acid and alkali solutions, ionic products form with 

free amino groups and free carboxyl groups respectively, thereby increasing 

solubilities (Cornell and Hoveling, 1998).  Even sparingly soluble proteins were more 

soluble at higher pH values (Cornell and Hoveling, 1998).   

Fouques and Ralet (1996) constructed a pH-solubility profile of gluten demonstrating 

that gluten had a low solubility between pH 5 and pH 8 and maximum solubility at pH 

levels less than pH 4 and greater than pH 9.  Solubility in the range of pH 5 to pH 9 

increases after succinylation, possibly due a greater number of carboxylic groups 

present and therefore increased electrostatic repulsions between molecules (Fouques 

and Ralet, 1996).  Succinylation is the process whereby acylating reagents are reacted 

with the gluten, which effectively replaces the positively charged amino groups with 

negatively charged carboxylic groups (Fouques and Ralet, 1996).  Although typical 

applications of gluten rely on the hydrophobicity and low water solubility of gluten, 

modifications to these functional properties can enable it to be used for other purposes 

that require an increased solubility (Fouques and Ralet, 1996).   

The addition of salt affects the solubility of wheat proteins in water (Fu et al., 1996; 

Cornell and Hoveling, 1998; Mejri et al., 2005; Agyare et al., 2008).  As well, the 

solubility of globulins increases as the salt content of the mixture is increased in a 

process called “salting in”.  However, at higher concentrations of salts the solubility 

of the protein then decreases in a process called “salting out” (Cornell and Hoveling, 

1998).   

The salting in of ions can be described by the Debye-Hückel equation, as shown as 

Equation 2, whereby increases in the ionic strength of solution causes decreases in the 

ion activity coefficient and increases in ion solubility (Cornell and Hoveling, 1998).  

Hence, in dilute solutions of neutral salts the solubility of these proteins increase. 

Equation 2: Debye Hückel equation representing ‘salting-in’ processes  

2
12 I51.0log Z   

Where:  = activity coefficient for the ion; Z = number of electronic charges on the 

ion; I = ionic strength of the solution with respect to all ionising solutes. 
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Salting out can be used to separate proteins by adjusting salt concentrations.  The salt 

competes for water preventing the water from binding to the proteins.  Different 

proteins require different numbers of water molecules and bound water molecules 

make the protein more soluble.  The properties of water alter and its effectiveness as a 

solvent is reduced with the addition of salts.  A common salt used for protein 

separation is ammonium sulphate whereby a stepped increase of the concentration 

causes a precipitate which is centrifuged at each step.  Dialysis is used to remove the 

salt from each fraction.  (Cornell and Hoveling, 1998) 

Salting out processes can to used to promote glutenin and gliadin aggregation by 

reducing the repulsion between proteins at low ionic strength (Van Der Borght et al., 

2005) and extracting lipids such as albumins and globulins in a process called 

‘defatting’ (Cornell and Hoveling, 1998).  This process ‘strengthens’ the gluten and 

increases yields (Cornell and Hoveling, 1998). 

Fu et al. (1996) demonstrated that protein extractability from wet gluten using 

distilled deionised water (DDW) was greater when the gluten had been prepared with 

salt solutions.  Gluten protein extracted by DDW for wet gluten prepared with 2% 

NaCl solution, 0.2% NaCl solution and DDW were respectively, 84.5%, 51.7% and 

27.5% (Fu et al., 1996).  The products that remained in the insoluble residue of the 

2% NaCl prepared gluten following protein extraction were -gliadins and trace 

quantities of -, - and -gliadins (Fu et al., 1996).   

The presence of wheat enzymes can increase the solubility of wheat proteins.  Wheat 

contains enzymes of which the hydrolases and oxidases are of most interest with 

respect to determining flour properties and uses.  Hydrolases include amylases, 

proteases, cytases, lipases, and phosphatases while some of the oxidases include 

lipoxidase, phenol oxidases and aromatic amine oxidases.  Characteristics of the 

enzymes of wheat are presented in Table 10, as extracted from Cornell and Hoveling 

(1998). 
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Table 10: Characteristics of wheat enzymes 

Enzyme Classification  Broad function Specific 
function/action 

Example  

Amylases Endohydrolases 
Eg α-amylase 

Hydrolyses the 
polysaccharides in 
starch 

Attack glycosidic 
bonds within the 
polysaccharide 
molecules 

 

 Exohydrolases 
Eg β-amylase 

 Attack glycosidic 
bonds at, or near the 
end of, chains 

 

Proteases Endopeptidases Hydrolyses the 
proteins 

Act to produce 
peptides 

 

 Exopeptidases  Splits off amino acids  
Cytases Includes endo- and 

exo- β-glucanases and 
pentosanases 

Permits amylases and 
proteases to enter and 
hydrolyse starch and 
proteins respectively. 

  

Lipases    Germ is the 
greatest 
source of the 
lipase activity 
of wheat 

Phosphatases Includes phytase, acid 
phosphatase, 
phosphodiesterase 
activity, 
adenosinetriphosphata
se, 
glycerophosphatase, 
and thiamine 
pyrophosphatase. 

Phytase acts on phytic 
acid. Phytic acid 
contains a large 
portion of the 
phosphorus present in 
wheat.  

 Highest 
concentration 
of phytase 
found in 
endosperm 
material. 

Oxidases Lipoxidase 
Phenol oxidases and 
aromatic oxidases also 
catalyse oxidation of 
their respective 
classes of substrates 
by molecular oxygen. 

Catalyses the 
peroxidation of 
substrates such as 
linoleic acid by 
molecular oxygen 
Peroxides produced 
by lipoxidase causes 
the bleaching of wheat 
flour 

 Germ 
contains high 
levels of 
lipoxidase 
Peroxidase 
present in 
wheat bran 

The solubility of proteins can be increased by adding compounds such as urea, 

guanidine and dimethyformamide to disperse the proteins in solution.  The increased 

solubility of the proteins with these substances added is possibly related to the 

unfolding and denaturation of the protein chain and exposing more hydrophilic 

groups.  Protein denaturation does not involve the breakage of the primary peptide 

bond structures but rather a change in molecular conformation.  The positions of 

amino acids in the primary structure remain unchanged after denaturation.  (Cornell 

and Hoveling, 1998) 

Other methods of denaturation of proteins include very low temperatures (for some), 

high mechanical shear forces causing the -helices to disrupt, -radiation (rupture of 
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some bonds) for food sterilising, the addition of organic solvents and chemicals such 

as ethanol as used for antiseptics, and surfactants.  Organic solvent concentration and 

solution pH can be varied to separate the proteins into different fractions.  Anionic 

surfactants such as sodium dodecylsulphate effectively disrupt hydrophobic bonds and 

the protein chains subsequently unfold.  (Cornell and Hoveling, 1998) 

2.6. Fibre  

Broadly, dietary fibre encompasses a range of components associated with the plant 

such as  lignin, cellulose, hemicellulose, gums and pectins as well as other 

polysaccharides and oligosaccharides (Esposito et al., 2005).  There have been many 

studies on the importance of fibre in the diet and investigations to increase fibre 

content in foods for human (Mohamed et al., 2008; Van Hung et al., 2008) and animal 

consumption (Sánchez-Alonso et al., 2007).  Many studies have been undertaken on 

the fibre from wheat straw being utilised as potential components of biocomposite 

materials (Panthapulakkal and Sain, 2007; Selçuk and Lamanna, 2007; Ye et al., 

2007; Alemdar and Sain, 2008).  

Wheat grain contains both soluble and insoluble fibre (Hemery et al., 2007).  

According to Cornell and Hoveling (1998), well-milled wheat flours typically contain 

between 0.4 and 0.6% fibre, which is retained on fine sieves during the starch 

separation processes.  Based on the reference to sieving, this is taken to be the 

insoluble fibre only.  As the fibre is removed during starch processing, wheat starch 

contains only traces of fibre (Cornell and Hoveling, 1998).   

An investigation into the characteristics of wheat fibre is beyond the scope of this 

research project as the fibre was removed from the processing stream prior to the final 

processing stages and therefore was not a component of the raw or final waste stream 

from the factory studied.  Consequently, literature on this topic will not be reviewed 

further. 

2.7. Non Starch Polysaccharides  

Although wheat starch is a polysaccharide, wheat contains other polysaccharides that 

are not starch and which are present in endosperm cell walls and bran tissues (Van 

Der Borght et al., 2005).  These are collectively referred to as non-starch 
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polysaccharides (NSP), and are comprised of arabinoxylans (AX), cellulose and 

arabinogalactan peptides (AGP) (Van Der Borght et al., 2005) as well as glucose and 

glucosamine (Han and McDonald, 1998).  The two main types are AX and AGP 

(Saulnier et al., 1997; Loosveld and Delcour, 2000; Redgwell et al., 2001).  In wheat 

gluten the major form of NSP retained within the gluten complex is the mainly water 

unextractable AX (Saulnier et al., 1997).  Although AX was not covalently linked to 

gluten, it was postulated that covalent links between AX and non-gluten protein might 

still exist (Saulnier et al., 1997). 

Results on the relative components of NSP and branched side chains of each appeared 

to vary within the literature and Redgwell et al. (2001) attribute this to varying 

extraction and analytical processing techniques between researchers.  Loosveld and 

Delcour (2000) also note that AX used in analysis “…differed in source, isolation 

method and purity” making comparisons within literature difficult.  Total NSP is 

reported to represent 1-2% w/w of wheat flour (Han and McDonald, 1998). 

The term ‘pentosan’ is sometimes used within the literature which is not always 

consistently and/or clearly defined.  It has been used in the sense that it is 

interchangeable with the NSP term (Cornell and Hoveling, 1998), to represent AX 

and AGP combined (Loosveld and Delcour, 2000), as the water soluble AGP 

(Neukom and Markwalder, 1975) and as the term to describe AX only (Mandalari et 

al., 2005).  Consequently, all absolute results should be used cautiously as a guide 

only and in the exact analytical context and purpose to which they were intended by 

the individual researchers.  According to Cornell and Hoveling (1998), most 

pentosans found in the wheat bran are water insoluble whilst flour from the 

endosperm contains mostly water-soluble pentosans. “Wheat flours were found to 

contain between 0.70% and 0.83% water soluble pentosans and between 1.50% and 

2.12% total pentosans” (Cornell and Hoveling, 1998).   

Mandalari et al. (2005) refers to AX material as ‘pentosans’ and Han and McDonald 

(1998) indicate that pentosans are the primary NSP of wheat flour, measured at 64% 

of the total NSP.  AX is mainly water insoluble (Saulnier et al., 1997) has a backbone 

of (1→4) linked -D-xylopyranosyl (Carvajal-Millan et al., 2005; Ordaz-Ortiz and 

Saulnier, 2005) with substituted arabinofuranose side chain linkages (Maslen et al., 

2007; Sørensen et al., 2007).  NSP has a high water holding capacity (Redgwell et al., 
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2001) and consequently effects gluten agglomeration during the separation process by 

competing for water (Van Der Borght et al., 2005). 

Pentosans are present in wheat flour as water insoluble and soluble types.  Cornell and 

Hoveling (1998) indicate that water-soluble pentosans account for 0.7% of pentosans 

in flour while Loosveld and Delcour (2000) refer to ‘water-extractable 

arabinogalactan-peptides’ which would tend to indicate that the water-soluble 

pentosans by Cornell and Hoveling’s definition is in fact the AGP proportion of the 

NSP.  AGP is reported elsewhere to be water soluble proteins (Josè-Estanyol and 

Puigdomènech, 2000).  According to Cornell and Hoveling (1998) nearly half of the 

total pentosans in flour end up in the tailing starch and around one third ends up in the 

supernatant liquors (attributed to the soluble pentosans) as shown in Table 11.   

Table 11: Pentosan content of crude starch fractions after centrifugation of starch milk 

Fraction Pentosans on solids (%) Contribution to total 
pentosans (%) 

Bottom fraction (prime starch) 1.1 22.8 
Top fraction (tailing starch) 3.7 45.6 
Supernatant liquors 10.3 31.6 

AGP was isolated and purified from wheat by Van den Bulcka et al. (2005) and a 

number of characteristics were identified.  With respect to MW, Van den Bulcka et al. 

(2005) reviewed literature which provided a MW range from 22,000 to 70,000 but 

dismissed the widely varying differences to measurement techniques.  Instead, Van 

den Bulcka (2005) measured MW of around 23,500 for wheat derived AGP.  With 

respect to structure, Van den Bulcka et al. (2005) report that AGP have a backbone of 

(1→6) linked -D-galactopyranosyl with substituted single -L-arabinofuranosyl, or 

to a lesser extent a single -D-galactopyranosyl residue, in the C(O)3-position.  The 

peptide cores were generally comprised of “…15 amino acids including three highly 

conserved hydroxyprolines, each linked to a carbohydrate chain”.  (Van den Bulcka et 

al., 2005)  

Strahm et al. (1981) extracted crude AGP from a wheat flour and further isolated a 

galactan peptide from the AGP.  Resulting amino acid and protein contents for the 

products arising from the extraction and isolation processes, from Strahm et al. 

(1981), are presented as verbatim in Table 12.  This shows that the AGP contains a 

range of acidic, neutral and to a lesser extent, basic amino acids.   
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Table 12: Amino acid composition and protein content of the crude arabinogalactan-peptide and 

its degradation products (Strahm et al., 1981) 

 Crude Arabino-
galactan-peptide 

Galactan-peptide Galactan-peptide 
after pronase 
degradation 

Galactan 

Hyp 15.5 11.5 27.0 52.8 
Asp 6.7 6.6 4.0 0.7 
Thr 6.6 6.0 6.7 27.71 

Ser 10.0 8.6 10.1 1.0 
Glu 12.9 15.9 14.6 2.0 
Pro 1.9 3.9 - - 
Gly 2.8 4.2 1.7 1.5 
Ala 26.6 18.0 27.9 1.0 
Val 5.9 5.8 6.6 13.2 
Met 2.4 1.9 1.6 - 
Ile 1.9 2.6 tr2 - 
Leu 1.7 3.1 tr - 
Tyr 3.5 2.9 tr - 
Phe 0.5 1.2 tr - 
His tr 1.0 tr - 
Lys 1.2 3.6 tr - 
Arg 1.0 2.3 tr - 
Protein (%) 5.0 22.1 12.0 1.5 
1. D-allo-hydroxyproline elutes at the same retention time as threonine. 
2. tr = Trace 

Andrew and Stone (1983) undertook experiments on the affinity of AGP to adsorb on 

to Sepharose J539 (a protein) using column experiments and eluted with phosphate-

buffered saline at different pH levels.  At pH 7.2, 49% of the wheat AGP remained 

bound to the protein and this was completely eluted at pH 3 (Andrew and Stone, 

1983).  Unfortunately, no information is provided on the surface charge or IEP of the 

Sepharose J539 protein or any other compound.  However, it does demonstrate that 

AGP contains a mixture of different amino acids and side chain components which 

have different IEP and hence different solubilities at different pH levels.   

2.8. Wheat Lipids 

Lipids can be found throughout the wheat kernel organised in a bilayer structure 

(Bottier et al., 2007) although not evenly distributed throughout the grain (Cornell and 

Hoveling, 1998).  The germ has the highest lipid concentration with around 12% 

while the bran, starch and proteins also contain significant amounts of lipids.  The 

concentration of non-polar lipids in wheat was more variable than polar lipids (0.50%-

1.04% and 0.61%-0.75% respectively) when 26 flours were tested.  It was also 

determined that the proportion of polar lipids was greater in the endosperm than the 

germ.  (Cornell and Hoveling, 1998) 
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Lipids compartmentalise cells and enable intra- and extra-cellular exchanges to be 

controlled.  The major lipids of higher plants are glycolipids and within wheat 

endosperm, the membrane lipids consist of phospholipids and galactolipids.  

Phospholipids are associated with proteins and vacuoles while galactolipids are 

associated with amyloplast membranes.  The major and also most polor galactolipids 

of wheat endosperm are mono- and di-galactosyldiacylglycerol.  (Bottier et al., 2007) 

From a processing perspective, lipids assist in the formation of high MW gluten 

aggregates binding gliadin, albumin and globulin proteins (Van Der Borght et al., 

2005).  As flour ages, slow hydrolysis of the lipids form free fatty acids, and this is 

thought to be one of the reasons why aged flour is difficult to separate into gluten and 

starch components (Van Der Borght et al., 2005).  Lipids “…associate with proteins 

due to their amphipathic nature …and with starch, due to inclusion complexes” 

(Cornell and Hoveling, 1998).  Bonded lipid-protein complexes are collectively called 

lipoproteins.  This bonding occurs “…by association of hydrophobic and/or ionic 

groups of protein side chains with ionic groups, such as those in phospholipids with 

hydrophobic fatty-acid chains” (Cornell and Hoveling, 1998). 

Wheat lipids complex readily with amylose and this can have an effect on starch-

based food product quality and glucose production efficiencies (Gunaratne and Corke, 

2007).  Amylose-lipid complexes, when present, decrease the swelling, water binding 

capacity and dissolving capacity of starch during enzymatic hydrolysis.  The amylose-

lipid complex can be disrupted by acetylation and adding hydroxypropyl -

cyclodextrin, causing changes to the starch functional properties.  Changes include 

increased swelling capacity of the starch and increased amylose leaching while 

gelatinisation enthalpy and the onset of pasting decreased.  Hydration of the starch 

granule was greater after the amylose-lipid complex had been dissociated by 

acetylation and hydroxypropyl -cyclodextrin.  It was suggested that this research 

could be potentially applied to improve glucose production process efficiencies as 

hydroxypropyl -cyclodextrin was found to have no inhibiting effect on -amylase 

activity during hydrolysis.  (Gunaratne and Corke, 2007) 

Tang and Copeland (2007) found that lipid molecules “…interact with the solvent 

water, form complexes with amylose in starch, or self-associate into micellar 

structures” when present with starch and water.  There is a critical micellar 
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concentration where micellar aggregation first occurs when the concentration of fatty 

acids and water solubility decreases and the carbon chain length increases.  The 

critical micellar concentration and the lipid solubility in water most likely influence 

amylose-lipid complexes forming (Tang and Copeland, 2007).  Consequently, the 

water solubility of the lipid will determine the “…maximum complex formation 

between starch and lipids” (Tang and Copeland, 2007).  

2.9. Fractionation Processes 

2.9.1. Introduction  

Wheat flour is typically the starting material for the separation of starch and gluten 

(Cornell and Hoveling, 1998; Sayaslan, 2004; Van Der Borght et al., 2005), as it has a 

higher content of starch and less by products such as bran, fibre and germ than the 

whole grain (Cornell and Hoveling, 1998).  Major wheat flour components include 

proteins (12%), starch (63-72%), NSP (1.5-2.5%), lipids (2%) (Van Der Borght et al., 

2005) and fibre.  Technological processing causes increases in starch hydrolysis and 

proportion of soluble non-starch polysaccharides (NSP) (Anguita et al., 2006).   

Water is the typical hydrophilic solvent used to extract starch from the flour 

(Sayaslan, 2004) as it provides for minimal damage to the starch as well as for safety 

and cost reasons (Lillford and Morrison, 1997).  Separation of the gluten and starch 

from wheat flour relies on the water insolubility, density and particle sizes of the 

products (Sayaslan, 2004) and these properties are exploited in industrial fractionation 

processes whereby centrifugation or sieving effectively separate the different fractions 

(Van Der Borght et al., 2005).   

Following extraction of the gluten and A-grade starch streams, a fraction remains 

which is called B-starch, starch tailings, low grade starch, or squeegee starch.  Further 

refinement via particle extraction can yield a B-grade starch separate to the remaining 

damaged starch granules, water unextractable NSP, ash and proteins.  (Van Der 

Borght et al., 2005) 

The separation of the higher quality starch from the damaged fine starch and residual 

proteins in the liquor is achieved by pumping the fluid into a hydrocyclone under high 

pressure tangentially to create centrifugal forces causing the fines to go to the top of 

the hydrocyclone while coarse heavier particles to go to the bottom (Van Der Borght 
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et al., 2005).  Efficiencies of hydrocyclones are limited for processing fine starch 

granules (Van Der Borght et al., 2005).  Starch is usually purified by centrifugal 

separators such as hydrocyclones by counter-current washing with water (Cornell and 

Hoveling, 1998).   

Different types of starch have different processing requirements because of the range 

of particle sizes and this can also be affected by the age of the stored flour, 

chlorination or heat treatments.  Large sized starch particles, such as potato starches 

are readily processed compared to corn that requires more processing stages because 

it is finer.  The wide range of wheat granule diameters causes processing difficulties.  

The age of the stored flour, chlorination and heat treatments can affect the degree of 

hydrophobicity, which is the main binding force between the starch tailings and the 

prime starch, because hydrophobicity increases with these factors.  (Van Der Borght 

et al., 2005) 

Processes used in the wet milling of wheat flour include the alkali process, the Martin 

process, the Batter process, the Alfa-Laval/Raisio system, a process that uses pearled 

wheat (Cornell and Hoveling, 1998), the Fesca process (Van Der Borght et al., 2005), 

hydrocyclone process and popular in Europe is the High-Pressure Disintegration 

process (Sayaslan, 2004).  According to Sayaslan (2004), the Martin and Batter 

processes are considered as the conventional processes whilst Alfa-Laval/Raisio, 

hydrocyclone and HD processes are considered more modern-day wet processes.  The 

Alkali, Martin, Batter and Alfa-Laval/Raisio processes are briefly summarized in the 

following sub-sections.  

2.9.2. The Alkali Process 

The alkali process exploits the dispersal behaviour of protein under alkali conditions 

in that at a pH of 11.4 to 11.7 the protein is dispersed throughout the flour.  It also 

takes temperature into account whereby the starch does not gel under 35C and 

therefore can be recovered by centrifugation.  The pH of the supernatant liquor 

containing the protein is then reduced to around 5.5 and centrifuged to recover the 

denatured protein.  This protein is not ‘vital gluten’ and is not suitable for baked 

goods where the elasticity of gluten is required. (Cornell and Hoveling, 1998) 
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2.9.3. The Martin Process 

The Martin Process, widely used since the 1920s, is based on forming a dough with 

around 85% of the weight of the flour with water (Cornell and Hoveling, 1998), 

resting of the dough to enable the gluten to hydrate (Sayaslan, 2004) followed by the 

starch being washed from the dough and the two products being separated by screens 

(Cornell and Hoveling, 1998; Sayaslan, 2004).  Gluten is not denatured in this process 

(Cornell and Hoveling, 1998) and after being flash dried (Sayaslan, 2004) is marketed 

as dry vital gluten which can be as high as 90% protein on a dry solids basis (Cornell 

and Hoveling, 1998).   

Starch liquors, also known as ‘milk’, are further processed by centrifugal methods, 

often continuously being washed counter-currently with water in hydrocyclones prior 

to the final dewatering stages (Cornell and Hoveling, 1998; Sayaslan, 2004) to 

separate the higher A-grade and B-grade starch fractions..  The higher A-grade starch 

is superior to the lower B-grade starch because it contains a higher percentage of large 

granule starch and lower levels of lipids, protein and other impurities such as 

pentosans (Cornell and Hoveling, 1998).  The Martin Process is reported to produce 

around 60% (Cornell and Hoveling, 1998) or 75-85% (Sayaslan, 2004) A-starch  and 

15% (Cornell and Hoveling, 1998) or 5-10% of second grade B-starch (Sayaslan, 

2004) of the weight of flour at 12% moisture content (Cornell and Hoveling, 1998).  

Dependent upon product requirements the B-starch stream can be further split to also 

produce a lower grade C-starch. (Cornell and Hoveling, 1998) 

Other factors associated with the Martin process include, the addition of salt, pH of 

starch liquors and minimizing bacterial contamination.  Salt is often added to the 

dough when washing starch from it.  The pH of starch liquors can be increased with 

alkali treatment to solubilise remaining proteins, after gluten removal, when a high-

purity starch is required. To minimize bacterial action within starch liquors, which 

cause a decrease in pH with time, formalin, a 40% formaldehyde solution, can be 

added to starch liquors at the rate of about 1 mL/L.  (Cornell and Hoveling, 1998) 

2.9.4. The Batter Process 

The Batter Process, developed in the 1940s, is similar to the Martin Process except it 

uses more water per weight of flour (Cornell and Hoveling, 1998) to form a thick 

flowable batter at 40-45°C (Sayaslan, 2004).  The 40-45°C mixing water temperature 
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is important for facilitating gluten protein hydration and agglomeration (Van Der 

Borght et al., 2005).  The volume of water added is dependent upon whether the 

wheat is a hard or soft variety as well as the protein content (Sayaslan, 2004).  Fane 

and Fell (1977) differentiate the Batter process from the Martin process by the way 

that the gluten is recovered.  That is, the gluten is dispersed and collected as fine curds 

in the batter process compared to the Martin process which utilises agglomeration 

(Fane and Fell, 1977).  

Gluten and starch are collected in the same way as for the Martin Process (Cornell and 

Hoveling, 1998; Sayaslan, 2004) except due to the greater proportion of water used in 

the batter process the slurry can be further processed into syrups, adhesives and 

ethanol.  Starch losses occur when starch is retained with the gluten and when fine 

particles are not scavenged during centrifugation (Cornell and Hoveling, 1998). 

2.9.5. The Alfa-Laval/Raisio Process 

The Alfa-Laval/Raisio system is a modified wet-milling process developed by Raisio 

and Bühler (Cornell and Hoveling, 1998) which is similar to the Batter process in that 

a flowable batter is first formed (Sayaslan, 2004).  However, the Alfa-Laval/Raisio is 

dissimilar to the Batter process in that there is no heated water at 40-45°C and hence, 

no aggregation of gluten particles occurs in the early stages (Sayaslan, 2004).  

Approximately half of the starch is sedimented prior to the gluten aggregation stage 

where in the latter stage the temperature is increased to 30-50° (Sayaslan, 2004).   

Further refining and dewatering is then done with Alfa-Laval decanters and the use of 

the decanter centrifuge early in the separation process is hailed as the answer to 

decrease fresh water consumption (Cornell and Hoveling, 1998).  Sayaslan (2004) 

report that the two-stage centrifuge produces a protein rich and a starch cake fraction 

which are then purified using traditional techniques.  Cornell and Hoveling (1998) 

indicate “…effluent containing B-starch is treated with steam in order to coagulate 

soluble proteins and liquefied using enzymes such as -amylase”.   

2.9.6. Water Usage 

Large quantities of water are used during the processing of wheat starch and gluten 

(Harris, 1986), reported as 11 to 15 L water/kg flour (Yanagi et al., 1994) and 15 L/kg 

flour (Fane and Fell, 1977).  The amount of water used in the separation process is 
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important, as the gluten must be sufficiently washed to ensure that no starch or cell-

wall components are entrapped in the gluten network (Saulnier et al., 1997; Van Der 

Borght et al., 2005).  Gluten has to pass a particular level of protein content and 

rejected gluten would require reprocessing, further increasing water usage during 

processing.   

The optimal water to flour ratio for separation varies with wheat flour, however good 

separation has been obtained with 48.6% water and the efficiency of separation into 

the different phases decreased as the water content decreased.  At 38-40% 

fractionation did not occur or was strongly hindered.  At water content in the range of 

55-58% the efficiency of separation decreased due to protein losses. Damaged starch 

reduces the yield of prime starch and can absorb three times more water than native 

starch adversely affecting gluten agglomeration. (Van Der Borght et al., 2005) 

2.10. Wastewater Characteristics 

There is limited information on the characteristics of wheat starch wastewaters within 

the literature.  Characteristics would be influenced by the processing method used, 

and generally, according to Van Der Borght et al. (2005), starch and gluten recovery 

is dependent upon successful washing processes whereby the objective is to 

strengthen protein-protein interactions and weaken protein-starch interactions.  

Separators used to achieve this, such as hydrocyclones, use and produce large 

quantities of water and wastewater respectively.  Generally, food processing wastes 

have higher levels of organic matter, suspended solids, BOD, COD, nitrogen and 

lipids compared to municipal sewage as well as a higher variation in pH (Kroyer, 

1995).   

Considering inputs and then modifications and extractions to those inputs, starch 

wastewater represents what remains after processing.  Primarily, inputs consist of 

wheat flour and water, however, formalin, salt, enzymes, and starch-modifying 

chemicals might also be added.  Wheat starch wastewaters generally contain dilute 

protein concentrations, water extractable soluble proteins and soluble pentosans 

(Cornell and Hoveling, 1998; Van Der Borght et al., 2005).  Ram et al. (2005) 

demonstrated that damaged starch and pentosan contents of flour affected water 

absorption.  In processes where salt and sodium hydroxide are used it is expected that 
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increases in sodium ion and chloride ion would occur in the wastewater generated 

(Cornell and Hoveling, 1998).   

Characteristics and composition of wheat starch processing wastewater, for the site to 

which this investigation pertains as extracted from Jin et al. (1999b) are presented in 

Table 13.   

Table 13: Wheat starch wastewater characteristics and composition for site investigated 

Parameter Unit Range 
Suspended solids mg/L 1670-2650 
Volatile suspended solids mg/L 1400-1880 
Total solids % 1.28-2.48 
Total insoluble solids % 0.63-1.16 
Soluble protein % 0.12-0.15 
Starch  mg/L 1560-2620 
Insoluble carbohydrates mg/L 2360-3550 
Total organic carbon  mg/L 3950-6180 
BOD mg/L 7980-12800 
Soluble COD mg/L 5460-9970 
Total COD mg/L 11870-18200 
Sugars % 0.65-1.18 
Phosphate  mg/L 60.0-81.0 
Sulphate mg/L 48.0-63.0 
Total Kjeldahl N mg/L 328.0-485.0 
pH  3.2-4.4 
Temperature  °C 30-38 

This and other published data within the literature relating to the characteristics of 

wheat starch wastewaters, are presented in Table 14 for comparative purposes.  As 

shown, not all researchers report the same parameters.  Harris (1986) found that wheat 

starch effluents varied considerably dependent upon the inputs from the various 

streams, processing efficiencies, time since start-up and seasonal property differences 

in the starting wheat flour.  
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Table 14: Characteristics of starch processing wastewaters 

Total 
Solids 

Suspended 
Solids 

Soluble 
Solids 

Protein Protein 
% dsb 

Pentosans Viscosity at 
40°C 
(mPasec) 

Soluble 
COD 
(mg/L) 

Total COD 
(mg/L) 

BOD5 
1 

(mg/L) 
TOC (mg/L) pH Temp 

(°C) 
Flowrate 
(m3/d) 

Comments Reference

1.3-
2.5 
% 

1670-2650 
mg/L 

     5,460-
9,970 

11,870-
18,200 

7,980-
12,800 

3,950-5,180 3.2-4.4 30-
38 

 WBP 
wastewater 

(Jin et 
al., 
1999b) 

       5,460-
9,970 

11,970-
18,900 

7,980-
12,800 

3,950-5,180 3.2-4.4   WBP 
wastewater 

(Jin et 
al., 
1999a) 

1.2-
3.0 
% 

0.10-0.80 % 0.8-
1.6 % 

0.25-
0.44 
% 

 0.04-
0.16 % 

0.9-1.6         (Harris, 
1986) 

15-
30 
g/L 

2-8 g/L 10-16 
g/L 

2.5-
4.5 
g/L 

 0.5-1.5    10,000-
20,000 

 3.5-4.5 30-
40 

50 m3/h  (Harris, 
1985) 

 3,500 mg/L 
(SD=1,800) 

      18,000 
(SD=2,800) 

12,000 
(SD=1,800) 

6,400 
(SD=1,000) 

4.1 
(SD=0.4) 

   (Yanagi 
et al., 
1994) 

0.85 
wt % 

0.20 wt %   0.15     4000  3.4-3.8    (Fane 
and 
Fell, 
1977) 

1. Where not indicated which specific BOD was used within the literature, it is assumed the BOD5 is the referenced parameter. 
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2.11. Conclusion  

Wheat starch properties have been investigated.  Starch is a carbohydrate comprised 

of hydrophilic polysaccharides amylose and amylopectin.  Amylose is a linear type 

lightly branched molecule while amylopectin has a branched structure.  The relative 

proportions of amylose and amylopectin varies with wheat cultivar type but generally 

contains 25-28% amylose and 72-75% amylopectin.  Increases in amylose content 

have been shown to decrease wheat starch slurry viscosities.  Wheat starch particles 

have a bimodal distribution with small spherical granules 2 µm to 5 µm and larger 

lenticular granules at 10 µm to 50 µm.  Starch is insoluble in cold water, partially 

soluble in warm water and swell and burst to form a gel in hot water.  Amylopectin is 

more soluble in water than amylose because it has more –OH groups exposed, 

extensive branching and a less coiled structure.   

The properties of gluten have been researched.  Gluten is the protein-rich water 

insoluble (hydrophobic) component of wheat flour which is comprised of gliadins and 

glutenins which together are typically referred to as the gluten complex.  Hydrated 

gliadins contribute to the viscosity and extensibility of bread dough while glutenins 

provide for dough strength and elasticity.  The size of gliadins range from 28,000 MW 

to 74,000 MW according to lower and upper ranges reported in the literature.  

Glutenins are much larger than gliadins with a reported range of 500,000 MW to >10 

million MW.  Rheological properties of gliadins and glutenins in wheat flour dough 

mixtures are affected by the presence of starch (especially amylose), non-starch 

polysaccharides, enzymes and the ph of the mixture.   

Fractionation processes typically used to separate wheat flour into its constituent parts 

have been reviewed including the Alkali process, Martin process, Batter process and 

the Alfa-Laval Raisio process.  Water usage is reported as between 11 and 15 litres of 

water per kilogram flour processed into starch and gluten components and the optimal 

water to flour ratio varies with wheat flour characteristics. 

The characteristics of wastewater produced from wheat starch manufacturing are not 

widely reported, however, the processing method used would influence the final waste 

produced.  The starch wastewater represents what remains after processing and 

typically, these wastes have high concentrations of organic matter and suspended 
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solids and a low pH.   Wheat starch wastewaters have been reported to have a COD in 

the range of around 12,000 to 18,000 mg/L, suspended solids in the range of around 

17,000 to 3,500 mg/L and pH in the range of 3.2 to 4.5.   
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3. LITERATURE REVIEW PART B: 

WASTEWATER TREATMENT OPTIONS 

3.1. Introduction 

Traditionally, industrial processes were designed in the absence of consideration to 

wastes produced or the potential environmental impact that they may cause 

(Unnikrishnan and Hegde, 2005).  As legislation was established and compliance 

issues arose, the wastewater treatment industry developed, with an end-of-pipe 

treatment focus that aimed at cleaning up the combined wastewater prior to discharge 

(Savelski and Bagajewicz, 2000).  Wastewater treatment requirements are based on 

the type and concentration of the specific contaminants with the treatment level for 

wastewater defined as primary, secondary, tertiary and quaternary with unit 

operations classified as physical, chemical, thermal and biological (Savelski and 

Bagajewicz, 2000). 

The perspective of water usage has also changed for industry because as water has 

become scarcer, energy costs have risen and discharge regulations more stringent.  

Strategies involving wastewater reuse and/or recycling, directly impact on freshwater 

inputs and wastewater outputs requiring treatment (Savelski and Bagajewicz, 2000; 

Savelski and Bagajewicz, 2001).  Eventually, the concept of zero discharge was born 

(Savelski and Bagajewicz, 2000). 

Two approaches are often used to reduce or minimise adverse impacts associated with 

treating and disposal of industrial wastes these being the ‘end of pipe’ and the ‘cleaner 

production’ approach. An end of pipe approach focuses on cleaning up the wastes or 

emissions after they have been produced (Hilson, 2000b; Zbontar and Glavic, 2000) 

which has been the traditional approach towards meeting imposed discharge limits 

(Savelski and Bagajewicz, 2000; Savelski and Bagajewicz, 2001).  Typically 

wastewater treatment operations are designed to remove “…settleable, suspended, and 

dissolved solids, organic matter, metals, nutrients and pathogens from wastewater” 

(Mujeriego and Asano, 1999). These end-of-pipe approaches have proven inadequate 

for firms to meet minimisation and compliance goals, compared to preventative 

approaches (Hilson, 2000b).  Eastwood and Tainsh (1999) accurately state: 
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Don’t solve an End-Of-Pipe problem with an End-Of-Pipe solution. Unless 

you have explored the In-process solutions, your End-Of-Pipe solution could 

be the worst solution to your problem! 

‘Cleaner production’ is also referred to as pollution prevention (Taylor, 2005) and is a 

proactive preventative measure supporting sustainable development that is integrated 

into the process design to achieve significant environmental improvement (Jia et al., 

2005).  It adds to the bottom line in terms of conserving energy, materials and 

manpower while increasing yields and decreasing treatment and disposal costs 

(Unnikrishnan and Hegde, 2005).  As expressed by Eastwood and Tainsh (1999), 

“good solutions often do more than save water” as they can also reduce capital 

investment and recover raw materials otherwise lost. Reclaimed water, as an 

alternative water supply, also has an economic value (Mujeriego and Asano, 1999). 

Some proven cleaner production approaches used by manufacturing industries, 

according to Unnikrishnan and Hegde (2005), include: 

 Better management of material and energy flows 

 More efficient process control 

 Optimisation of reactor and process conditions 

 In-process recycle-reuse of by-products and solvents 

 Recovery of waste thermal energy 

3.2. Drivers and Barriers to Cleaner Production  

3.2.1. Drivers  

Taylor (2005) argues that all stakeholders (industry, consultants, community, 

government and non-government organisations) have a vested interest in cleaner 

production processes being adopted by industry as it can achieve: 

 Short and long term social and environmental benefits, and  

 Improvements in an industry’s competitiveness by decreasing non-product 

output and increasing revenues. 

Although industry can achieve improved process efficiencies along with concomitant 

waste reductions, compliance improvements, reduced liabilities and financial savings, 

cleaner production practices are not always adopted by industry (Taylor, 2005). The 

drivers for companies to ‘participate’ and then ‘implement’ a cleaner production 
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program differed for companies involved with the Toronto Region Sustainability 

Program as shown (Taylor, 2005): 

 Participation Drivers: regulatory drivers, program co-funding, stewardship 

desire, compliance issues, risk reduction, resource conservation, and efficiency 

improvements. 

 Implementation drivers: risk reduction, corporate image, and economics/cost. 

Often the decision to pursue cleaner production (from assessment to implementation) 

by industrial facilities is due to stakeholder initiated programs related to regulation, 

incentive, education, and development programs.  Regulatory drivers include 

increasingly strict discharge criteria and ongoing administrative costs related to 

reporting requirements.  Incentive programs encourage the scope and depth of cleaner 

production assessments with training and collaborative approaches increasing 

implementation and continuous improvements for cleaner production.  The 

“…removal of incentives can undermine internal motivations for engaging in an 

activity”, according to social marketing research.  Consequently, “…overly generous 

incentive programs could potentially generate a culture of dependence in which 

industries no longer desire to participate without an incentive program”.  Although 

education based programs can encourage cleaner production approaches in industries, 

the coordinating and funding of such developmental programs remains challenging. 

(Taylor, 2005) 

Jefferson and Judd (2003) indicate that drivers for wastewater reuse in the industrial 

sector is usually legislation and/or economics rather than environmental protection 

with the latter occurring as a result of the former.  Non-financial drivers are typically 

applied “…where perception and familiarity with the necessary technologies is 

limited (Jefferson and Judd, 2003).  A major driver for membrane filtration 

technology is the disinfection ability of the process, whereby permeate produced is 

pathogenic free (Gander et al., 2000). 

3.2.2. Barriers  

Cleaner production programs have their own set of limitations with social factors 

hindering implementation of such programs.  In a demonstration project in New 

Zealand by Stone (2005), the required commitment and management processes for the 

cleaner production program were found to be inadequate in terms of leadership, 

support, communications and staff involvements.  Stone (2005) found that it was 
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critical that program design be aligned with organisation needs, activities and culture. 

Major impediments to change include organisational inertia, immediate production 

concerns and the lack of time or resources.  Participatory management requires 

cultural and organisation structural changes to overcome the deeply entrenched top 

down command structures and traditional management styles (Stone, 2005).  

Hilson (2000) found that economic, technologic, and legislative barriers impeded 

cleaner production strategies being implemented in the mining industry.  When faced 

with budget constraints, cleaner production programs can appear cost prohibitive for 

firms, requiring more capital investment and disruption to current production than 

end-of-pipe technologies.   

Changes to existing technologies are not well received by companies for a number of 

reasons.  The current system may represent large capital investments and changes to 

these systems could mean that workers and managers become obsolete.  Companies 

would need to implement retraining programs which represent an additional expense.  

The rate of environmental legislation amendments can be so great as to render an 

effective pollution prevention technology one year, to an obsolete practice in a 

relatively short timeframe.  (Hilson, 2000a) 

It was suggested by Hilson (2000b) that these barriers could be overcome through 

increased government intervention such as financial support, improved planning with 

the use of an environmental management system (EMS) and baseline audits, as well 

as employee education programs to increase awareness.  

3.3. Examples of Cleaner Production Assessment Tools 

3.3.1. Global Efficiency Ratio 

Barbiroli and Raggi (2003) indicate that broad ranges of innovative solutions are often 

grouped together under the banner of ‘cleaner production’ and propose a quantitative 

classification method comprising of technical and economic factors.  At the technical 

level, raw materials, energy, auxiliary materials, water used, waterborne emissions, 

atmospheric emissions from the production cycle, atmospheric emissions from the 

energy cycle, hazardous and toxic wastes, and solid wastes are quantified.  At the 

economic level, returns on the investment taking into account changes to productivity, 

overall quality and product mix due to environmental innovations are assessed.  

Ultimately Barbiroli and Raggi (2003) define a ‘global efficiency ratio’ whereby 
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“…the overall percentage improvement obtained as a result of the technical level 

…can be related to the total percentage of improvement in productivity, …quality 

…and product mix…”.  Unfortunately, the model does appear to rely on biased value 

judgements for setting of cleaner production ‘Classes’, by assuming that the greater 

the implementation of a new technology the greater will be productivity 

improvements.  Also, the ‘global efficiency ratio’ is graded with the assumption that 

‘mainly eco-efficient technologies’ would have limited or marginal productivity 

improvements.   

Barbiroli and Raggi (2003) concede that the proposed classification system for cleaner 

production innovations might contain inaccuracies or incomplete data, however, they 

argue that this macro-economic analytical tool enables “…an indication of the ‘overall 

advantage’ of an innovation beneficial to the environment” (Barbiroli and Raggi, 

2003).  Barbiroli and Raggi (2003) claim: 

This method enables us to enlist innovations according to their importance, 

based on the extent of the results obtained in the various phases of the product 

life cycle.  These results can be expressed either as the improvement of 

environmental and overall efficiency or as the advantage to the firm and 

overall economic benefit connected to the new production methods. 

The approach is flexible in that it can be applied to a singular business or to the whole 

sector, dependent upon project scope and data availability. The key issue for practical 

implementation of this classification system is expected to be data availability and 

reliability. (Barbiroli and Raggi, 2003) 

3.3.2. A Multi-Objective Modelling Approach 

Jia et al., (2005) indicate that “Cleaner production requires a new way of thinking 

about process design” and present a multi-objective modelling approach that 

optimises environmental and economic issues simultaneously using a macro-structure 

model. This model used a macro-structure that divided processes into four functional 

systems: 

 Material transformation 

 Energy utilization 

 Negative environmental impacts 

 Economic benefits 
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The seven modules used within the macro-structure model include: material 

processing, reactor, separator and recycle, waste treatment, product processing, 

energy processing and energy recovery.  The functional parts for each variable 

investigated, according to Jia et al. (2005), are listed in Table 15.   

Table 15: Macro-structure model used in multi-objective problem modelling 

Variable investigated Functional parts  
Chemical processes Material transformation 

Energy utilization 
Negative impacts on the environment 
Economical efficiency 

Material transformation Material processing 
Chemical reactor 
Separator and recycle 
Products processing 
Waste treatment 

Energy utilization Energy processing 
Energy utilisation 
Energy recycle 
Energy discharge 

Negative impacts Raw material consumption 
Energy consumption 
Waste generation 
Waste separation 
Waste treatment 
Waste discharge 

Cost-benefits Material costs 
Energy costs 
Operation depreciation costs 
Profits from the sale of products 
Expenses of waste management 

The mathematical model for solving the multi-objective problem aims to maximise 

economic potentials and minimise environmental impacts.  Economic potentials 

include raw materials cost, operating costs and product values.  The potential of 

environmental impacts is calculated using the WAste Reduction (WAR) algorithm 

describing potential impacts for nine categories which are then aggregated, these 

being: 

 Human toxicity potential by ingestion (HTPI) 

 Human toxicity potential by exposure, dermal and inhalation (HTPE) 

 Aquatic toxicity potential (ATP) 

 Terrestrial toxicity potential (TTP) 

 Global warming potential (GWP) 

 Ozone depletion potential (ODP) 

 Acidification potential (AP) 

 Photochemical oxidation potential (PCOP) 
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 Eutrophication potential (EP) 

Jia et al. (2005) then proposes a ‘hybrid multi-objective evolutionary algorithm’ 

which includes a search process to identify a Pareto optimal set followed by a multi-

criteria decision making analysis that identifies the best compromised solution at the 

decision making level.   

3.3.3. WaterPinchTM Technology 

Eastwood and Tainsh (1999) advocate that WaterPinchTM analysis should be the first 

step in identifying and deploying optimal water reuse strategies.  WaterPinch TM is a 

patented approach by Linnhoff March that has been used in a broad range of 

processing industries achieving 20-60% wastewater flow reductions.  Reusing or 

recycling processing waters achieves large reductions in effluent volumes and 

contaminant concentrations (Eastwood and Tainsh, 1999).  

An example is provided by Eastwood and Tainsh (1999) whereby the implementation 

of a conventional centralised treatment system to reduce effluent COD loadings would 

have cost a $15 million outlay.  Using WaterPinch TM freshwater inputs were reduced 

by 30% and subsequently wastewater throughput was reduced accordingly.  The 

resultant effluent COD concentration was reduced by 76% due to these process 

changes with a $3.5 million dollar outlay.  Benefits of $300,000/yr and $700,000/yr 

were also realised associated with reduced inputs of freshwater and recovery of raw 

materials. 

The basic concepts of WaterPinch include the production of source and sink curves 

called ‘purity profiles’ with water flowrate on the x axis and water quality or purity on 

the y axis (Eastwood and Tainsh, 1999).  It builds on work from El-Halwagi and 

Manousiouthankis (1989) in Savelski and Bagajewicz (2000) where “…the 

cumulative exchanged mass vs. composition for a set of rich and lean streams” were 

plotted (Savelski and Bagajewicz, 2000).  In WaterPinch, mass loads vs. 

concentration are plotted to obtain a limiting water profile line representing all water 

using units.  Construction of the profile requires that processes are modelled 

according to imposed maximum inlet and outlet concentrations.  A combined 

composite curve is created from all limiting profiles and represents the system as a 

single water using unit.  (Savelski and Bagajewicz, 2000) 
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The fresh water supply line is plotted against the composite curve and the inverse of 

this line provides a flowrate.  By maximising the slope of the line a minimum flowrate 

is achieved at a ‘pinch point’.  Some difficulties with the WaterPinch procedure 

involves loops to other networks, i.e., beyond the single contaminant scenario and the 

‘unrealistic splitting of unit operations’ in the proposed design.  (Savelski and 

Bagajewicz, 2000) 

Wastewaters generated are the sources, freshwater inputs are the sinks and where 

these curves overlap there is scope for water re-use.  To the right of the curve overlap, 

minimum freshwater inputs are targeted while to the left minimum wastewater 

discharged is the goal.  Maximising water reuse within the overlapping area will 

minimise freshwater inputs and wastewater discharges.  Purity profiles need to be 

developed for each contaminant and therefore advanced algorithms are used for 

optimising the system with respect to costs, contaminants and trade-offs.  

Contaminant sensitivity analysis within WaterPinch enables the identification of the 

processes that engineering efforts should be focused to yield the largest savings. 

(Eastwood and Tainsh, 1999) 

The six steps of WaterPinch include (Eastwood and Tainsh, 1999): 

1. Find flow data 

2. Find contaminant data 

3. Run software 

4. Identify pinches 

5. Review design 

6. Repeat steps 3-5 until a practical design evolves 

TotalSiteTM integration for WaterPinch operates from a reductionist approach 

whereby the problem is divided into smaller sections based on geographical locations, 

materials processed, key contaminants and water input volumes.  Maximum water 

savings can then be analysed for each section before simultaneous analysis for the 

whole site to determine opportunities for process-to-process integration.  Only then is 

the effluent problem, now much reduced, examined for treatment and re-use 

opportunities.  Successful case studies provided by Eastwood and Tainsh (1999), 

demonstrate a reduced demand for freshwater inputs and wastewater flows following 

WaterPinch™ application.  Case studies presented included chemical and polymer 

plants as well as a paper mill.   
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3.3.4. Other Studies 

Zbontar and Glavic (2000) investigated wastewater minimisation for a refinery and 

petrochemical complex by characterising individual waters, identifying generation 

pathways and identifying potential water reuse or recycle consumers for the total site 

in a holistic approach.  By reducing fresh water inputs the treatment system load was 

also reduced and hence the residence time within the treatment process was prolonged 

by 7%. The proposed change had a payback period of 6 months and savings to the 

company of US$27,630.  (Zbontar and Glavic, 2000) 

3.4. Anaerobic Biological Degradation 

3.4.1. Review Scope and Background 

Anaerobic biological degradation is a widely used technique for treating high strength 

organic wastewaters and therefore, the literature on anaerobic biological degradation, 

as it relates to wheat starch or other similar wastes treated, is reviewed and presented 

in this section.  Based on the specific study site, this review focuses on the internally 

circulating (IC) anaerobic reactor as the anaerobic treatment process where possible.  

The IC is a modified upflow anaerobic sludge blanket (UASB) in that it has a dual 

biomass layer (expanded sludge bed concept) in a taller and narrower design 

(Driessen et al., 1997b; Driessen and Yspeert, 1998).  The UASB has a “…relative 

high treatment capacity compared to other systems…” (Driessen and Yspeert, 1998) 

and the IC is reported to have the ability to treat volumetric loading rates up to three 

times higher than UASB reactors (Hisano et al., 1998).   

Although there are differences between aerobic and anaerobic effluents, aerobic 

treatment is usually preferred for degrading high MW material and anaerobic 

treatment better suited for degradation of low MW compounds (Barker and Stuckey, 

1999).  Compared to other treatments, anaerobic degradation is a low cost (Batstone 

and Keller, 2001), simple process which is energy efficient (Hyun et al., 1998; 

Saddoud et al., 2006), and it produces methane (Wang et al., 1999; Leitão et al., 2006) 

which can often be used on site beneficially.  Consequently, anaerobic digestion of 

organic wastes from the industrial sector is becoming a more widely used practice 

with time (Austermann-Haun et al., 1997). 

Austermann-Haun et al. (1997) report on the experiences gained in Germany on the 

operation of anaerobic treatment plants and indicated that problems were industry 
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specific.  Consequently, they concluded that specific investigations were required to 

find specific solutions for specific industries.  

Anaerobic biological degradation is commonly used to treat a range of organic laden 

wastewaters from the industrial sector, however, published articles on wheat starch 

wastewaters treated through an USAB or an IC reactor are limited.  Those cited here 

include Zeevalkink and Jans (1986) (UASB) where postulated data were provided, 

Austermann-Haun et al., (1997) only with respect to struvite precipitation in UASB 

reactors, Yanagi et al. (1994) where the influent to the UASB style reactor was pre-

acidified and microfiltered wheat starch wastewater and Endo and Tohya (1988) who 

investigated sludge bulking by filamentous organisms in an anaerobic contact process 

treating wheat starch wastewater. 

To broaden the scope, relevant factors from investigations involving the treatment of 

other types of organic laden wastewaters are included within this review.  For 

example, articles from researchers investigating agro-industry wastewaters treated 

through a UASB or an IC include Driessen and Yspeert (1998), Mousa and Forster 

(1998) and Saddoud et al. (2006).  Potato and maize wastewaters were treated in a 

UASB reactor by Kalyuzhnyi et al. (1998a).  Waste waters specifically reported as 

treated through an IC reactor include those from distillery processes (Driessen et al., 

1997b; Hisano et al., 1998), dairy industry, food processing (Driessen and Yspeert, 

1998) and sugarbeet and inuline (soluble dietary fibre from chicory beet) (Habets et 

al., 1997).   

Within this section, the processes of anaerobic biological degradation are first 

presented, followed by information on the importance of volatile fatty acids, the effect 

of pH and temperature on treatment performance, toxic and inhibitory effects, soluble 

microbial products, biomass washout, biogas generation and reported loading 

conditions and outcomes for UASB and IC reactors.  A review of literature regarding 

the use of single versus two stage anaerobic treatment systems is also presented as 

well as information relating to wastewater reuse and disposal options.  

3.4.2. Processes of Anaerobic Biological Degradation 

Anaerobic biological degradation involves a sequential series of metabolic reactions 

(Saddoud et al., 2006) whereby organic matter degrades to form methane and carbon 

dioxide as the primary end products (Fukui et al., 1999; Siegert and Banks, 2005).  
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The reactions are referred to as hydrolysis, acidogenesis and methanogenesis (Henze 

et al., 1995; Fukui et al., 1999; Metcalf and Eddy, 2003). 

Hydrolysis is the process where complex organic substrates, such as carbohydrates, 

proteins and lipids are hydrolysed into components such as monosaccharides, amino 

acids and complex fatty acids (Metcalf and Eddy, 2003).  Starch particles cannot be 

microbiologically degraded unless they are hydrolyzed by enzymes to form soluble 

carbohydrates (Kwong and Fang, 1996).  Goel et al. (1998) found that the hydrolytic 

enzymes for starch hydrolysis were suppressed under anoxic and anaerobic conditions 

and that starch hydrolysis was linear with biomass concentration.  In addition, Goel et 

al. (1998) proposed that floc bound enzymes be recycled within the sludge system to 

obtain equilibrium between enzyme loss and production at steady state.  Factors 

influencing the rate of hydrolysis include temperature, pH, particle size and 

concentrations of intermediate products (Bouallagui et al., 2005).  

Hydrolysis and methanogenesis can both be rate limiting steps in the biodegradation 

process.  When the substrate is suspended solids, in general, hydrolysis rates are slow 

and the overall rate of acidogenesis is limited (Kwong and Fang, 1996; Laubscher et 

al., 2001).  Miron et al. (2000) investigated the hydrolysis, acidification and 

methanogenic stages of degradation for carbohydrates, lipids and proteins during 

primary sludge digestion.  They determined that hydrolysis was the rate determining 

step for carbohydrates, acidification for lipids and both hydrolysis and acidification 

were rate determining for protein biodegradation.  Under methanogenic conditions, 

hydrolysis was the rate-determining step overall.  Methanogenesis is considered as the 

rate determining step in cellulose poor wastes by some researchers (Buyukkamaci and 

Filibeli, 2004) due to methanogenic bacteria having a slower growth rate (Siegert and 

Banks, 2005).   

Acidogenesis is the fermentation of the basic structural building blocks formed during 

hydrolysis to simple organic acids, alcohols, hydrogen and carbon dioxide by acid 

forming bacteria termed acidogens (Bouallagui et al., 2005).  Kwong and Fang (1996) 

put this as a two stage process with the conversion of the soluble carbohydrates to 

alcohols and VFA followed by a further conversion by acetogenic bacteria to form 

acetate, carbon dioxide and hydrogen.  The most commonly formed acid is acetic acid 

(Metcalf and Eddy, 2003) which is biologically degraded to acetate (Kwong and 

Fang, 1996).  Other typical fermentation products include propionate, butyrate, 

succinate and lactate (Metcalf and Eddy, 2003).  The organic acids are commonly 
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referred to as a combined group called ‘volatile fatty acids’ (VFAs), however the 

research focus varies.   For example, Wang et al (1999) focused on the C2-C6 range 

of organic acids during their studies whilst Ching-Shyung et al. (1996) investigated 

the long-chain fatty acids.   

Methanogenesis is the process whereby methanogenic bacteria convert the 

fermentation end products such as hydrogen, formate and acetate to methane and 

carbon dioxide (Metcalf and Eddy, 2003).  The calorific or energy value of 100% 

methane is 35,000 kJ/m3 (Henze et al., 1995) and an efficiently operating anaerobic 

reactor would produce biogas with approximately 65% methane content (Metcalf and 

Eddy, 2003).  Biogas has been produced and used on-site for various industrial 

applications (Driessen et al., 1997b).   

A dynamic equilibrium is required between the acidogenic, acetogenic (Kwong and 

Fang, 1996) and methanogenic bacteria for the system to operate at steady state (Fang 

and Kwong, 1995; Laubscher et al., 2001; Metcalf & Eddy, 2003; Yu and Fang, 

2003).  Acidogens are described as nonmethanogenic and consist of facultative and 

obligate anaerobic bacteria (Metcalf and Eddy, 2003).  They produce hydrogen which 

in turn is utilised by the methanogens, and consequently, a low partial pressure of 

hydrogen exists, which otherwise would inhibit the acidogens growth (Metcalf and 

Eddy, 2003).  The interspecies hydrogen transfer process provides for a dynamic 

equilibrium between nonmethanogenic and methanogenic bacterial populations 

(Metcalf and Eddy, 2003) when the system is operating at steady state.   

The IC anaerobic reactor is a tall slender reactor which has a relatively small footprint 

compared to aerobic systems (Driessen et al., 1997b) and wastewater recirculation 

within the reactor is self-driven (Habets et al., 1997) by the rise of the gas and the fall 

of the sludge and water ensuring that biomass in the lower part of the reactor 

continuously receive a well balanced and mixed load (Driessen et al., 1997b; Habets 

et al., 1997).  

3.4.3. Volatile Fatty Acids and Alkalinity 

Volatile fatty acid (VFA) concentrations in the reactor effluent are an important 

indicator for IC reactor performance (Moosbrugger, 1997a; Buyukkamaci and Filibeli, 

2004).  As previously discussed, they are intermediate products formed from the 

acidogenesis of organic matter by acidogens which are then converted to methane and 

carbon dioxide by methanogenic bacteria (Leitão et al., 2006).  VFA concentrations 
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can be influenced by variations in organic loading rates (OLR) (Voolapalli and 

Stuckey, 2001), temperature or levels of toxicants (Saddoud et al., 2006).  

When rapid acidification of wastes occurs, the pH significantly decreases if sufficient 

alkalinity is not available to buffer the system (Metcalf and Eddy, 1991) which in turn 

will stress and inhibit the methanogenic activity (Mitra et al., 1998; Bouallagui et al., 

2005).  This is a typical response during overloading when VFA concentrations 

increase suddenly (Leitão et al., 2006).  Borzacconi et al. (1997) also report that when 

the biological reactor was fed with easily biodegradable matter, VFAs accumulated 

causing an inhibition in the reactor.  Consequently, an early signal of an imbalance 

within the dynamic equilibrium between acidogenesis and methanogenesis is an 

increase in the concentration of VFAs within the reactor (Mitra et al., 1998; Wang et 

al., 1999; Voolapalli and Stuckey, 2001; Metcalf & Eddy, 2003; Buyukkamaci and 

Filibeli, 2004; Siegert and Banks, 2005).   

Guidelines for VFA and alkalinity concentrations within the reactor to ensure stable 

operations were similar between researchers.  VFAs, measured as acetic acid in the 

anaerobic reactor effluent, should be less than 250 mg/L (4.2 meq/L as acetic acid) 

(Metcalf and Eddy, 1991) or <5 meq/L (300 mg/L) (Moosbrugger, 1997a).  The 

alkalinity concentration should be in the range of 1000 to 5000 mg/L (10-50 meq/L as 

CaCO3) (Metcalf and Eddy, 1991) or greater than 50 meq/L (Moosbrugger, 1997a). 

Sudden increases in VFA concentration and a concomitant drop in gas production rate 

is indicative of imminent process failure (Moosbrugger, 1997a; Wang et al., 1999).   

A recovery plan is needed if elevated levels of VFAs are measured in the anaerobic 

reactor effluent.  Moosbrugger (1997a) suggested that when the VFA concentration in 

the reactor effluent is 5 to 10 meq/L (300 - 600 mg/L as acetic acid) and >10 meq/L, 

there should be a 30% or 40% step-wise reduction of input flowrate.  Under stressed 

conditions, VFAs should be monitored more frequently at every 6 hours instead of 

daily.  After VFA levels have decreased to below 5meq/L and conditions held stable 

for 24 hours, the COD loading rate can then cautiously be increased by approximately 

10% per day.  Intensive monitoring is required during the recovery period.  

(Moosbrugger, 1997a) 

Siegert and Banks (2005) experimentally determined that the methane (CH4) to 

carbon dioxide (CO2) ratio of produced biogas from anaerobic reactors was influenced 

by the VFA concentration of the feed stream as shown in Table 16.  The percentage of 
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methane in the biogas produced decreased as the concentrations of the VFAs were 

increased.  Even the lowest VFA concentration of 1000 mg/L is greater than that 

recommended by Metcalf and Eddy (2003) or Moosbrugger (1997).  Compared to 

other reported methane contents in biogas between 50-76% (see Section 3.4.9), these 

values are lower, probably as a consequence of overloading.  The system was 

maintained at pH =7 during the experiments using 5M KOH and experimental 

temperature data were not reported.   

Table 16: Experimentally determined impacts of VFA concentration on methane generation 

VFA concentration 
used in feed by 
Siegert and Banks 
(2005) 
(mg/L) 

VFA meq/L  
(as acetic 
acid) 

Methane:Car
bon dioxide 
ratio 

Estimated 
methane % of 
biogas 

Impacts 

1000 17 1:1.25 44 No information 
2000 33 1:1.5 40 ≥2 g/L, hydrolysis was 

inhibited for the cellulose 
feed 

4000 67 1:19 5 >4 gL, fermentation of 
glucose was slightly 
inhibited 

6000 100 1:33 3 >6 g/L, biogas generation 
and proportion methane 
produced negligible 

Siegert and Banks (2005) indicate that a high proportion of propionic acid in the VFA 

mixture had a greater inhibitory effect on methanogenic activity than acetic or butyric 

acid.  Other researchers also report that propionic acid degradation is problematic 

(Espinosa et al., 1995; Inanc et al., 1996) and that it has been found to accumulate in 

digesters that had failed (Hyun et al., 1998).  Inanc et al. (1996) determined that the 

accumulation of propionic acid in anaerobic treatment of carbohydrates was not 

related to changes in the partial pressure of hydrogen, but rather, a change is the 

acidogenic populations.  Espinosa et al. (1995) attributed the increased accumulation 

of propionic acid to the lack of bioavailable trace metals in the wastewater.  

Wang et al. (1999) studied decomposition rates of VFAs (C2-C6) in the anaerobic 

digestion of waste activated sludge (WAS) experiments and determined that the 

straight chain VFAs (normal form) were more readily degraded than branched chain 

(iso form) VFAs.  Wang et al. (1999) limited their research focus to the C2-C6 VFAs 

as “…the occurrence of VFAs in anaerobic sludge decreases as the chain length 

increases”.  
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3.4.4. Effect of pH on Biological Activity 

The pH of the wastewater can affect the biological activity; however, the biological 

activity taking place in the system also affects the wastewater pH.  When the 

wastewater undergoes acidogenesis and acetic and propionic acids are formed, the 

solution pH declines as a consequence.  Within the methanogenic phase, as the acids 

are consumed by methanogenic activity, the pH correspondingly increases. 

(Laubscher et al., 2001)  

Although the optimal pH appears to be around 7.0, different researchers report a slight 

variability in value ranges given.  Methanogenic bacteria are the most sensitive to 

operational changes, functioning best at a pH between 6.8 and 7.2 (Moosbrugger, 

1997a).  Metcalf and Eddy (1991) give a wider optimal pH range as between 6.5 and 

7.5.  Henze et al. (1995) report that the activity of the methane forming bacteria drops 

rapidly below a pH of 6, ceasing activity at a pH of 5.5.   

To ensure that the reactor has a optimal operating pH close to 7.0, the acidic feed 

stream is typically dosed with an alkaline pH adjusting compound such as sodium 

hydroxide or magnesium hydroxide.  To protect the anaerobic reactor from extreme 

pH inputs, a buffer or calamity tank is frequently installed within the treatment train.  

Driessen et al. (1997b) report on the operations of a full scale IC anaerobic reactor 

treating brewery waste where the entire treatment train (150 m3 preacidification tank, 

500 m3 buffer/calamity tank and 390 m3 IC reactor) achieved 81% total COD and 

94% soluble COD removal rates.  The pH of the reactor was protected from extreme 

pH inputs through the use of a calamity tank and the reactor effluent pH ranged 

between 6.2 and 7.3 which are similar to reported optimal pH operating values for 

anaerobic digestion.   

Mitra et al. (1998) report that pH decreases in an anaerobic biological process can 

cause heavy metals to become more toxic to the bacteria, being more soluble at a 

lower pH.  They investigated the use of polymeric ion exchangers in the reactors and 

concluded that the reactors were more stable when overloaded with feed contaminated 

with heavy metals because of the inclusion of the polymers.  

3.4.5. Influences of Temperature on Biological Activity 

Anaerobic biological degradation can occur in different temperature ranges, however, 

the growth rate and biological activity of bacteria and hence treatment performance is 
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influenced by temperature, as shown in Figure 9 (Henze et al., 1995).  Generally, 

bacterial growth rates double with every 10oC temperature increase until the optimal 

temperature is attained (Metcalf and Eddy, 1991).   

 

 

Figure 9: Influence of temperature on biological activity rate (Henze et al., 1995) 

Many researchers have investigated the performance of anaerobic reactors operating 

in the mesophillic and thermophillic ranges typically being 30-40°C and 50-70ºC 

respectively.  Anaerobic digestion in the mesophillic temperature range has been used 

for wastewater treatment longer than thermophillic ranges due to a more stable 

treatment performance (Kim et al., 2002).  Thermophillic treatment is reported to have 

a higher organic degradation rate than mesophillic treatment; however, higher VFA 

concentrations (especially propionate) occur in thermophillic systems causing it to be 

a more unstable system (Kim et al., 2002).  

Lepistö and Rintala (1999) investigated the impact of loading rate on UASB reactors 

operated at different temperatures of 35, 55 and 70oC.  Reactors were fed with a 

3:1:0.3 ratio of sodium acetate “(acetic acid after experiment day 170)”, propionic and 

butyric acids.  Reactor performance, measured by VFA removal, were similar (around 

98%) for both 35 and 55°C temperatures at volatile loading rates (VLRs) of 23-35 g 

COD L-1d-1.  The adverse impact of doubling the loading rate was initially greater for 

the 55oC reactor than the 35°C reactor and at 70 °C , VFA removal efficiency 
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decreased from around 67% to <30% (<5% propionate removal).  Increased H2 levels, 

resulting from increased acetate oxidation, inhibited propionate oxidation.  Propionate 

removal was the rate limiting step at 70°C.  Effects were reversible for all 

temperatures after the loading rate was again halved, however, the recovery was about 

12 days for the 70°C reactor compared with 5-6 days for the 55 and 35 °C  reactors. 

(Lepistö and Rintala 1999)  

Temperature also influences gas-transfer rates and settling characteristics of the 

biological solids (Metcalf & Eddy, 1991).  At lower temperatures gas remains 

attached to the solids preventing collection of the gas and because of the gas attached, 

the solids are less dense or more buoyant and therefore are more likely to float and 

wash-out of suspension (Metcalf & Eddy, 1991).   

Habets et al. (1997) indicate that during winter, the COD removal efficiency of an IC 

reactor decreased (magnitude, performance evaluation criteria and level not 

quantified) and hence, the COD loading rate was necessarily reduced.  Information 

relating to operating temperatures within the article is unclear.  Habets et al. (1997) 

indicate that the reactor inlet was heated with condensate flow via a heat exchanger to 

35°C and that a heat exchanger problem caused the reactor temperature to decrease to 

25°C for four days.  Consequently, it is assumed that the reference to requiring the 

COD loading rate reductions refers to the drop from 35°C to 25°C.   

3.4.6. Toxic and Inhibitory Effects on IC Anaerobic Reactor 

Performance  

The performance of an anaerobic reactor can be evaluated by a number of variables 

relating to the biological health of the reactor, organic removal rate and outputs such 

as biogas production.  Anything that adversely affects the set performance evaluation 

criteria can be regarded as an inhibitor to the system.   

Anaerobic reactors can be adversely influenced by changes to operational and external 

factors dependent upon the frequency, duration type and extent of the changes 

imposed.  Treatment performance can be assessed by the biogas production rate and 

methane content (Mousa and Forster, 1998) as well as the organic removal rate, 

usually measured as COD, TOC or BOD.  Typically, adverse impacts include a 

decrease in pH and alkalinity levels and an increase in volatile fatty acids resulting in 

a decrease in treatment performance and biogas generation and an increase in sludge 

washout (Leitão et al., 2006).  When an inhibitor is present or overloading occurs, 
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methanogenic activity cannot remove hydrogen and volatile fatty acids at a rate faster 

than they are produced (Siegert and Banks, 2005).  Inhibition of microbial activity or 

foaming, sludge floatation, scaling and the like can affect the anaerobic reactor 

performance (Kalyuzhnyi et al., 1998a). 

The impact of changes to the hydraulic and organic loading rates is dependent upon 

factors such as hydraulic retention time (HRT), sludge retention time (SRT), sludge 

characteristics, reactor design as well as the magnitude of the change (Leitão et al., 

2006).  The type and rate of biodegradation in an anaerobic process is influenced by 

SRT (Miron et al., 2000). 

As with any form of biological degradation process, the system is living and therefore, 

requires a balanced nutritional environment.  Metals in wastewater systems at 

elevated levels (not quantified) can become toxic to microorganisms (Barker and 

Stuckey, 1999).  Leighton and Forster (1997) studied the gas production in the 

methanogenic stage of a two phase process and determined that the phase separation 

did not protect the methanogenic stage from the toxicity of heavy metals in the 

wastewater.   

The operation of a UASB can also be adversely affected by the formation of a floating 

top scum layer (Kalyuzhnyi et al., 1998a; Laubscher et al., 2001).  This was reported 

by Laubscher et al. (2001) for a UASB treating grain wastewater where the system 

had to be shut down to physically remove the scum layer.  Laubscher et al. (2001) 

attributed the scum layer to the total suspended solids content of the grain wastewater 

and reduced the problem by drum filtering of the wastewater prior to treatment.  Also 

reported by Laubscher et al. (2001) was that when the pH of the grain wastewater was 

increased to near neutral, grain particles flocculated as ‘yellowish flocs’. It is thought 

that the yellowish flocs might be aggregated proteins and these proteins are actually 

the cause of the scum layer because Barampouti et al. (2005) previously identified 

proteins and fats as potential foaming substances in biological reactors. 

Operational problems in an anaerobic process are usually related to the methanogenic 

bacteria, with either these bacteria functioning poorly, or a problem exists that quickly 

causes them to function poorly (Henze et al., 1995).  Henze et al. (1995) categorises 

the operational problems into three types, being: 

 Disturbance of the balance in the 3-stage process 

 Washout of methane bacteria 
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 Inhibition of the biomass (including the methane bacteria) 

A disturbance in the balance of the three-stage process consisting of hydrolysis, 

acidogenisis and methanogenisis can result in problems for the anaerobic reactor.  

Operational problems are normally minimised by ensuring that the substrate passes 

through all three stages with the first and last stage being relatively slow compared 

with the fast intermediate stage (Henze et al., 1995).  Henze et al. (1995) advises 

against sudden increases in dissolved organic matter as this load would convert 

quickly into fatty acids and inhibit the methane producing bacteria.   

Inhibition of the biomass may result from internally produced (fatty acids, ammonia, 

pH) or externally supplied (sulphate, ammonia, metals, specific organic materials) 

inhibitors (Henze et al., 1995).  Detergents are also known to inhibit the performance 

of anaerobic digesters (Mensah and Forster, 2003).  According to Henze et al. (1995) 

external inhibition usually occurs rapidly within a few hours, whilst internally 

produced inhibition is much slower.  Henze et al. (1995) provide information showing 

typical disturbances and influences to an anaerobic process that is repeated as 

verbatim in Table 17.   

Table 17: Typical disturbances and influences to an anaerobic process (Henze et al., 1995) 

Primary influence of control parameters, change/velocity Influence (so 
strong that the 
process is 
influenced) 

Biological effect 
Volatile fatty 
acids 

Gas production pH 

Increased load 
with dissolved 
organic matter 

3-stage-process is 
disturbed 

Is increased 
quickly 

Is increased 
quickly 

Is reduced 
moderately 

Increased load 
with suspended 
organic matter  

3-stage-process is 
disturbed/ washout 

Is increased 
moderately 

Is increased 
moderately 

 

Increased input of 
inorganic 
suspended solids 

washout Is increased slowly Is reduced slowly  

Increased amount 
of suspended 
solids in effluent 

washout Is increased slowly Is reduced slowly  

Temperature 
variation 

3-stage-process is 
disturbed 

Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 

pH increase in 
influent (and 
reactor) 

(inhibition) (Is increased 
quickly) 

(Is reduced 
quickly) 

Is increased 
quickly 

pH decrease in 
influent (and 
reactor) 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced quickly 

Sulphate in 
influent 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 

Ammonium in 
influent 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 
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Primary influence of control parameters, change/velocity Influence (so 
strong that the 
process is 
influenced) 

Biological effect 
Volatile fatty 
acids 

Gas production pH 

Organic nitrogen 
in influent 

inhibition Is increased 
moderately 

Is reduced 
moderately 

Is reduced slowly 

Toxic substances 
in influent 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 

Increasing volatile fatty acids (VFAs) along with a decrease in gas production can 

indicate an unstable system with inhibited or diminishing methanogenic populations 

(Henze et al., 1995; Sawyer et al., 1994).  Sludge can sometimes be adapted to better 

withstand toxic substances over long term exposure periods in moderate doses.  

However, where a substance has a direct toxic effect, such as nickel, a short exposure 

of high concentration has no effect compared to long-term exposure at lower 

concentrations (Henze et al., 1995).  Dependent upon the substrate and other available 

inputs, bacterial populations will compete for resources and develop communities 

accordingly.   

The production of struvite was reported by Austermann-Haun et al. (1997) as a 

problem for UASB reactors treating wastewater from the wheat and potato starch 

industries.  Struvite is also known as magnesium ammonium phosphate or MAP and 

has the chemical formula MgNH4PO4.6H2O.  According to Austermann-Haun et al. 

(1997), struvite precipitates in a N:P:Mg ratio of 1:1.4:1.0 after the pH is adjusted 

with NaOH and is more likely to occur in areas with high turbulence such as in pumps 

and pipes as well as in areas where pH increases quickly such as when degassing.   

Austermann-Haun et al. (1997) reports that the pH within the methanogenic reactor 

was kept at exactly 6.9 by dosing with hydrochloric acid to avoid struvite 

precipitations.  This is odd as acidogenesis of the raw material in the biological 

degradation process prior to methanogenesis occurring, results in a drop in pH.  

Alkaline products such as lime (Zeevalkink and Jans, 1986) or caustic NaOH are 

needed to increase the pH of the waste water to obtain optimal conditions for biomass 

survival and activity.  Hence, it is assumed that the wastewater from the plants 

referred to by Austermann-Haun et al. (1997) had been subjected to some other 

treatment or modification to require an acid to be added to the methanogenic reactor 

for pH stabilisation.  

The breakdown of granular structure also affects process efficiency (González et al., 

1998) and on that basis, factors that affect that structure could be viewed as an 

inhibitor to anaerobic digester performance.  González et al. (1998) indicate that 
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changes in pH, the presence of toxic compounds and nutritional imbalances could 

damage granular structure.   

3.4.7. Soluble Microbial Products (SMPs) 

Biological soluble microbial products (SMPs) and extracellular polymeric substances 

(EPSs) are both contained in biologically treated effluents, however, the focus and 

definitions within the literature vary.  Some researchers model and/or investigate only 

one of the two terms (Laspidou and Rittmann, 2002) or use the terms interchangeably 

(Le-Clech et al., 2006).  The two substances are differentiated by Le Clech et al. 

(2006) with the SMP originating from the supernatant from the centrifuged mixed 

liquor suspended solids (MLSS) sample and the EPS from the supernatant from the 

remaining solids, as shown in Figure 10.  Further defined, EPS includes all non-

soluble structural materials of biological origin (Barker and Stuckey, 1999; Jang et al., 

2006) in biofilms, flocs and sludge liquors (Le-Clech et al., 2006), whilst SMP are the 

soluble components released from microbes through substrate metabolism (Barker 

and Stuckey, 1999; Shin and Kang, 2003) via diffusion or excretion (Le-Clech et al., 

2006).  Barker and Stuckey (1999) reported on SMP, and defined this as “any soluble 

material that leaves the effluent from a biological system that was not present in the 

influent”.  The concept of soluble EPS is the same as SMP (Le-Clech et al., 2006; 

Meng et al., 2006).   

 

Figure 10: Proposed SMP and EPS extraction methods (Le-Clech et al., 2006) 

SMP have also been categorised according to the bacterial phase including utilisation 

associated products (UAP) and biomass associated products (BAP) (Barker et al., 

1999; Holakoo et al., 2006).  According to Barker and Stuckey (1999), the UAP is 

SMP from substrate metabolism and biomass growth whilst BAP is SMP from 
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biomass decay.  However, Laspidou and Rittmann (2002) define these differently with 

biomass decay producing ‘residual inert biomass’ and claim that the hydrolysis of 

EPS is the only way BAP is produced.   

EPS and SMP are often divided into protein and carbohydrate content and typically, 

the dominant fraction is proteins (van Hullebush et al., 2007).  When fed with glucose 

and sulphate, the protein and carbohydrate fractions did not accumulate in either the 

SMP or EPS, however in the presence of iron, both fractions decreased for the two 

types of anaerobic granular sludge investigated.  This was attributed to an increase in 

negative charge of the EPS and subsequent dissolution of EPS from the granule due to 

the formation of FeS and subsequent Fe(III) removal from the sludge matrix (van 

Hullebush et al., 2007).  EPS provides the structural integrity and stability in mature 

granular sludge (van Hullebush et al., 2007).   

The intermediates such as VFAs are not included in the calculations for SMP 

according to Barker and Stuckey (1999) as they are not of microbial origin.  That is, 

“…they are the end-products of the incomplete degradation of more complex 

compounds by specific groups of bacteria and the substrates for another group of 

microorganisms in the anaerobic chain” (Barker and Stuckey, 1999).  Barker and 

Stuckey (1999) indicate that many researchers adopted Equation 3 for SMP 

calculations where the conversion factors for each of these parameters (1.07, 1.51 and 

1.82) assume complete oxidation of volatile acids or glucose to carbon dioxide and 

water.   

Equation 3: Method for calculating SMP concentrations 

SMP = Soluble COD – 1.07 (HAc) – 1.51 (HPr) – 1.82 (Hbu) – 1.07 (Glu) 

Where:  HAc = measured acetic acid (mg/L); HPr = measured propionic acid (mg/L); 

Hbu = measured iso and n-butyric acid (mg/L) and Glu = measured glucose (mg/L). 

In biological processes, the kinetics of production and biodegradation of SMPs 

determine soluble organic matter levels in the effluent (Barker and Stuckey, 1999; 

Laspidou and Rittmann, 2002) and effectively sets the lower limit for wastewater 

treatment (Barker et al., 1999; Shin and Kang, 2003).  SMP concentrations in aerobic 

MBRs were determined as cyclical in some studies with initial increases followed by 

decreases (Shin and Kang, 2003; Holakoo et al., 2006).  Barker and Stuckey (1999) 

reported that SMP increased as influent concentration was increased.  
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Laspidou and Rittmann (2002) presented a model for quantifying the non-steady state 

of EPS, SMPs and active and inert biomass.  Predictions from the model were in good 

agreement with experimental data and they concluded that these factors were 

interconnected from the ‘unified theory’ which was based on mass-balance equations 

(Laspidou and Rittmann, 2002).  

MW distributions of SMP were found to be bimodal for both aerobic and anaerobic 

systems, affected by substrate type and system operating conditions.  The majority of 

SMP was less than 1 kDa or greater than 10 kDa, with ‘very little’ in-between that 

range (Barker and Stuckey, 1999).  Holakoo et al. (2006) when investigating the 

chelating properties of SMPs from an aerobic membrane bioreactor found that in the 

range of 1kDa to 10kDa, the SMPs had the highest complexation capacity of all 

fractions.  This might explain the apparent lack of SMP in this range for the study by 

Barker and Stuckey (1999) in that SMP in the 1 kDa to 10 kDa might have been 

removed from solution in the presence of metals.   

Barker and Stuckey (1999) also report on the chelating properties of SMPs, indicating 

that they contain chelating functional groups, such as “…carboxylates, hydroxyls, 

sulphydryls (-SH), phenols and amines”.  They report that the chelating groups act as 

ligands and complex with metals such as copper, iron, lead, nickel and zinc typically 

found in wastewaters and sludges.  Although this can reduce the metal toxicity of the 

water, it can also reduce the amount of metals bioavailable to bacteria needed as 

micronutrients.   

The influence that solid retention time (SRT) has on the MW distribution of SMP in 

biological reactors varies between researchers.  Barker and Stuckey (1999) indicate 

that the MW generally increased with SRT whist other researchers (Shin and Kang, 

2003) found that microogranisms acclimatised with a longer SRT enabling 

degradation of higher MW SMP products and hence the SMP MW distribution shifted 

to less than 10,000 Da.  Lee et al. (2002) when investigating SMP concentrations in a 

submerged membrane bioreactor, found that the SMP decreased with SRT up to a 

critical food/micro-organism (F/M) ratio of 1.2 and was not related to SRT at a F/M 

ratio greater than this.   
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Other findings on SMP with respect to UASB reactors by Barker and Stuckey (1999) 

include: 

 Can be more toxic than the original organic compounds present in the 

wastewater 

 Can be inhibitory to nitrification 

 High MW SMPs strongly adsorb onto carbon 

 Can adversely affect flocculation and settling properties of anaerobic granules 

in the UASB reactor 

 There is an optimal organic load and SRT for minimising the production of 

SMP, these being 0.3-1.2 g COD/g MLSS.d and 2-15 days.  At lower loads, 

the treatment system is underfed and at higher loads, the sludge is overloaded.  

 Typically, the SMP levels range from 4 to 9 % of the initial substrate 

concentration dependent upon bacterial species 

 At decreasing temperatures, SMP production and degradation rates increase 

and decrease respectively  

The influence of SMP on membrane fouling has been investigated by several 

researchers (Lee et al., 2002; Park et al., 2005).  Information regarding this area is 

presented in Section 4.   

3.4.8. Biomass Granulation and Washout  

Anaerobic bioreactors, such as the UASB, contain conglomerates of microorganisms 

known as granular sludge or biomass (van Hullebush et al., 2007) and it is the quality 

of the sludge that determines the effective functioning of these reactors (Grootaerd et 

al., 1997; Moosbrugger, 1997b; van Hullebush et al., 2007).  During granulation, the 

nuclei are formed from excreted compounds from bacterial growth and on this basis, 

there are no apparent differences between a granule and a biofilm (González et al., 

1998).   

A high quality sludge needs to have exceptional settling properties with a narrow 

settling distribution (Batstone and Keller, 2001) (as related to granule density), as well 

as a high mechanical strength and biological activity rate (Batstone and Keller, 2001; 

van Hullebush et al., 2007).  Sludge characteristics are related to the wastewater 

composition treated and process conditions (van Hullebush et al., 2007).  Batstone and 
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Keller (2001) reported that protein grown granules had lower strength and settling 

velocities than those grown with low-protein feeds.  

Fang et al. (1995) investigated granular microstructure and determined that the 

degradation kinetics of the substrate influenced granular formation.  That is, where a 

substrate with an initial degradation step is faster than the subsequent degradation of 

intermediates, such as carbohydrates, biogranules develop with a layered 

microstructure.  Conversely, where the initial degradation step was slower and rate 

limiting, as with protein degradation, biogranules developed a uniform microstructure 

(Fang et al., 1995).  Granules formed during the treatment of cornstarch through a 

UASB reactor were found to have a layered microstructure by Kwong and Fang 

(1996) with the outer layer composed predominantly of streptococci  and the middle 

layer containing “…long thin filaments, small rods, cocci, syntrophic microcolonies, 

along with scattered streptococci”. The start-up phase of a UASB is slow when active 

granular sludge is not added to the treatment plant during set-up.  The wastewater 

characteristics and operational conditions influence the time required to get 

granulation (González et al., 1998).  Kwong and Fang (1996) investigated anaerobic 

degradation of cornstarch in wastewater in a laboratory scale UASB over a period of 

510 days and found that biomass granulation was first observed on day 90.  

Granulation steadily increased with time and the loading rate was accordingly 

increased.  Biomass washout was not observed, which the authors attributed to the 

high biodegradability of the cornstarch and the extended acclimation period allowed 

for sludge granular development.   

González et al. (1998) indicate that four conditions are needed for the production of 

good quality granulated sludge, these being; 

 High partial pressure of hydrogen 

 A significant deficit of cysteine 

 An excess of nitrogen in the substrate 

 pH values close to neutral 

Several researchers have investigated methods to accelerate the start up phase and 

therefore, the granulation process.  Examples of this include the acceleration of 

granulation by the addition of either natural or synthetic polymers (Grootaerd et al., 

1997; Imai et al., 1997; El-Mamouni et al., 1998), start-up under different operating 
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conditions (Ghangrekar et al., 1996) and the addition of active granular sludge from 

other treatment plants (Zeevalkink and Jans, 1986).   

Granular strength is affected by wastewater characteristics, loading rate, temperature, 

granular structure, particle size distribution and EPS content (van Hullebush et al., 

2007).  Hullebusch et al. (2007) found that with a sludge fed glucose, sulphate and 

iron combined, the granule size decreased as the strength increased.  However, the 

increased strength did not necessarily make it an improved sludge as the smaller 

granules were then vulnerable to being washed out from the UASB in a term 

commonly known as ‘washout’.   

Biomass washout is an unintentional discharge of sludge (Cavalcanti et al., 1999) and  

is an indicator of an imbalance within the reactor which increases the effluent’s 

suspended solids loading (Henze et al., 1995).  Excessive discharges of the sludge can 

adversely affect the treatment efficiency and operational stability of the system 

(Cavalcanti et al., 1999).  Cavalcanti et al. (1999) found that COD removal rates were 

much lower following 60% sludge discharge from UASB reactor treating raw sewage.  

When the sludge age is too low, due to loading rate increases or sludge mass 

decreases, washout of methane bacteria can occur (Henze et al., 1995).  Conversely, 

“…a long sludge age is essential for the production of a well-stabilised sludge” 

(Cavalcanti et al., 1999).   

Washout can also occur as a result of sludge floatation when gas bubbles are 

entrapped within the granular voids and a buoyant force is created (Yoda and 

Nishimura, 1997; Cavalcanti et al., 1999; Metcalf & Eddy, 2003).  More gas is likely 

to be attached to granules at lower temperatures (Metcalf and Eddy, 2001) 

accentuating impacts associated with overloading.  Yoda and Nishimura (1997) 

proposed mechanical grinding of the floating granules and Fe dosing the reactors as a 

method of addressing sludge floatation problems.  Foaming has also been attributed to 

the cause of increased washout of sludge due to poor settling characteristics and 

entrapment of starch granules at organic loading rate (OLR) >4.37 g COD/L.d 

(Kalyuzhnyi et al., 1998a). 

Anaerobic sludge bulking was reported by Endo and Tohya (1988) as a problem for 

an experimental anaerobic contact process treating wheat starch wastewater.  Endo 

and Tohya (1988) determined that the microorganism causing the sludge bulking 

condition was long chained and filamentous and it was enriched in a raw starch liquid 
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medium.  The authors determined that the bulking phenomenon initiated (i.e. high 

growth rate of offending microorganism) when raw starch concentrations were greater 

than 2000-3000 mg/L in the anaerobic reactor feed.  Further, acidogenic fermentation 

of the raw wheat starch wastewater prior to treatment through the anaerobic process 

prevented the growth of the offending microorganism.  Where completely acidified 

starch was fed to the system, the sludge had good settling characteristics (Endo and 

Tohya, 1988). 

Anaerobic processes typically produce less sludge (Leitão et al., 2006) and lower 

residual COD levels (Barker and Stuckey, 1999) than aerobic systems.  Using an IC 

reactor which is a dual UASB anaerobic digester designed by Paques, Driessen et al. 

(1997b) estimated that excess sludge production was 0.01 kg TS/kg COD removed for 

a full scale IC treating brewery wastewater at a rate of 27 kg COD/m3.day (10,500 

kg/day in a 390 m3 reactor).  Generally, the sludge has excellent settling 

characteristics and hence solids retention within the system is high resulting in sludge 

granulation and high biological conversion rates within the reactor due to the high 

active biomass concentrations (Zeevalkink and Jans, 1986). 

3.4.9. Biogas  

Biogas generated during anaerobic digestion of organic materials contains primarily 

methane (CH4) and carbon dioxide (CO2) (Kwong and Fang, 1996).  The nature of the 

substrate influences the percentage of methane, as shown in Table 18 (Buswell and 

Boruff in Sawyer et al., 1994) and it typically contains around 65% methane (Henze 

et al., 1995, Sawyer et al., 1994, Metcalf and Eddy, 1991).   

Table 18: Expected methane and carbon dioxide yields, in percent, for organic materials 

 Methane (%) Carbon dioxide (%) 
Carbohydrates 50 50 
Low-MW fatty acids 62 38 
High-MW fatty acids 72 28 
Proteins 76 

69 
24 
31 

The expected methane yield can also be calculated from conversion factors taken 

from Henze et al. (1995) as follows: 

0.42 m3 CH4/kg carbohydrate 

0.47 m3 CH4/kg protein 

0.38 m3 CH4/kg COD 
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The calorific and electrical energy value of the biogas produced will depend upon the 

percentage of methane gas in the gaseous mixture as shown in Table 19 (adapted from 

Henze et al., 1995).  Taken that typical biogas contains 65% methane, this equates 

with a heating value of 22750 kJ/m3 gas produced.  Natural gas has a heating value of 

approximately 37300 kJ/m3 at standard temperature and pressure (Metcalf & Eddy, 

1991).  Consequently, around 1.64 m3 biogas is equivalent to one cubic metre natural 

gas. 

Table 19: Heating value of biogas and converted electricity value according to methane 

percentage  

Methane content in gas (%)  
50 60 70 80 100 

Heating value 
(kJ/m3 gas) 

17500 21000 24500 28000 35000 

Electrical 
production/m3 
CH4 
 Electricity 

(kWh/m3) 
 Heat 
 Loss  

 1.5 
 2.5 
 1.0 

 1.7 
 2.9 
 1.1 

 2.0 
 3.4 
 1.3 

 2.3 
 3.9 
 1.5 

 2.9 
 4.9 
 1.9 

Note that 1m3 CH4 = 9.7 kWh.  When converted to electrical production/m3 CH4, this 

becomes; 30% electricity = 2.9 kWh, 50% heat = 4.9 kWh and 20% loss = 1.9 kWh. 

3.4.10. Reported Loading Conditions and Outputs 

There are different types of anaerobic reactors available, however, this review focuses 

on the UASB process and uses examples of IC reactors where possible, due to the 

specificity of the equipment used at the study site.  The IC is a modified UASB in that 

it has a dual layer of biomass (expanded sludge bed concept) in a taller and narrower 

design (Driessen et al., 1997b; Driessen and Yspeert, 1998) and can treat volumetric 

loading rates up to three times higher than UASB reactors (Hisano et al., 1998).  

Reported values relating to the loading conditions and outputs for these types of 

reactors are presented in Table 20.   

Anaerobic biological degradation is commonly used to treat starch wastewaters 

(Zeevalkink and Jans, 1986) and other wastewaters from the agro-industry (Driessen 

and Yspeert, 1998; Mousa and Forster, 1998; Saddoud et al., 2006), however, data 

relating to the operation and loading conditions as well as outcomes from these 

processes are lacking.  This is especially the case for wheat starch wastewaters and to 
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a lesser extent, any starch based wastewaters generally.  Specific papers covering the 

anaerobic treatment of wheat starch wastewater include: 

 Zeevalkink and Jans (1986) report on an anaerobic treatment installation in 

Ireland for treating wheat starch factory wastewaters, designed for 5-day per 

week operations, however actual data is not provided and instead, only 

‘anticipated characteristics’ and ‘design data’ for starch plant effluent and 

treatment performance are provided.   

 Seyfried and Austermann-Haun (1990) report on the treatment of wheat starch 

factory wastewater for an industry in Germany, however, the treatment train 

overall is more complex than most systems comprising a preacidification tank, 

an anaerobic fixed film reactor, a centrifuge for solids retention, an anaerobic 

solids settling tank, an aerobic trickling filter and an un-aerated pond.  Many 

parameters of interest (e.g. biogas production rate, methane content of biogas, 

pH, temperature, suspended solids loading) are not mentioned and/or are not 

quantified within the article.   

Overloading of a reactor can cause the methane content of the biogas to decrease.  

Kwong and Fang (1996) using a synthesised wastewater containing sucrose and 

cornstarch, determined that the methane content of the biogas produced in a 

laboratory scale UASB reactor decreased as the COD loading rate increased going 

from 60% methane at 10 g COD/L.day to 52% methane at 120 g COD/L.day.  

Some researchers refer to the acclimatization of bacteria within the sludge during the 

start up phase and during this phase the loading rate is progressively increased.  When 

testing the ability of a modified UASB, called the upflow sludge blanket filter (UBF), 

to treat cornstarch at various organic loading rates, Fang and Kwong (1995) only 

increased the loading rate when 90% soluble COD was removed at the existing 

loading rate.  In addition, at each stage of the step-wise increases, the condition was 

held constant for a minimum of ten days to ensure steady state operations.  The step 

wise progressive organic loading rate increases enabled the reactor to develop well 

granulated sludge and consequently, stabilise at a higher steady state operational state 

without washout occurring.  
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Table 20: Reported loading conditions and outputs for IC and UASB reactors 

Wastes 
Treated 

Anaerobic 
Treatment 
Type 

Treatment 
Operating 
Temperature 
(°C) 

Reactor 
Volume 

Organic 
Loading 
Rates 
(after 
start-up) 

Influent 
Suspended 
Solids 
(mg/L) 

Influent 
Total 
COD 
(mg/L) 

VFA in 
influent 
COD 

Effluent 
pH 

HRT Total 
COD 
reduction 
(%) 

Soluble 
COD 
reduction 
(%) 

Biogas 
Production 
Rate 

Methane 
Content 

Excess 
sludge 
production

Problems References 

Preclarified 
Potato-
Maize 
wastewater 

Laboratory 
UASB 
reactors  

35°C 1.8 L 14 g 
COD/L.d 

- 5300-
18100 
(SCOD = 
3200-
7400) 

   63  75% for 
centrifuged 
samples 

0.24-0.44 
m3/kg TCOD 
0.30-0.37 
m3/kg TCOD 
for 
preclarified 
effluent  

- - Excessive 
foaming 
and sludge 
floatation 
when OLR 
> 10 g 
COD/L.d 

(Kalyuzhnyi 
et al., 1998a) 

Cornstarch  Laboratory 
UASB  

37 8.5 L Failed at 
>90 g 
COD/L.d 

 <45,000  6.8-7.9 12 
hours

95  1.9 g CH4 
COD/g 
VSS.d 
85.9% of 
COD 
removed was 
converted to 
methane 

 Sludge yield 
of 0.10 g 
VSS.g COD 

 (Kwong and 
Fang, 1996) 

Hen Manure Laboratory 
UASB 
reactors  

35°C 2.6 L   10,500 -
20,000  

3.9-6.7 g 
COD/L 

6.2-7.1 1-2 
days 

70-75  3.5-3.6 L/L 
day at OLR 
of 11-12 g 
COD/Ld 

79-81 Sludge yield 
of 0.10 g 
VSS.g COD 

 (Kalyuzhnyi 
et al., 1998b) 

Inuline1 
processing 
waste water 

Full scale IC 
anaerobic 
reactor 

35°C 1100 m3 31 kg 
COD/m3.d 

 7900    70-80      (Habets et al., 
1997) 

Brewery 
waste water 

Full scale IC 
anaerobic 
reactor2  

20-40°C3 

 
390 m3 
(IC)4 

 

9-37 kg 
COD/m3.d5 

 500-
6,5006 

 

- 6.2-7.3  68% (IC)7 
 

81 (IC)8 0.47 m3/kg 
TCOD 
removed 
0.32 m3/kg 
TCOD in 
influent 

- <0.01 kg 
TS/kg COD 
removed 

 (Driessen et 
al., 1997b) 

Distillery 
waste 

Pilot IC 
anaerobic 
reactor 

30-33 12 m3 26-48 kg 
COD/m3.d5

1000-2000 17,000-
19,000 
(15,000 
SCOD) 

- 6.5-6.9 
(no 
alkaline 
supplied) 

11.9-
17.4 
hours

70-78% 
(3.4-5.5 
g/L in 
effluent) 

95-97% 
(0.5-0.7 
g/L in 
effluent) 

0.51 m3/kg 
soluble COD 
removed 

65 -  (Hisano et al., 
1998) 
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Wastes 
Treated 

Anaerobic 
Treatment 
Type 

Treatment 
Operating 
Temperature 
(°C) 

Reactor 
Volume 

Organic 
Loading 
Rates 
(after 
start-up) 

Influent 
Suspended 
Solids 
(mg/L) 

Influent 
Total 
COD 
(mg/L) 

VFA in 
influent 
COD 

Effluent 
pH 

HRT Total 
COD 
reduction 
(%) 

Soluble 
COD 
reduction 
(%) 

Biogas 
Production 
Rate 

Methane 
Content 

Excess 
sludge 
production

Problems References 

Wheat 
starch 
wastewater9 

Full scale 
UASB 
reactor 

35 - - - 17,000 - 6.5 - 85 - 6400 m3/d 80 -  (Zeevalkink 
and Jans, 
1986) 

Maize starch 
wastewater 

Full scale 
UASB 
reactor 

 800 m3 11-30 kg 
COD/m3.d5

- 760010 - - - 90-95 - 800,000 
m3/year 

70 -  (Zeevalkink 
and Jans, 
1986) 

Potato and 
wheat starch 
industries 

Full scale 
UASB 
reactors 

- - - - - - - - - - - - -  (Austermann-
Haun et al., 
1997) 

Wheat 
starch 
wastewater 

Large scale 
anaerobic 
fixed film 
reactor 

- 2270 m3 4.0 kg 
COD/m3.d5

- 37,500 
(designed 
for 
45,000) 

- - - 97 
(1000 mg/L 
in effluent) 

- - - - Washout of 
anaerobic 
sludge 
during start-
up 

(Seyfried and 
Austermann-
Haun, 1990) 

Synthesised 
wastewater 
using 
sucrose and 
corn starch 

Laboratory 
Modified 
UASB called 
UBF11 

37 8.5 L <40 kg 
COD/m3.d5

- 3000-
20,000 

- 7.0-7.5 9.6-
24 
hours

94 96 86% of COD 
removed was 
converted to 
methane 

55-62 Sludge yield 
of 0.10 g 
VSS.g COD 

Reactor 
failed at 50 
kg 
COD/m3.d5 

(Fang and 
Kwong, 
1995) 

1. Inuline is a polyfructose from chicory root  
2. In addition to the IC reactor, this treatment train contained a PA tank, buffer tank and CIRCOX reactor.  It operated 5-6 d/week 
3. Related to working week with 20°C on Monday and up to an average of 32°C during working week) 
4.  (+500 PA +500 buffer +150 calamity tank +230m CIRCOX) 
5. Design 27 kg COD/m3.d 
6. 400-6200 (soluble COD) 
7. Total COD removal in treatment train overall 80%.   
8. Soluble COD removal in treatment train overall 94%. 
9. All values from this author are presented as ‘anticipated characteristics’ and ‘design data’ for the starch plant effluent and anaerobic treatment plant respectively.  Consequently, the 

reported data cannot be taken as seriously as actual measured data from other studies.  
10. This is a calculated figure from the information of individual flow and COD levels presented in the article for each component of waste treated through the plant.  
11. The UBF differs from the UASB in that the gas-liquid-solid separator on the top of the sludge bed in a UASB reactor has been replaced with a packed bed of plastic medium to retain 

active biomass.  
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3.4.11. Single Versus Two or Multistage Systems 

There are various UASB systems that operate either as a single stage or two or more 

stage systems.  In a single stage reactor, all reactions (hydrolysis, acidogenesis and 

methanogenesis) occur in the one reactor whereas in the two or more stage systems 

these processes are sequential but in separate reactors (Bouallagui et al., 2005).  In the 

single phase anaerobic reactor, the methanogenic phase can be inhibited due to an 

increase in VFA and subsequent decrease in solution pH leading to process failure 

(Liu et al., 2002).  In the two-stage system, each ecosystem adapts to the substrate and 

consequently, the system has a higher COD removal efficiency (Azbar et al., 2001) 

and biogas production rate (Yeoh, 1997; El-Gohary et al., 1999; Bouallagui et al., 

2005).  The phase separation phenomenon utilises the different kinetic rates within the 

different stages and hence improves process stability of systems compared to the 

single stage systems (Saddoud et al., 2006).  

The two stage system is reported to improve sludge bed density.  Moosbrugger 

(1997b) compared the sludge bed volume and density of a single stage UASB process 

with that of a two-stage UASB process at a pilot scale.  In the single stage system, the 

sludge volume doubled within 60 days, and after 90 days, the buoyancy of the sludge 

increased causing it to washout resulting in system failure.  In the two-stage UASB 

process, which included a separate pre-acidification stage with completely mixed 

contents, the density of the sludge bed remained constant and the volume increased 

‘slightly’ (Moosbrugger, 1997b).  The preacidification stage was found to positively 

influence granular sludge bed formation and stability in an UASB reactor 

(Moosbrugger, 1997b). 

Azbar et al. (2001) thought that the improved efficiency of the two stage process was 

due to the production of intermediates such as propionate and acetate in the first stage 

that are more easily converted by methanogenesis in the second stage.  These volatile 

fatty acids are usually found at elevated levels in anaerobic effluents constituting the 

major fraction of degradable COD in the effluent.   

Leighton and Forster (1997) demonstrated that the acidogenic and methanogenic 

phase separation did not reduce the toxicity of heavy metals (copper, zinc, nickel and 

lead) in the methanogenic reactor.  
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3.5. Wastewater Reuse and Disposal Options 

Most wastewater reuse applications relate to municipal wastewater being used for 

non-potable applications such as irrigation water for agricultural land, parks and golf 

courses.  Within the urban setting reuse of reclaimed wastewaters focuses on toilet 

flushing, cooling waters, augmentation of stream flows and for fire fighting purposes.  

However, the reuse of reclaimed water may expand to pipe-to-pipe controlled systems 

or blending with non-reclaimed water in an engineered system or a natural surface or 

groundwater system.  Some concerns regarding public acceptance, treatment and 

reuse reliability and the presence of trace organic substances remain with the debate 

on indirect potable reuse.  (Mujeriego and Asano, 1999) 

Industrial reuse of water traditionally focused on cooling water systems, however 

interest as an alternative supply of process water has been growing.  Industrial water 

management involves the use of higher quality raw materials as well as the 

application of cleaner, water efficient and advanced treatment technologies to promote 

materials recovery and water reuse.  Factors influencing the final selection process 

include technical performance of the treatment technology as well as investment, 

operation and maintenance costs. (Mujeriego and Asano, 1999) 

Potable reuse of reclaimed wastewater requires advanced unit operations in a 

treatment train with “…lime clarification, nutrient removal, recarbonation, filtration, 

activated carbon adsorption, demineralisation by reverse osmosis, and disinfection 

with chlorine, ozone, ultraviolet radiation, alone or in different combinations” 

(Mujeriego and Asano, 1999).  Weber and Leboeuf (1999) indicate that water reuse 

can be in two forms including cascading reuse and recycling for the same use 

(‘closing the loop on the cascading reuse scheme’).   

Reverse osmosis (RO) is a suitable technology for wastewater remediation for reuse 

only where water availability is low and cost is high as the technology is expensive in 

terms of the energy requirements, membrane replacement, antifouling controls and 

brine disposal.  Membrane replacement and maintenance costs have reduced due to 

technological advances in membrane development and manufacturing.  (Mujeriego 

and Asano, 1999) 
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Some key topics involved in water reuse applications, according to Mujeriego and 

Asano (1999) include:  

 Assessment of health risks associated with trace organic substances 

 Improvements in monitoring approaches to evaluate microbiological quality 

 Application of membrane processes to produce high quality reclaimed water 

 Evaluation of the effect of reclaimed water storage on water quality 

 Evaluation of the fate of microbiological, chemical, and organic contaminants 

in reclaimed water 

 Evaluation of the long-term sustainability of soil-aquifer treatment systems 

Mujeriego and Asano (1999) provide an overview on the role of advanced treatment 

in wastewater reclamation and reuse with an apparent end-of-pipe approach.  Terms 

describing the level of treatment wastewater receive, in increasing treatment level, 

includes “…preliminary, primary, secondary, and tertiary/advanced treatment”.  

While conventional biological treatment processes include activated sludge process, 

trickling filters, and oxidation ponds, tertiary or advanced treatment processes include 

filtration, activated carbon adsorption, membrane processes and disinfection. 

(Mujeriego and Asano, 1999) 

Effluent streams are a source of reclaimed water dependent upon the water quality 

objectives required for the reuse option.  Available technologies provided by 

Mujeriego and Asano (1999) include: 

 Lagoons, wetlands, and natural treatment systems 

 Advanced physical-chemical treatment 

 Advanced biological treatment including biological nutrient removal (BNR) 

 Advanced oxidation processes 

 Membrane separation and membrane bioreactors 

 Disinfection technologies 

 Innovative reactor designs such as sequencing batch reactors and advanced 

mixing devices 

Rather than increase the size of the treatment plant, Barker et al. (1999) investigated 

process parameters and optimised the existing biological treatment processes to 

achieve greater COD reductions in effluent.  This demonstrates that whilst increasing 
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the size of the treatment plant is one disposal option that companies might consider, it 

is first best to optimise existing plant operations before extending treatment plant size.  

3.6. Conclusion  

The drivers and barriers to cleaner production have been investigated.  Drivers for 

wastewater reuse are usually related to legislation and/or economics resulting in 

environmental protection.  Barriers to cleaner production programs include social 

factors where commitment from management can be inadequate in terms of 

leadership, support, communications and staff involvements.  It is evident that 

although cleaner production programs are driven by legislation and economics with 

social, environmental and economic benefits, barriers such as social, organisational, 

capital investment requirements and management styles might prevent the 

participation and implementation of such programs.  Examples of cleaner production 

assessment tools were also presented.  

Anaerobic biological degradation is commonly used to treat organic laden wastes in 

the industrial sector as it is a low cost, energy efficient and simple process that also 

produces methane which can then be used beneficially on-site.  The upflow anaerobic 

sludge blanket (UASB) treatment system was developed to achieve a higher treatment 

capacity compared to other systems.  The UASB technology was further modified to 

develop a taller narrow design with a dual biomass layer system with internally 

circulating (IC) wastewater due to the rise of produced gases.  The IC anaerobic 

digester system, with the capacity to treat up to three times the hydraulic loading rates 

of the conventional UASB, has been applied to treat high organic wastes from food 

processing industries.  Important operating parameters for an anaerobic digestion 

system includes VFA and alkalinity concentration, biogas production, pH level, 

temperature and the presence of toxic or inhibitory compounds.   

Typically, wastewater reuse applications involve municipal wastewater being reused 

for non-potable applications such as irrigation water or for uses such as toilet flushing, 

cooling waters, augmentation of stream flows or for fire fighting purposes.  Issues 

such as public acceptance, treatment reliability and trace substances are debated with 

respect to indirect potable reuse.  Clearly the gap in research relates to the reuse of 

non-municipal wastewater for potable water uses. 
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3. LITERATURE REVIEW PART B: 

WASTEWATER TREATMENT OPTIONS 

3.1. Introduction 

Traditionally, industrial processes were designed in the absence of consideration to 

wastes produced or the potential environmental impact that they may cause 

(Unnikrishnan and Hegde, 2005).  As legislation was established and compliance 

issues arose, the wastewater treatment industry developed, with an end-of-pipe 

treatment focus that aimed at cleaning up the combined wastewater prior to discharge 

(Savelski and Bagajewicz, 2000).  Wastewater treatment requirements are based on 

the type and concentration of the specific contaminants with the treatment level for 

wastewater defined as primary, secondary, tertiary and quaternary with unit 

operations classified as physical, chemical, thermal and biological (Savelski and 

Bagajewicz, 2000). 

The perspective of water usage has also changed for industry because as water has 

become scarcer, energy costs have risen and discharge regulations more stringent.  

Strategies involving wastewater reuse and/or recycling, directly impact on freshwater 

inputs and wastewater outputs requiring treatment (Savelski and Bagajewicz, 2000; 

Savelski and Bagajewicz, 2001).  Eventually, the concept of zero discharge was born 

(Savelski and Bagajewicz, 2000). 

Two approaches are often used to reduce or minimise adverse impacts associated with 

treating and disposal of industrial wastes these being the ‘end of pipe’ and the ‘cleaner 

production’ approach. An end of pipe approach focuses on cleaning up the wastes or 

emissions after they have been produced (Hilson, 2000b; Zbontar and Glavic, 2000) 

which has been the traditional approach towards meeting imposed discharge limits 

(Savelski and Bagajewicz, 2000; Savelski and Bagajewicz, 2001).  Typically 

wastewater treatment operations are designed to remove “…settleable, suspended, and 

dissolved solids, organic matter, metals, nutrients and pathogens from wastewater” 

(Mujeriego and Asano, 1999). These end-of-pipe approaches have proven inadequate 

for firms to meet minimisation and compliance goals, compared to preventative 

approaches (Hilson, 2000b).  Eastwood and Tainsh (1999) accurately state: 
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Don’t solve an End-Of-Pipe problem with an End-Of-Pipe solution. Unless 

you have explored the In-process solutions, your End-Of-Pipe solution could 

be the worst solution to your problem! 

‘Cleaner production’ is also referred to as pollution prevention (Taylor, 2005) and is a 

proactive preventative measure supporting sustainable development that is integrated 

into the process design to achieve significant environmental improvement (Jia et al., 

2005).  It adds to the bottom line in terms of conserving energy, materials and 

manpower while increasing yields and decreasing treatment and disposal costs 

(Unnikrishnan and Hegde, 2005).  As expressed by Eastwood and Tainsh (1999), 

“good solutions often do more than save water” as they can also reduce capital 

investment and recover raw materials otherwise lost. Reclaimed water, as an 

alternative water supply, also has an economic value (Mujeriego and Asano, 1999). 

Some proven cleaner production approaches used by manufacturing industries, 

according to Unnikrishnan and Hegde (2005), include: 

 Better management of material and energy flows 

 More efficient process control 

 Optimisation of reactor and process conditions 

 In-process recycle-reuse of by-products and solvents 

 Recovery of waste thermal energy 

3.2. Drivers and Barriers to Cleaner Production  

3.2.1. Drivers  

Taylor (2005) argues that all stakeholders (industry, consultants, community, 

government and non-government organisations) have a vested interest in cleaner 

production processes being adopted by industry as it can achieve: 

 Short and long term social and environmental benefits, and  

 Improvements in an industry’s competitiveness by decreasing non-product 

output and increasing revenues. 

Although industry can achieve improved process efficiencies along with concomitant 

waste reductions, compliance improvements, reduced liabilities and financial savings, 

cleaner production practices are not always adopted by industry (Taylor, 2005). The 

drivers for companies to ‘participate’ and then ‘implement’ a cleaner production 
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program differed for companies involved with the Toronto Region Sustainability 

Program as shown (Taylor, 2005): 

 Participation Drivers: regulatory drivers, program co-funding, stewardship 

desire, compliance issues, risk reduction, resource conservation, and efficiency 

improvements. 

 Implementation drivers: risk reduction, corporate image, and economics/cost. 

Often the decision to pursue cleaner production (from assessment to implementation) 

by industrial facilities is due to stakeholder initiated programs related to regulation, 

incentive, education, and development programs.  Regulatory drivers include 

increasingly strict discharge criteria and ongoing administrative costs related to 

reporting requirements.  Incentive programs encourage the scope and depth of cleaner 

production assessments with training and collaborative approaches increasing 

implementation and continuous improvements for cleaner production.  The 

“…removal of incentives can undermine internal motivations for engaging in an 

activity”, according to social marketing research.  Consequently, “…overly generous 

incentive programs could potentially generate a culture of dependence in which 

industries no longer desire to participate without an incentive program”.  Although 

education based programs can encourage cleaner production approaches in industries, 

the coordinating and funding of such developmental programs remains challenging. 

(Taylor, 2005) 

Jefferson and Judd (2003) indicate that drivers for wastewater reuse in the industrial 

sector is usually legislation and/or economics rather than environmental protection 

with the latter occurring as a result of the former.  Non-financial drivers are typically 

applied “…where perception and familiarity with the necessary technologies is 

limited (Jefferson and Judd, 2003).  A major driver for membrane filtration 

technology is the disinfection ability of the process, whereby permeate produced is 

pathogenic free (Gander et al., 2000). 

3.2.2. Barriers  

Cleaner production programs have their own set of limitations with social factors 

hindering implementation of such programs.  In a demonstration project in New 

Zealand by Stone (2005), the required commitment and management processes for the 

cleaner production program were found to be inadequate in terms of leadership, 

support, communications and staff involvements.  Stone (2005) found that it was 
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critical that program design be aligned with organisation needs, activities and culture. 

Major impediments to change include organisational inertia, immediate production 

concerns and the lack of time or resources.  Participatory management requires 

cultural and organisation structural changes to overcome the deeply entrenched top 

down command structures and traditional management styles (Stone, 2005).  

Hilson (2000) found that economic, technologic, and legislative barriers impeded 

cleaner production strategies being implemented in the mining industry.  When faced 

with budget constraints, cleaner production programs can appear cost prohibitive for 

firms, requiring more capital investment and disruption to current production than 

end-of-pipe technologies.   

Changes to existing technologies are not well received by companies for a number of 

reasons.  The current system may represent large capital investments and changes to 

these systems could mean that workers and managers become obsolete.  Companies 

would need to implement retraining programs which represent an additional expense.  

The rate of environmental legislation amendments can be so great as to render an 

effective pollution prevention technology one year, to an obsolete practice in a 

relatively short timeframe.  (Hilson, 2000a) 

It was suggested by Hilson (2000b) that these barriers could be overcome through 

increased government intervention such as financial support, improved planning with 

the use of an environmental management system (EMS) and baseline audits, as well 

as employee education programs to increase awareness.  

3.3. Examples of Cleaner Production Assessment Tools 

3.3.1. Global Efficiency Ratio 

Barbiroli and Raggi (2003) indicate that broad ranges of innovative solutions are often 

grouped together under the banner of ‘cleaner production’ and propose a quantitative 

classification method comprising of technical and economic factors.  At the technical 

level, raw materials, energy, auxiliary materials, water used, waterborne emissions, 

atmospheric emissions from the production cycle, atmospheric emissions from the 

energy cycle, hazardous and toxic wastes, and solid wastes are quantified.  At the 

economic level, returns on the investment taking into account changes to productivity, 

overall quality and product mix due to environmental innovations are assessed.  

Ultimately Barbiroli and Raggi (2003) define a ‘global efficiency ratio’ whereby 
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“…the overall percentage improvement obtained as a result of the technical level 

…can be related to the total percentage of improvement in productivity, …quality 

…and product mix…”.  Unfortunately, the model does appear to rely on biased value 

judgements for setting of cleaner production ‘Classes’, by assuming that the greater 

the implementation of a new technology the greater will be productivity 

improvements.  Also, the ‘global efficiency ratio’ is graded with the assumption that 

‘mainly eco-efficient technologies’ would have limited or marginal productivity 

improvements.   

Barbiroli and Raggi (2003) concede that the proposed classification system for cleaner 

production innovations might contain inaccuracies or incomplete data, however, they 

argue that this macro-economic analytical tool enables “…an indication of the ‘overall 

advantage’ of an innovation beneficial to the environment” (Barbiroli and Raggi, 

2003).  Barbiroli and Raggi (2003) claim: 

This method enables us to enlist innovations according to their importance, 

based on the extent of the results obtained in the various phases of the product 

life cycle.  These results can be expressed either as the improvement of 

environmental and overall efficiency or as the advantage to the firm and 

overall economic benefit connected to the new production methods. 

The approach is flexible in that it can be applied to a singular business or to the whole 

sector, dependent upon project scope and data availability. The key issue for practical 

implementation of this classification system is expected to be data availability and 

reliability. (Barbiroli and Raggi, 2003) 

3.3.2. A Multi-Objective Modelling Approach 

Jia et al., (2005) indicate that “Cleaner production requires a new way of thinking 

about process design” and present a multi-objective modelling approach that 

optimises environmental and economic issues simultaneously using a macro-structure 

model. This model used a macro-structure that divided processes into four functional 

systems: 

 Material transformation 

 Energy utilization 

 Negative environmental impacts 

 Economic benefits 
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The seven modules used within the macro-structure model include: material 

processing, reactor, separator and recycle, waste treatment, product processing, 

energy processing and energy recovery.  The functional parts for each variable 

investigated, according to Jia et al. (2005), are listed in Table 15.   

Table 15: Macro-structure model used in multi-objective problem modelling 

Variable investigated Functional parts  
Chemical processes Material transformation 

Energy utilization 
Negative impacts on the environment 
Economical efficiency 

Material transformation Material processing 
Chemical reactor 
Separator and recycle 
Products processing 
Waste treatment 

Energy utilization Energy processing 
Energy utilisation 
Energy recycle 
Energy discharge 

Negative impacts Raw material consumption 
Energy consumption 
Waste generation 
Waste separation 
Waste treatment 
Waste discharge 

Cost-benefits Material costs 
Energy costs 
Operation depreciation costs 
Profits from the sale of products 
Expenses of waste management 

The mathematical model for solving the multi-objective problem aims to maximise 

economic potentials and minimise environmental impacts.  Economic potentials 

include raw materials cost, operating costs and product values.  The potential of 

environmental impacts is calculated using the WAste Reduction (WAR) algorithm 

describing potential impacts for nine categories which are then aggregated, these 

being: 

 Human toxicity potential by ingestion (HTPI) 

 Human toxicity potential by exposure, dermal and inhalation (HTPE) 

 Aquatic toxicity potential (ATP) 

 Terrestrial toxicity potential (TTP) 

 Global warming potential (GWP) 

 Ozone depletion potential (ODP) 

 Acidification potential (AP) 

 Photochemical oxidation potential (PCOP) 
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 Eutrophication potential (EP) 

Jia et al. (2005) then proposes a ‘hybrid multi-objective evolutionary algorithm’ 

which includes a search process to identify a Pareto optimal set followed by a multi-

criteria decision making analysis that identifies the best compromised solution at the 

decision making level.   

3.3.3. WaterPinchTM Technology 

Eastwood and Tainsh (1999) advocate that WaterPinchTM analysis should be the first 

step in identifying and deploying optimal water reuse strategies.  WaterPinch TM is a 

patented approach by Linnhoff March that has been used in a broad range of 

processing industries achieving 20-60% wastewater flow reductions.  Reusing or 

recycling processing waters achieves large reductions in effluent volumes and 

contaminant concentrations (Eastwood and Tainsh, 1999).  

An example is provided by Eastwood and Tainsh (1999) whereby the implementation 

of a conventional centralised treatment system to reduce effluent COD loadings would 

have cost a $15 million outlay.  Using WaterPinch TM freshwater inputs were reduced 

by 30% and subsequently wastewater throughput was reduced accordingly.  The 

resultant effluent COD concentration was reduced by 76% due to these process 

changes with a $3.5 million dollar outlay.  Benefits of $300,000/yr and $700,000/yr 

were also realised associated with reduced inputs of freshwater and recovery of raw 

materials. 

The basic concepts of WaterPinch include the production of source and sink curves 

called ‘purity profiles’ with water flowrate on the x axis and water quality or purity on 

the y axis (Eastwood and Tainsh, 1999).  It builds on work from El-Halwagi and 

Manousiouthankis (1989) in Savelski and Bagajewicz (2000) where “…the 

cumulative exchanged mass vs. composition for a set of rich and lean streams” were 

plotted (Savelski and Bagajewicz, 2000).  In WaterPinch, mass loads vs. 

concentration are plotted to obtain a limiting water profile line representing all water 

using units.  Construction of the profile requires that processes are modelled 

according to imposed maximum inlet and outlet concentrations.  A combined 

composite curve is created from all limiting profiles and represents the system as a 

single water using unit.  (Savelski and Bagajewicz, 2000) 
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The fresh water supply line is plotted against the composite curve and the inverse of 

this line provides a flowrate.  By maximising the slope of the line a minimum flowrate 

is achieved at a ‘pinch point’.  Some difficulties with the WaterPinch procedure 

involves loops to other networks, i.e., beyond the single contaminant scenario and the 

‘unrealistic splitting of unit operations’ in the proposed design.  (Savelski and 

Bagajewicz, 2000) 

Wastewaters generated are the sources, freshwater inputs are the sinks and where 

these curves overlap there is scope for water re-use.  To the right of the curve overlap, 

minimum freshwater inputs are targeted while to the left minimum wastewater 

discharged is the goal.  Maximising water reuse within the overlapping area will 

minimise freshwater inputs and wastewater discharges.  Purity profiles need to be 

developed for each contaminant and therefore advanced algorithms are used for 

optimising the system with respect to costs, contaminants and trade-offs.  

Contaminant sensitivity analysis within WaterPinch enables the identification of the 

processes that engineering efforts should be focused to yield the largest savings. 

(Eastwood and Tainsh, 1999) 

The six steps of WaterPinch include (Eastwood and Tainsh, 1999): 

1. Find flow data 

2. Find contaminant data 

3. Run software 

4. Identify pinches 

5. Review design 

6. Repeat steps 3-5 until a practical design evolves 

TotalSiteTM integration for WaterPinch operates from a reductionist approach 

whereby the problem is divided into smaller sections based on geographical locations, 

materials processed, key contaminants and water input volumes.  Maximum water 

savings can then be analysed for each section before simultaneous analysis for the 

whole site to determine opportunities for process-to-process integration.  Only then is 

the effluent problem, now much reduced, examined for treatment and re-use 

opportunities.  Successful case studies provided by Eastwood and Tainsh (1999), 

demonstrate a reduced demand for freshwater inputs and wastewater flows following 

WaterPinch™ application.  Case studies presented included chemical and polymer 

plants as well as a paper mill.   
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3.3.4. Other Studies 

Zbontar and Glavic (2000) investigated wastewater minimisation for a refinery and 

petrochemical complex by characterising individual waters, identifying generation 

pathways and identifying potential water reuse or recycle consumers for the total site 

in a holistic approach.  By reducing fresh water inputs the treatment system load was 

also reduced and hence the residence time within the treatment process was prolonged 

by 7%. The proposed change had a payback period of 6 months and savings to the 

company of US$27,630.  (Zbontar and Glavic, 2000) 

3.4. Anaerobic Biological Degradation 

3.4.1. Review Scope and Background 

Anaerobic biological degradation is a widely used technique for treating high strength 

organic wastewaters and therefore, the literature on anaerobic biological degradation, 

as it relates to wheat starch or other similar wastes treated, is reviewed and presented 

in this section.  Based on the specific study site, this review focuses on the internally 

circulating (IC) anaerobic reactor as the anaerobic treatment process where possible.  

The IC is a modified upflow anaerobic sludge blanket (UASB) in that it has a dual 

biomass layer (expanded sludge bed concept) in a taller and narrower design 

(Driessen et al., 1997b; Driessen and Yspeert, 1998).  The UASB has a “…relative 

high treatment capacity compared to other systems…” (Driessen and Yspeert, 1998) 

and the IC is reported to have the ability to treat volumetric loading rates up to three 

times higher than UASB reactors (Hisano et al., 1998).   

Although there are differences between aerobic and anaerobic effluents, aerobic 

treatment is usually preferred for degrading high MW material and anaerobic 

treatment better suited for degradation of low MW compounds (Barker and Stuckey, 

1999).  Compared to other treatments, anaerobic degradation is a low cost (Batstone 

and Keller, 2001), simple process which is energy efficient (Hyun et al., 1998; 

Saddoud et al., 2006), and it produces methane (Wang et al., 1999; Leitão et al., 2006) 

which can often be used on site beneficially.  Consequently, anaerobic digestion of 

organic wastes from the industrial sector is becoming a more widely used practice 

with time (Austermann-Haun et al., 1997). 

Austermann-Haun et al. (1997) report on the experiences gained in Germany on the 

operation of anaerobic treatment plants and indicated that problems were industry 
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specific.  Consequently, they concluded that specific investigations were required to 

find specific solutions for specific industries.  

Anaerobic biological degradation is commonly used to treat a range of organic laden 

wastewaters from the industrial sector, however, published articles on wheat starch 

wastewaters treated through an USAB or an IC reactor are limited.  Those cited here 

include Zeevalkink and Jans (1986) (UASB) where postulated data were provided, 

Austermann-Haun et al., (1997) only with respect to struvite precipitation in UASB 

reactors, Yanagi et al. (1994) where the influent to the UASB style reactor was pre-

acidified and microfiltered wheat starch wastewater and Endo and Tohya (1988) who 

investigated sludge bulking by filamentous organisms in an anaerobic contact process 

treating wheat starch wastewater. 

To broaden the scope, relevant factors from investigations involving the treatment of 

other types of organic laden wastewaters are included within this review.  For 

example, articles from researchers investigating agro-industry wastewaters treated 

through a UASB or an IC include Driessen and Yspeert (1998), Mousa and Forster 

(1998) and Saddoud et al. (2006).  Potato and maize wastewaters were treated in a 

UASB reactor by Kalyuzhnyi et al. (1998a).  Waste waters specifically reported as 

treated through an IC reactor include those from distillery processes (Driessen et al., 

1997b; Hisano et al., 1998), dairy industry, food processing (Driessen and Yspeert, 

1998) and sugarbeet and inuline (soluble dietary fibre from chicory beet) (Habets et 

al., 1997).   

Within this section, the processes of anaerobic biological degradation are first 

presented, followed by information on the importance of volatile fatty acids, the effect 

of pH and temperature on treatment performance, toxic and inhibitory effects, soluble 

microbial products, biomass washout, biogas generation and reported loading 

conditions and outcomes for UASB and IC reactors.  A review of literature regarding 

the use of single versus two stage anaerobic treatment systems is also presented as 

well as information relating to wastewater reuse and disposal options.  

3.4.2. Processes of Anaerobic Biological Degradation 

Anaerobic biological degradation involves a sequential series of metabolic reactions 

(Saddoud et al., 2006) whereby organic matter degrades to form methane and carbon 

dioxide as the primary end products (Fukui et al., 1999; Siegert and Banks, 2005).  
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The reactions are referred to as hydrolysis, acidogenesis and methanogenesis (Henze 

et al., 1995; Fukui et al., 1999; Metcalf and Eddy, 2003). 

Hydrolysis is the process where complex organic substrates, such as carbohydrates, 

proteins and lipids are hydrolysed into components such as monosaccharides, amino 

acids and complex fatty acids (Metcalf and Eddy, 2003).  Starch particles cannot be 

microbiologically degraded unless they are hydrolyzed by enzymes to form soluble 

carbohydrates (Kwong and Fang, 1996).  Goel et al. (1998) found that the hydrolytic 

enzymes for starch hydrolysis were suppressed under anoxic and anaerobic conditions 

and that starch hydrolysis was linear with biomass concentration.  In addition, Goel et 

al. (1998) proposed that floc bound enzymes be recycled within the sludge system to 

obtain equilibrium between enzyme loss and production at steady state.  Factors 

influencing the rate of hydrolysis include temperature, pH, particle size and 

concentrations of intermediate products (Bouallagui et al., 2005).  

Hydrolysis and methanogenesis can both be rate limiting steps in the biodegradation 

process.  When the substrate is suspended solids, in general, hydrolysis rates are slow 

and the overall rate of acidogenesis is limited (Kwong and Fang, 1996; Laubscher et 

al., 2001).  Miron et al. (2000) investigated the hydrolysis, acidification and 

methanogenic stages of degradation for carbohydrates, lipids and proteins during 

primary sludge digestion.  They determined that hydrolysis was the rate determining 

step for carbohydrates, acidification for lipids and both hydrolysis and acidification 

were rate determining for protein biodegradation.  Under methanogenic conditions, 

hydrolysis was the rate-determining step overall.  Methanogenesis is considered as the 

rate determining step in cellulose poor wastes by some researchers (Buyukkamaci and 

Filibeli, 2004) due to methanogenic bacteria having a slower growth rate (Siegert and 

Banks, 2005).   

Acidogenesis is the fermentation of the basic structural building blocks formed during 

hydrolysis to simple organic acids, alcohols, hydrogen and carbon dioxide by acid 

forming bacteria termed acidogens (Bouallagui et al., 2005).  Kwong and Fang (1996) 

put this as a two stage process with the conversion of the soluble carbohydrates to 

alcohols and VFA followed by a further conversion by acetogenic bacteria to form 

acetate, carbon dioxide and hydrogen.  The most commonly formed acid is acetic acid 

(Metcalf and Eddy, 2003) which is biologically degraded to acetate (Kwong and 

Fang, 1996).  Other typical fermentation products include propionate, butyrate, 

succinate and lactate (Metcalf and Eddy, 2003).  The organic acids are commonly 
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referred to as a combined group called ‘volatile fatty acids’ (VFAs), however the 

research focus varies.   For example, Wang et al (1999) focused on the C2-C6 range 

of organic acids during their studies whilst Ching-Shyung et al. (1996) investigated 

the long-chain fatty acids.   

Methanogenesis is the process whereby methanogenic bacteria convert the 

fermentation end products such as hydrogen, formate and acetate to methane and 

carbon dioxide (Metcalf and Eddy, 2003).  The calorific or energy value of 100% 

methane is 35,000 kJ/m3 (Henze et al., 1995) and an efficiently operating anaerobic 

reactor would produce biogas with approximately 65% methane content (Metcalf and 

Eddy, 2003).  Biogas has been produced and used on-site for various industrial 

applications (Driessen et al., 1997b).   

A dynamic equilibrium is required between the acidogenic, acetogenic (Kwong and 

Fang, 1996) and methanogenic bacteria for the system to operate at steady state (Fang 

and Kwong, 1995; Laubscher et al., 2001; Metcalf & Eddy, 2003; Yu and Fang, 

2003).  Acidogens are described as nonmethanogenic and consist of facultative and 

obligate anaerobic bacteria (Metcalf and Eddy, 2003).  They produce hydrogen which 

in turn is utilised by the methanogens, and consequently, a low partial pressure of 

hydrogen exists, which otherwise would inhibit the acidogens growth (Metcalf and 

Eddy, 2003).  The interspecies hydrogen transfer process provides for a dynamic 

equilibrium between nonmethanogenic and methanogenic bacterial populations 

(Metcalf and Eddy, 2003) when the system is operating at steady state.   

The IC anaerobic reactor is a tall slender reactor which has a relatively small footprint 

compared to aerobic systems (Driessen et al., 1997b) and wastewater recirculation 

within the reactor is self-driven (Habets et al., 1997) by the rise of the gas and the fall 

of the sludge and water ensuring that biomass in the lower part of the reactor 

continuously receive a well balanced and mixed load (Driessen et al., 1997b; Habets 

et al., 1997).  

3.4.3. Volatile Fatty Acids and Alkalinity 

Volatile fatty acid (VFA) concentrations in the reactor effluent are an important 

indicator for IC reactor performance (Moosbrugger, 1997a; Buyukkamaci and Filibeli, 

2004).  As previously discussed, they are intermediate products formed from the 

acidogenesis of organic matter by acidogens which are then converted to methane and 

carbon dioxide by methanogenic bacteria (Leitão et al., 2006).  VFA concentrations 
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can be influenced by variations in organic loading rates (OLR) (Voolapalli and 

Stuckey, 2001), temperature or levels of toxicants (Saddoud et al., 2006).  

When rapid acidification of wastes occurs, the pH significantly decreases if sufficient 

alkalinity is not available to buffer the system (Metcalf and Eddy, 1991) which in turn 

will stress and inhibit the methanogenic activity (Mitra et al., 1998; Bouallagui et al., 

2005).  This is a typical response during overloading when VFA concentrations 

increase suddenly (Leitão et al., 2006).  Borzacconi et al. (1997) also report that when 

the biological reactor was fed with easily biodegradable matter, VFAs accumulated 

causing an inhibition in the reactor.  Consequently, an early signal of an imbalance 

within the dynamic equilibrium between acidogenesis and methanogenesis is an 

increase in the concentration of VFAs within the reactor (Mitra et al., 1998; Wang et 

al., 1999; Voolapalli and Stuckey, 2001; Metcalf & Eddy, 2003; Buyukkamaci and 

Filibeli, 2004; Siegert and Banks, 2005).   

Guidelines for VFA and alkalinity concentrations within the reactor to ensure stable 

operations were similar between researchers.  VFAs, measured as acetic acid in the 

anaerobic reactor effluent, should be less than 250 mg/L (4.2 meq/L as acetic acid) 

(Metcalf and Eddy, 1991) or <5 meq/L (300 mg/L) (Moosbrugger, 1997a).  The 

alkalinity concentration should be in the range of 1000 to 5000 mg/L (10-50 meq/L as 

CaCO3) (Metcalf and Eddy, 1991) or greater than 50 meq/L (Moosbrugger, 1997a). 

Sudden increases in VFA concentration and a concomitant drop in gas production rate 

is indicative of imminent process failure (Moosbrugger, 1997a; Wang et al., 1999).   

A recovery plan is needed if elevated levels of VFAs are measured in the anaerobic 

reactor effluent.  Moosbrugger (1997a) suggested that when the VFA concentration in 

the reactor effluent is 5 to 10 meq/L (300 - 600 mg/L as acetic acid) and >10 meq/L, 

there should be a 30% or 40% step-wise reduction of input flowrate.  Under stressed 

conditions, VFAs should be monitored more frequently at every 6 hours instead of 

daily.  After VFA levels have decreased to below 5meq/L and conditions held stable 

for 24 hours, the COD loading rate can then cautiously be increased by approximately 

10% per day.  Intensive monitoring is required during the recovery period.  

(Moosbrugger, 1997a) 

Siegert and Banks (2005) experimentally determined that the methane (CH4) to 

carbon dioxide (CO2) ratio of produced biogas from anaerobic reactors was influenced 

by the VFA concentration of the feed stream as shown in Table 16.  The percentage of 
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methane in the biogas produced decreased as the concentrations of the VFAs were 

increased.  Even the lowest VFA concentration of 1000 mg/L is greater than that 

recommended by Metcalf and Eddy (2003) or Moosbrugger (1997).  Compared to 

other reported methane contents in biogas between 50-76% (see Section 3.4.9), these 

values are lower, probably as a consequence of overloading.  The system was 

maintained at pH =7 during the experiments using 5M KOH and experimental 

temperature data were not reported.   

Table 16: Experimentally determined impacts of VFA concentration on methane generation 

VFA concentration 
used in feed by 
Siegert and Banks 
(2005) 
(mg/L) 

VFA meq/L  
(as acetic 
acid) 

Methane:Car
bon dioxide 
ratio 

Estimated 
methane % of 
biogas 

Impacts 

1000 17 1:1.25 44 No information 
2000 33 1:1.5 40 ≥2 g/L, hydrolysis was 

inhibited for the cellulose 
feed 

4000 67 1:19 5 >4 gL, fermentation of 
glucose was slightly 
inhibited 

6000 100 1:33 3 >6 g/L, biogas generation 
and proportion methane 
produced negligible 

Siegert and Banks (2005) indicate that a high proportion of propionic acid in the VFA 

mixture had a greater inhibitory effect on methanogenic activity than acetic or butyric 

acid.  Other researchers also report that propionic acid degradation is problematic 

(Espinosa et al., 1995; Inanc et al., 1996) and that it has been found to accumulate in 

digesters that had failed (Hyun et al., 1998).  Inanc et al. (1996) determined that the 

accumulation of propionic acid in anaerobic treatment of carbohydrates was not 

related to changes in the partial pressure of hydrogen, but rather, a change is the 

acidogenic populations.  Espinosa et al. (1995) attributed the increased accumulation 

of propionic acid to the lack of bioavailable trace metals in the wastewater.  

Wang et al. (1999) studied decomposition rates of VFAs (C2-C6) in the anaerobic 

digestion of waste activated sludge (WAS) experiments and determined that the 

straight chain VFAs (normal form) were more readily degraded than branched chain 

(iso form) VFAs.  Wang et al. (1999) limited their research focus to the C2-C6 VFAs 

as “…the occurrence of VFAs in anaerobic sludge decreases as the chain length 

increases”.  
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3.4.4. Effect of pH on Biological Activity 

The pH of the wastewater can affect the biological activity; however, the biological 

activity taking place in the system also affects the wastewater pH.  When the 

wastewater undergoes acidogenesis and acetic and propionic acids are formed, the 

solution pH declines as a consequence.  Within the methanogenic phase, as the acids 

are consumed by methanogenic activity, the pH correspondingly increases. 

(Laubscher et al., 2001)  

Although the optimal pH appears to be around 7.0, different researchers report a slight 

variability in value ranges given.  Methanogenic bacteria are the most sensitive to 

operational changes, functioning best at a pH between 6.8 and 7.2 (Moosbrugger, 

1997a).  Metcalf and Eddy (1991) give a wider optimal pH range as between 6.5 and 

7.5.  Henze et al. (1995) report that the activity of the methane forming bacteria drops 

rapidly below a pH of 6, ceasing activity at a pH of 5.5.   

To ensure that the reactor has a optimal operating pH close to 7.0, the acidic feed 

stream is typically dosed with an alkaline pH adjusting compound such as sodium 

hydroxide or magnesium hydroxide.  To protect the anaerobic reactor from extreme 

pH inputs, a buffer or calamity tank is frequently installed within the treatment train.  

Driessen et al. (1997b) report on the operations of a full scale IC anaerobic reactor 

treating brewery waste where the entire treatment train (150 m3 preacidification tank, 

500 m3 buffer/calamity tank and 390 m3 IC reactor) achieved 81% total COD and 

94% soluble COD removal rates.  The pH of the reactor was protected from extreme 

pH inputs through the use of a calamity tank and the reactor effluent pH ranged 

between 6.2 and 7.3 which are similar to reported optimal pH operating values for 

anaerobic digestion.   

Mitra et al. (1998) report that pH decreases in an anaerobic biological process can 

cause heavy metals to become more toxic to the bacteria, being more soluble at a 

lower pH.  They investigated the use of polymeric ion exchangers in the reactors and 

concluded that the reactors were more stable when overloaded with feed contaminated 

with heavy metals because of the inclusion of the polymers.  

3.4.5. Influences of Temperature on Biological Activity 

Anaerobic biological degradation can occur in different temperature ranges, however, 

the growth rate and biological activity of bacteria and hence treatment performance is 
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influenced by temperature, as shown in Figure 9 (Henze et al., 1995).  Generally, 

bacterial growth rates double with every 10oC temperature increase until the optimal 

temperature is attained (Metcalf and Eddy, 1991).   

 

 

Figure 9: Influence of temperature on biological activity rate (Henze et al., 1995) 

Many researchers have investigated the performance of anaerobic reactors operating 

in the mesophillic and thermophillic ranges typically being 30-40°C and 50-70ºC 

respectively.  Anaerobic digestion in the mesophillic temperature range has been used 

for wastewater treatment longer than thermophillic ranges due to a more stable 

treatment performance (Kim et al., 2002).  Thermophillic treatment is reported to have 

a higher organic degradation rate than mesophillic treatment; however, higher VFA 

concentrations (especially propionate) occur in thermophillic systems causing it to be 

a more unstable system (Kim et al., 2002).  

Lepistö and Rintala (1999) investigated the impact of loading rate on UASB reactors 

operated at different temperatures of 35, 55 and 70oC.  Reactors were fed with a 

3:1:0.3 ratio of sodium acetate “(acetic acid after experiment day 170)”, propionic and 

butyric acids.  Reactor performance, measured by VFA removal, were similar (around 

98%) for both 35 and 55°C temperatures at volatile loading rates (VLRs) of 23-35 g 

COD L-1d-1.  The adverse impact of doubling the loading rate was initially greater for 

the 55oC reactor than the 35°C reactor and at 70 °C , VFA removal efficiency 
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decreased from around 67% to <30% (<5% propionate removal).  Increased H2 levels, 

resulting from increased acetate oxidation, inhibited propionate oxidation.  Propionate 

removal was the rate limiting step at 70°C.  Effects were reversible for all 

temperatures after the loading rate was again halved, however, the recovery was about 

12 days for the 70°C reactor compared with 5-6 days for the 55 and 35 °C  reactors. 

(Lepistö and Rintala 1999)  

Temperature also influences gas-transfer rates and settling characteristics of the 

biological solids (Metcalf & Eddy, 1991).  At lower temperatures gas remains 

attached to the solids preventing collection of the gas and because of the gas attached, 

the solids are less dense or more buoyant and therefore are more likely to float and 

wash-out of suspension (Metcalf & Eddy, 1991).   

Habets et al. (1997) indicate that during winter, the COD removal efficiency of an IC 

reactor decreased (magnitude, performance evaluation criteria and level not 

quantified) and hence, the COD loading rate was necessarily reduced.  Information 

relating to operating temperatures within the article is unclear.  Habets et al. (1997) 

indicate that the reactor inlet was heated with condensate flow via a heat exchanger to 

35°C and that a heat exchanger problem caused the reactor temperature to decrease to 

25°C for four days.  Consequently, it is assumed that the reference to requiring the 

COD loading rate reductions refers to the drop from 35°C to 25°C.   

3.4.6. Toxic and Inhibitory Effects on IC Anaerobic Reactor 

Performance  

The performance of an anaerobic reactor can be evaluated by a number of variables 

relating to the biological health of the reactor, organic removal rate and outputs such 

as biogas production.  Anything that adversely affects the set performance evaluation 

criteria can be regarded as an inhibitor to the system.   

Anaerobic reactors can be adversely influenced by changes to operational and external 

factors dependent upon the frequency, duration type and extent of the changes 

imposed.  Treatment performance can be assessed by the biogas production rate and 

methane content (Mousa and Forster, 1998) as well as the organic removal rate, 

usually measured as COD, TOC or BOD.  Typically, adverse impacts include a 

decrease in pH and alkalinity levels and an increase in volatile fatty acids resulting in 

a decrease in treatment performance and biogas generation and an increase in sludge 

washout (Leitão et al., 2006).  When an inhibitor is present or overloading occurs, 
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methanogenic activity cannot remove hydrogen and volatile fatty acids at a rate faster 

than they are produced (Siegert and Banks, 2005).  Inhibition of microbial activity or 

foaming, sludge floatation, scaling and the like can affect the anaerobic reactor 

performance (Kalyuzhnyi et al., 1998a). 

The impact of changes to the hydraulic and organic loading rates is dependent upon 

factors such as hydraulic retention time (HRT), sludge retention time (SRT), sludge 

characteristics, reactor design as well as the magnitude of the change (Leitão et al., 

2006).  The type and rate of biodegradation in an anaerobic process is influenced by 

SRT (Miron et al., 2000). 

As with any form of biological degradation process, the system is living and therefore, 

requires a balanced nutritional environment.  Metals in wastewater systems at 

elevated levels (not quantified) can become toxic to microorganisms (Barker and 

Stuckey, 1999).  Leighton and Forster (1997) studied the gas production in the 

methanogenic stage of a two phase process and determined that the phase separation 

did not protect the methanogenic stage from the toxicity of heavy metals in the 

wastewater.   

The operation of a UASB can also be adversely affected by the formation of a floating 

top scum layer (Kalyuzhnyi et al., 1998a; Laubscher et al., 2001).  This was reported 

by Laubscher et al. (2001) for a UASB treating grain wastewater where the system 

had to be shut down to physically remove the scum layer.  Laubscher et al. (2001) 

attributed the scum layer to the total suspended solids content of the grain wastewater 

and reduced the problem by drum filtering of the wastewater prior to treatment.  Also 

reported by Laubscher et al. (2001) was that when the pH of the grain wastewater was 

increased to near neutral, grain particles flocculated as ‘yellowish flocs’. It is thought 

that the yellowish flocs might be aggregated proteins and these proteins are actually 

the cause of the scum layer because Barampouti et al. (2005) previously identified 

proteins and fats as potential foaming substances in biological reactors. 

Operational problems in an anaerobic process are usually related to the methanogenic 

bacteria, with either these bacteria functioning poorly, or a problem exists that quickly 

causes them to function poorly (Henze et al., 1995).  Henze et al. (1995) categorises 

the operational problems into three types, being: 

 Disturbance of the balance in the 3-stage process 

 Washout of methane bacteria 
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 Inhibition of the biomass (including the methane bacteria) 

A disturbance in the balance of the three-stage process consisting of hydrolysis, 

acidogenisis and methanogenisis can result in problems for the anaerobic reactor.  

Operational problems are normally minimised by ensuring that the substrate passes 

through all three stages with the first and last stage being relatively slow compared 

with the fast intermediate stage (Henze et al., 1995).  Henze et al. (1995) advises 

against sudden increases in dissolved organic matter as this load would convert 

quickly into fatty acids and inhibit the methane producing bacteria.   

Inhibition of the biomass may result from internally produced (fatty acids, ammonia, 

pH) or externally supplied (sulphate, ammonia, metals, specific organic materials) 

inhibitors (Henze et al., 1995).  Detergents are also known to inhibit the performance 

of anaerobic digesters (Mensah and Forster, 2003).  According to Henze et al. (1995) 

external inhibition usually occurs rapidly within a few hours, whilst internally 

produced inhibition is much slower.  Henze et al. (1995) provide information showing 

typical disturbances and influences to an anaerobic process that is repeated as 

verbatim in Table 17.   

Table 17: Typical disturbances and influences to an anaerobic process (Henze et al., 1995) 

Primary influence of control parameters, change/velocity Influence (so 
strong that the 
process is 
influenced) 

Biological effect 
Volatile fatty 
acids 

Gas production pH 

Increased load 
with dissolved 
organic matter 

3-stage-process is 
disturbed 

Is increased 
quickly 

Is increased 
quickly 

Is reduced 
moderately 

Increased load 
with suspended 
organic matter  

3-stage-process is 
disturbed/ washout 

Is increased 
moderately 

Is increased 
moderately 

 

Increased input of 
inorganic 
suspended solids 

washout Is increased slowly Is reduced slowly  

Increased amount 
of suspended 
solids in effluent 

washout Is increased slowly Is reduced slowly  

Temperature 
variation 

3-stage-process is 
disturbed 

Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 

pH increase in 
influent (and 
reactor) 

(inhibition) (Is increased 
quickly) 

(Is reduced 
quickly) 

Is increased 
quickly 

pH decrease in 
influent (and 
reactor) 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced quickly 

Sulphate in 
influent 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 

Ammonium in 
influent 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 
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Primary influence of control parameters, change/velocity Influence (so 
strong that the 
process is 
influenced) 

Biological effect 
Volatile fatty 
acids 

Gas production pH 

Organic nitrogen 
in influent 

inhibition Is increased 
moderately 

Is reduced 
moderately 

Is reduced slowly 

Toxic substances 
in influent 

inhibition Is increased 
quickly 

Is reduced quickly Is reduced 
moderately 

Increasing volatile fatty acids (VFAs) along with a decrease in gas production can 

indicate an unstable system with inhibited or diminishing methanogenic populations 

(Henze et al., 1995; Sawyer et al., 1994).  Sludge can sometimes be adapted to better 

withstand toxic substances over long term exposure periods in moderate doses.  

However, where a substance has a direct toxic effect, such as nickel, a short exposure 

of high concentration has no effect compared to long-term exposure at lower 

concentrations (Henze et al., 1995).  Dependent upon the substrate and other available 

inputs, bacterial populations will compete for resources and develop communities 

accordingly.   

The production of struvite was reported by Austermann-Haun et al. (1997) as a 

problem for UASB reactors treating wastewater from the wheat and potato starch 

industries.  Struvite is also known as magnesium ammonium phosphate or MAP and 

has the chemical formula MgNH4PO4.6H2O.  According to Austermann-Haun et al. 

(1997), struvite precipitates in a N:P:Mg ratio of 1:1.4:1.0 after the pH is adjusted 

with NaOH and is more likely to occur in areas with high turbulence such as in pumps 

and pipes as well as in areas where pH increases quickly such as when degassing.   

Austermann-Haun et al. (1997) reports that the pH within the methanogenic reactor 

was kept at exactly 6.9 by dosing with hydrochloric acid to avoid struvite 

precipitations.  This is odd as acidogenesis of the raw material in the biological 

degradation process prior to methanogenesis occurring, results in a drop in pH.  

Alkaline products such as lime (Zeevalkink and Jans, 1986) or caustic NaOH are 

needed to increase the pH of the waste water to obtain optimal conditions for biomass 

survival and activity.  Hence, it is assumed that the wastewater from the plants 

referred to by Austermann-Haun et al. (1997) had been subjected to some other 

treatment or modification to require an acid to be added to the methanogenic reactor 

for pH stabilisation.  

The breakdown of granular structure also affects process efficiency (González et al., 

1998) and on that basis, factors that affect that structure could be viewed as an 

inhibitor to anaerobic digester performance.  González et al. (1998) indicate that 
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changes in pH, the presence of toxic compounds and nutritional imbalances could 

damage granular structure.   

3.4.7. Soluble Microbial Products (SMPs) 

Biological soluble microbial products (SMPs) and extracellular polymeric substances 

(EPSs) are both contained in biologically treated effluents, however, the focus and 

definitions within the literature vary.  Some researchers model and/or investigate only 

one of the two terms (Laspidou and Rittmann, 2002) or use the terms interchangeably 

(Le-Clech et al., 2006).  The two substances are differentiated by Le Clech et al. 

(2006) with the SMP originating from the supernatant from the centrifuged mixed 

liquor suspended solids (MLSS) sample and the EPS from the supernatant from the 

remaining solids, as shown in Figure 10.  Further defined, EPS includes all non-

soluble structural materials of biological origin (Barker and Stuckey, 1999; Jang et al., 

2006) in biofilms, flocs and sludge liquors (Le-Clech et al., 2006), whilst SMP are the 

soluble components released from microbes through substrate metabolism (Barker 

and Stuckey, 1999; Shin and Kang, 2003) via diffusion or excretion (Le-Clech et al., 

2006).  Barker and Stuckey (1999) reported on SMP, and defined this as “any soluble 

material that leaves the effluent from a biological system that was not present in the 

influent”.  The concept of soluble EPS is the same as SMP (Le-Clech et al., 2006; 

Meng et al., 2006).   

 

Figure 10: Proposed SMP and EPS extraction methods (Le-Clech et al., 2006) 

SMP have also been categorised according to the bacterial phase including utilisation 

associated products (UAP) and biomass associated products (BAP) (Barker et al., 

1999; Holakoo et al., 2006).  According to Barker and Stuckey (1999), the UAP is 

SMP from substrate metabolism and biomass growth whilst BAP is SMP from 
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biomass decay.  However, Laspidou and Rittmann (2002) define these differently with 

biomass decay producing ‘residual inert biomass’ and claim that the hydrolysis of 

EPS is the only way BAP is produced.   

EPS and SMP are often divided into protein and carbohydrate content and typically, 

the dominant fraction is proteins (van Hullebush et al., 2007).  When fed with glucose 

and sulphate, the protein and carbohydrate fractions did not accumulate in either the 

SMP or EPS, however in the presence of iron, both fractions decreased for the two 

types of anaerobic granular sludge investigated.  This was attributed to an increase in 

negative charge of the EPS and subsequent dissolution of EPS from the granule due to 

the formation of FeS and subsequent Fe(III) removal from the sludge matrix (van 

Hullebush et al., 2007).  EPS provides the structural integrity and stability in mature 

granular sludge (van Hullebush et al., 2007).   

The intermediates such as VFAs are not included in the calculations for SMP 

according to Barker and Stuckey (1999) as they are not of microbial origin.  That is, 

“…they are the end-products of the incomplete degradation of more complex 

compounds by specific groups of bacteria and the substrates for another group of 

microorganisms in the anaerobic chain” (Barker and Stuckey, 1999).  Barker and 

Stuckey (1999) indicate that many researchers adopted Equation 3 for SMP 

calculations where the conversion factors for each of these parameters (1.07, 1.51 and 

1.82) assume complete oxidation of volatile acids or glucose to carbon dioxide and 

water.   

Equation 3: Method for calculating SMP concentrations 

SMP = Soluble COD – 1.07 (HAc) – 1.51 (HPr) – 1.82 (Hbu) – 1.07 (Glu) 

Where:  HAc = measured acetic acid (mg/L); HPr = measured propionic acid (mg/L); 

Hbu = measured iso and n-butyric acid (mg/L) and Glu = measured glucose (mg/L). 

In biological processes, the kinetics of production and biodegradation of SMPs 

determine soluble organic matter levels in the effluent (Barker and Stuckey, 1999; 

Laspidou and Rittmann, 2002) and effectively sets the lower limit for wastewater 

treatment (Barker et al., 1999; Shin and Kang, 2003).  SMP concentrations in aerobic 

MBRs were determined as cyclical in some studies with initial increases followed by 

decreases (Shin and Kang, 2003; Holakoo et al., 2006).  Barker and Stuckey (1999) 

reported that SMP increased as influent concentration was increased.  
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Laspidou and Rittmann (2002) presented a model for quantifying the non-steady state 

of EPS, SMPs and active and inert biomass.  Predictions from the model were in good 

agreement with experimental data and they concluded that these factors were 

interconnected from the ‘unified theory’ which was based on mass-balance equations 

(Laspidou and Rittmann, 2002).  

MW distributions of SMP were found to be bimodal for both aerobic and anaerobic 

systems, affected by substrate type and system operating conditions.  The majority of 

SMP was less than 1 kDa or greater than 10 kDa, with ‘very little’ in-between that 

range (Barker and Stuckey, 1999).  Holakoo et al. (2006) when investigating the 

chelating properties of SMPs from an aerobic membrane bioreactor found that in the 

range of 1kDa to 10kDa, the SMPs had the highest complexation capacity of all 

fractions.  This might explain the apparent lack of SMP in this range for the study by 

Barker and Stuckey (1999) in that SMP in the 1 kDa to 10 kDa might have been 

removed from solution in the presence of metals.   

Barker and Stuckey (1999) also report on the chelating properties of SMPs, indicating 

that they contain chelating functional groups, such as “…carboxylates, hydroxyls, 

sulphydryls (-SH), phenols and amines”.  They report that the chelating groups act as 

ligands and complex with metals such as copper, iron, lead, nickel and zinc typically 

found in wastewaters and sludges.  Although this can reduce the metal toxicity of the 

water, it can also reduce the amount of metals bioavailable to bacteria needed as 

micronutrients.   

The influence that solid retention time (SRT) has on the MW distribution of SMP in 

biological reactors varies between researchers.  Barker and Stuckey (1999) indicate 

that the MW generally increased with SRT whist other researchers (Shin and Kang, 

2003) found that microogranisms acclimatised with a longer SRT enabling 

degradation of higher MW SMP products and hence the SMP MW distribution shifted 

to less than 10,000 Da.  Lee et al. (2002) when investigating SMP concentrations in a 

submerged membrane bioreactor, found that the SMP decreased with SRT up to a 

critical food/micro-organism (F/M) ratio of 1.2 and was not related to SRT at a F/M 

ratio greater than this.   
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Other findings on SMP with respect to UASB reactors by Barker and Stuckey (1999) 

include: 

 Can be more toxic than the original organic compounds present in the 

wastewater 

 Can be inhibitory to nitrification 

 High MW SMPs strongly adsorb onto carbon 

 Can adversely affect flocculation and settling properties of anaerobic granules 

in the UASB reactor 

 There is an optimal organic load and SRT for minimising the production of 

SMP, these being 0.3-1.2 g COD/g MLSS.d and 2-15 days.  At lower loads, 

the treatment system is underfed and at higher loads, the sludge is overloaded.  

 Typically, the SMP levels range from 4 to 9 % of the initial substrate 

concentration dependent upon bacterial species 

 At decreasing temperatures, SMP production and degradation rates increase 

and decrease respectively  

The influence of SMP on membrane fouling has been investigated by several 

researchers (Lee et al., 2002; Park et al., 2005).  Information regarding this area is 

presented in Section 4.   

3.4.8. Biomass Granulation and Washout  

Anaerobic bioreactors, such as the UASB, contain conglomerates of microorganisms 

known as granular sludge or biomass (van Hullebush et al., 2007) and it is the quality 

of the sludge that determines the effective functioning of these reactors (Grootaerd et 

al., 1997; Moosbrugger, 1997b; van Hullebush et al., 2007).  During granulation, the 

nuclei are formed from excreted compounds from bacterial growth and on this basis, 

there are no apparent differences between a granule and a biofilm (González et al., 

1998).   

A high quality sludge needs to have exceptional settling properties with a narrow 

settling distribution (Batstone and Keller, 2001) (as related to granule density), as well 

as a high mechanical strength and biological activity rate (Batstone and Keller, 2001; 

van Hullebush et al., 2007).  Sludge characteristics are related to the wastewater 

composition treated and process conditions (van Hullebush et al., 2007).  Batstone and 
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Keller (2001) reported that protein grown granules had lower strength and settling 

velocities than those grown with low-protein feeds.  

Fang et al. (1995) investigated granular microstructure and determined that the 

degradation kinetics of the substrate influenced granular formation.  That is, where a 

substrate with an initial degradation step is faster than the subsequent degradation of 

intermediates, such as carbohydrates, biogranules develop with a layered 

microstructure.  Conversely, where the initial degradation step was slower and rate 

limiting, as with protein degradation, biogranules developed a uniform microstructure 

(Fang et al., 1995).  Granules formed during the treatment of cornstarch through a 

UASB reactor were found to have a layered microstructure by Kwong and Fang 

(1996) with the outer layer composed predominantly of streptococci  and the middle 

layer containing “…long thin filaments, small rods, cocci, syntrophic microcolonies, 

along with scattered streptococci”. The start-up phase of a UASB is slow when active 

granular sludge is not added to the treatment plant during set-up.  The wastewater 

characteristics and operational conditions influence the time required to get 

granulation (González et al., 1998).  Kwong and Fang (1996) investigated anaerobic 

degradation of cornstarch in wastewater in a laboratory scale UASB over a period of 

510 days and found that biomass granulation was first observed on day 90.  

Granulation steadily increased with time and the loading rate was accordingly 

increased.  Biomass washout was not observed, which the authors attributed to the 

high biodegradability of the cornstarch and the extended acclimation period allowed 

for sludge granular development.   

González et al. (1998) indicate that four conditions are needed for the production of 

good quality granulated sludge, these being; 

 High partial pressure of hydrogen 

 A significant deficit of cysteine 

 An excess of nitrogen in the substrate 

 pH values close to neutral 

Several researchers have investigated methods to accelerate the start up phase and 

therefore, the granulation process.  Examples of this include the acceleration of 

granulation by the addition of either natural or synthetic polymers (Grootaerd et al., 

1997; Imai et al., 1997; El-Mamouni et al., 1998), start-up under different operating 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

79

conditions (Ghangrekar et al., 1996) and the addition of active granular sludge from 

other treatment plants (Zeevalkink and Jans, 1986).   

Granular strength is affected by wastewater characteristics, loading rate, temperature, 

granular structure, particle size distribution and EPS content (van Hullebush et al., 

2007).  Hullebusch et al. (2007) found that with a sludge fed glucose, sulphate and 

iron combined, the granule size decreased as the strength increased.  However, the 

increased strength did not necessarily make it an improved sludge as the smaller 

granules were then vulnerable to being washed out from the UASB in a term 

commonly known as ‘washout’.   

Biomass washout is an unintentional discharge of sludge (Cavalcanti et al., 1999) and  

is an indicator of an imbalance within the reactor which increases the effluent’s 

suspended solids loading (Henze et al., 1995).  Excessive discharges of the sludge can 

adversely affect the treatment efficiency and operational stability of the system 

(Cavalcanti et al., 1999).  Cavalcanti et al. (1999) found that COD removal rates were 

much lower following 60% sludge discharge from UASB reactor treating raw sewage.  

When the sludge age is too low, due to loading rate increases or sludge mass 

decreases, washout of methane bacteria can occur (Henze et al., 1995).  Conversely, 

“…a long sludge age is essential for the production of a well-stabilised sludge” 

(Cavalcanti et al., 1999).   

Washout can also occur as a result of sludge floatation when gas bubbles are 

entrapped within the granular voids and a buoyant force is created (Yoda and 

Nishimura, 1997; Cavalcanti et al., 1999; Metcalf & Eddy, 2003).  More gas is likely 

to be attached to granules at lower temperatures (Metcalf and Eddy, 2001) 

accentuating impacts associated with overloading.  Yoda and Nishimura (1997) 

proposed mechanical grinding of the floating granules and Fe dosing the reactors as a 

method of addressing sludge floatation problems.  Foaming has also been attributed to 

the cause of increased washout of sludge due to poor settling characteristics and 

entrapment of starch granules at organic loading rate (OLR) >4.37 g COD/L.d 

(Kalyuzhnyi et al., 1998a). 

Anaerobic sludge bulking was reported by Endo and Tohya (1988) as a problem for 

an experimental anaerobic contact process treating wheat starch wastewater.  Endo 

and Tohya (1988) determined that the microorganism causing the sludge bulking 

condition was long chained and filamentous and it was enriched in a raw starch liquid 
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medium.  The authors determined that the bulking phenomenon initiated (i.e. high 

growth rate of offending microorganism) when raw starch concentrations were greater 

than 2000-3000 mg/L in the anaerobic reactor feed.  Further, acidogenic fermentation 

of the raw wheat starch wastewater prior to treatment through the anaerobic process 

prevented the growth of the offending microorganism.  Where completely acidified 

starch was fed to the system, the sludge had good settling characteristics (Endo and 

Tohya, 1988). 

Anaerobic processes typically produce less sludge (Leitão et al., 2006) and lower 

residual COD levels (Barker and Stuckey, 1999) than aerobic systems.  Using an IC 

reactor which is a dual UASB anaerobic digester designed by Paques, Driessen et al. 

(1997b) estimated that excess sludge production was 0.01 kg TS/kg COD removed for 

a full scale IC treating brewery wastewater at a rate of 27 kg COD/m3.day (10,500 

kg/day in a 390 m3 reactor).  Generally, the sludge has excellent settling 

characteristics and hence solids retention within the system is high resulting in sludge 

granulation and high biological conversion rates within the reactor due to the high 

active biomass concentrations (Zeevalkink and Jans, 1986). 

3.4.9. Biogas  

Biogas generated during anaerobic digestion of organic materials contains primarily 

methane (CH4) and carbon dioxide (CO2) (Kwong and Fang, 1996).  The nature of the 

substrate influences the percentage of methane, as shown in Table 18 (Buswell and 

Boruff in Sawyer et al., 1994) and it typically contains around 65% methane (Henze 

et al., 1995, Sawyer et al., 1994, Metcalf and Eddy, 1991).   

Table 18: Expected methane and carbon dioxide yields, in percent, for organic materials 

 Methane (%) Carbon dioxide (%) 
Carbohydrates 50 50 
Low-MW fatty acids 62 38 
High-MW fatty acids 72 28 
Proteins 76 

69 
24 
31 

The expected methane yield can also be calculated from conversion factors taken 

from Henze et al. (1995) as follows: 

0.42 m3 CH4/kg carbohydrate 

0.47 m3 CH4/kg protein 

0.38 m3 CH4/kg COD 
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The calorific and electrical energy value of the biogas produced will depend upon the 

percentage of methane gas in the gaseous mixture as shown in Table 19 (adapted from 

Henze et al., 1995).  Taken that typical biogas contains 65% methane, this equates 

with a heating value of 22750 kJ/m3 gas produced.  Natural gas has a heating value of 

approximately 37300 kJ/m3 at standard temperature and pressure (Metcalf & Eddy, 

1991).  Consequently, around 1.64 m3 biogas is equivalent to one cubic metre natural 

gas. 

Table 19: Heating value of biogas and converted electricity value according to methane 

percentage  

Methane content in gas (%)  
50 60 70 80 100 

Heating value 
(kJ/m3 gas) 

17500 21000 24500 28000 35000 

Electrical 
production/m3 
CH4 
 Electricity 

(kWh/m3) 
 Heat 
 Loss  

 1.5 
 2.5 
 1.0 

 1.7 
 2.9 
 1.1 

 2.0 
 3.4 
 1.3 

 2.3 
 3.9 
 1.5 

 2.9 
 4.9 
 1.9 

Note that 1m3 CH4 = 9.7 kWh.  When converted to electrical production/m3 CH4, this 

becomes; 30% electricity = 2.9 kWh, 50% heat = 4.9 kWh and 20% loss = 1.9 kWh. 

3.4.10. Reported Loading Conditions and Outputs 

There are different types of anaerobic reactors available, however, this review focuses 

on the UASB process and uses examples of IC reactors where possible, due to the 

specificity of the equipment used at the study site.  The IC is a modified UASB in that 

it has a dual layer of biomass (expanded sludge bed concept) in a taller and narrower 

design (Driessen et al., 1997b; Driessen and Yspeert, 1998) and can treat volumetric 

loading rates up to three times higher than UASB reactors (Hisano et al., 1998).  

Reported values relating to the loading conditions and outputs for these types of 

reactors are presented in Table 20.   

Anaerobic biological degradation is commonly used to treat starch wastewaters 

(Zeevalkink and Jans, 1986) and other wastewaters from the agro-industry (Driessen 

and Yspeert, 1998; Mousa and Forster, 1998; Saddoud et al., 2006), however, data 

relating to the operation and loading conditions as well as outcomes from these 

processes are lacking.  This is especially the case for wheat starch wastewaters and to 
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a lesser extent, any starch based wastewaters generally.  Specific papers covering the 

anaerobic treatment of wheat starch wastewater include: 

 Zeevalkink and Jans (1986) report on an anaerobic treatment installation in 

Ireland for treating wheat starch factory wastewaters, designed for 5-day per 

week operations, however actual data is not provided and instead, only 

‘anticipated characteristics’ and ‘design data’ for starch plant effluent and 

treatment performance are provided.   

 Seyfried and Austermann-Haun (1990) report on the treatment of wheat starch 

factory wastewater for an industry in Germany, however, the treatment train 

overall is more complex than most systems comprising a preacidification tank, 

an anaerobic fixed film reactor, a centrifuge for solids retention, an anaerobic 

solids settling tank, an aerobic trickling filter and an un-aerated pond.  Many 

parameters of interest (e.g. biogas production rate, methane content of biogas, 

pH, temperature, suspended solids loading) are not mentioned and/or are not 

quantified within the article.   

Overloading of a reactor can cause the methane content of the biogas to decrease.  

Kwong and Fang (1996) using a synthesised wastewater containing sucrose and 

cornstarch, determined that the methane content of the biogas produced in a 

laboratory scale UASB reactor decreased as the COD loading rate increased going 

from 60% methane at 10 g COD/L.day to 52% methane at 120 g COD/L.day.  

Some researchers refer to the acclimatization of bacteria within the sludge during the 

start up phase and during this phase the loading rate is progressively increased.  When 

testing the ability of a modified UASB, called the upflow sludge blanket filter (UBF), 

to treat cornstarch at various organic loading rates, Fang and Kwong (1995) only 

increased the loading rate when 90% soluble COD was removed at the existing 

loading rate.  In addition, at each stage of the step-wise increases, the condition was 

held constant for a minimum of ten days to ensure steady state operations.  The step 

wise progressive organic loading rate increases enabled the reactor to develop well 

granulated sludge and consequently, stabilise at a higher steady state operational state 

without washout occurring.  
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Table 20: Reported loading conditions and outputs for IC and UASB reactors 

Wastes 
Treated 

Anaerobic 
Treatment 
Type 

Treatment 
Operating 
Temperature 
(°C) 

Reactor 
Volume 

Organic 
Loading 
Rates 
(after 
start-up) 

Influent 
Suspended 
Solids 
(mg/L) 

Influent 
Total 
COD 
(mg/L) 

VFA in 
influent 
COD 

Effluent 
pH 

HRT Total 
COD 
reduction 
(%) 

Soluble 
COD 
reduction 
(%) 

Biogas 
Production 
Rate 

Methane 
Content 

Excess 
sludge 
production

Problems References 

Preclarified 
Potato-
Maize 
wastewater 

Laboratory 
UASB 
reactors  

35°C 1.8 L 14 g 
COD/L.d 

- 5300-
18100 
(SCOD = 
3200-
7400) 

   63  75% for 
centrifuged 
samples 

0.24-0.44 
m3/kg TCOD 
0.30-0.37 
m3/kg TCOD 
for 
preclarified 
effluent  

- - Excessive 
foaming 
and sludge 
floatation 
when OLR 
> 10 g 
COD/L.d 

(Kalyuzhnyi 
et al., 1998a) 

Cornstarch  Laboratory 
UASB  

37 8.5 L Failed at 
>90 g 
COD/L.d 

 <45,000  6.8-7.9 12 
hours

95  1.9 g CH4 
COD/g 
VSS.d 
85.9% of 
COD 
removed was 
converted to 
methane 

 Sludge yield 
of 0.10 g 
VSS.g COD 

 (Kwong and 
Fang, 1996) 

Hen Manure Laboratory 
UASB 
reactors  

35°C 2.6 L   10,500 -
20,000  

3.9-6.7 g 
COD/L 

6.2-7.1 1-2 
days 

70-75  3.5-3.6 L/L 
day at OLR 
of 11-12 g 
COD/Ld 

79-81 Sludge yield 
of 0.10 g 
VSS.g COD 

 (Kalyuzhnyi 
et al., 1998b) 

Inuline1 
processing 
waste water 

Full scale IC 
anaerobic 
reactor 

35°C 1100 m3 31 kg 
COD/m3.d 

 7900    70-80      (Habets et al., 
1997) 

Brewery 
waste water 

Full scale IC 
anaerobic 
reactor2  

20-40°C3 

 
390 m3 
(IC)4 

 

9-37 kg 
COD/m3.d5 

 500-
6,5006 

 

- 6.2-7.3  68% (IC)7 
 

81 (IC)8 0.47 m3/kg 
TCOD 
removed 
0.32 m3/kg 
TCOD in 
influent 

- <0.01 kg 
TS/kg COD 
removed 

 (Driessen et 
al., 1997b) 

Distillery 
waste 

Pilot IC 
anaerobic 
reactor 

30-33 12 m3 26-48 kg 
COD/m3.d5

1000-2000 17,000-
19,000 
(15,000 
SCOD) 

- 6.5-6.9 
(no 
alkaline 
supplied) 

11.9-
17.4 
hours

70-78% 
(3.4-5.5 
g/L in 
effluent) 

95-97% 
(0.5-0.7 
g/L in 
effluent) 

0.51 m3/kg 
soluble COD 
removed 

65 -  (Hisano et al., 
1998) 
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Wastes 
Treated 

Anaerobic 
Treatment 
Type 

Treatment 
Operating 
Temperature 
(°C) 

Reactor 
Volume 

Organic 
Loading 
Rates 
(after 
start-up) 

Influent 
Suspended 
Solids 
(mg/L) 

Influent 
Total 
COD 
(mg/L) 

VFA in 
influent 
COD 

Effluent 
pH 

HRT Total 
COD 
reduction 
(%) 

Soluble 
COD 
reduction 
(%) 

Biogas 
Production 
Rate 

Methane 
Content 

Excess 
sludge 
production

Problems References 

Wheat 
starch 
wastewater9 

Full scale 
UASB 
reactor 

35 - - - 17,000 - 6.5 - 85 - 6400 m3/d 80 -  (Zeevalkink 
and Jans, 
1986) 

Maize starch 
wastewater 

Full scale 
UASB 
reactor 

 800 m3 11-30 kg 
COD/m3.d5

- 760010 - - - 90-95 - 800,000 
m3/year 

70 -  (Zeevalkink 
and Jans, 
1986) 

Potato and 
wheat starch 
industries 

Full scale 
UASB 
reactors 

- - - - - - - - - - - - -  (Austermann-
Haun et al., 
1997) 

Wheat 
starch 
wastewater 

Large scale 
anaerobic 
fixed film 
reactor 

- 2270 m3 4.0 kg 
COD/m3.d5

- 37,500 
(designed 
for 
45,000) 

- - - 97 
(1000 mg/L 
in effluent) 

- - - - Washout of 
anaerobic 
sludge 
during start-
up 

(Seyfried and 
Austermann-
Haun, 1990) 

Synthesised 
wastewater 
using 
sucrose and 
corn starch 

Laboratory 
Modified 
UASB called 
UBF11 

37 8.5 L <40 kg 
COD/m3.d5

- 3000-
20,000 

- 7.0-7.5 9.6-
24 
hours

94 96 86% of COD 
removed was 
converted to 
methane 

55-62 Sludge yield 
of 0.10 g 
VSS.g COD 

Reactor 
failed at 50 
kg 
COD/m3.d5 

(Fang and 
Kwong, 
1995) 

1. Inuline is a polyfructose from chicory root  
2. In addition to the IC reactor, this treatment train contained a PA tank, buffer tank and CIRCOX reactor.  It operated 5-6 d/week 
3. Related to working week with 20°C on Monday and up to an average of 32°C during working week) 
4.  (+500 PA +500 buffer +150 calamity tank +230m CIRCOX) 
5. Design 27 kg COD/m3.d 
6. 400-6200 (soluble COD) 
7. Total COD removal in treatment train overall 80%.   
8. Soluble COD removal in treatment train overall 94%. 
9. All values from this author are presented as ‘anticipated characteristics’ and ‘design data’ for the starch plant effluent and anaerobic treatment plant respectively.  Consequently, the 

reported data cannot be taken as seriously as actual measured data from other studies.  
10. This is a calculated figure from the information of individual flow and COD levels presented in the article for each component of waste treated through the plant.  
11. The UBF differs from the UASB in that the gas-liquid-solid separator on the top of the sludge bed in a UASB reactor has been replaced with a packed bed of plastic medium to retain 

active biomass.  
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3.4.11. Single Versus Two or Multistage Systems 

There are various UASB systems that operate either as a single stage or two or more 

stage systems.  In a single stage reactor, all reactions (hydrolysis, acidogenesis and 

methanogenesis) occur in the one reactor whereas in the two or more stage systems 

these processes are sequential but in separate reactors (Bouallagui et al., 2005).  In the 

single phase anaerobic reactor, the methanogenic phase can be inhibited due to an 

increase in VFA and subsequent decrease in solution pH leading to process failure 

(Liu et al., 2002).  In the two-stage system, each ecosystem adapts to the substrate and 

consequently, the system has a higher COD removal efficiency (Azbar et al., 2001) 

and biogas production rate (Yeoh, 1997; El-Gohary et al., 1999; Bouallagui et al., 

2005).  The phase separation phenomenon utilises the different kinetic rates within the 

different stages and hence improves process stability of systems compared to the 

single stage systems (Saddoud et al., 2006).  

The two stage system is reported to improve sludge bed density.  Moosbrugger 

(1997b) compared the sludge bed volume and density of a single stage UASB process 

with that of a two-stage UASB process at a pilot scale.  In the single stage system, the 

sludge volume doubled within 60 days, and after 90 days, the buoyancy of the sludge 

increased causing it to washout resulting in system failure.  In the two-stage UASB 

process, which included a separate pre-acidification stage with completely mixed 

contents, the density of the sludge bed remained constant and the volume increased 

‘slightly’ (Moosbrugger, 1997b).  The preacidification stage was found to positively 

influence granular sludge bed formation and stability in an UASB reactor 

(Moosbrugger, 1997b). 

Azbar et al. (2001) thought that the improved efficiency of the two stage process was 

due to the production of intermediates such as propionate and acetate in the first stage 

that are more easily converted by methanogenesis in the second stage.  These volatile 

fatty acids are usually found at elevated levels in anaerobic effluents constituting the 

major fraction of degradable COD in the effluent.   

Leighton and Forster (1997) demonstrated that the acidogenic and methanogenic 

phase separation did not reduce the toxicity of heavy metals (copper, zinc, nickel and 

lead) in the methanogenic reactor.  
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3.5. Wastewater Reuse and Disposal Options 

Most wastewater reuse applications relate to municipal wastewater being used for 

non-potable applications such as irrigation water for agricultural land, parks and golf 

courses.  Within the urban setting reuse of reclaimed wastewaters focuses on toilet 

flushing, cooling waters, augmentation of stream flows and for fire fighting purposes.  

However, the reuse of reclaimed water may expand to pipe-to-pipe controlled systems 

or blending with non-reclaimed water in an engineered system or a natural surface or 

groundwater system.  Some concerns regarding public acceptance, treatment and 

reuse reliability and the presence of trace organic substances remain with the debate 

on indirect potable reuse.  (Mujeriego and Asano, 1999) 

Industrial reuse of water traditionally focused on cooling water systems, however 

interest as an alternative supply of process water has been growing.  Industrial water 

management involves the use of higher quality raw materials as well as the 

application of cleaner, water efficient and advanced treatment technologies to promote 

materials recovery and water reuse.  Factors influencing the final selection process 

include technical performance of the treatment technology as well as investment, 

operation and maintenance costs. (Mujeriego and Asano, 1999) 

Potable reuse of reclaimed wastewater requires advanced unit operations in a 

treatment train with “…lime clarification, nutrient removal, recarbonation, filtration, 

activated carbon adsorption, demineralisation by reverse osmosis, and disinfection 

with chlorine, ozone, ultraviolet radiation, alone or in different combinations” 

(Mujeriego and Asano, 1999).  Weber and Leboeuf (1999) indicate that water reuse 

can be in two forms including cascading reuse and recycling for the same use 

(‘closing the loop on the cascading reuse scheme’).   

Reverse osmosis (RO) is a suitable technology for wastewater remediation for reuse 

only where water availability is low and cost is high as the technology is expensive in 

terms of the energy requirements, membrane replacement, antifouling controls and 

brine disposal.  Membrane replacement and maintenance costs have reduced due to 

technological advances in membrane development and manufacturing.  (Mujeriego 

and Asano, 1999) 
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Some key topics involved in water reuse applications, according to Mujeriego and 

Asano (1999) include:  

 Assessment of health risks associated with trace organic substances 

 Improvements in monitoring approaches to evaluate microbiological quality 

 Application of membrane processes to produce high quality reclaimed water 

 Evaluation of the effect of reclaimed water storage on water quality 

 Evaluation of the fate of microbiological, chemical, and organic contaminants 

in reclaimed water 

 Evaluation of the long-term sustainability of soil-aquifer treatment systems 

Mujeriego and Asano (1999) provide an overview on the role of advanced treatment 

in wastewater reclamation and reuse with an apparent end-of-pipe approach.  Terms 

describing the level of treatment wastewater receive, in increasing treatment level, 

includes “…preliminary, primary, secondary, and tertiary/advanced treatment”.  

While conventional biological treatment processes include activated sludge process, 

trickling filters, and oxidation ponds, tertiary or advanced treatment processes include 

filtration, activated carbon adsorption, membrane processes and disinfection. 

(Mujeriego and Asano, 1999) 

Effluent streams are a source of reclaimed water dependent upon the water quality 

objectives required for the reuse option.  Available technologies provided by 

Mujeriego and Asano (1999) include: 

 Lagoons, wetlands, and natural treatment systems 

 Advanced physical-chemical treatment 

 Advanced biological treatment including biological nutrient removal (BNR) 

 Advanced oxidation processes 

 Membrane separation and membrane bioreactors 

 Disinfection technologies 

 Innovative reactor designs such as sequencing batch reactors and advanced 

mixing devices 

Rather than increase the size of the treatment plant, Barker et al. (1999) investigated 

process parameters and optimised the existing biological treatment processes to 

achieve greater COD reductions in effluent.  This demonstrates that whilst increasing 
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the size of the treatment plant is one disposal option that companies might consider, it 

is first best to optimise existing plant operations before extending treatment plant size.  

3.6. Conclusion  

The drivers and barriers to cleaner production have been investigated.  Drivers for 

wastewater reuse are usually related to legislation and/or economics resulting in 

environmental protection.  Barriers to cleaner production programs include social 

factors where commitment from management can be inadequate in terms of 

leadership, support, communications and staff involvements.  It is evident that 

although cleaner production programs are driven by legislation and economics with 

social, environmental and economic benefits, barriers such as social, organisational, 

capital investment requirements and management styles might prevent the 

participation and implementation of such programs.  Examples of cleaner production 

assessment tools were also presented.  

Anaerobic biological degradation is commonly used to treat organic laden wastes in 

the industrial sector as it is a low cost, energy efficient and simple process that also 

produces methane which can then be used beneficially on-site.  The upflow anaerobic 

sludge blanket (UASB) treatment system was developed to achieve a higher treatment 

capacity compared to other systems.  The UASB technology was further modified to 

develop a taller narrow design with a dual biomass layer system with internally 

circulating (IC) wastewater due to the rise of produced gases.  The IC anaerobic 

digester system, with the capacity to treat up to three times the hydraulic loading rates 

of the conventional UASB, has been applied to treat high organic wastes from food 

processing industries.  Important operating parameters for an anaerobic digestion 

system includes VFA and alkalinity concentration, biogas production, pH level, 

temperature and the presence of toxic or inhibitory compounds.   

Typically, wastewater reuse applications involve municipal wastewater being reused 

for non-potable applications such as irrigation water or for uses such as toilet flushing, 

cooling waters, augmentation of stream flows or for fire fighting purposes.  Issues 

such as public acceptance, treatment reliability and trace substances are debated with 

respect to indirect potable reuse.  Clearly the gap in research relates to the reuse of 

non-municipal wastewater for potable water uses. 
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4. LITERATURE REVIEW PART C: 

CROSSFLOW MEMBRANE FILTRATION 

4.1. Introduction 

Membrane filtration utilises a permselective barrier to prevent or enable the 

transmission of particular components causing separation (Ghidossi et al., 2006).  

Although first developed in the 1950s and 60s the physical and chemical properties of 

membranes as well as the control of the interfacial chemistry has continued to 

improve (Klinkowski, 1985; Cross, 2002).  The first commercially developed 

membranes were designed to treat brackish water in the 1970s (Tengklint, 2001) and 

with continued research, the applications of membrane filtration technology has 

extensively expanded (Cuperus, 1998; Tengklint, 2001) proving to be an effective 

alternative to conventional treatment processes (Mujeriego and Asano, 1999; Guo et 

al., 2008).  Although membrane filtration technology has been applied to a range of 

industries, the scope of this literature review broadly relates to the food processing 

industry and specifically, where possible, the scope is limited to the wheat starch 

processing industry.  

There have been many advances with the development and application of various 

materials used for membranes.  Materials have been and are continuing to be 

developed for membranes to enhance or decrease the selectivity of materials towards 

specific particulates or compounds.  Other drivers include the need for more robust 

membranes with the ability to withstand higher temperatures and a greater resistance 

to chemical and biological degradation.   

Membrane filtration technology has been applied to treat a variety of food processing 

streams, including but not necessarily limited to, fermentation broths (Tanaka et al., 

1998; Harscoat et al., 1999; Toussaint et al., 2000; Persson et al., 2001), apple juice 

(Alvarez et al., 1998; Giorno et al., 1998), skimmed milk (Gésan-Guiziou et al., 

1999), date juice (Lewandowski et al., 1999), dairy wastes (Papachristou and 

Lafazanis, 1997; Vourch et al., 2008), bean curd wastewater (Chai et al., 1999), 

brewery streams (Eagles and Wakeman, 2002), palm oil effluents (Wu et al., 2007), 
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fishery wastewater (Mameri et al., 1996; Huang and Morrissey, 1998; DeWitt and 

Morrissey, 2002; Afonso et al., 2004) and a range of starch streams.  Recent interest 

has been shown in the application of membrane filtration for a range of food 

processing industries “… to produce purified water for recycle or reuse” (Vourch et 

al., 2008).  

Research has been undertaken for membrane filtration of starch processing streams, 

where the starch has been derived from a variety of plant sources including corn 

(Singh and Cheryan, 1997; Singh and Cheryan, 1998; Gaddis et al., 1999; Shukla et 

al., 2000; Lutin et al., 2002), potato (Meindersma, 1980; Pepper and Orchard, 1981; 

Hadjivassilis et al., 1997), cassava (tapioca) (Hein et al., 1999; Vigneswaran et al., 

1999) and wheat.   

Wheat streams on which membrane filtration research has been undertaken include; 

wheat flour hydrolysates (Toräng et al., 1999), untreated wheat processing streams 

(Meuser and Smolnik, 1976a; Meuser and Smolnik, 1976b; Fane and Fell, 1977; 

Meuser and Kohler, 1983; Harris, 1985; Harris and Dobos, 1989) and biologically 

treated wheat starch processing streams (Sutton, 1986; Yanagi et al., 1994).  Rausch 

(2002) provides a review of membrane technology in the starch processing industry 

for corn, potato and wheat starches.  There are many examples of where membrane 

filtration technology “…has shown promise for reducing evaporation costs, improving 

product recovery and removing solids prior to wastewater treatment” (Rausch, 2002).  

Compared with applications to the corn starch industry, crossflow membrane filtration 

research undertaken on wheat starch streams is limited, dating back to the 70s and 

80s.  Given the advancements in membrane filtration technology since that time, 

increasing pressure on water scarcity and a change in economic factors, it is relevant 

that this research area be reviewed.   

A review of literature relevant to the application of crossflow membrane filtration 

technology to remediate wheat starch wastewater for reuse has been undertaken.  To 

provide a distinction between crossflow and dead-end flow microfiltration 

technology, these modes of operation are first differentiated.  The parameters which 

are used to classify membranes are then reviewed, which include factors such as 

separation mechanism, pore size, morphology and configuration, direction of flow, 

materials, hydrophilicity and hydrophobicity, driving forces and membrane 

bioreactors.  Research and development has continued to occur for a range of novel 
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membranes, membrane configurations and membrane operations.  Examples of novel 

crossflow membrane technology developments are also provided. 

This literature review then focuses on membrane filtration performance, and in 

particular, on the development of permeate flux models for various conditions and the 

parameter, ‘critical flux’.  Membrane fouling is repeatedly reported within the 

literature as the single most important factor to overcome to achieve economically 

viable membrane filtration installations.  Hence, the many factors affecting membrane 

fouling have been investigated, including turbulence, transmembrane pressure (TMP), 

concentration, pH, temperature, backflushing, crossflushing and air sparging.  In 

addition, specific cake resistance and membrane permeability are presented, as well as 

the use of process fluid pre-treatments and electrochemical effects to enhance 

permeate flux.  Literature relating to the concept of dynamic membrane formation is 

also included. 

Other areas of crossflow membrane filtration for which the literature has been 

reviewed include membrane cleaning, membrane system components and design 

considerations and membrane filtration economics.  Finally, research details specific 

to membrane filtration of wheat starch wastewater for untreated and biologically 

treated waste streams are presented.   

4.2. Crossflow Versus Dead-End Membrane Filtration 

Membrane filtration utilises a membrane to separate particulates or other compounds 

from solutions in either a dead-end or cross flow filtration mode.  In dead-end flow 

the entire feed stream flows perpendicular to the membrane surface (Mhurchú and 

Foley, 2006; Kumar et al., 2007) and is forced through the membrane causing all 

particulates to deposit on the membrane surface (Lee et al., 2002).  The rejected 

portion, called a cake, increases in thickness with time on top of the membrane (Scott, 

1995) as shown in Figure 11.  As a consequence of cake build-up, flux decreases with 

time and the permeate quality may also reduce, both at a rate greater than would be 

expected with cross-flow operation (Scott, 1995).  As shown in Figure 12, in the 

cross-flow mode the feed stream flows tangential to the membrane surface (Mhurchú 

and Foley, 2006; Kumar et al., 2007) while the permeate (or filtrate) passes through 

the membrane surface (AWWA. and ASoCE., 1997).  The composition of the feed 

stream inside the module varies with distance (Scott, 1995) being more concentrated 
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at the end of the flow path resulting in an exiting stream called the retentate (AWWA. 

and ASoCE., 1997).  Retentate is usually returned to the feed stream for recycle and 

further concentration, however, a cross-flow system can be designed with a 

concentrate recycle and a reject stream in a feed and bleed mode (AWWA. and 

ASoCE., 1997).  The scope of this literature review is limited to the cross-flow mode 

of microfiltration and therefore, dead-end filtration will not be discussed further. 

 

Figure 11: Example of dead-end filtration operation mode 

 

 

Figure 12: Example of crossflow membrane filtration operation mode 
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4.3. Membrane Classification Parameters 

Membranes can be classified by a number of descriptive variables such as the 

separation mechanisms, pore sizes, molecular weight cut off (MWCO) points, 

morphology, configuration, membrane materials and the driving force of the 

membrane process.  These classification systems will be briefly reviewed. 

4.3.1. Separation Mechanism 

Not all membranes have the same type of separation mechanism and these differ 

depending upon whether the membranes are porous, non-porous or electrically 

charged.  Porous membranes separate particulates from solutions primarily by a 

sieving effect whilst non-porous membranes rely on solution-diffusion effects to 

separate dissolved species (Klinkowski, 1985; Aptel and Buckley, 1996; Pearce, 

2007).  However, membranes do not separate materials only based on pore size as 

“electrostatic interactions between the solutes to be separated and the membrane can 

also be very significant” (Bowen and Sharif, 2002).  Electrically charged membranes 

separate components within a feed stream by exerting an electrochemical effect on 

those components (Aptel and Buckley, 1996).  Other factors also influence the extent 

of separation, including the relative size of the particles desired to be retained 

(Klinkowski, 1985), interactions with previously rejected material on the membrane 

surface (AWWA. and ASoCE., 1997) and “…chemical similarity, specific 

complexation, and/or ionic interaction between the permeates and the membrane 

material” (Lee, 1992).   

4.3.2. Pore Size 

Membranes can be broadly classified according to the pore size on the active surface 

layer using terms such as microporous (<2 nm), mesoporous (2-50 nm) and 

macroporous (>50 nm) (Mulder, 1991; Taylor and Jacobs, 1996).  At a more defined 

level, membranes can be classified by the MWCO, which can be regarded as a 

measure of membrane pore dimensions as well the solute exclusion size (Mulder, 

1991), although there is no international standard set (Anselme and Jacobs, 1996).  

Membrane suppliers use the specification of MWCO to describe membrane retention 

capabilities, on the basis that 90 % of solutes exceeding this MWCO would by 

rejected by the membrane (Lee, 1992; Anselme and Jacobs, 1996).  However, the 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

94

MWCO is not an absolute cut-off limit and performance based on MWCO can vary 

between suppliers.  The shape of the retention versus molecular-mass curve for a 

given membrane pore-size distribution is also dependent “…on the conformation of 

the macrosolute being tested (globular, branched, or linear flexible) and on the 

operational conditions during evaluation” (Anselme and Jacobs, 1996).   

Membrane processes such as reverse osmosis (RO) or hyperfiltration, nanofiltration 

(NF), ultrafiltration (UF) and microfiltration (MF) are based on the size of solutes 

separated from a stream, as shown in Table 21.  However, not all researchers report 

the same pore size values for the various membrane processes.  For example, 

according to Sethi and Wiesner (1997) UF and MF processes have effective pore sizes 

in the ranges of 0.001 µm to 0.1 µm and 0.1 µm to 10 µm respectively.  Bowen and 

Sharif (2002) differs on the UF classification providing a pore size range of 0.005 µm 

to 0.1 µm while Kwon et al. (2000) differs on the classification of MF as being 

usually applied when the particles or colloids in the solution range from 0.02 to 

10 µm.  According to the International union of pure and applied chemistry (IUPAC) 

recommendations (Koros et al., 1996), NF, UF and MF are the membrane-based 

pressure-driven separation processes in which particles and dissolved macromolecules 

<2 nm, 2 nm-0.1 µm and <0.1 µm are respectively rejected.  Examples of the relative 

sizes of some common materials are presented in Table 22 and Table 23, representing 

samples in and out of water.  
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Table 21: Membrane filtration separation process based on solute and particle sizes separated 

Size range  

 

Process for 

Separation 

 

 

 

       

Micrometre 

Units (m) 

(log scale) 

        

Angstrom 

Units (log 

scale) 

        

Approx. 

Molecular 

wt. 

        

 

0.001 10000.01 0.1 1.0 10 100

10 102 103 104 105 106 107 

2x102 102 103 104 105 2x104 5x105 

Macro Particle Range Micro Particle Range Macro Molecular Range Ionic range Molecular Range 

Reverse Osmosis Ultrafiltration Particle Filtration

Nanofiltration Microfiltration 
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Table 22: Relative sizes of common materials 

Relative Size 

of Common 

Materials 

 

 

 

 

 

 

 

      

Micrometre 

Units (m) 

(log scale) 

        

 

Aqueous 
Salts 

Albumin Protein Yeast Cells Atomic 
Radius 

Sugar 

Metal 
Ions 

Tobacco Smoke 

Milled Flour 

Pesticide/ 
Herbicide 

Granular Activated 
Carbon 

Pollen 

Human Hair

Endotoxin/Pyroge

Gelatin 

Colloidal Silica 

Latex/Emulsion 

0.001 10000.01 0.1 1.0 10 100

Coal Dust 
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Table 23: Relative sizes of various materials in water 

Relative Size 

of Various 

Materials in 

Water 

 

 

 

 

 

 

 

       

Micrometre 

Units (m) 

(log scale) 

        

 

Humic Acids 

Clays 

Silt 

Sand 

Dissolved Organics 

Viruses 

Colloids 

Salts 

Bacteria 

Giardia 

Crypto-

Algae 

0.001 10000.01 0.1 1.0 10 100
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4.3.3. Morphology and Composition 

Membranes can be classified according to the morphology of the membrane as well as 

whether all layers of the membrane are made from the same materials.  Homogeneous 

and anisotropic membranes have a uniform or non-uniform morphology respectively 

(Aptel and Buckley, 1996).  Homogeneous membranes are generally utilised for 

applications when a non-directional character is required, such as in electrodialysis, or 

when fabrication into asymmetric or composite membranes may be difficult (Lee, 

1992).  Anisotropic membranes are used for separation applications (Aptel & 

Buckley, 1996) whereby the top dense layer or skin is the functional selective barrier 

(Aptel & Buckley, 1996; Lee, 1992).  The skin can be selective by “…size and shape, 

chemical properties, or electrical charge of the materials to be separated” (Lee, 1992).  

The skin is relatively thin, representing approximately 1% of the total membrane 

thickness, and is supported by a more porous sub layer (Aptel and Buckley, 1996).  

Although apparently less common, another type of anisotropic membrane has been 

reported in some articles where the more open side of the membrane is open towards 

the feed and these are referred to as ‘reverse asymmetric membrane structures’ 

(Wenten, 1995; Guerra et al., 1997).  Anisotropic membranes can be further classified 

according to whether the skin and supporting sublayer are made from the same 

material (asymmetric) or from different materials (composite) (Lee, 1992; Aptel and 

Buckley, 1996).  When made from composite materials these membranes are often 

referred to as ‘thin film composite membranes’ (Taylor and Jacobs, 1996).   

4.3.4. Geometry and Configuration 

Membranes can be classified according to the geometry and configuration of the 

single membrane element (Anselme and Jacobs, 1996).  Membranes are mostly 

fabricated in two geometries, being flat sheet and tubular (Lee, 1992; Scott, 1995; 

Anselme and Jacobs, 1996; Aptel and Buckley, 1996; Jacangelo and Buckley, 1996).  

Flat sheet membranes can be configured as pleated cartridges, single sheets in plate 

and frame modules (Lee, 1992) and as spiral-wound elements or modules (AWWA. 

and ASoCE., 1997).  Spiral wound membranes cannot be cleaned hydraulically by 

backflushing like the other membrane types (Verberk and van Dijk, 2006).  Tubular 

and hollow fibre membranes are very similar in design, separated into different 

categories by the size of the internal lumen with tubular membranes having a larger 
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lumen than hollow fibre membranes (Jacangelo and Buckley, 1996).  Tubular and 

hollow fibre membranes are comprised of bundles of membrane tubes which are 

secured at one or both ends and are usually housed in a cylindrical shell (Lee, 1992).  

The greater the number of tubes in one pressure housing the greater the packing 

density and module productivity (Scott, 1995).   

4.3.5. Direction of Flow 

Membranes can be classified according to the direction of flow.  Traditionally, the 

feed stream enters the inside of the membrane and the permeate flows to the outside 

for collection.  However, membranes have since been developed whereby the 

membrane operates under a vacuum (negative applied pressure) with an ‘outside-to-

inside’ flow whilst submerged into the stream to be treated (Busch et al., 2007).  

Research articles cited on the use of outside-in hollow fibre membranes indicate that 

these membranes are usually made from polymer materials such as polypropylene 

(PP) (Ma et al., 2005) and polyethylene (PE) (Hai et al., 2005; Jin et al., 2006; Meng 

et al., 2006), however, ceramic membranes have also been used in submerged 

configurations by Shin and Kang (2003).  Outside-in hollow fibre membranes are 

generally used for submerged membrane bioreactor configurations and this field is 

further discussed in Section 4.3.9. 

4.3.6. Materials 

Membranes can be classified according to whether the types of materials they are 

made from are organic or inorganic materials and the absence or presence of 

cellulose.  Municipal water treatment applications typically use synthetic organic 

polymers (AWWA. and ASoCE., 1997).  Cellulosic types include cellulose acetate, 

cellulose acetate blends, and cellulose triacetate.  Non-cellulosic types include 

polyamides, polyurea, polysulphone (PS) and sulfonated polysulphone, sulfonated 

polyfuran, polypiperazides, polyvinyl alcohol derivatives, acrylics, and other 

composites.  Organic membranes can be prepared from either hydrophilic or 

hydrophobic polymers depending upon application requirements (Aptel and Buckley, 

1996).  Inorganic materials, of which ceramics are the most common, are able to 

withstand higher temperatures and chemical cleaning regimes relative to polymeric 

materials (Ogunbiyi et al., 2008), however they are also brittle and more expensive 

than organic membranes (Aptel and Buckley, 1996).  Inorganic membranes have been 
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applied to chemical, pharmaceutical and diary industries for high temperature or 

chemically aggressive processing fluids (Aptel and Buckley, 1996).  Ceramic 

membranes can withstand steam sterilisation, backflushing, have a high durability and 

can be stored dry after cleaning if required (Ogunbiyi et al., 2008). 

There are many examples within the literature of where membrane materials are being 

developed to enhance the selectivity of the membranes and reduce the incidence of 

fouling.  For example, polyvinylidene fluoride (PVDF) UF membranes were coated 

with an amphiphilic copolymer by Asatekin et al. (2006) to produce thin film 

composite nanofiltration membranes that had a higher fouling resistance and produced 

a higher quality permeate.   

4.3.7. Hydrophilic and Hydrophobic Properties 

Membranes can be classified according to hydrophilic and hydrophobic properties.  

The most commonly used hydrophilic polymers are cellulose and its derivatives 

because they are low cost and have low adsorption tendencies (Aptel and Buckley, 

1996).  Cellulose acetate, although hydrophilic and resistant to fouling, was thermally 

and chemically unstable for cleaning and in the dairy industry has been replaced with 

more hydrophobic PS membranes (Klinkowski, 1985).  Membranes made from 

cellulose esters (mainly di and triacetate) are relatively resistant to chlorine and 

widely utilised for desalination, softening, disinfection, and clarification applications 

although they are vulnerable to biological degradation, low and high pH conditions 

and are thermally unstable (Aptel and Buckley, 1996).  Polymers used for their 

hydrophobic properties include PS and polyether-sulphone (PES).  They “…have a 

relatively high adsorption tendency, but they have very good chemical, mechanical, 

and thermal stability” (Aptel and Buckley, 1996).  PES and PS membranes are 

typically modified by blending with hydrophilic polymers to improve antifouling 

properties (Aptel and Buckley, 1996).  A range of other hydrophobic polymers are 

also used as macroporous membranes including polytetrafluoroethylene (PTFE), 

PVDF, polyethylene (PE), polycarbonate (PC), or isotactic polypropylene (PP (Aptel 

and Buckley, 1996).   
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4.3.8. Driving Forces 

Membrane processes can be classified according to the driving force used for 

operations.  This can include pressure, electrical voltage, temperature, concentration 

gradient, or a combination of more than one driving force.  Pressure-driven and 

electrically driven membrane processes are the most commonly used membrane 

processes for water treatment.  Pressure driven membrane processes include RO, NF, 

UF, and MF.  Electrically driven membrane processes include electrodialysis (ED) 

and electrodialysis reversal (EDR). (AWWA. and ASoCE., 1997) 

4.3.9. Membrane Bioreactors 

4.3.9.1.Background 

When an UF or MF membrane is combined with a conventional bioreactor, these 

systems are classified as membrane bioreactors (MBRs) (Shin and Kang, 2003; 

Asatekin et al., 2006; Farizoglu and Keskinler, 2006).  The MBR enables a de-

coupling of the solids retention time (SRT) and hydraulic retention time (HRT) within 

the reactor (Scott and Smith, 1997; Jang et al., 2006; Jeison and van Lier, 2006; 

Saddoud et al., 2007) and because the biomass is completely retained, a consistent 

higher quality effluent is achieved (Shin and Kang, 2003).  In addition to improved 

effluent quality, the MBR process also has a smaller footprint, can treat a higher 

concentration of mixed liquor suspended solids (MLSS), produces less excess sludge 

and is more stable (Matošić et al., 2008).  However, compared to conventional 

activated sludge processes, a MBR has higher initial set up costs, energy requirements 

(Jeison and van Lier, 2006) as well as membrane cleaning and replacement costs 

(Matošić et al., 2008).   

For MBRs the membrane module can be fitted as a side-stream (Scott and Smith, 

1997; LaPara et al., 2006; Saddoud et al., 2007) or in a submerged configuration 

(Wisniewski, 2007; Matošić et al., 2008), where the side-stream system was the first 

generation of the MBRs (Meng et al., 2008).  Submerged membranes are generally 

considered to be classified as crossflow filtration as they are subject to aeration or gas 

sparging from the bottom thereby creating an upward lift causing the flow to be 

tangential to the surface of the membrane (Chua et al., 2002; Meng et al., 2008).  This 

‘crossflow’ causes the  hydraulic shear force and agitation necessary to limit fouling 
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(Ahmed et al., 2007).  There are some researchers, such as Matošić (2008), who 

consider submerged membranes as a dead-end filtration process, however, most refer 

to it as crossflow filtration.  

Compared with the submerged configuration, the side-stream approach is reported to 

have higher energy operating costs due to the use of recirculation loops (Gander et al., 

2000; Chua et al., 2002; Meng et al., 2008).  “Energy consumption rates of 0.2-0.4 

kWh/m3 were reported for submerged MBRs, of which more than 80% was for 

aeration” (Chua et al., 2002). 

The benefit of cross-flow microfiltration on sludge biological activity is debated 

within the literature reviewed.  Some researchers argue that complete retention of 

biomass enables populations of specific bacteria to increase, thereby altering the 

food/microorganism (F/M) ratio, reducing sludge production and increasing the 

treatment capacity of the reactor (Saddoud et al., 2007).  However, Brockmann and 

Seyfried (1996) report contrary findings for a side-stream MBR configuration, 

indicating that complete biomass retention did not necessarily increase the reactor 

organic loading capacity.  Sludge activity levels were reduced due to mechanical 

stress caused by the high velocity re-circulation rates used in the MBR and a 

concomitant increase in VFA concentration occurred (Brockmann and Seyfried, 

1996).  The specific activity of the sludge was reduced by 50% for 20 cycles, and by 

90% after 100 cycles (Brockmann & Seyfried, 1996).  Brockmann and Seyfried 

(1996) concluded; “…A stable operation above an organic loading rate of 

2 kg COD/m3.day was not possible” for the anaerobic MBR.  Brockmann and 

Seyfried (1996) observed the disintegration of sludge flocs, reduced sludge activity, 

and the subsequent turbidity increase in the permeate with time.  Ahmed et al. (2007) 

also found changes in the microbial community structure occurred over a 100-day 

experimental period where a submerged MBR treated municipal wastewater.   

4.3.9.2.Side-stream membrane bioreactors 

Research papers specifically relating to side-stream MBRs treating food processing 

wastewaters under any operating conditions are limited, however some of the earlier 

articles are technically related to a MBR configuration but because the terminology 

had not been developed they were not called a MBR at that stage.  Although the 

earliest article cited relating to combining membrane filtration with an activated 
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sludge process by replacing the clarifier with a membrane module was produced by 

Krauth and Staab (1988), the earliest article cited where the specific term MBR first 

appeared was authored by Chang et al. (1993).  Chang et al. (1993) developed a MBR 

system using an UF membrane in a side-stream configuration to produce a high 

quality drinking water in France.  Since that time research articles have progressively 

referred to any membrane filtration unit connected to a biological reactor as a MBR.   

Literature has been cited for side-stream MBRs operated under aerobic conditions, 

treating food processing wastewaters.  Studies undertaken, where the MBR was 

operated under aerobic operating conditions include a cheese whey wastewater 

(Farizoglu et al., 2007), a synthetic starch-based (starch type not provided) wastewater 

(LaPara et al., 2006) and an untreated ice-cream factory wastewater (Scott and Smith, 

1997).  The approach taken by Scott and Smith (1997) was unique in that the ceramic 

membrane had alternating functions of aeration and filtration.  No evidence could be 

found to indicate that research had been undertaken on a MBR development to treat 

raw (untreated) wheat starch wastewater under aerobic conditions.  

Research undertaken on anaerobic MBRs treating food processing wastewaters in a 

side stream configuration were extremely limited.  The only articles found from 

various searches involved cheese whey wastewater (Saddoud et al., 2007) 

slaughterhouse wastewater (Saddoud and Sayadi, 2007) and distillery wastewater 

(Kang et al., 2002).   

For the cheese whey wastewater study, a 0.2 µm ceramic membrane unit was fitted as 

a side stream to the methanogenic reactor, where the total system comprised of an 

acidogenic reactor, methanogenic reactor and a membrane filtration unit, as shown in 

Figure 13 (Saddoud et al., 2007).  Microfiltration experiments were undertaken at 

transmembrane pressures (TMP) of 125 kPa, 175 kPa and 225 kPa (temperatures 

unknown) with 175 kPa being the optimal TMP producing a steady state flux of 

around 140 L/m2h after 20 minutes of operations.  For the total system, the HRT was 

five days with one day HRT in the acidogenic reactor and four days in the 

methanogenic reactor.  With treatment loads of up to approximately 20 kg COD/ 

m3.day, average COD, BOD5 and TSS removals were respectively 98.5, 99% and 

100% for the two-phase anaerobic digestion process with the membrane, completely 

separating the liquid from the solids.  Although permeate quality is not provided, the 

raw cheese whey is reported to have respective concentrations of chemical oxygen 
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demand (COD), biochemical oxygen demand over a five day period (BOD5) and total 

suspended solids (TSS) of around 7000 mg/L, 3,800 mg/L and 1350 mg/L.  The 

methane yield achieved a maximum of 0.3 m3 CH4/kg COD removed.  

 

Figure 13: An anaerobic MBR where the order of the treatment train is acidogenic reactor (2), 

methanogenic reactor (5) and the membrane module (11) (Saddoud et al., 2007) 

Kang et al. (2002) investigated the use of an anaerobic MBR in a side stream 

configuration to treat distillery wastewater.  The membrane was coupled with the 

biological reactor at the end of the process, however, the experimental method 

included the pre-treatment of raw waste water by filtration through a 0.08 µm 

zirconium oxide inorganic membrane and this permeate was used as digester influent.  

Consequently, anaerobic digester effluent would expectedly differ from anaerobic 

digester effluent where the influent had not been filtered to such a fine level.  In this 

study, Kang et al. (2002) compared the use of inorganic and organic membranes in the 

MBR system.  Struvite (MgNH4PO46H2O) accumulated within the pores of the 

inorganic membrane causing flux decline whilst the organic membrane had a 

combination of struvite and biomass forming a thick cake layer on the membrane 

surface.  Backflushing was undertaken with both membranes using acidic and alkaline 

solutions.  Acidic solution backflush caused a flux decline for the inorganic 

membrane but caused the flux to double for the organic membrane.  On the other 

hand, alkaline solution backflush doubled the flux for both membrane types. (Kang et 

al., 2002) 
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Yanagi et al. (1994) investigated the treatment of a wheat starch wastewater in what 

they termed a “membrane combined two phase methane fermentation system”.  This 

was essentially a MBR although the authors did not use this term, as the membrane 

module was placed between the acidogenic and methanogenic reactors, as shown in 

Figure 14.  As wheat starch processing effluents are known to be low in dissolved 

oxygen, it is assumed that the acidogenic effluent fed to the membrane would have 

been either anoxic or anaerobic in the absence of aeration.  This is the only known 

such example of an MBR being coupled to the acidogenic reactor whereby the 

concentrated feed was returned back to the acidogenic reactor and the permeate was 

fed directly to an anaerobic reactor.  As a consequence of the membrane module 

placement between the acidogenic and methanogenic reactors, “…undegraded organic 

matter, SS and acidogenic bacteria” were retained in the acidogenic reactor whilst 

easily utilised organic acids were fed to the methanogenic reactor.   

The content and relative proportions of volatile fatty acids (VFAs) changed with time 

in permeate produced from the membrane module.  Propionate and n-butyrate 

increased while acetic acid “…decreased greatly from 130 to 200 days”.  These 

changes were attributed to the acetogenesis reaction being limited by the increase in 

COD loading and in turn causing an enhanced gas production and severe foaming 

within the acidogenic reactor.  This was corrected by drawing an unquantified volume 

of excess sludge from the bottom of the acidogenic reactor whereby acetic acid 

concentrations then increased in the membrane permeate.  A difficulty was also 

perceived by the accumulation of SS within the acidogenic reactor although the 

‘difficulty’ was not defined within the article.  The total system, including the MBR, 

operated at a loading rate of 20 kg COD/m3d and achieved TOC and BOD removal 

rates of 99% and 99.8% respectively.  Effluent from the methanogenic reactor had 

BOD and SS concentrations of around 50 mg/L and 100 mg/L.  The methane yield for 

the MBR type system treating wheat starch wastewater was 0.336 m3 CH4/kg COD 

removed (Yanagi et al., 1994), which is similar to that reported by Saddoud et al. 

(2007) (0.3 m3 CH4/kg COD removed) for the MBR treating cheese whey wastewater.  

Although Yanagi et al. (1994) indicate that the permeate flux was maintained by 

backwashing with permeate, no backflushing or permeate flux details are provided 

within the article.  
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Figure 14: An MBR where the membrane module is coupled to the acidogenic reactor, followed 

by the methanogenic reactor (Yanagi et al., 1994) 

4.3.9.3.Submerged membrane bioreactors 

The submerged membrane bioreactor (SMBR) is usually combined with an activated 

sludge treatment process (Hai et al., 2005) where the membrane module is submerged 

directly into the waste to be treated and aeration underneath.  Some authors (Delgado 

et al., 2007; Bérubé et al., 2008) refer to aeration as ’air sparging’.  Aeration fulfils the 

dual purpose of providing oxygen to biomass whilst also maintaining solids in 

suspension to scour the membrane surface (Meng et al., 2008).  The flow of air 

generates the crossflow velocity (Chua et al., 2002).  Consequently, nearly all 

literature reviewed referred to SMBRs operating under aerobic conditions and by 

comparison, articles relating to anaerobic SMBRs are extremely rare. 

A unique anaerobic SBMR study using polysulphone microfiltration membranes 

placed inside the risers of two digesters where the “…digesters were operated as gas-

lift reactors” has been reported by Jeison and van Lier (2006).  The two SMBRs were 

fed a synthetic wastewater with a mixture of VFAs added as the COD source and 

were operated at different temperatures of 30°C and 55°C to represent mesophillic 

and thermophillic conditions respectively.  Critical fluxes for these two respective 

conditions were significantly different at 17 L/m2h and 6 L/m2h, however the author 

did not explain the differences.  The research focus was to develop a performance 
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control strategy where the biogas recirculation rate was set to enable a certain flux to 

be achieved based on TMP triggers(Jeison and van Lier, 2006). 

Research articles have been cited regarding the treatment of waste streams from 

various sources, however, no evidence could be found where research has been 

undertaken using a SMBR configuration to treat wheat starch factory wastewaters.  

Most research has been undertaken using municipal wastewater (Trussell et al., 2007; 

Wisniewski, 2007) or synthetic and undefined wastewater (Lee et al., 2002; Hai et al., 

2005; Ma et al., 2005; Meng et al., 2005; Jang et al., 2006; Jin et al., 2006; LaPara et 

al., 2006; Meng et al., 2006; Ahn et al., 2007; Busch et al., 2007) as the feed stream.  

Some work has been done on fishery wastewaters (Sridang et al., 2007) and 

wastewaters from a paper mill, food production site and port facilities (Galil and 

Levinsky, 2007), however, in general, the applications of SMBR to food processing 

industries are limited.   

Galil and Levinsky (2007) found that for “…biological treatment of industrial 

wastewaters containing contaminants characterized by hydrophobicity and/or low 

biodegradability…”, the operating conditions for MBR require adaptation “…by 

lowering cell residence time and MLVSS in the bioreactor and by increasing the 

amounts of excess biosolids accordingly” (Galil and Levinsky, 2007) where MLVSS 

is the mixed liquor volatile suspended solids concentration.  Demonstration MBR 

plants were set up using Zenon hollow fibre membranes and Kubota flat membranes 

using paper mill effluent as the feed streams; both were producing similar effluent 

quality after four months of operation (Galil and Levinsky, 2007).  Although Galil and 

Levinsky (2007) indicate that the permeate “…could be considered for reuse in paper 

mill and food production”, they do not elaborate on specific uses or water quality 

parameters.  

The cost effectiveness of an MBR system increases if fouling is kept to a minimum 

thereby reducing cleaning downtime and increasing membrane lifetime (Matošić et 

al., 2008).  Matošić et al. (2008), treating municipal wastewater with a submerged 

0.4 µm Zenon ZeeWee membrane, found that fouling increased after 119 days of 

continuous operation and attributed this  “…to irreversible fouling that caused local 

fluxes to exceed critical flux and lead the filtration into critical conditions, when 

suspended solids started to deposit”.  In addition, when the biomass were ‘starving’, 
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floc breakage increased the fouling rate and cake layer resistance (Matošić et al., 

2008).   

4.3.10. Novel Membrane Filtration Developments 

As research and development has continued into the field of membrane filtration 

technology, a variety of alternative and novel membranes and operational approaches 

have been developed or are continuing to be developed.  Examples of novel 

membranes and filtration technology developments are listed; however, this list is not 

intended to be exhaustive on the topic of novel developments. 

 Isoflux ceramic membrane:  This membrane was developed by Tami Industries 

of France.  It has a variable thickness active membrane layer to overcome pressure 

drops, uneven concentration polarisation effects and associated non-uniform 

permeate flows along the length of the membrane. (Atkinson, 2005) 

 Jet loop membrane bioreactor (JLMBR):  This technology is essentially the 

same as for a MBR except the reactor to which the membrane is connected is a jet 

loop bioreactor (JLB).  A JLB operates with a two-phase jet at the top of a tall 

cylindrical reactor which forces fluid downwards in the central draft tube.  The 

liquid and gas reflect at the reactor bottom to separate and rise within the outer 

layer of the JLB.  (Farizoglu et al., 2004; Farizoglu and Keskinler, 2006) 

 Gas-sparged crossflow microfiltration: Uses a gas-liquid co-current two-phase 

flow by simultaneously supplying compressed air and liquid flow to the inlet of the 

membrane module by use of a ‘Y-tubular piece’. (Mercier-Bonin et al., 2004) 

 Ultrasound-aided membrane filtration:  Two methods exist including the use of 

ultrasonic baths as well as where an “…ultrasonic transducer element is integrated 

into the specially designed cross-flow membrane module”  Research has shown 

that the ultrasonic waves breaks the fouling layers at the membrane surface and 

reduces fouling resulting in permeate flux increases. (Kyllonen et al., 2005) 

 Forward osmosis desalination: This novel process is being developed at Yale 

University whereby “…it uses osmotic pressure rather than hydraulic pressure or 

thermal evaporation, to separate…” fresh water from sea and brackish waters.  A 

concentrated osmotic ‘draw’ solution is used, selected on the basis that the solutes 

can be entirely removed easily following filtration.  The draw solution investigated 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

109

was concentrated ammonium salts formed by dissolving ammonia and carbon 

dioxide gases in water.  These reactants are removed by heating of the solution at 

the end of the process and are available for reuse.  (McCutcheon et al., 2006; 

Elimelech, 2007) 

 Solar powered direct osmosis: Khaydarov and Khaydarov (2007) have 

researched this area which essentially is the same as the forward osmosis 

desalination research with the exception that solar energy is the powering source. 

 Vibrating microfiltration (VMF) technology:  This crossflow technology uses 

discs fitted together in a stack attached to a purpose-built unit fitted with a torsion 

spring system which is used to create the vibration (Postlethwaite et al., 2004). 

 Vibratory shear enhanced performance (VSEP) membrane filtration: VSEP 

operates essentially under the same principles to that described for the VMF 

technology above.  For VSEP, the “…pressure vessel moves in a vigorous 

vibratory motion tangent to the face of the membranes, creating shear waves…” 

that prevented membrane fouling (Zouboulis and Petala, 2008).  Numerous studies 

have been undertaken on VSEP applications on a range of feed streams, including 

landfill leachates (Zouboulis and Petala, 2008), potable water production (Shi and 

Benjamin, 2008) , oil in water emulsions (Moulai-Mostefaa et al., 2007) and dairy 

processing waters (Akoum et al., 2004; Akoum et al., 2005; Frappart et al., 2006; 

Frappart et al., 2007) as examples. 

In addition to the above listed novel developments involving crossflow membrane 

filtration technology, there has been considerable interest in the development of 

modified membrane materials to target specific compounds in fluid streams.  These 

are beyond the scope of the thesis and therefore, will not be discussed further.  

4.4. Membrane Removal Efficiency 

4.4.1. Background 

The removal efficiency of a membrane is defined as the ability of a membrane to 

separate the target species from the feed solution.  In some research this is also 

referred to as rejection coefficients or membrane separation efficiency.  The 

membrane rejection characteristic to a particular compound is an important parameter 
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for measuring crossflow membrane filtration performance (AWWA. and ASoCE., 

1997).  Most of the literature reviewed focused only on permeate flux rates and 

ignored potential impacts on permeate quality or ignored the inter-relationships 

between permeate flux and permeate quality.  There is a clear gap in knowledge 

between these two factors for microfiltration and ultrafiltration of organic laden food 

processing wastewaters.  Interactions between solute-membrane and solute-solute 

substances, can affect membrane separation efficiencies.   

Within the literature reviewed, there were a number of factors identified as having the 

potential to influence membrane rejection coefficients.  Research outcomes in this 

area are presented in this section for the influences of ionic strength of solution, 

temperature, pH, backflushing and electrochemical effects.  

4.4.2. Ionic Strength of Solution 

The ionic strength of solution can influence membrane rejection coefficients.  During 

wheat starch processing the addition of salt, which increases the ionic strength of 

solution is used in ‘salting in’ and ‘salting out’ processes.  “When the salt content of 

the aqueous medium is increased, some proteins, notably the globulins, increase in 

solubility in a process called ‘salting in’”.  The Debye-Hückel equation, describes the 

fundamental mathematical relationship that applies to the salting in of ions (Cornell 

and Hoveling, 1998): 

Equation 4: Debye- Hückel equation for the salting in of ions 

2/1251.0log IZ   

where:  = activity coefficient for the ion; Z = number of electronic charges on the 

ion;  and I = ionic strength of the solution with respect to all ionizing solutes (Cornell 

and Hoveling, 1998).  

Increasing the ionic strength of the solution causes a decrease in the activity 

coefficient of the ion and the ion becomes more soluble.  However, ‘at higher 

concentrations of salts, ‘salting out’ occurs, i.e., the solubility of the proteins 

decreases”.  Ionic strength of solution affects how tightly counter charge ions pack in 

around a particle of opposite charge, and therefore the size of the particle will 

decrease as the ionic strength of solution increases.  A greater proportion of organics 
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will pass through the membrane when the ionic strength of solution is increased 

sufficiently to cause this effect.  (Cornell and Hoveling, 1998) 

4.4.3. Effects of Temperature 

The membrane selectivity can be altered at higher operating temperatures (Arsuaga et 

al., 2008) and at different temperatures, changes to feed properties such as viscosity, 

pH and ionic strength must be considered (Nilsson et al., 2007).  Schafer (2001) 

attributed the higher flux at higher temperatures to decreasing fluid viscosity.  With a 

lowered viscosity at the higher temperature, the macrosolute is thought to have an 

increased diffusivity (Fane and Fell, 1977).  Arsuaga et al. (2008) indicate that 

“…phenol retention is largely reduced with temperature increase”.  It is therefore 

apparent that operations at elevated temperatures will not necessarily cause an 

increase in permeate flux or maintain constant permeate quality as temperature 

induced changes to membrane materials and feed stream solutions must be taken into 

account. 

4.4.4. Effects of pH 

Solution pH has an effect on membrane surface charge and retention performance 

(Arsuaga et al., 2008).  Arsuaga et al. (2008) found that retention characteristics of 

phenol compounds were solution pH dependent with a higher retention occurring 

around pH of 2.8 than when the solution had a pH of 5.4.   

Solution pH also has an effect on the surface charge of proteins in aqueous 

environments.  A solubility profile can be constructed for proteins in aqueous 

environments against pH by analysing percent total N dissolved for given conditions 

(Cornell and Hovelling, 1998).  The minimum flux is expected at the pH that gives the 

protein a zero charge due to decreased solubility.  This pH is called the isoelectric 

point (IEP).  Below the IEP the protein will be positively charged and above this point 

it will be negatively charged.  Gliadins “…display greater solubility in dilute acids 

and alkalies with minimum solubility at their isoelectric points” (Cornell and 

Hovelling, 1998).  Ogunbiyi et al. (2008), undertaking MF of yeast suspensions, 

found that higher fluxes were achieved for lower pH values and flux decreased 

substantially as pH was increased.   
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4.4.5. Effects of Backflushing  

Backflushing is reported to increase permeate flux, however, the transmission of 

solutes through the membrane can be enhanced following backflushing, adversely 

affecting the selectivity of the membrane and permeate quality (Stumpe et al., 1993; 

Gan et al., 2001; Laitinen et al., 2001a).  Laitinen et al. (2001a) investigated the effect 

of different backflushing parameters on flux and retention using an -alumina flat 

membrane modified with titania, where wastewater from the paper mill industry was 

used as the feed.  They found that “a decrease of the backflushing frequency and pulse 

length as well as a decrease in backflushing pressure, improved the permeate quality” 

and attributed this finding to the removal of the secondary membrane layer during 

backflushing that would otherwise retain turbidity causing substances.   

Levesley and Hoare (1999) used compressed air in short pressure backpulses of 0.1 

seconds to cause reverse flow through ceramic tubular membranes with the intention 

of disrupting fouling, increasing permeate flux and increasing transmission of a 

soluble yeast enzyme, yeast alcohol dehydrogenase.  Although the solute transmission 

increased by up to 5.4 times as intended, the permeate flux decreased slightly 

(Levesley and Hoare, 1999).  Levesley and Hoare (1999) indicate that solute 

transmission was greater for lower feed concentrations (with and without 

backpulsing) and greater backpulsing pressures.   

4.4.6. Electrochemical Effects (Surface Charge) 

Is it widely recognised that electrochemical effects or surface charge of the 

membranes and the solutes influence membrane filtration flux, fouling mechanisms 

and solute transmission.  Marchand-Brynaert (1999) illustrate the wet chemistry 

approach to modifying surface properties of polymer membranes used to reduce 

fouling and/or increase the membrane selectivity.  Stumpe et al. (1993) utilised 

electrostatic repulsion between membrane and particles, and whilst an increase in flux 

was achieved, separation efficiencies were adversely affected.  Membrane 

permeability and permselectivity is altered due to surface charges and add another 

dimension to simple sieving effects (Fievet et al., 2001).  Free (2001) explains that 

electrostatic force “…is a function of the particle and surface charges or potentials, 

the ionic strength of the separation medium, and the separation distance”.   
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Rejection coefficients can be increased by altering the feed stream characteristics or 

altering the membrane characteristics.  Schäfer et al. (2001) indicate that the rejection 

of organic material in MF and UF can be increased by the use of coagulants as a 

process fluid pre-treatment stage.  Membrane characteristics, including selectivity, are 

altered by the presence of the fouling layer (Ousman and Bennasar, 1995; Ogunbiyi et 

al., 2008).   

Fievet et al. (2001) investigated membrane-solution reactions for a ceramic 

microfiltration membrane using the parameter zeta potential, also known as 

electrokinetic potential.  At the isoeclectric point (IEP) the zeta potential equals zero 

(Fievet et al., 2001).  The zeta potential can be determined from streaming potential, 

electroosmosis and electroviscous effect measurements; however Fievet et al. (2001) 

used streaming potential as it was the most established method.  Fievet et al. (2001) 

describe a dynamic system whereby when the feed stream comes into contact with the 

membrane, the membrane acquires a surface charge that varies progressively from the 

surface to the bulk solution and an electrical double layer forms.  Surface conductivity 

is the difference between the conductivity within the membrane pores and that of the 

bulk solution and reflects the double layer charge distribution and mobility (Fievet et 

al., 2001).  Fievet et al. (2001) found that the IEP of the ceramic membrane for a salt 

concentration of 0.006 M was around pH 9.6.  When the pH was altered from this 

point, the concentration of counterions was greatest near the pore wall making this 

region more conductive (Fievet et al., 2001).  The specific membrane charge was 

controlled by solution pH and ionic strength.  The zeta potential decreased as salt 

concentration increased and the electrical double layer became more compressed 

(Fievet et al., 2001). 

Using ultrafiltration to fractionate wheat polypeptides, Berot et al., (2001) determined 

that electrostatic repulsion of charged polypeptides by a positively charged membrane 

enabled permeate and retentate to fractionate into hydrophilic and hydrophobic 

polypeptides respectively.  The hydrophobic polypeptides were transmitted through 

the membrane less because they carried a positive charge (Bérot et al., 2001).   

Bowen et al. (1989) investigated the use of two electrically enhanced separation 

processes which they suggested could overcome the need for backflushing and 

chemical cleaning processes.  One method applied short intermittent electric field 

pulses to clean membranes in situ with continuous filtration processes whilst the other 
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restored the electrochemical effect of membranes under mild chemical conditions.  

Bowen and Sharif (2002) indicate that the balance of hydrodynamic and electrostatic 

forces determine particle rejection at the pore entrance of MF and UF membranes.   

4.5. Membrane Hydraulic Performance 

4.5.1. Permeate Flux Models 

An important parameter for measuring crossflow membrane filtration performance is 

the permeate recovery or flux (Klinkowski, 1985; Sethi and Wiesner, 1997).  To 

discuss flux it is necessary to also discuss the issue of membrane fouling as flux and 

fouling are intrinsically related.  Permeate flux generally declines with time due to 

membrane fouling (Tu et al., 2005; Ogunbiyi et al., 2008; Pak et al., 2008; Santos et 

al., 2008) and membrane selectivity might alter (Ousman and Bennasar, 1995; 

Ogunbiyi et al., 2008).  Permeate flux declines under various operating conditions 

such as transmembrane pressure (TMP), velocity, temperature and concentration 

(Ousman and Bennasar, 1995).  Consequently, studying the effect of change on these 

parameters are classic methods for studying membrane fouling (Ousman and 

Bennasar, 1995).  

Many researchers have developed models to predict or explain permeate flux and 

particle transport mechanisms in crossflow membrane filtration operations to various 

degrees of complexity.  At a simple level, units for flux are usually expressed as 

L/m2h, and can be described by Darcy’s law (Klinkowski, 1985; Sethi and Wiesner, 

1997; Kim and Yuan, 2005; Ogunbiyi et al., 2008) which “…states that the flow rate 

is directly proportional to the pressure gradient” (Klinkowski, 1985).  Using this 

definition, permeate flux can be calculated using Equation 5 (Klinkowski, 1985; 

Hinkova et al., 2004), however, this model ignores the effects of fouling.  In addition, 

these models assume that the feed solution displays Newtonian fluid behaviour and 

that viscosity is temperature dependent and decreases as temperature increases 

causing an increase in permeate flux with temperature increases (Kumar et al., 2007). 

 Equation 5: Darcy’s law used for calculating permeate flux  

J = 


PK

At

V m  
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where; J = permeate flux; V = volume of permeate; A = area; t = time. Km = 

membrane hydraulic permeability;  = fluid viscosity, P  = pressure drop across the 

membrane or TMP, ΔP or TMP can be calculated according to Equation 6, where Pf, 

Pr and Pp are the respective pressures for feed, retentate and permeate (Kumar et al., 

2007).   

Equation 6: Calculation for TMP 

p
rf P

PP
TMP 
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To take the fouling layers into account, permeate flux across a fouled membrane is 

often described by Darcy’s law with the resistance-in-series model, which is based on 

cake filtration theory and presented as Equation 7, where Rm and Rc are the membrane 

resistance and the cake resistance respectively (Lee and Clark, 1998; Kim and Yuan, 

2005).  Membrane resistance has been shown to be negligible compared to the cake or 

fouling layer resistance (Ousman and Bennasar, 1995). 

Equation 7: Darcy's law with the resistance-in-series model for calculating permeate flux 

 cm RR

P
J







 

There are many variants of this formula.  For example, Lin et al. (2004) in their 

review of fouling model developments, present an equation without the fluid viscosity 

parameter, µ, but incorporate this later while calculating the value of the cake 

resistance, Rc.   According to Lin et al. (2004), Rc. is “…related to the specific cake 

resistance () …”, as shown in Equation 8: 

Equation 8: Relationship between cake resistance and specific cake resistance 

dc MR   

where Md is the mass deposited per unit area and , cake resistance as related to cake 

porosity, is calculated using Equation 9, derived from the Kozeny-Carman equation: 
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Equation 9: Cake resistance related to cake porosity from the Kozeny-Carman equation 
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where, µ0 = water viscosity, ε = cake porosity, ρ = cake density and ap = particle 

radius(Lin et al., 2004).  The ‘net effective solute deposition’, M, “…can be 

calculated as cake formation on the membrane surface” using Equation 10 (Lin et al., 

2004): 

Equation 10: Calculation for net (effective) solute deposition, M 

dt

dT
AQFQFM CP  21  

where QP and QC are the permeate and concentrate flow rates respectively (m3/h) and 

F1 and F2 are the proportional constants.  Further, F1Qp and F2Qc represent the rate of 

solute deposition and back dissolution respectively (Lin et al., 2004).  In addition, ‘A’ 

“…is the effective membrane area, T= cake thickness and dT/dt is the cake thickness 

growth rate” (Lin et al., 2004). 

According to Lee and Clark (1998), the concentration polarisation film theory model, 

as shown in Equation 11, was developed to overcome the ignored effects of back 

diffusion:  

Equation 11: Permeate flux using film theory concentration polarisation model 

b

w

b

w
v k

D
J








lnln   

where: D=diffusion coefficient, δ=thickness of concentration boundary layer, 

w =solids volume fraction at the wall, b =solids volume fraction in the bulk solution 

and k=mass transfer coefficient=D/δ.   

The concentration polarisation film theory model introduced the parameters of mass 

transfer coefficient and the solids volume fraction at the wall (Lee and Clark, 1998).  

According to the film theory model, convection and diffusion mechanisms cause 

particles to move towards and away from the membrane respectively and at steady 

state, these movements are balanced (Lee and Clark, 1998).  However, it is also 

known to under-predict permeate flux for membrane filtration of colloidal 
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suspensions and this has been termed the ‘flux paradox’ (Lee and Clark, 1998).  To 

solve the flux paradox for colloidal suspensions other models were developed 

including the shear-induced hydrodynamic diffusion model, the lateral migration 

model, convective-flow mathematical models and surface transport models (Lee and 

Clark, 1998).   

The specific resistance of aggregated colloidal cake layers has been modelled for the 

membrane filtration process by various methods.  In the model developed by Kim and 

Yuan (2005) the aggregated colloidal cake or fouling layer is treated as a 

hydrodynamic and geometric “…equivalent solid core with a porous shell”.  

‘Creeping flow’, taken to mean the small tangential movements or creep of particles 

along the fouled membrane surface, was calculated “…using Stokes’ equation and 

Brinkman’s extension of Darcy’s law” according to Kim and Yuan (2005).  As 

previously presented in Equation 9, the hydraulic resistance of accumulated particles 

forming a gel layer can been calculated using the Kozeny-Carman equation (Karode, 

2001; Lin et al., 2004).  In addition, from a hydrodynamic perspective, Pak et al. 

(2008) indicate that Darcy’s law applies only to porous flows and therefore it is 

limited in application as both free and porous flow occurs within membrane filtration 

processes.  Pak et al. (2008) suggest that “…the flow regime can be modelled by 

coupling Darcy’s law and Navier-Stokes equations” where the latter describes the free 

flow component.   

The relationship between permeate flux and TMP is uniquely different for solutes 

with different osmotic pressure and gel forming potentials and hence, the osmotic 

pressure model has been developed (Karode, 2001), as shown in Equation 12: 

Equation 12: Osmotic pressure model for calculating permeate flux 

 HR

P
J




  

where  =the osmotic pressure difference between the feed surface and the permeate 

surface of the membrane and RH= hydraulic resistance of the system.  Barba (1997) 

also provides the theory and essentially the same equation to describe the osmotic 

pressure model for determining flux.  
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Some solutes exert an osmotic pressure such as dextran and bovine serum albumin 

(BSA) whilst other solute types such as bentonite and silica, do not (Karode, 2001).  

Karode (2001) exploited these properties and applied UF to three solutions, being: 1) 

dextran which exerts osmotic pressure but does not form gels; 2) silica particles which 

do not exert osmotic pressure and do form gels; and 3) BSA which exerts an osmotic 

pressure and forms gels.  After steady-state flux was achieved for each of the 

mixtures, the TMP was increased and decreased whilst the permeate flux responses 

were recorded.  For dextran, flux decline was immediate until steady state was 

reached.  Increases and decreases to TMP resulted in immediate corresponding sharp 

increases and decreases in permeate flux which then decreased or increased to form a 

new higher or lower level of steady state flux respectively.  For silica, permeate flux 

was initially constant until the gel layer formed and then it decreased to a steady state.  

Increases and decreases in TMP also resulted in immediate corresponding flux 

responses, however the steady state flux was the same for both higher and lower 

TMP, demonstrating that the system was self regulatory and the steady state permeate 

flux was independent of the change in TMP.  For BSA, flux decline was gradual till 

steady state was achieved and then step increases and decreases in TMP caused a 

reversible increase and decrease in steady state permeate flux.  However, at a point 

above the critical TMP, increases in TMP did not cause an increase in flux and a 

“…subsequent decrease in TMP below the critical value results in an irreversible 

reduction in the steady state permeate flux” (Karode, 2001).  This tends to indicate 

that for solutes that exert an osmotic pressure and form gels, it is critical that 

membrane filtration is not operated above the critical TMP at any time to prevent 

irreversible fouling and adversely affect longer term flux performance.   

Barba et al. (1997) indicate that the effects of osmotic pressure on permeate flux are 

different for clean and fouled membranes.  For the clean membrane, the effects of 

osmotic pressure were smaller and the membrane fouled rapidly.  However as the 

fouling layer grew, the osmotic pressure effect progressively increased until the 

effects from membrane fouling and osmotic pressure stabilised (Barba et al., 1997).  

The osmotic pressure model fits best with solutions containing small non-interacting 

solutes, however the cake filtration model is best suited to solutions containing 

macromolecules and colloidal particles (Jönsson and Jönsson, 1996). 
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Davies and Jia (1995) provide two models to simulate filtration and backflushing 

processes which can be applied to dead-end and crossflow filtration, including the 

sphere packing model and the random network model.  Applications include flow 

distribution in porous media, internal membrane fouling and cake formation.   

From the literature it is apparent that mathematical models to describe permeate flux 

are abundant, however, “…it is difficult to apply only one constant pressure filtration 

law to model the entire filtration process…” (Kumar et al., 2007).  The extent to 

which fouling occurs is dependent upon the characteristics of the feed and membrane 

as well as the membrane operating parameters (Ousman and Bennasar, 1995; Kumar 

et al., 2007).  Although various methods have been successfully utilised to 

characterise membrane fouling with protein mixtures “…most of them are some-what 

limited when a mixture of different proteins is encountered” (Chan et al., 2002).  

Hinkova et al. (2004) used two membranes from different suppliers and operated them 

under the same conditions to refine starch hydrolysates and resulting flow 

characteristics and tangential velocities were different for both units.  Lin et al. (2004) 

caution “…that the parameters fitted in one membrane system might not be applicable 

in another due to the difference in the operating conditions”.  As these factors affect 

achievable permeate flux, it is apparent that each membrane must be tested with the 

specific feed stream of interest under various operating conditions to determine 

critical flux and optimal operating conditions for that site-specific situation.  

4.5.2. Critical Flux 

The term ‘critical flux’ is an important parameter for crossflow membrane filtration 

technology and it is inconsistently defined within the literature cited.  Kwon et al. 

(2000) indicate that there are two definitions used within the literature when operating 

in the constant permeate flux mode.  One definition is based on a mass balance 

approach and is the flux at which deposition of particles starts to occur on the 

membrane surface (Madaeni et al., 1999; Kwon et al., 2000) while the other definition 

is the flux just below where the TMP increases rapidly due to cake deposition 

(Madaeni et al., 1999; Kwon et al., 2000).  Below the TMP-increase based critical 

flux, there is a threshold flux at which there are no fouling effects observed (Kwon et 

al., 2000).  Operating under the TMP increases the critical flux, minimises fouling 
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effects and requires lower energy inputs making it a more attractive economic option, 

especially for membranes with larger pore sizes (Kwon et al., 2000). 

The effects of ionic strength of solution on critical flux have been investigated by 

Kwon et al. (2000) using monodisperse polystyrene latex particle suspensions 

(particles 0.3 to 11.9 µm diameters) as feed streams for an 0.2 µm PVDF flat-plate 

microfiltration membrane.  The outcomes were assessed according to the two 

definitions of critical flux.  Kwon et al. (2000) adjusted ionic strength by adding 

potassium chloride to the suspension of polystyrene latex particles of 3.2 µm and 11.9 

µm to achieve various concentrations between 10-5 M to 0.1M solutions.  The TMP-

increase based critical flux was higher than the mass balance based critical flux for 

both particle sizes (Kwon et al., 2000), as would be expected for an indicator 

representing rapid TMP change rather than the initial fouling deposition stage.   

Critical flux values for both monodisperse suspensions were found to decrease as the 

ionic strength increased from 10-5M progressively through to 10-3M and 10-2M but 

then started to increase again for solution at 10-1M concentration KCl (Kwon et al., 

2000).  It was suggested by Kwon et al (2000) that at the ionic strength of 10-2 M 

where the critical flux was lowest, a smaller but yet more dense layer of deposited 

particles might have formed leading to a higher hydraulic resistance than for other 

ionic strength suspensions tested.  This is in agreement with the findings by Kim and 

Yuan (2005) whereby aggregates generated with solution ionic strength of 10-2M were 

dense and compact.  In addition, Kim and Yuan (2005) indicate that when the solution 

filtered is a high ionic strength (≥0.01M), flux decline is lower, which was attributed 

to the development of a more porous cake layer compared with low ionic strength 

solutions with individual colloidal particles. 

The critical flux for both parameter methods (mass balance and TMP increase 

methods) was dependent on particle size (Kwon et al., 2000).  According to Kwon et 

al. (2000), smaller particles around 0.1 µm in size can back-diffuse away from the 

surface of the membrane, influenced primarily by the particles surface charges.  

However, for larger particles around 1 µm in size, shear induced diffusion and particle 

lift from the membrane surface are the primary mechanisms affecting fouling and 

surface charge is unimportant (Kwon et al., 2000).  Hydraulic resistance has been 

shown to be less for larger particles deposited on a membrane than for smaller 

particles (Kwon et al., 2000).  The difference between the two methods was greatest 
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for the larger particle size experiments, demonstrating the lower fouling tendency of 

the larger particles.  This is in agreement with Hinkova et al. (2004) who also report 

that larger particles did not cause pore blocking and subsequent flux decline as much 

as smaller particles.  

Madaeni et al. (1999) investigated the influence of various factors, such as crossflow 

velocity, feed concentration, membrane type and membrane pore size, on critical flux 

values obtained for ultrafiltration membranes treating activated sludge from a sewage 

treatment plant.  Madaeni et al. (1999) defined the critical flux as the highest flux 

achieved at which the TMP was stable.  The permeate flux was controlled by pumping 

on the permeate side and the critical flux was determined by observing pressure 

profiles where the TMP increased rapidly.  Results showed that the critical flux for 

ultrafiltration membranes treating activated sludge from a sewage treatment plant was 

dependent on the crossflow velocity (higher critical flux with higher crossflow 

velocity), feed concentration (lower critical flux with higher feed concentration) and 

membrane type (lower critical flux for hydrophobic membranes) but was not 

significantly different for membranes with different pore sizes between 0.22 µm and 

0.65 µm (Madaeni et al., 1999).  Contrary to this, Kwon et al. (2000) indicate that 

when operated above the critical flux, membranes with larger pore sizes had a higher 

rate of membrane fouling.  The nature of the fouling layer deposit differs if formed 

below or above the critical flux value (Madaeni et al., 1999).  Below the critical flux 

value, the cake that forms is loose whereas above the critical flux value, the cake layer 

compacts and pores become obstructed and plugged depending on interactions 

between foulants and the membrane surface (Madaeni et al., 1999).  This could 

explain the difference between findings as well as the fact that Madaeni et al. (1999) 

studied polydisperse sewage wastewater whilst Kwon et al. (2000) studied 

monodisperse polystyrene particles in suspension.  

Bowen and Sharif (2002) use the term ‘critical velocity’ “…to define the maximum 

fluid velocity at which the hydrodynamic and the colloidal electrostatic forces acting 

on a single spherical particle at a distance from the pore are in equilibrium”.  At the 

pore entrance of MF and UF membranes, the balance of hydrodynamic and 

electrostatic forces determine particle rejection (Bowen and Sharif, 2002).  The shape 

of the pore entrance was found to affect the maximum critical velocity, being greatest 

for the rounded pore entrance, less for a sharp corner entrance and lowest for a spiky 
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pore entrance, hence the rounded pore entrance is a preferred geometry for process 

operations (Bowen and Sharif, 2002). 

Vyas et al. (2002) studied critical flux levels for ceramic membranes operated in the 

constant flux mode, taking this to be “the lowest value of the constant flux at which 

TMP began to increase due to fouling…”.  They indicate that operating below the 

critical flux value is of benefit to systems with a ‘reasonably high’ critical flux and 

where the particles in the suspension to be filtered are significantly larger than the 

pore size of the membrane.  When operating above the critical flux, severe membrane 

fouling occurred due to pore penetration.   

From the literature reviewed it is apparent that critical flux is dependent upon a 

number of factors, including TMP, ionic strength of solution, particle size (Kwon et 

al., 2000), crossflow velocity, feed concentration, membrane type (Madaeni et al., 

1999), electrostatic and hydrodynamic forces as well as the shape of the pore entrance 

(Bowen and Sharif, 2002).  Operations at levels greater than the critical flux for given 

conditions and membranes lead to severe membrane fouling resulting in rapid flux 

decline (Vyas et al., 2000a) or an increase in TMP, dependent upon whether the 

operation is undertaken in constant TMP or constant flux mode.  

4.5.3. Influence of Crossflow Velocity  

The crossflow velocity of the fluid, tangential to the membrane surface, influences the 

thickness of the concentration polarisation layer, which in turn affects permeate flux 

(Klinkowski, 1985; Madaeni et al., 1999; Laitinen et al., 2001b; Vyas et al., 2002) and 

can influence the separation efficiency of the membrane (Mi and Hwang, 1999).  Lin 

et al. (2004) indicate that “ultimate permeate flux is inversely proportional to the 

cross-flow velocity”.  Laitinen et al. (2001b) indicated that there appeared to be an 

“…optimum cross-flow velocity above which the increase in flux was not significant 

or the flux began to decrease”.  Other authors refer to this point as the critical flux of 

which crossflow velocity was one of the determining factors (see Section 4.5.2 for 

further details on critical flux).   

The influence of crossflow velocity differs for different membrane types.  

Koltuniewicz et al. (1995) investigated a number of factors involved in flux decline as 

a function of operating conditions using three different membrane types, tested under 

dead-end and crossflow filtration conditions for oil-water mixtures.  In this situation, 
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the 0.1 µm Ceramesh membrane was found to be superior to 0.45 µm PVDF and 0.1 

µm PS membranes, achieving beneficial results at 0.8 m/s.  “This was attributed to the 

tight pore size of the Ceramesh membrane which reduces its tendency to foul” and the 

transition from laminar to turbulent flow (Koltuniewicz et al., 1995).  It would appear 

that the results of this experiment were extensively modelled by Arnot et al. (2000). 

The reported effect of crossflow velocity on steady state permeate flux and the length 

of time before it occurred varies amongst researchers (Vyas et al., 2000b).  Also, 

some researchers (Ogunbiyi et al., 2008) use a holistic approach to the ‘fouling layer’ 

whilst others (Vyas et al., 2000b; Vyas et al., 2002) investigated the effects on 

crossflow velocity on internal and external membrane fouling.  From the holistic 

fouling perspective, Ogunbiyi et al. (2008) found that a crossflow velocity of 5 m/s or 

higher minimised the formation of the fouling layer.  At a more detailed level of 

investigation, Vyas et al. (2000b), using a tubular ceramic membrane and 

lactoalbumin particles in suspension as the feed, found that internal fouling initially 

decreased as crossflow velocity increased up to 1.5 m/s but after that, internal fouling 

increased.  Lactoalbumin particles were deliberately chosen by Vyas et al. (2000b) 

because they are water insoluble, have an irregular shape and a wide size distribution.  

In later investigations, Vyas et al. (2002) indicate that a low crossflow velocity ≤1.5 

m/s resulted in reversible fouling and a higher crossflow velocity of 4.5 m/s caused 

irreversible fouling.   

The difference between these results presented by Ogunbiyi et al. (2008) and Vyas et 

al. (2002) might be related to the membrane and the filtration unit used.  For example, 

Hinkova et al. (2004) tested two ceramic membranes from different suppliers, 

operated under comparable temperatures, pressures and volume concentration ratios 

to refine starch hydrolysates.  Hinkova et al. (2004) found that the flow characteristics 

and tangential velocities were different for both units.  In addition, many crossflow 

microfiltration investigations use model particles with uniform size and/or shapes 

which differ from real life streams, especially those from a biological origin (Vyas et 

al., 2000b).  Vyas et al. (2000b) indicate that the particle size distribution of foulants 

in the cake layer changed with time in that the finer particles penetrated into the cake 

in the later part of the filtration cycle between 60-140 minutes.  Koltuniewicz et al. 

(1995) found that the effect of the crossflow velocity was also dependent upon TMP, 
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in that at lower TMP, the effect of crossflow velocity was less dramatic than at higher 

TMP.   

4.5.4. Effects of TMP 

At higher TMPs there is a greater tendency for membrane fouling (Koltuniewicz et 

al., 1995), as shown in Figure 15 where: Kg=the gel polarisation layer permeability; 

Line A=pure water flux; Line B=the theoretical process flux.  Up to the point of 

fouling, flux increases linearly with TMP increases (Madaeni et al., 1999), however 

Line C and Line D represents a deviation from Line B as a result of gel permeability 

Kg under different hydrodynamic conditions (Klinkowski, 1985).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Flux versus transmembrane pressure (adapted from Klinkowski, 1985) 

Vyas et al. (2002) indicate that crossflow membrane filtration can be operated in 

either ‘constant TMP’ or ‘constant flux’ modes.  Under constant TMP, permeate flux 

decreases with time due to membrane fouling while under constant flux the TMP 

increases with time due to fouling (Vyas et al., 2002).  Under constant TMP 
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conditions, the level of TMP set during operations influences the initial flux with 

higher fluxes achieved for higher TMP levels, however this typically results in a faster 

flux decline (Vyas et al., 2000b).  Arnot et al. (2000) also found that higher TMP 

resulted in higher initial fouling rates and concluded that TMP control was 

“…essential for successful operation of cross-flow micro-filtration units processing 

oily-water emulsions”.  

When operated under constant flux conditions, changes in TMP levels indicate that 

membrane surface conditions are changing (Madaeni et al., 1999) as deposited 

particles cause resistance to permeate flux (Kwon et al., 2000).  As TMP increases, 

the ‘ultimate permeate flux’ increases accordingly as a greater driving force is 

supplied to the same cake thickness (Lin et al., 2004).  Laitinen et al. (2001b) indicate 

that “there exists an optimum pressure above which the increase of pressure does not 

increase the flux significantly”.  Vyas et al. (2000b), using  tubular ceramic 

membranes to treat polydisperse lactoalbumin particle suspensions determined the 

optimum TMP to be 100 kPa. 

Operational TMP influences the compaction, flow resistance and particle size 

distribution and thickness of the fouling cake layer.  At high TMP the fouling layer 

compresses and the infiltration of fines add to flow resistance, however, high 

crossflow velocities caused the smaller particles to be excluded from the fouling layer 

(Baker et al., 1985).  Koltuniewicz et al. (1995) undertook microfiltration of oil-water 

mixtures using a Ceramesh membrane and reported that the flux decline was greater at 

125kPa compared to 80kPa.  Also, at this higher TMP, the membrane surface became 

hydrophobic which was attributed to pore blocking with oil (Koltuniewicz et al., 

1995).  Vyas et al. (2000b) more specifically indicated that the particle size within the 

cake layer increased when TMP was greater than 50 kPa and the effect of TMP on 

particle size distribution was reduced at 3.0 m/s.  In addition, Vyas et al. (2000b) 

indicated that at higher TMP, the mass and subsequent thickness of the cake increased 

due to an increased driving force.   

The effects of TMP cannot be considered in isolation.  Laitinen et al. (2001b) and 

Koltuniewicz et al. (1995) found that a higher optimum TMP could be achieved with 

a higher cross-flow velocity.  According to Vyas et al. (2000b), this can be attributed 

to the formation of a thinner cake layer, as particles are carried away from the 

membrane.  Srijaroonrat et al. (1999) also indicate a connection between TMP and 
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crossflow velocity in minimising the effects of membrane fouling, suggesting that the 

TMP “…below the capillary pressure at higher crossflow velocity…” should be 

chosen to minimise membrane fouling.  In addition, Srijaroonrat et al. (1999) indicate 

that a higher permeate flux is not always obtained for membranes with larger pore 

sizes because “…as the diameter of the pore increases, the capillary pressure 

decreases”.  From this it can be concluded that optimum TMP decreases as the pore 

size of the membrane increases.  Consequently, it is clear that the influence of TMP 

must also take into account the crossflow velocity and specific characteristics of the 

membrane.  

The TMP required to overcome the osmotic potential of the solution and to force the 

water through the pores of the membrane increases as the membrane pore size 

decreases.  Many MF and UF membrane operations are conducted with TMPs 

≤200kPa, as examples (de Souza et al., 2008; Ribeiro et al., 2008; Vela et al., 2008a; 

Vela et al., 2008b) show.  According to Verberk and van Dijk (2006), NF operations 

are conducted at higher TMPs of around 300kPa to 800kPa.  RO processes are 

reported to require higher operating TMPs than other pressure driven process, with 

examples in the literature being 0.7-4MPa (de Moura et al., 2007) and 4MPa (Frappart 

et al., 2007).  Put simply, the smaller the membrane pore size, the higher the TMP 

needs to be as well as the higher crossflow velocity requirements and hence, higher 

energy costs.  

4.5.5. Effects of Turbulence 

Turbulence of the feed stream, measured as Reynolds number (Re) (Pak et al., 2008), 

has been shown to positively influence permeate flux (Verberk and van Dijk, 2006; 

Pak et al., 2008).  Koltuniewicz et al. (1995) using crossflow filtration to treat an oil-

water mixture, found that significant differences were achieved when the stream went 

from laminar to turbulent conditions at Re >2300, which corresponded to a velocity of 

≥0.8 m/s.  Pak et al. (2008) found that the performance of a tubular membrane 

increased as the Re number of the fluid stream was increased and attributed this to a 

decrease in the mass boundary layer and a concomitant increase in the wall filtration 

velocity.  That is, a turbulent flow regime caused a scouring action on the surface of 

the membrane and thereby limited fouling layer development (Ogunbiyi et al., 2008) 
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by reducing cake thickness (Koltuniewicz et al., 1995) and enabled improved cleaning 

efficiencies (Krstic et al., 2002).   

Other methods have been used to promote turbulence.  Krstic et al. (2002) used a 

static mixer to promote turbulence in 0.05 µm, 0.1 µm and 0.2 µm membranes and 

achieved flux improvements of around 500% for Re from 3000 to 10,000.  Chang and 

Fane (2000) indicate that turbulence and the superficial velocity of flows were 

increased by the addition of air into the feed stream which led to permeate flux 

enhancement.  See Section 4.6.5 for further information on the use of air sparging for 

increasing turbulence in the feed stream. 

4.5.6. Effects of Temperature 

Typically, higher permeate fluxes are achieved at higher temperatures at the rate of 

3%/°C, however, some researchers have demonstrated an opposite trend (Nilsson et 

al., 2007).  For the instances where membrane flux decreased with temperature 

increases, Nilsson et al. (2007) attribute this to the swelling and later relaxation of the 

membrane which occurs at greater temperatures.  In contrast to most research, Jeison 

and van Lier (2006) indicate that permeate flux was higher for the lower temperature 

of 30°C than at 50°C in an anaerobic SMBR.   

Even though temperature increases might cause permeate flux increases it may not 

necessarily be beneficial to apply the added heating energy.  Nilsson et al. (2007) 

found that concentration polarisation was less at higher temperatures (55°C compared 

to 25°C) and hence the energy pumping requirements were less and cleaning 

efficiencies were improved.  Because of the higher achievable permeate flux at higher 

operating temperatures, the membrane area requirement for an industrial application is 

reduced, however, this operational approach is only beneficial if the feed stream is 

already heated as heating energy requirements might otherwise be cost prohibitive 

(Fane and Fell, 1977; Nilsson et al., 2007).  Using wheat starch factory effluent as the 

UF feed, Fane and Fell (1977) used a temperature of 45°C as a preliminary optimum 

temperature to maximize flux and avoid protein spoilage.  

Wang et al. (2005) studied the effect of temperature on permeate flux using a 0.14 µm 

tubular ceramic membrane treating west Indian cherry juice.  They found that the 

mass transfer of macromolecules and permeation flux increased with temperature 

operation increases from 10°C to 40°C (Wang et al., 2005).  That is, at 40°C the 
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resistance of the fouling layer was much lower.  This is in agreement with Le-Clech et 

al. (2006) who investigated the impacts of temperature on aerobic SMBR fouling at 

13-14°C and 17-18 °C and found that the hydraulic resistances were greatest at the 

lower temperature range.  Le-Clech et al. (2006) indicate that temperature indirectly 

affected membrane fouling by affecting the following factors: 

 Sludge viscosity increases (10% increase) 

 Reduced flocculation (biomass floc size reduced, extracellular polymeric 

substances (EPS) released to solution) 

 Reduced particle back transport velocity  

 Reduced COD biodegradation  

4.5.7. Effects of Concentration 

While an increase in the feed stream concentration has been reported to cause a 

decrease on permeate flux (Levesley et al., 2000; Arsuaga et al., 2008; Ogunbiyi et 

al., 2008), other reports demonstrate that the relationship is not always that simple.  

Chupakhina and Kottke (2008) studied the formation of a secondary membrane by 

undertaking the microfiltration of yeast cell suspensions and determined that there 

was an optimal yeast concentration where permeate flux was highest.  That is, with 

successive increases in yeast concentration the permeate flux continued to increase up 

to a point whereby above that concentration permeate flux declined due to a higher 

cake resistance (Chupakhina and Kottke, 2008).   

Fane and Fell (1977) indicate that the relationship between permeate flux and solute 

concentration, as shown in Equation 13, “…predicts that the flux should decrease 

linearly with the logarithm of the bulk solution concentration”.  They investigated the 

application of UF to wheat starch wastewater, using four different membranes from 

different manufacturers, with different geometries and nominal MWCO values 

ranging from >20,000 to 120,000.  Membrane materials were described only as non-

cellulosic or cellulose acetate.  Fane and Fell (1977) found that the logarithmic 

relationship only held for low bulk concentrations and higher than expected permeate 

flux was achieved for high bulk concentrations.   
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Equation 13: Relationship between permeate flux and solute concentration 
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Two possible explanations were put forward by Fane and Fell (1977) to describe the 

higher than expected fluxes at higher concentrations, including that 1) retained 

material continued to degrade during the process and 2) colloidal-size starch granules 

might have exerted “…an advantageous effect on mass transfer away from the gel 

layer”.  From experimental data for a range of membrane pore sizes and types, as 

shown in Figure 16, they determined that a 10-20% wheat starch factory effluent 

concentrate could be achieved by using ultrafiltration (Fane and Fell, 1977).  Details 

of the ultrafiltration membranes used by Fane and Fell (1997) in these experiments are 

provided in Table 24.   

 

Figure 16: Influence of concentration on permeate flux for wheat starch factory effluent for 

different module types (see Table 24 for membrane details) and tangential flow rates ( = 

230 L/h; ○ = 12,000 L/h; □ = 300 L/h; ∆ = 810 L/h) (Fane and Fell, 1977)  
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Table 24: Membrane filtration modules used by Fane and Fell (1997) for experimental results 

presented in Figure 16  

System Geometry Flow 
Regime 

Membrane 
Description 

Nominal 
MWCO 

Area (m2) Symbol 
used in 
Figure 
16 

i. Amicon 
LTCXSP 

Thin Channel Laminar PM30 (NC) 30,000 0.15  
ii. Dorr-
Oliver 

Parallel Plate Turbulent XP24 (NC) 24,000 0.18 ○ 
iii. Osmotik Annular 

(wing 
shaped) 

Turbulent 211-70 (CA) >20,000 1.55 □ 

iv. 
Paterson-
Candy 

Tubular Turbulent T6/B (NC) 120,000 1.70 ∆ 

4.5.8. Effects of pH 

Solution pH and ionic strength of solution are two conditions that inter-relate. Chen 

and Kim (2006) in a crossflow membrane filtration experiment with colloidal particles 

found that feed water pH had minor effects on permeate flux.  However, when pH 

conditions were combined with ionic strength conditions, it was observed that “initial 

permeate flux increases at higher ionic strength and lower pH due to the narrow 

capillary effect on fluid viscosity”.  That is, “…the decreasing fluid viscosity near 

membrane pores allows water to penetrate the membrane pores with relative ease, 

leading to the initial enhanced permeate flux” (Chen and Kim, 2006).  However, after 

a period of time, the dominant resistance was the cake resistance and steady-state 

permeate fluxes were independent of solution pH (Chen and Kim, 2006).  

Fane and Fell (1977) studied the influence of pH on the UF of wheat starch factory 

effluent and determined that permeate flux was lower between pH 4 and pH 5 and 

higher around pH 3, as shown in Figure 17 (Fane and Fell, 1977).  In this diagram, 

data for ‘I’ represents UF with an Amicon LTCXSP thin channel membrane (laminar 

flow) with a nominal MW cut-off of 30,000 and data for ‘IV’ represents a Paterson-

Candy tubular membrane (turbulent flow) with nominal MW cut-off of 120,000.  

“The minimum flux is thought to occur at the isoelectric point, since the proteins then 

agglomerate and have lowered diffusivities” (Fane and Fell, 1977).  From these 

results, Fane and Fell (1977) then chose to continue experiments using a pH value of 

around 3.1 to maximise flux.  Note that Fane and Fell (1977) did not undertake 

experimental runs with the upper ranges of pH levels. 
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Figure 17: Influence of pH on permeate flux for wheat starch factory effluent (where; ∆ = module 

i and ○ = module iv from Table 24) (Fane and Fell, 1977) 

When filtering solutions containing proteinaceous material the solution pH has an 

effect on fluxes obtained due to changes in the nature of the protein present (Fane and 

Fell, 1977).  Proteins are amphoteric materials changing their charge and solubility 

according to solution pH and the presence of salts (Cornell and Hovelling, 1998).   

4.6.  Membrane Fouling 

4.6.1. Terminology and Fouling Models 

Terminology for membranes and membrane processes, as recommended by the 

International Union for Pure and Applied Chemistry (IUPAC), are presented by Koros 

et al. (1996) and within that document ‘fouling’ is defined as the “process resulting in 

loss of performance of a membrane due to the deposition of suspended or dissolved 

substances on its external surfaces, at its pore openings, or within its pores”.  Articles 

relating to terminology for other membrane processes which are beyond the scope of 

this thesis are available, including electro-dialysis (ED) (Kedem, 2002), electro-

membrane processes (Robbins and Field, 1997), membrane distillation (Smolders and 

Franken, 1989; Lawson and Lloyd, 1997) and pervaporation (Böddeker, 1990). 

For crossflow membrane filtration technology, fouling of the membrane surface layer 

generally causes permeate flux decline (Kumar et al., 2007; Pak et al., 2008) with 

time, under constant conditions of transmembrane pressure and crossflow velocity 
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(Kwon et al., 2000).  Particles retained by the membrane accumulate on the 

membrane surface and this is called the gel polarisation layer (Klinkowski, 1985), the 

concentration polarisation layer (Pak et al., 2008) or the cake deposition layer 

(Madaeni et al., 1999).  Different researchers appear to use the terms interchangeably 

whilst others have a distinct meaning for the terms, specific to the different 

developmental stages of the fouling layer.  For example, Kim and Yuan (2005) 

indicate that there are three fouling stages, which in sequential order are concentration 

polarisation, colloidal cake/gel formation and aggregate cake formation.  Likewise, 

Kumar et al. (2007) also separate these out and use the term concentration polarisation 

to refer to ‘high concentration of foulants near the membrane’, the term ‘cake layer’ to 

refer to when the foulants actually deposit on the membrane surface and include an 

additional fouling mechanism as ‘compression of the cake layer’ which is the likely 

equivalent to the term ‘aggregate cake formation’.   

‘Scaling’ is another term used in microfiltration although not presented in the IUPAC 

Recommendations prepared by Koros et al. (1996).  Lin et al. (2004) use scaling to 

describe fouling caused by inorganic scale “…due to the precipitation of inorganic 

salt in cross-flow filtration”.   

In addition to the formation of these layers, other fouling mechanisms include the 

adsorption of foulants to the inside of the membrane pores and the complete blocking 

of pores (Kumar et al., 2007).  According to Kumar et al. (2007) these fouling 

mechanisms can occur independently or simultaneously.  Examples of the various 

fouling mechanisms, are provided in Figure 18, as extracted from Gould et al. (2000). 

Membrane fouling can be classified as ‘reversible’ and ‘irreversible’, respectively 

dependent upon whether the foulants are easily removed or not.  However, within the 

literature there appears to be contradictory evidence as to what is defined as ‘easily 

removed’.  For example, Kumar et al. (2007) consider reversible fouling to be where 

the membrane can be restored with backflushing and chemical cleaning and 

irreversible fouling to describe where the foulants cannot be removed and therefore, 

membrane replacement is necessary.  On the other hand, Fabris et al. (2007) defined 

the reversible fouling as that which was easily rinsed off with pure water and 

irreversible fouling as that which remained after rinsing with water.   
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Figure 18: Formation of a cake layer fouling the membrane surface (Gould et al., 2000) 

Geng et al. (2007) investigated reversible and irreversible membrane fouling in a pilot 

scale membrane-enhanced biological phosphorus removal system.  Reversible fouling 

was caused by superficial pore blocking as well as sludge deposition whilst 

irreversible fouling was attributed to deep pore clogging and organic adsorption 

processes.  Irreversible fouling was attributed to soluble organic substances, such as 

soluble microbial products (SMP).  “Operating flux and/or process hydraulic retention 

time had little impact on the evolution of the organic loading-based irreversible 

fouling” (Geng et al., 2007).   

A standard filtration procedure to simulate fouling and cleaning potential of 

membranes is to first filter deionised water, followed by the solution of interest and 

finishing with deionised water (Nabe et al., 1997).  The difference between the initial 

and final clean water flux is due to fouling.  Ousman and Bennasar (1995) 

investigated internal and external membrane fouling mechanisms and hydraulic 
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resistances in cross-flow MF using a similar method.  Clean water fluxes were 

determined prior to and following each microfiltration rinsing and cleaning process to 

enable the effect that each stage had on the fouling, rinsing and cleaning processes to 

be determined (Ousman and Bennasar, 1995). 

A number of mathematical models have been developed to describe the various stages 

and aspects of fouling and many are directly related to or components of the permeate 

flux models, as presented in Section 4.5.1.  This is not surprising given that the flux 

decline is due to membrane fouling and hence the cake filtration model, the 

concentration polarisation film theory model and the cake/hydraulic resistance models 

all accurately describe fouling mechanisms.   

The concentration polarisation phenomenon has been extensively modelled by a 

number of authors.  Jönsson and Jönsson (1996) provide a thorough background to the 

cake filtration layer model as well as investigating the effect of colloidal dispersions 

on flux decline and fouling mechanisms in a UF membrane.  They found that the 

presence of solutes in the feed stream caused an instantaneous flux decline which they 

attributed to a concentrated layer of solute compounds, physically blocked pores and 

solutes adsorbed to pore walls causing pore narrowing (Jönsson and Jönsson, 1996).  

Concentration polarisation was identified as the dominant flux inhibitor (Jönsson and 

Jönsson, 1996). 

Concentration polarisation can be attributed to two conditions described by the cake 

filtration model and the osmotic pressure model.  Respectively these conditions are; 1) 

“…an increase in total hydraulic resistance due to the formation of a less permeable 

phase, a cake/gel, in series with the membrane”, and 2) “…a reduction in the effective 

thermodynamic driving force due to the increased osmotic pressure difference across 

the membrane” (Jönsson and Jönsson, 1996). 

Models have also been developed to describe the blocking of pores for membranes.  A 

stochastic pore level model was developed by Santos et al. (2008) which require 

detailed descriptions of pore and particle size distributions to predict pore blocking 

and permeability reductions in membranes.  Kumar (2007) also presents a ‘standard 

pore blocking model’ and a ‘complete pore plugging model’.  The standard pore 

blocking model is based on Poiseuille’s law and this phenomenon dominates when 

particles in the feed stream are smaller than the membrane average pore size enabling 
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them to enter and adhere to the inner pore walls (Kumar et al., 2007).  Permeate flux 

can be modelled using a modified Darcy-Poiseuille equation, presented as Equation 

14, which includes the resistances associated with the membrane (Rm), external 

fouling/deposit (Re), polarisation layer (Rp) and internal fouling (Ri) (Ousman and 

Bennasar, 1995). 

Equation 14: Modified Darcy Poiseuille equation for calculating flux with resistance 
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A schematic of a working inorganic membrane in crossflow mode showing the 

relevant hydraulic resistances, as extracted from Ousman and Bennasar (1995), is 

presented as Figure 19.  The thickness of the polarisation layer (ep), the thickness of 

the external fouling or deposit layer (ee) and the thickness of the membrane (em) are 

demonstrated in this model along with the relative tangential velocity (u) and starch 

suspension concentration (C) through these layers.  The complete pore plugging 

model relates to the individual plugging of pores by particles which are dimensionally 

similar to the mean pore size, thereby effectively reducing the available membrane 

area and increasing membrane resistance to flow (Kumar et al., 2007). 
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Figure 19: Principles of hydraulic resistances in crossflow filtration where the thickness of the 

polarisation layer (ep), the thickness of the external fouling or deposit layer (ee) and the 

thickness of the membrane (em) are demonstrated along with the relative tangential 

velocity (u) and starch suspension concentration (C) through these layers  (Ousman and 

Bennasar, 1995) 

Lin et al. (2004) developed a model to characterise permeate flux decline caused by 

cake formation under specified operating conditions.  The authors indicated that the 

model could be used to determine cleaning frequency requirements and used 

physicochemical parameters which could be experimentally determined (Lin et al., 

2004). 

Mi and Hwang (1999) provide a detailed review of mathematical models relating to 

laminar flow as well as develop a model which correlates concentration polarisation 

and hydrodynamic parameters for hollow fibre membranes.  Hollow fibre membranes 
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generally have a laminar flow due to the small internal diameter and relatively long 

length (Mi and Hwang, 1999).  They indicate that “…average polarization indices can 

be predicted when the average Sherwood number, the intrinsic membrane 

permeability for solute, the effective membrane thickness, and the diffusion 

coefficient of the solute in the liquid phase are known”.  Mi and Hwang (1999) further 

indicate that the “…average thickness of the mass-transfer boundary layer could be 

accurately predicted from the Reynolds number, Schmidt number, and module 

geometry”. 

4.6.2. Fouling in SMBRs 

Like other types of membrane filtration technologies, fouling remains a problem to 

overcome in MBRs and the major foulants have been attributed to extracellular 

polymeric substances (EPS) (Asatekin et al., 2006; Zhang et al., 2008) and colloidal 

particles (Ahmed et al., 2007).  Zhang et al. (2008) indicate that absorption of EPS to 

flat sheet ultrafiltration membranes was almost saturated after four hours.  The extent 

of fouling was dependent upon sludge concentration (simultaneous increase) and 

material types tested (decreasing order polyether sulphone (PES), polyvinylidene 

fluoride (PVDF) and polyacrylonitrile (PAN) (Zhang et al., 2008).  However, the 

effect of SRT on EPS production is uncertain, as contradictory results have been 

reported (Ahmed et al., 2007).   

Chua et al. (2002) controlled fouling in a SMBR (flat sheet Kubota membrane 0.4 

µm) through intermittent permeation, optimised stoppage times and 

increasing/decreasing the aeration rate as permeate flux increased/decreased due to 

respective variable throughputs.  They found that stoppage times affected operating 

hydrodynamic conditions by using the TMP increase as the measure for cake build-

up.  As well, they used the ‘residual fouling rate’, as an indicator of fouling removal 

for different permeation stoppage times.   

The residual fouling rate, defined as “the TMP increase from cycle to cycle after the 

suspension of permeation”, was found to be dependent on stoppage times applied after 

eight minutes of permeation.  Shorter periods of stoppage (30 seconds) were found to 

cause higher rates of fouling, however, when sufficiently high periods (four minutes) 

of stoppage were applied, fouling was eliminated.  They also indicate that higher 

loading rates could be maintained for temporary periods (i.e. permeate flux rates 
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increased) with minimum fouling by increasing the aeration energy according to the 

loading increase.  Upon returning to the lower permeate flux, foulants were removed 

demonstrating that these systems with intermittent permeation could be operated with 

a variable throughput by adapting operating conditions to suit.  (Chua et al., 2002) 

4.6.3. Backflushing, Backpulsing and Backshock Techniques 

There are numerous articles on the role of backflushing although the reason for the 

application within the literature is inconsistent.  Whilst the general objective of 

researchers was to increase permeate flux, some applied backflushing proactively to 

prevent pore blocking (Wenten, 1995; Gan et al., 2001; Psoch and Schiewer, 2006a) 

whilst other researchers applied it as a reactionary measure to remove internal 

foulants blocking the pores (Kuberkar and Davis, 2001).  In SMBRs, backflushing 

minimises fouling and stabilises flux as shown by Visvanathan et al. (1997) who 

applied alternate cycles consisting of 15 minutes filtration and 15 minutes air 

backflushing to achieve the optimum flux stability and permeate flux.  Visvanathan et 

al. (1997) increased flux by up to 371% compared to experimental results where air 

backflushing was not applied.  Although backflushing has been employed as an anti-

fouling strategy as well as a cleaning strategy, Srijaroonrat et al. (1999) determined 

that it was “…less effective when the membrane had become fouled”. 

The terminology within the literature reviewed in inconsistent with respect to 

‘backflushing’.  Whilst the IUPAC recommendations (Koros et al., 1996) define 

backflush as the “temporary reversal of the direction of the permeate flow”, not all 

experiments using backflush have utilised permeate for this purpose.  For example, 

alternative solutions used in backflush experiments include acidic and alkaline 

solutions (Kang et al., 2002), demineralised water (Kennedy et al., 1998) and 

deionised water (Geng et al., 2007).   

Whilst the definition of backflushing provided by Laitinen et al. (2001a) is essentially 

the same as for the IUPAC definition, being “…a process in which the permeate flow 

is reversed periodically”, these authors differentiate between the terms ‘backflushing’, 

‘backpulsing’ and ‘backshocks’ based on the duration and frequency of the reverse 

flow application.  Accordingly, backflushing refers to the reverse flow for a few 

seconds every few minutes, backpulsing “…is shorter and more frequent, usually a 

few seconds every few seconds” and backshock, “…also called rapid backpulsing or 
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high frequency reverse filtration”, refers to a flow reversal of less than one second 

every few seconds.  Kuberkar et al. (1998) regard backpulsing as “…a cyclic process 

of forward filtration followed by reverse filtration”.  On the other hand, some authors 

appear to combine the terms of backflushing and backpulsing and/or use them 

interchangeably, such as Cakl et al. (2000) and Levesley and Hoare (1999).  The 

novel concept of the backshock process was introduced by Wenten (1995) where it 

was combined with the use of reverse asymmetric membranes for clarification of 

fermentation broths.  Guerra et al. (1997) indicate that backshock techniques of less 

than one second every 0.2-1.0 seconds, avoided fouling problems and enabled skim 

milk to be microfiltered at low velocities between 0.5-1.0 m/s, thereby reducing 

energy costs.   

After providing separate definitions, Laitinen et al. (2001) then seemingly contradict 

those definitions by referring to the ‘optimising of backflushing parameters’ for 

effective operations, stating:  

If pulses are too weak or infrequent, the membrane will not be cleaned 
properly. Whereas too high frequency pulsing and too long pulses use 
more permeate and the advantages achieved with cleaning are lost by 
the amount of permeate used for the pulsing.  

Backpulsing is undertaken by some authors using gas rather than permeate or other 

solutions.  Ma et al. (2001) used nitrogen gas for backpulsing experiments at a 

backpressure of around 7 kPa to remove permeate and foulants from the membrane 

pores..   

There are some definitions and strategies within the literature which are different from 

the majority of researchers in the field.  For example, Kennedy et al. (1998) put a 

different slant on the terminology and use ‘backwashing’ instead of the term 

backflushing and use ‘demineralised water’ for the purpose.  Kennedy et al. (1998) 

indicate that they trialled backwashing for durations of 0.5-2.0 minutes at twice the 

filtration pressure but do not allude to indicate what the filtration pressures or 

frequency component were used for the experiments.  Kennedy et al. (1998) found 

that backwashing undertaken immediately after ‘crossflushing’ significantly improved 

flux restoration.  For more details relating to ‘crossflushing, refer to Section 4.6.4.  

Gironès et al. (2006) differentiate between the terms ‘water backflushing’ and 

‘permeate backpulsing’ while Cortinas et al. (2002) refer to backflushing delivered in 

pulses.   
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Kang et al. (2002) differentiate between “backflushing and backfeeding modes”.  As 

previously presented, Kang et al. (2002) used acidic and alkaline solutions for 

‘backflushing’.  ‘Backfeeding’ was described by Kang et al. (2002) as the process 

whereby the feed stream for the MBR digester (which had been pre-filtered with a 

0.08 µm membrane) was fed to the membrane in a reverse direction, i.e. supplied to 

the shell/permeate side and then forced through to the lumen and eventually back to 

the digester for 30 seconds every two hours of membrane filtration.  The authors 

indicated that backfeeding was undertaken “…so as to keep the constant organic 

loading rate of 3 kg COD/m3/day”.  This backfeeding approach appears illogical as 

most researchers return permeate to the feed stream to achieve a constant organic 

loading rate.  In addition, this backfeeding solution is permeate from a smaller pore 

sized membrane than that used in the MBR and therefore, this process is essentially 

the same as backflushing.  Refer to Section 4.3.9.2 for further details on the side-

stream anaerobic MBR experiment by Kang et al. (Kang et al., 2002). 

Parameters for backflushing such as frequency, duration and backpressure, reported as 

optimal within the literature reviewed, vary between researchers as well as for 

membrane type, feed stream characteristics and operating conditions.  Treating pulp 

and paper mill wastewater using an -alumina flat membrane, Laitinen et al. (2001a) 

established that, in order of importance, backflushing parameters affecting permeate 

flux were duration, frequency and backflushing pressure and the optimal backflushing 

to achieve the highest flux was found to be one second every two minutes at a 

backpressure of 400 kPa.  Using zirconia ceramic membranes to treat an oil emulsion, 

Cakl et al. (2000) determined that the optimal backflush frequency, where the average 

permeate flux was maximised, ranged between one and 50 seconds, dependent upon 

operating conditions.  For a similar stream and membrane type, Srijaroonrat et al. 

(1999) determined that the optimum backflushing frequency was every minute for a 

duration of 0.7 seconds, however they also indicate that TMP, crossflow velocity and 

feed concentration influenced permeate flux.  Kuberkar et al. (1998), using a flat plate 

membrane successfully applied high-frequency backpulsing (0.1-1.0 seconds) to 

crossflow microfiltration experiments, where the feeds were washed bacterial 

suspensions and whole bacterial fermentation broths.  There many other examples 

(Heran and Elmaleh, 2001; Sondhi and Bhave, 2001; Kim et al., 2007; Kumar et al., 

2007; Salladini et al., 2007) where backflushing has successfully been applied to 
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various waste streams with varying results, demonstrating that each situation is 

specific to the membrane type, feed stream characteristics and operating conditions.  

However, no evidence could be found where backflushing, backpulsing or backshock 

techniques had been applied to membrane filtration experiments using either raw or 

treated wheat starch streams as the feed stream.  

Optimised backflushing programs used in crossflow filtration have been shown to 

increase flux by 410% for beer clarification (Gan, 2001), 300% for oil-in-water 

emulsions (Cakl et al., 2000), 1000% and 200% for washed bacterial suspensions and 

whole bacterial fermentation broths (Kuberkar et al., 1998). 

4.6.4. Crossflushing 

Crossflushing is a term that appears in a limited number of articles between 1996 and 

2001, using ScienceDirect.com as the search source.  It is based on the method of 

stopping the permeate flow periodically whilst the feed continues to flow over the 

membrane surface to cause the external foulants in the cake layer to be eroded and 

swept away with the crossflow feed (Kuruzovich and Piergiovanni, 1996; Kuberkar 

and Davis, 2001; Ma et al., 2001).   

Kuberkar and Davis (2001), using a flat-plate microfiltration membrane module to 

treat protein-cell mixtures, compared the differences between crossflushing and 

backflushing.  They determined that crossflushing was only partially effective in 

removing the external fouling layer and ineffective at removing internal foulants.  On 

the other hand, backflushing was highly effective in removing the external fouling 

layer and only partially effective at removing internal foulants.  That is, backflushing 

was more effective at removing external and internal foulants of the membrane than 

crossflushing.  In addition, although a short-term increase in flux was realised, due to 

the removal of the secondary fouling layer, this in turn exposed the internal pores of 

the membrane to fouling and hence, long-term benefits of backflushing were 

questionable.  

Kuruzovich and Piergiovanni (1996) present crossflushing as an alternative to 

backwashing, where filters are delicate and may rupture with reversed flow.  They 

trialed 12 different combinations of frequency and duration for crossflushing ranging 

from five seconds every 0.5 minutes through to 90 seconds every six minutes and 

found that when crossflushing was undertaken less frequent, more time was required 
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“…to disrupt a thicker more compressed cake layer” (Kuruzovich and Piergiovanni, 

1996).  However, Kuruzovich and Piergiovanni (1996) also indicate that as no 

permeate is produced during crossflushing, economic related factors, such as 

membrane cost, throughput requirements and cleaning time, must also be taken into 

consideration. 

Kennedy et al. (1998) used crossflushing as a method of removing the accumulated 

external cake immediately prior to ‘backwashing’, indicating that it significantly 

improved flux restoration.  In addition, they indicate that “crossflushing was more 

effective when the crossflush velocity in the fiber was in the turbulent regime” (1.6 

m/s).  Further, they indicate that the result from crossflushing was dependent on 

membrane pore size and fouling type.  Kennedy et al. (1998) conclude that 

“crossflushing should be combined with backwashing and chemical cleaning to solve 

all fouling problems”. 

Ma et al. (2001) using suspensions of latex beads in crossflow microfiltration 

experiments, investigated ‘water backpulsing’, ‘gas backpulsing’ and ‘crossflushing’ 

as fouling reduction strategies.  They used PP disc membranes with a pore size of 

0.3 µm which were hydrophobic and had a neutral charge; however, some of the 

membranes were modified to produce negatively charged membranes and positively 

charged membranes to include surface charge as an experimental factor.  For 

experiments using 1.0 µm latex particles and unmodified membranes it was 

determined that water or gas backpulsing increased flux by up to 400% whilst 

crossflushing increased flux by 200% compared to experiments where fouling 

strategies were not undertaken.  However, when 0.2 µm particles were used, also 

without fouling strategies employed, permeate flux was 60% less than with the 1.0 

µm particles, indicating that the smaller particles caused internal fouling and higher 

cake resistance.  When backpulsing was applied under these same conditions (with 

0.2 µm particles), permeate flux doubled, “…demonstrating that backpulsing is 

effective for flux enhancement with or without internal fouling”.  On the other hand, a 

membrane fouled with backpulsing did not recover as well as a membrane fouled 

without backpulsing conditions, “…indicating that internal fouling occurs when 

backpulsing is used to periodically remove the external cake layer”.  The greatest 

increases in flux due to backpulsing were found when the membranes and particles 

had charges of the same sign.  In addition, recoveries were greatest and least when 
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membrane and particles had respective repulsive and attractive charges.  Ma et al. 

(2001) barely mention crossflushing in their conclusion and instead recommend a 

combination of backpulsing and membrane surface modification as a means of 

reducing fouling during membrane filtration.  

4.6.5. Air Sparging 

The concept of air sparging involves injecting air into the lumen of inside-out flowing 

membranes and this can be undertaken for the feed solution to prevent surface fouling 

or for the cleaning solution to remove the cake layer (Cabassud et al., 2001).  When 

gas is injected into the membrane it “…generates high shear stress and scours cake 

layers from the membrane surface” (Psoch and Schiewer, 2006b).  However, whilst 

shear stress increases can result in a decrease in cake mass, the average specific 

filtration resistance of the cake can simultaneously increase (Hwang and Wu, 2007).  

As both air and fluid are inside the membrane together this is known as two phase 

flow and as noted by Cabassud et al. (2001), this can be sub-divided into bubble flow, 

slug flow and annular flow, as shown in Figure 20, where the type of flow can 

influence filtration performance.   

 

Figure 20: Two phase flows inside pipes (Cabassud et al., 2001) 

Two phase flow classification is dependent on the calculated injection factor, ε, as 

shown in Equation 15 and this can influence hydrodynamic conditions and filtration 

efficiencies.   

Equation 15: Injection factor for two-phase flow in large diameter pipes (Cabassud et al., 2001) 
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where: “…UGS and ULS are superficial gas and liquid slugs defined as if each phase 

was circulating alone in the pipe” (Cabassud et al., 2001).  Psoch and Schiewer 

(2006b) found that highest critical fluxes were achieved when superficial gas and 

liquid velocities were similar.  

The application of air sparging to increase permeate flux in membrane filtration 

technology has no effect on clean water permeability and is effective only when there 

is water present at the membrane surface (Verberk and van Dijk, 2006).  Air sparging 

has been demonstrated to be particularly useful for feeds with a high fouling ability 

(Cabassud et al., 2001; Psoch and Schiewer, 2006a).  Flux enhancements as a result of 

air sparging have been successful for a range of feed streams, including dextran 

solutions (Cabassud et al., 2001), salty solutions (Verberk and van Dijk, 2006) and 

synthetic wastewater (Psoch and Schiewer, 2006a) as examples.   

Air sparging affects the factors that in turn, influence flux and fouling outcomes, 

including turbulence, mixing and intermittent flow.  Cabassud et al. (2001) indicated 

that flux enhancement due to air sparging was primarily related to the turbulence and 

mixing generated by bubble flow, which could also be described by Reynolds number  

Mechanisms involved in controlling the cake deposit were more complex with 

porosity and resistance correlated to mixing and turbulence, while thickness was 

related to these factors as well as the intermittence of flow (Cabassud et al., 2001).   

It is well accepted that air sparging in membrane filtration systems can increase 

permeate flux, however, there is debate on whether different air sparging rates 

correspondingly affected the extent of flux increases.  Verberk and van Dijk (2006) 

successfully used a nanofiltration capillary membrane for treating salty water 

solutions and flux increased by a factor of 1.2 by applying air sparging.  Authors 

report flux increases by up to factors of 2-4 (Psoch and Schiewer, 2006a) and 75% 

(Hwang and Wu, 2007) by utilising air sparging in membrane filtration experiments.  

Contradictory evidence was cited on the influence of air injection rates on permeate 

flux.  For example, whilst Verberk and van Dijk (2006) indicate that different air 

injection rates of 0.5 and 1.0 m/s did not significantly affect flux, Psoch and Schiewer 

(2006a) reported that a positive relationship was observed for injection rates and flux 

increases.  That is, whether the volume of air injected had a direct influence on 

permeate flux rates requires further investigations.  
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Air sparging and static mixers have been shown to reduce energy requirements for 

membrane filtration processes.  Vatai et al. (2007) investigated a novel system 

whereby air sparging was combined with a static mixer placed inside a 0.02 µm 

tubular zirconium oxide membrane.  They reported an improved process performance 

whereby flux increased and energy consumption decreased and suggested that the 

system would have applications in an aerobic membrane bioreactor (Vatai et al., 

2007).  For air sparging alone (i.e. no static mixer), Verberk and van Dijk (2006) also 

indicated that energy consumption for membrane filtration was lower when air 

sparging was applied.  They attributed this to the fact that air had replaced some of the 

water flow resulting in increased turbulence and in turn, greater permeate fluxes 

(Verberk and van Dijk, 2006). 

Different types of air sparging systems have been applied to membrane filtration 

experiments and under different experimental conditions.  Psoch and Schiewer 

(2006a) used a 15 cm acrylic rod to extend membrane tubes and drilled holes into 

these to deliver air to the membrane unit via an attached air sparging system.  

Aeration rates applied were between 8 L/min and 15 L/min for corresponding 

pressures of 245 kPa and 285 kPa (Psoch and Schiewer, 2006a).  Mayer et al. (2006) 

experimented with a range of air sparging devices and report on the different 

placement options because of physical infrastructure limitations, the differences in 

how air is distributed, whether they can cope with varying flow rates, as well as the 

levels of complexity and efficiencies.  From Mayer et al. (2006) it is apparent that 

optimising the design of the air sparging device for a particular operation would 

require site and application specific investigations.  

Air sparging reportedly has synergistic effects with other cleaning processes.  For 

example, Psoch and Schiewer (2006a) indicate that air sparging and backflushing 

applications can co-exist to reduce external and internal fouling respectively, 

especially for high concentration sludge streams.  Psoch and Schiewer (2006b) 

viewed air sparging as a means of extending the period before chemical cleaning 

would be required from several weeks to several months, thereby reducing cleaning 

downtime.  
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4.6.6. Membrane Permeability and Specific Cake Resistance 

Koltuniewicz et al. (1995) indicate that permeate flow resistance during 

microfiltration is due to pore blocking and fouling layer formation.  They consider 

that correct membrane selection typically solves most pore blocking problems and 

optimisation and regulation of process control operating conditions affects the 

permeability of the fouling layer (Koltuniewicz et al., 1995). 

Lin et al. (2004) found that increases in membrane permeability cause increased 

concentration polarization and in turn, the cake formation rate and subsequent 

permeate flux decline were greater.  However, the ultimate permeate flux was not 

affected.  They state that “…the permeability of the cake controls the permeate flux 

and the ‘overall resistance across the membrane was dominated by the cake instead of 

the membrane” (Lin et al., 2004). 

Specific cake resistance is a quantifiable parameter that measures the resistance 

provided by the cake and is “…is inversely proportional to the square of the particle 

size” (Lin et al., 2004).  That is, larger particles cause a more porous cake to form as 

they cannot tightly pack and thus, the cake layer resistance is lowered (Lin et al., 

2004).  “The specific cake resistance did not affect either initial or ultimate permeate 

fluxes; it only altered the way that the system reached steady state” (Lin et al., 2004).  

Permeate flux decline was greater in systems where there was a greater specific cake 

resistance (Lin et al., 2004).   

Harris (1986) studied the influence of gel layer rheology on permeate flux in 

ultrafiltration of wheat starch effluent experiments.  Harris (1986) found that the gel 

layer was the dominant resistance and the gel rheology behaviour was dependent upon 

the suspended solids concentration in the feed stream.  Variability in resistance values 

was attributed to “…permeability and compaction differences of the different 

composition gels” (Harris, 1986).  Effluents with high suspended solids formed a 

thick gel which protected the membrane against internal fouling and the permeability 

of that layer controlled the performance of the system (Harris, 1986).  This work 

supported the theory that pentosans were the ‘backbone’ of the impermeable fouling 

layer, as the addition of a hemicellulase caused flux increases by up to 200% (Harris, 

1986).   
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The thickness of the concentration layer varies along the length of a tubular 

membrane (Pak et al., 2008) being greatest at the higher pressure inlet than at the 

outlet end (Ogunbiyi et al., 2008).  Consequently, permeate flux is uneven along the 

flow channel length (Ogunbiyi et al., 2008). 

Ousman and Bennasar (1995) investigated the fouling mechanisms and hydraulic 

resistances in cross-flow filtration, using asymmetric composite inorganic membranes 

(0.1, 0.2, 0.5 and 0.8 µm) made from alumina, to filter starch grain suspensions.  The 

type of starch was not identified by Ousman and Bennasar (1995), however, the 

suspension was reported to have a bimodal distribution with 98-99% of particles 

between 3 µm and 20 µm and the other 1-2% of particles being 0.1-0.2 µm.  The 

experimental method to determine the hydraulic resistances involved a four-step 

process: 

1. Clean water flux through clean membrane to determine membrane resistance 

(Rm);  

2. Feed stream flux to characterise total resistance (RT);  

3. Clean water flux, after being rinsed with clean water to remove the 

polarisation layer, to determine fouling resistance (R1); and from this the 

polarisation layer resistance (Rp) can be calculated as the difference between 

total resistance, RT, and R1 resistances (Rp = RT, - R1) 

4. Clean water flux after being chemically cleaned provided a second resistance 

(R2) which was comprised of the clean membrane resistance, Rm, and the 

internal fouling resistance (Ri).  By subtracting the clean membrane resistance 

value (Rm) from R2 a resistance for internal fouling was calculated.  The 

resistance caused from the deposits can be calculated by subtracting R2 from 

R1.   

From experimental results, Ousman and Bennasar (1995) determined that: 

 Membrane resistance (Rm) was negligible. 

 The total resistance increased with pressure and concentration, decreased with 

velocity and did not vary significantly with pore diameter. 

 Pore size had an effect on how the membrane was fouled although it did not 

affect the total resistance (RT).  As a result of increased pore size, the resistance 
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for the polarisation layer (Rp) and internal fouling (Ri) both increased, however 

this was compensated with a decrease in external fouling.  

 Internal fouling resistance (Ri) represents 10-20% of the total resistance (RT).  

It decreased with pressure, varied slightly with concentration and increased 

with velocity.  

 Deposit resistance ( Re) represented 40-70% of the total resistance (RT).  

 The retention of solids was related to performance and fouling mechanisms. 

The same research team had previously determined that the alumina membranes had 

dissociated into Al and OH groups on the surface when hydrated and hence, the pore 

volume and size as well as membrane selectivity and performance were affected by 

various substances, including organic molecules, being retained or adsorbed by the 

membrane (Ousman and Bennasar, 1995).   

4.6.7. Process Fluid Pre-Treatments 

Membrane life is greater in the absence of fouling, scaling or chemical interactions 

and consequently pre-treatment options such as filtration, scale control and chemical 

additions can enhance the success of the membrane process (Mujeriego and Asano, 

1999).  Literature reviewed included pre-treatments to the processing fluid, such as: 

the use of adsorbents and coagulants to remove colloidal fouling-potential particles 

(Fabris et al., 2007); addition of coagulants to increase the particle rejection by the 

membrane (Schäfer et al., 2001); the addition of coagulants to reduce mixed liquor 

viscosity and hence, increase permeate flux (Miura et al., 2007); heat treatment and 

pH adjustment to cause solute aggregation (Klinkowski, 1985), and enzymatic 

hydrolysis of wheat starch effluent using hemicellulase treatments to reduce viscosity 

(Harris, 1986).   

Fabris et al. (2007) investigated the use of pre-treatments to reduce fouling of 

microfiltration membranes treating raw water sources from Adelaide and Sydney.  

The membranes tested consisted of a 0.22 µm flat sheet membrane and a 0.2 µm 

submerged hollow fibre membrane, both made from PVDF materials.  Pre-treatments 

included the use of an adsorbent ‘MIEX’, powdered activated carbon (PAC) and alum 

as a coagulant on the raw water source prior to microfiltration experiments.  Fabris et 

al. (2007) found that for treatments which removed DOC and colloidal material such 

as MIEX + Alum as well as MIEX + PAC + Alum, short-term fouling was prevented.  
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On the other hand, treatments that removed DOC and not colloidal material, such as 

MIEX + PAC, did not prevent fouling (Fabris et al., 2007).  It would appear that in 

the instance of treating raw water, pre-treatments that remove the colloidal 

components from the feed stream can prevent membrane fouling. 

A pre-treatment to reduce proteins, such as -lactoalbumin, in the stream is to first 

heat treat the stream and then adjust the pH to promote the aggregation of this and 

other components in sheetlike plates (Klinkowski, 1985).  With respect to dairy 

wastewaters, the primary foulants are mixtures of proteins, salts and microorganisms 

and one of those proteins is -lactoalbumin, which is known to exhibit significant 

osmotic pressure in the polarisation layer (Klinkowski, 1985).   

Coagulants have been added directly to the feed stream without floc settling, as a feed 

pre-treatment, and the coagulant was circulated through the membrane with the fluid.  

Coagulants can be used to increase the rejection of organic material in MF and UF 

operations (Schäfer et al., 2001).  Organics are “…adsorbed on a ferric oxyhydroxide 

precipitate which is retained by the membrane” (Schäfer et al., 2001).  However, the 

precipitate can also foul the membrane and/or block the pores, depending on the 

chemical conditions and membrane pore size (Schäfer et al., 2001).  Schäfer et al. 

(2001) indicate that as the ferric chloride dose was increased, flux decreased and this 

effect was greater for the larger pore sized membranes.  Based on this research, 

Schäfer et al. (2001) dismissed claims that “…a hybrid process consisting of chemical 

treatment and MF is cheaper than NF”.  Although NF is more energy intensive than 

MF, the cost of chemical coagulant additions with MF was greater than that for 

energy to achieve a comparable organics removal with NF alone (Schäfer et al., 

2001).  “The effectiveness of chemical pretreatment depends strongly on the organic 

type and solution chemistry” (Schäfer et al., 2001). 

Miura et al. (2007) investigated the effects of coagulants used as a pre-treatment for 

municipal wastewater, prior to being treated with an Mitsubishi-Rayon 0.4 µm 

membrane in a submerged configuration.  They found that the use of coagulants 

prevented increases in mixed liquor viscosity and this in turn improved permeate 

water quality and flux compared to the same MBRs where coagulants were not used 

as a pre-treatment step (Miura et al., 2007).  
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Enzymatic hydrolysis of wheat starch effluent was undertaken as a pre-treatment for 

tubular ultrafiltration experiments by Harris (1985; 1986) .  The level of turbulence 

was dependent on “…the relative amounts of protein, pentosans and suspended solids 

in the wheat starch effluent” (Harris, 1986).  The dominant resistance was provided by 

the gel layer and the rheological characteristics of this layer ranged from shear 

thinning to Newtonian, depending on the suspended solids concentration (Harris, 

1986).  A Newtonian liquid has a constant viscosity “…at constant temperature, 

irrespective of the rate of shear” (Standards Australia and Standards New Zealand, 

1996).  Enzymatic hydrolysis of the wheat starch effluent “…with hemicellulose 

reduced the viscosity from 48 to 11 mPas at 70°C and the flux rate was enhanced by 

200%” (Harris, 1986).  For the four UF membranes used in the experiment, one was 

made from cellulose acetate and had a 20,000 MWCO, one was a PVDF membrane 

with a 50,000-100,000 MWCO and the other two were PS membranes with an 

approximate 60,000 MWCO (Harris, 1985).  Average experimental TMP was around 

500 kPa.  Resultant permeate fluxes were similar for the PVDF and the PS 

membranes at around 15 L/m2h without the enzymatic treatment of the wheat starch 

effluent with hemicellulose.  For both membranes, with the enzymatic pre-treatment, 

viscosity was reduced and the flux increased to 35 L/m2h.   

4.6.8. Electrochemical Effects (Surface Charge) 

Is it widely recognised that electrochemical effects or surface charge of the 

membranes and the solutes influence membrane filtration flux, fouling mechanisms 

and solute transmission.  Marchand-Brynaert (1999) illustrate the wet chemistry 

approach to modifying surface properties of polymer membranes used to reduce 

fouling and/or increase the membrane selectivity.  Stumpe et al. (1993) utilised 

electrostatic repulsion between membrane and particles, and whilst an increase in flux 

was achieved, separation efficiencies were adversely affected.  Membrane 

permeability and permselectivity is altered due to surface charges and add another 

dimension to simple sieving effects (Fievet et al., 2001).  Free (2001) explains that 

electrostatic force “…is a function of the particle and surface charges or potentials, 

the ionic strength of the separation medium, and the separation distance”.   

Fievet et al. (2001) investigated membrane-solution reactions for a ceramic 

microfiltration membrane using the parameter zeta potential, also known as 
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electrokinetic potential.  At the isoeclectric point (IEP) the zeta potential equals zero 

(Fievet et al., 2001).  The zeta potential can be determined from streaming potential, 

electroosmosis and electroviscous effect measurements; however Fievet et al. (2001) 

used streaming potential as it was the most established method.  Fievet et al. (2001) 

describe a dynamic system whereby when the feed stream comes into contact with the 

membrane, the membrane acquires a surface charge that varies progressively from the 

surface to the bulk solution and an electrical double layer forms.  Surface conductivity 

is the difference between the conductivity within the membrane pores and that of the 

bulk solution and reflects the double layer charge distribution and mobility (Fievet et 

al., 2001).  Fievet et al. (2001) found that the IEP of the ceramic membrane for a salt 

concentration of 0.006 M was around pH 9.6.  When the pH was altered from this 

point, the concentration of counterions was greatest near the pore wall making this 

region more conductive (Fievet et al., 2001).  The specific membrane charge was 

controlled by solution pH and ionic strength.  The zeta potential decreased as salt 

concentration increased and the electrical double layer became more compressed 

(Fievet et al., 2001). 

Using ultrafiltration to fractionate wheat polypeptides, Berot et al., (2001) determined 

that electrostatic repulsion of charged polypeptides by a positively charged membrane 

enabled permeate and retentate to fractionate into hydrophilic and hydrophobic 

polypeptides respectively.  The hydrophobic polypeptides were transmitted through 

the membrane less because they carried a positive charge (Bérot et al., 2001).   

Bowen et al. (1989) investigated the use of two electrically enhanced separation 

processes which they suggested could overcome the need for backflushing and 

chemical cleaning processes.  One method applied short intermittent electric field 

pulses to clean membranes in situ with continuous filtration processes whilst the other 

restored the electrochemical effect of membranes under mild chemical conditions. 

4.6.9. Dynamic Membrane Formation 

Some researchers have investigated the formation of a dynamic or secondary 

membrane on the surface of the membrane and the influence it had on membrane 

filtration performance.  According to Klinkowski (1985), a dynamic membrane forms 

when particles are deposited as a film on porous supports when filtering colloidal 

material and is similar to a composite membrane that can be regenerated in-situ.  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

152

Klinkowski (1985) considers only inorganic colloidal materials such as alumina, 

zirconia, silica and titania which are stabilized chemically with binding agents.  

However, within the literature there are examples of various materials used in the 

formation of dynamic membranes, including yeast cells (Arora and Davis, 1994; 

Kuberkar and Davis, 1999; Nemade and Davis, 2004), hydrophilic polymers such as 

polyetylenoglycol and polyvinyl alcohol (de Amorim and Ramos, 2006), ferric 

chloride (Sharp and Escobar, 2006), kaolin (Noor et al., 2002), biofilm (Flemming et 

al., 1997; Kang et al., 2007), suspended solids added to an oily water mixture 

(Mueller et al., 1997) and gelatin (Tsapiuk, 1996).   

Some researchers have deliberately attempted to form a dynamic secondary 

membrane layer as a pre-treatment to the membrane prior to use on the target feed 

stream whilst others report on the formation of the dynamic secondary membrane 

during the process of membrane filtration of the feed stream.  For example, 

irreversible fouling of membranes has been found to decrease after membranes were 

pre-treated with hydrophilic polymers (de Amorim and Ramos, 2006), magnesium 

hydroxide (Zhao et al., 2006) and coagulants (Sharp and Escobar, 2006).  On the other 

hand, several researchers (Arora and Davis, 1994; Kuberkar and Davis, 1999; 

Kuberkar and Davis, 2000; Nemade and Davis, 2004; Chupakhina and Kottke, 2008) 

have demonstrated that the presence of yeast cells in the feed stream has caused a 

secondary membrane to form which in turn reduced the incidence of irreversible 

fouling and enhanced permeate fluxes.   

In essence, the external fouling cake layer may act as a dynamic or secondary 

membrane (Gander et al., 2000; Kuberkar and Davis, 2000), however, literature 

reviewed tends to treat the two terms differently whereby the cake layer is a 

disadvantages fouling condition causing flux decline and the dynamic or secondary 

membrane being advantageous causing flux enhancements or less turbid permeate.  

The dynamic secondary membrane provides the membrane surface with a protective 

layer which prevents the intrusion of smaller particles into the membrane pores 

(Kuberkar and Davis, 2000).  Choi and Ng (2007) whilst investigating submerged 

membrane bioreactor performance found that the cake layer as a biofilm assisted in 

the biodegradation and filtration of organic matter.  Lencki and Riedl (1999) in the 

quest for understanding secondary membranes, indicate that fouling layers had the 

lowest resistance to flow “…when the flocs were dense enough to resist compression 
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but porous enough to provide pathways for permeate flow”.  Kuberkar and Davis 

(2000) provide a comprehensive model of fouling reduction by secondary membranes 

which they experimentally verified using yeast cells as the large particles to form the 

secondary membrane.  

Certain conditions have been reported to affect the porosity of the fouling layer during 

crossflow membrane filtration trials.  These include operating below the critical flux 

value (Madaeni et al., 1999), applying a low TMP and high crossflow velocities to 

avoid cake layer compression and the infiltration of fines (Baker et al., 1985).  Kim 

and Yuan (2005) report that the porosity of the fouling layer increased when the ionic 

strength of solution was high.  Contrary to this, Fievet et al. (2001) reported that salt 

concentration increases caused a compression of the diffuse double layer (DDL).  In 

addition, larger particles have been shown to produce a more porous fouling layer as 

they are unable to pack in tight (Lin et al., 2004) and McDonogh (1998) found that 

uncharged particles created a higher voidage fouling layer.  Koltuniewicz et al. (1995) 

indicate that operating conditions can influence the permeability of the secondary 

layer, “…as cross-flow velocity, pressure, temperature and concentration …influence 

the hydrodynamics which control the level of turbulence, shear stresses and scouring 

effects”. 

Flux is dependent upon fouling layer development and the water diffusivity in the 

fouling layer.  A preferential fouling layer forming a dynamic membrane is desired to 

prevent internal pore blocking and reduce flux decline.  Research into the orientation 

of gliadins shows that for the different types, , ,  and  gliadins orientation 

changes occur depending on concentration (Örnebro et al., 1999), as presented in 

Section 2.5.2.  This could be the factor in determining the porosity of the fouling layer 

and therefore influence water diffusivity and flux decline through the membrane.  

4.7. Membrane Cleaning 

The efficiency of crossflow membrane filtration operations is compromised by 

permeate flux decline due to membrane fouling (Ogunbiyi et al., 2008) and whilst 

various strategies have been employed to reduce the incidence of fouling, cleaning of 

the membranes is generally required at some point to restore permeate flux (Gander et 

al., 2000; Al-Amoudi and Lovitt, 2007).  An effective cleaning schedule serves to 

ensure a high level of membrane performance and hygiene standards in food products 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

154

(Ogunbiyi et al., 2008).  The cleaning process can be undertaken during or after 

membrane filtration, however, it is a costly energy and time consuming requirement 

which can substantially affect the overall economic evaluation of the process (Al-

Amoudi and Lovitt, 2007; Maskooki et al., 2008). 

Various hydraulic, chemical and mechanical cleaning methods have been investigated 

for membranes used in crossflow membrane filtration, utilising forward and 

backflushing techniques (Maskooki et al., 2008).  Typically, chemical cleaning is the 

most common method (Maskooki et al., 2008) and involves the use of aggressive acid 

and/or alkali cleaning agents, which can be at extreme pH values (Ogunbiyi et al., 

2008).  After using 0.5 µm ceramic tubular membranes to treat yeast cells, Ogunbiyi 

et al. (2008) applied a sequential cleaning regime of 1% caustic, 2% hypochlorite and 

2% nitric solutions all at 50°C.  Bansal et al. (2006) determined that rinsing with 

distilled water was effective in removing membrane surface deposits of -

lactalbumin, however, alkaline (caustic) cleaning was necessary to remove foulants 

inside the pores.  Koltuniewicz et al. (1995) used a combination of ‘Ultrasil’ and 

ethanol as cleaning agent on Ceramesh membranes to restore clean water 

permeability.  Submerged membranes were effectively cleaned with a backwashing 

mode using hypochlorite as the cleaning agent by Matošić et al. (2008).  From the 

literature reviewed it is apparent that that the choice of cleaning chemical is dependent 

upon the foulant and membrane material properties.  It would appear that in all cases, 

because of the number of variables involved, it is important to undertake specific 

experiments to determine what works best for the given site specific situation.   

Chemical cleaning practices are usually based on specifications supplied by the 

membrane manufacturer (Maskooki et al., 2008) or conservative rules of thumb 

(Zondervan and Roffel, 2007).  However, cleaning efficiency depends on the cleaning 

cycle, cleaner type, hydrodynamics, pressure, concentration of cleaner chemicals, 

temperature and pH (Al-Amoudi and Lovitt, 2007; Platt and Nyström, 2007).  

Typically, the cleaning efficiency of the membrane is assessed against the initial pure 

water flux achieved for a virgin membrane (Nyström and Zhu, 1997; Ogunbiyi et al., 

2008).  

Zondervan and Roffel (2007) provide a review of published literature on the fouling 

components, cleaning agents and interactions between these two factors.  They also 

list the advantages and disadvantages of various cleaning models and introduce 
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cleaning rate and cleaning effectiveness criteria.  According to Zondervan and Roffel 

(2007), caustic and oxidizing cleaning agents provided the best cleaning results for 

membranes fouled by high organic content surface waters.  The cleaning agents 

reviewed included a range of acids, caustic solutions, detergents, and sequestering and 

oxidizing agents (Zondervan and Roffel, 2007).   

Membrane cleaning regimes must take into account the limitations of the membrane 

materials and their susceptibility to chemical attack.  According to Ogunbiyi et al. 

(2008) ceramic membranes offer advantages over other membranes in that they are 

able to withstand extreme operating and chemical cleaning conditions without 

deterioration and consequently last for many years (Ogunbiyi et al., 2008).  Cleaning 

regimes can influence membrane performance as well as the expected life of the 

membrane (Ogunbiyi et al., 2008).  

Ultrasonics has been employed to enhance the effectiveness of membrane cleaning.  

Shu et al. (2007) demonstrated that ultrasonic irradiation had a synergistic effect with 

chemical cleaning agents resulting in a higher cleaning efficiency with shorter 

cleaning times. Muthukumaran et al. (2007) found that “…continuous low frequency 

(50 kHz) ultrasound is most effective in both the fouling and cleaning cycles” as 

higher ultrasonic frequencies caused a greater level of irreversible fouling.  Other 

researchers (Lamminen et al., 2004; Kyllonen et al., 2005; Chen et al., 2006; Kyllönen 

et al., 2006) have also investigated the use of ultrasonics for membrane cleaning 

purposes.  

4.8. Membrane System Components and Design Considerations 

A number of design factors need to be considered when designing a membrane 

filtration plant for a particular application.  Scott (1995) indicates that membrane 

modules must be designed to adequately cope with the imposed operation conditions 

and typically the design requirements include easy cleaning, high packing densities, 

cost effective operation, membrane replacement, frictional losses, hydrodynamic 

properties and material properties.  Christy and Vermant (2002) indicate that detailed 

design of membrane filtration should include parameters such as “…integrity, testing, 

product recovery, clean in place, steam in place and system control and optimization”.  

At the membrane level, membrane computational fluid dynamics have also been 

studied as an important tool in developing membrane processes (Ghidossi et al., 2006; 
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Pak et al., 2008).  Membrane materials needs to be chemically and physically stable, 

be conveniently fabricated, and have the required permselectivity to meet set 

objectives (Lee, 1992).  Brugger et al. (2000) used design data, as shown in Table 25, 

for an ultrafiltration technology application to treat filter backwash water.   

Table 25: Design data for an UF membrane filtration plant 

Design item Units  Value  
Daily treatment duty m3/d 350 
Operating hours per day h/d 18 
Capacity  m3/h 19.4 
Number of modules  20 
Total membrane area m2 200 
Expected membrane lifetime y 4 
Permeate flux  L/m2h 97 
Filtration cycle min 90 
Recovery  % 95 
Energy consumption kWh/m3 0.2 
Operating pressure bar 1-1.5 

Water quality objectives and end-use requirements are prime design considerations 

for determining membrane system components required.  An example of designing 

membrane filtration processes to achieve set water quality objectives based on end use 

requirements is provided by Hoinkis and Panten (2007).  In the pursuit of recycling 

industrial laundry wastewater they used MF to produce water suitable for washing and 

further treated some of the MF permeate with RO to obtain suitable rinsing water. 

Crossflow membrane filtration systems can be operated as a single pass system, a 

recirculation system, a batch system (Scott, 1995) or as a feed-and-bleed system 

(Cross, 2002).  In a single pass system the feed stream passes through an individual 

module only once, unlike a recirculation system, as shown in Figure 21 (Scott, 1995).  

Without recirculation the feed stream volume decreases with path length (Scott, 

1995).  To overcome this and receive higher separation yields, the single pass system 

can be repeated in a multi-stage process (Cross, 2002), as shown in Figure 22 (Scott, 

1995).   
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RecirculationSingle - pass  

Figure 21: Schematic of single pass and recirculation systems (Scott, 1995) 

In this tapered multi-stage design, the cross-flow velocity is almost constant in each 

module and “…the total path length and the pressure drop are large” (Scott, 1995). 

“The volume reduction factor, i.e., the ratio between the initial feed volume and the 

volume of the retentate, is determined mainly by the configuration of the modules” 

(Scott, 1995).  Multi-stage systems can be designed in any number of stages and 

different membrane sizes, depending on design requirements (Cross, 2002). 

Retentate

Permeate

Feed

 

Figure 22: Schematic of single pass (no recirculation) multi-stage system (Scott, 1995) 

In a recirculation system the feed stream passes through each membrane module 

several times and like a single pass system, membrane modules can be arranged in a 

multi-stage design with recycle occurring at each stage, as shown in Figure 23.  This 

“…maximises the hydrodynamic conditions whilst the pressure drop over each single 

stage is relatively low”.  A recirculation system has a distinct advantage where severe 

fouling is likely to occur, however the disadvantage is that the feed stream becomes 

more concentrated the more it is recirculated.  A batch system is similar to the 

recirculation system in that the feed is typically recycled through the membrane 

module while the permeate is drawn off, however it is usually used for small scale 

applications and as the name suggests, it is operated in batches.  (Scott, 1995) 
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Figure 23: Schematic of recirculation system (Scott, 1995) 

A two stage system operates in a cascade style where permeate from the first 

membrane unit or module becomes the feed for the second membrane, as shown in 

Figure 24.  This system is adopted when the permeate purity from the first stage is not 

suitable for the intended end use and further purification is necessary. (Scott, 1995) 

Feed Retentate

Permeate  

Figure 24: Schematic of a two stage system (Scott, 1995) 

There is contrary information within the literature regarding the benefits of cascading 

membrane design with increasing tightness of membranes.  Mänttäri et al. (2008) 

investigated the benefits of applying MF and UF technology as a pre-treatment for NF 

technology applied to aerobic biologically treated effluents from the pulp and paper 

industry.  There was no increase in the NF treatment efficiency in terms of improved 

flux or reduced fouling due to the MF or UF pretreatment stages and the permeate 

quality was slightly better for direct treatment with NF compared with when MF or 

UF was used as a pre-treatment (Mänttäri et al., 2008).  Bonnélye et al. (2008) report 

that MF and UF as a pretreatment for RO merely moved the fouling problem 

upstream rather than solving it and promoted the additional step of coagulation and 

separation processes prior to the MF and UF stages in the design of the cascading 
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membrane system to improve the economic balance of the process for RO treatment.  

However, other researchers report benefits associated with using MF as a pretreatment 

to UF by removing suspended solids (Li et al., 2008).  Schaefer (2001) refer to these 

systems where increasing tightness of membranes are utilised in series as integrated 

membrane systems. 

Large scale membrane filtration plants are generally designed using pilot plant data 

(Cross, 2002) where results have been shown to be in good agreement (Hoinkis and 

Panten, 2007).  Bilstad (1997) indicate that “…the equipment is modular and can be 

scaled up or operated at partial capacity”.  Although information on the scale up 

effects of membrane filtration were limited within literature reviewed, no evidence 

was cited to indicate that data from experimental or pilot plant runs did not scale up to 

full size plants accurately.   

Cross (2002) provides one of the most detailed methods of optimising process design 

for UF and MF systems available within the literature.  Calculations normally are 

undertaken on flux and rejection rates for various membranes “…as a function of 

concentration and other parameters such as temperature, transmembrane pressure and 

crossflow velocity” (Cross, 2002).  The system capacity and desired product 

composition are important inputs and these are combined with other data to determine 

the membrane area requirements, product yield and operational settings required to 

meet set objectives (Cross, 2002).  “Optimization may be on the basis of membrane 

area, product yield, or other factors that affect the cost effectiveness of the system” 

(Cross, 2002).  Cross (2002) indicates that one of the design difficulties is that the 

concentration factor is not always known.  On a more general note, Jacangelo and 

Buckley (1996) indicate that total production flow of a membrane filtration unit can 

be calculated using Equation 16: 

Equation 16: Membrane system total production flow rate  

SJQ tmp *  

where Qp = system permeate flow rate (L/h); Jtm = transmembrane flux (L/h/m2) and S 

= total effective membrane surface are (m2).  Note that the units used by Jacangelo 

and Buckley (1996) differ from the standard L/m2h measurement unit used for 

permeate flux. Transmembrane flux takes into consideration the specific variables 
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related to feed water characteristics and operating parameters (Jacangelo and Buckley, 

1996). 

Membrane filtration design needs to be economically viable as Cross (2002) states: 

An economic analysis must be carried out to determine 
the optimum number of stages.  As the number of stages 
increases, the investment and some factors in the 
operating cost would increase. These costs would 
eventually counter-balance the increased yield and 
reduced membrane area. 

4.9. Membrane Filtration Economics 

4.9.1. Background 

Membrane filtration technology has been pursued as the potential means to reduce 

costs associated with water purchase and wastewater discharge in food processing 

industries for a number of reasons.  There are greater regulatory demands on potable 

water quality (AWWA Membrane Technology Research Committee, 1998), costs 

associated with water supply and wastewater discharge are increasing (Jefferson and 

Judd, 2003) and membrane filtration is reported to produce a consistently high quality 

product (AWWA Membrane Technology Research Committee, 1998).  Some other 

treatment processes use chemical coagulants to concentrate organic components from 

food processing wastes that then make these concentrates unsuitable for use as animal 

feed (Cheryan and Rajagopalan, 1998).  Membrane filtration technology produces a 

chemical free concentrate that has monetary value which can offset the treatment cost 

(Cheryan and Rajagopalan, 1998).  These drivers include the future expectation of 

increasing costs, perceived reliability of membrane filtration as a potential treatment 

option and the recovery of otherwise lost product to market as a saleable product.   

There are a number of factors hindering the application of membrane filtration 

technology.  From an operational perspective, the major hindering factor is fouling 

and subsequent flux decline.  Membrane filtration technology is largely a function of 

permeate flux (Chellam et al., 1998).  In turn, fouling causing flux decline negatively 

impacts on the project economic outcome as a greater membrane surface area is 

required, more down time associated with cleaning will occur and possibly the 

membrane lifetime will be reduced (Gander et al., 2000).  A trade-off between capital 

and operating costs is required as operations at higher flux rates, to reduce membrane 
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capital outlay, will use more energy, cause more rapid fouling and hence require more 

frequent cleaning and endure more downtime as a result (Sethi and Wiesner, 1995; 

Parameshwaran et al., 2001).  According to Owen et al. (1995), the number of 

applications is “…limited by the high capital and operating costs with which they are 

associated”.  In addition, the AWWA Membrane Technology Research Committee 

(1998) indicate that it might be inappropriate for cost comparisons between membrane 

filtration technology and an alternative treatment technology if the objective is only to 

meet regulations “…because it is difficult to establish the economic benefit of the 

excess quality provided by membranes”.  It is thus apparent that there are a number of 

factors hindering the application of membrane filtration technology within industry. 

The breadth and depth of economic coverage within the literature reviewed varies.  

Some researchers focus only on initial set up and operational costs of membranes 

whilst others take into account other factors.  For example, Leslie  et al. (1998) 

investigated a ground water replenishment project using membrane filtration and 

included costs for engineering, legal, administrative services and contingencies.  

Owen et al. (1995) used the economic factors “…annualised capital cost, membrane 

replacement, power requirement, labour, maintenance and cleaning chemicals”.  As 

the scope of the various investigations undertaken widely vary, it is important to take 

this into account when viewing or comparing economic assessments.   

Most economic assessments take an approach whereby at least two cases are usually 

investigated.  Examples within the literature reviewed include the case of applying 

membrane filtration against the case of not applying the technology (Cardew and Le, 

1998), against the case of conventional treatment (Dharmappa and Hagare, 1999) or 

against the case of rotary vacuum precoat filtration (Singh and Cheryan, 1998).  

However there are also examples of where the economic assessment focuses on the 

cost of the project and does not compare economic assessment cases.  For example, 

Owen et al. (1995) undertook an assessment to determine the “total cost of treatment” 

represented as the cost per cubic metre of permeate produced.   

Jefferson and Judd (2003) reviewed 11 world wide case studies whereby membrane 

filtration was applied to different industries and found that the initial capital 

expenditure was paid back within six years for all cases.  One case had a payback 

period of eight months where an automotive plant closed the loop by recovering paint 

solids from rinse water producing an annual return on investment of 148% (Jefferson 
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and Judd, 2003).  Although a complete breakdown was not provided on the methods 

of economic assessment by Jefferson and Judd (2003), they used the measures of 

return on investment (ROI), net present value (NPV), discounted cash flow rate of 

return (DCFRR) and payback period for economic assessment purposes.  

4.9.2. Investment Evaluation Framework 

Cardew and Le (1998) provides a chapter on membrane process economics which 

covers a range of topics including investment evaluation tools, estimation techniques 

for capital costs and operating costs as well as a discussion on a range of profitability 

measures, financial sourcing options and trade-offs.  This resource (Cardew and Le, 

1998) is widely used in this section.  

4.9.2.1.Investment decision factors 

Cardew and Le (1998) indicate that there are a number of investment decision factors 

including cash flows; depreciation and taxes; working capital, risks and other events.  

They indicate that a general investment evaluation should include factors affecting an 

investment decision, such as 1) capital cost, 2) working capital, 3) construction 

period, 4) start up costs, 5) sales or savings forecast, 6) economic life, 7) depreciation 

of life, 8) depreciation method, 9) minimum acceptable rate of return, 10) tax rate, 11) 

inflation rate, 12) general business condition and 13) risks.   

4.9.2.2.Cash flows 

Cash flows for the existing and new investments need to be separate to that for the 

expansion, only costs that actually change should be allocated to the new plant costs.  

An overhead cost could be charged to the non-productive investments to the point of 

where an acceptable rate of return is shown.  (Cardew and Le, 1998) 

4.9.2.3.Depreciation, taxes and project life 

Depreciation and taxes are intrinsically linked topics.  “Depreciation is an annual 

charge against income that distributes the original cost of the fixed asset over its 

expected service life”.  It is an expense although no capital expenditure is required.  

This is a partial recovery of capital cost for fixed assets and can be treated as 

accumulated cash.  Depreciation is only important because of income tax laws that 

allow companies to depreciate the value of equipment over a certain depreciation life, 
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which may or may not be equal to the physical life of the equipment.  (Cardew and 

Le, 1998) 

Although membrane equipment does not have a specific guideline for equipment life, 

Cardew and Le (1998) suggests that the same standard life be applied as that for 

industrial equipment where they are used and reports that chemical plant equipment 

has a depreciation life of 11 years.  Owen et al. (1995) used a total plant life of 20 

years for a membrane filtration technology economic assessment.  Many of the 

journal articles reviewed did not investigate the life of a project but rather focused on 

the cost considerations as a function of operating conditions for the membrane tested.  

According to Cardew and Le (1998), depreciation may be applied uniformly over the 

depreciable life of the equipment, calculated simply from Equation 17, where C and S 

are respectively, the cost and salvage value of the asset at either ends of its life and n 

is the number of estimated life years.  

Equation 17: Depreciation expressed uniformly over the depreciation life 

nSCD /)(   

If an asset declines in value faster in the early years of its life then other methods of 

depreciation are available which reflect this change in value more accurately than the 

straight line depreciation method.  There are two methods for calculating depreciation 

under these conditions, these being the ‘declining balance model’ (constant 

percentage written off each year) and the ‘sums of years digits (SYD) method’.  The 

declining balance model uses geometric progression and the asset can never be fully 

depreciated.  On the other hand, the SYD method uses an arithmetic progression and 

the asset cost can be completely written off over its lifetime.  However, the whole 

plant may not be depreciated over the same amount of time as is the case for the 

membranes.  As a proportion of the total plant, membranes might be replaced every 2-

5 years and the whole plant every 15 years.  In this case it is appropriate to separate 

the membrane replacement cost from the other plant depreciating components, using 

Equation 18 (Cardew and Le, 1998): 

Equation 18: Depreciation for separate membrane replacement costs from total plant cost C 
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where C is the membrane plant total cost, K is the membrane replacement cost, n is 

the total plant estimated life in years, R is the annual membrane replacement cost and 

m is the expected membrane life. (Cardew and Le, 1998) 

4.9.2.4.Working capital  

A production facility will need funds to finance day to day activities such as paying 

accounts, cash needs and holding inventory.  Working capital is a concept used to 

describe these funds, in addition to the fixed investment, required for set up and 

continuing operations.  It is not a one-time investment and is influenced by production 

level and other factors.  Working capital can be calculated as the net sum of cash, 

stocks, accounts (payable and receivable) and taxes payable.  (Cardew and Le, 1998) 

4.9.2.5.Risks 

There are a number of risks involved for a membrane filtration plant investment 

including fouling problems and changes to variables which can affect profitability.  A 

sufficient operating flux margin must be provided in determining plant capacity or 

membrane lifetime might be cut short by unexpected levels of irreversible fouling.  It 

should be noted “…that a low flux system does not necessary indicate poor efficiency 

or that a high flux assumption carry greater risk”.  There is also a risk “…that 

profitability will fall below the forecast”.  A sensitivity analysis can be undertaken to 

determine any potential changes of results for variable conditions.  (Cardew and Le, 

1998) 

4.9.3. Capital Costs 

4.9.3.1.Methods and accuracy 

There are a number of methods available to determine minimum capital costs for 

membrane installation.  The types and accuracy of capital cost estimation techniques 

vary, as it is impossible to produce detailed estimates for all components of every new 

proposal.  In addition, 25-40% of the total costs for capital projects include start-up 

costs, engineering costs, labour and off-site expenses and precision is difficult.  

Furthermore, optimistic or pessimistic estimation bias might cause large differences in 

the estimation of capital costs required.  The most significant factor which contributes 

to poor estimates is “…not covering the full scope of the project”.  Where information 
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is incomplete, the actual cost is expected to be more than the estimated cost.  To 

increase accuracy, a standard list of items should be used for all construction project 

proposals which “…separately identify cost elements useful in the estimation of future 

capital cost”.  These should be functional and convenient means for field data 

collections.  However, compilation of large quantities of cost data does not 

necessarily mean that the estimation will be accurate, often varying as much as 30 

percent.  (Cardew and Le, 1998) 

4.9.3.2.Estimating requirements 

Owen et al. (1995) undertook an economic assessment for membrane processes in 

wastewater and water treatment applications.  In this study, capital cost was defined as 

the sum of costs for membrane units (Cmem) and ‘non-membrane’ plant (C) where the 

latter represented “…all mechanical and electrical items, control equipment and 

associated civil engineering costs.  Membrane costs were determined to be dependent 

upon specific membrane cost ($/m2), achievable flux (L/m2h) and treatment flow 

requirements (L/h) (Owen et al., 1995; Chellam et al., 1998).  Treatment flow 

requirements to treat wastewater were calculated as twice the average daily flow to 

allow for treatment downtime associated with cleaning and maintenance schedules 

(Owen et al., 1995) as shown in Equation 19, where: Q is the average treatment flow.   

Equation 19: Membrane cost calculation (Owen et al., 1995) 
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Owen et al. (1995) calculates total membrane cost for drinking water treatment using 

a factor of 1.2 against membrane cost to allow for cleaning and maintenance.  

Although not explicitly stated, it is thought that this reflects reduced fouling and 

cleaning downtime for water treatment compared with wastewater treatment 

operations where a factor of 2.0 is used.  Capital costs, expressed as annualised sum 

considers a series of equal annual payments which when invested would have a worth 

of (Cmem + C).  The annualised capital can thus be calculated using Equation 20: 

Equation 20: Annualised capital calculation 
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where the total plant life and interest rate are known (Owen et al., 1995).  In the 

example by Owen et al. (1995) the total plant life and interest rate were respectively 

20 years and seven per cent.   

4.9.3.3.Scaling up design size 

Cardew and Le (1998) indicate that the design size can be scaled by establishing the 

order of magnitude of the project and then scaling from previous estimates relevant to 

capital cost.  Scaling from previous estimates is based on adjusting the estimate to a 

different design size based on the knowledge that equipment size and cost are 

correlated by the logarithmic relationship called the “six-tenth factor” as presented in 

Equation 21 (Cardew and Le, 1998).  However, auxiliary facilities must be identical 

between older and newer cost estimates for the rule to hold.  

Equation 21: The six-tenths factor relationship between new and previous plant cost and capacity  

CrCn
6.0  

“Where Cn is the new plant cost, C is the previous plant cost and r, the ratio of new to 

previous capacity” (Cardew and Le, 1998). 

Contrary to evidence from Cardew and Le (1998), the AWWA Membrane 

Technology Research Committee (1998) indicate that there are uncertainties on the 

costs and sensitivities of costs to scale for the design and operating parameters of a 

membrane filtration plant.  

The 0.6 factor is an over simplification of the effect of capacity (size) on equipment 

cost.  Peters and Timmerhaus (1981) present data for equipment cost versus size when 

the exponent varies from 0.27 to 1.20 for different types of process equipment.  

4.9.3.4.Costing by percentage factors 

Costing by percentage factors can provide a rough guide on capital cost from 

minimum data but a good understanding of the processes are required to ensure the 

appropriate percentage factor is selected.  Base line data are first established with 

costs estimated from rough process flow sheets.  A factor is then assumed for 

equipment as a percentage of total plant costs.  Reasonable percentage factors for the 

various components of the plant are presented in Table 26 (Cardew and Le, 1998). 
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Table 26: Percentage factors used in the costing of membrane filtration plants  

 % of total installed plant cost 
Component Range (%) Median (%) 
Membrane housings 15-20 18.75 
Membrane elements 10-15 12.5 
Pre-filtration equipment 1-6 5 
Tanks and drums 3-6 2.5 
Pumps and motors  1.25 
Clean in Place (CIP) equipment  6.25 
Chemical dosing equipment  6.25 
Valves and piping  10 
Instruments and controls  6.25 
Electrical  3.75 
Steel structures and platforms (other than buildings)  1.25 
Insulation and painting  0.63 
Utility equipment (air compressor, space heaters)  1.25 
Safety equipment  1.88 
Design  6.25 
Labour (building and installation)  12.5 
Commissioning  3.75 
Total  100 

From pilot plant data, Owen et al. (1995) determined the distribution of costs for 

crossflow membrane filtration of biologically treated secondary effluent with TMP at 

100 kPa, using a polyacrylonitrile (PAN) and a ceramic membrane at various 

crossflow velocities.  These data are for the case of no backflushing and are presented 

as verbatim in Table 27 and Table 28 for the PAN and ceramic membranes 

respectively.  These data demonstrate that as the crossflow velocity increased, 

annualised capital decreased along with membrane replacement costs.  However, 

recirculation power costs increase considerably as a consequence of operating at 

higher crossflow velocities.  The highest proportion of costs is attributed to annualised 

capital costs for all crossflow velocities.   

Table 27: Cost distribution (%) of crossflow membrane filtration of biologically treated 

wastewater using PAN membrane (Owen et al., 1995) 

 Crossflow Velocity (m/s) 
 0.5 1.0 1.5 2.0 
Annualised capital 48 47 43 39 
Feed power 1 1 1 1 
Recirculation power 3 8 18 27 
Membrane replacement 31 26 20 17 
Labour 8 9 9 8 
Maintenance 5 5 5 4 
Cleaning chemicals 1 1 1 1 
Miscellaneous 3 3 3 3 
Total 100 100 100 100 
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As shown in Table 28 for the ceramic membranes, the annualised capital remains the 

greatest proportion of costs and it is a greater proportion of the total costs assessed 

compared to the polymeric type membranes.  Membrane replacement costs and 

annualised capital costs decrease with crossflow velocity, however, like with 

polymeric membranes, the recirculation costs increase with increasing velocity.  

(Owen et al., 1995) 

Table 28: Cost distribution of crossflow membrane filtration of biologically treated wastewater 

using ceramic membrane (Owen et al., 1995) 

 Crossflow Velocity (m/s) 
 1.0 2.0 3.0 4.0 
Annualised capital 62 60 56 52 
Feed power 0.2 0.3 0.3 0.3 
Recirculation power 2 6 11 18 
Membrane replacement 30 27 25 22 
Labour 2 2 3 3 
Maintenance 1 1 1 1 
Cleaning chemicals 0.2 0.3 0.3 0.3 
Miscellaneous 3 3 3 3 
Total 100 100 100 100 

4.9.3.5.Costing by scaling plant components 

Costing by scaling plant components combines the methods of equipment size and 

cost relationships as well as the varying sensitivities to different equipment 

components/factors.  For example, whilst the membrane costs increased linearly with 

membrane area, the control panel had minimal increases within plant size changes.  

The cost of the new component can be calculated using Equation 22, where ‘i’ is the 

component cost scaling index and r is the ratio of new to previous capacity. (Cardew 

and Le, 1998) 

Equation 22: Cost of components in new membrane filtration plant  

CrC i
n   

Table 29 contains cost indices for water treatment equipment plants treating 200-6000 

m3/h flow, as extracted from Cardew and Le (1998).   
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Table 29: Cost indices for water treatment equipment (Cardew and Le, 1998) 

Cost type Indices  
Strainers 0.83 
Chemical systems 0.36 
Rapid gravity filters 0.68 
NF membrane systems, ex pumps 00.95 
MF systems, ex pumps 0.5 
Pumps and mixers 0.66 
Pipework 0.75 
Panels and cabling 0.1 

4.9.4. Operating Costs 

4.9.4.1.Typical operating cost parameters 

Operating costs are required for a number of reasons including evaluations for 

investments, new processing products and competitor positions as well as to justify 

process changes.  The accuracy and extent of details depend on the estimate purpose.  

Although estimations will include a large number of items, priorities must be given to 

the most important cost factors.  Some items can be broken down into fixed and 

variable costs.  Expansions to plants that result in an addition to the overhead staff 

would only allocate the costs which change to the expanded plant.  (Cardew and Le, 

1998) 

Typical operating costs for crossflow membrane filtration technology includes 

membrane replacement, electric power, labour, cleaning and maintenance costs 

(Owen et al., 1995; Cheryan and Rajagopalan, 1998).  In addition, Cardew and Le 

(1998) include processing materials, supervision, plant overheads and depreciation as 

operating costs. 

4.9.4.2.Membrane replacement/lifetimes 

Membrane replacement depends on membrane lifetime and these differ for polymeric 

and ceramic membranes.  Polymeric membranes are reported to have lifetimes 

between three to five years by various authors (Owen et al., 1995; Hodson, 1997; 

Cheryan and Rajagopalan, 1998; Leslie et al., 1998) whilst ceramic membranes have 

reported lifetimes of at least seven years (Hodson, 1997) to around 10 years (Owen et 

al., 1995).  In addition, polymeric membranes are reported to have little chemical 

stability at pH extremes (Scott, 1995) unlike ceramic membranes (Hodson, 1997).  

The frequency for which membranes need to be replaced significantly affect operating 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

170

costs and therefore, extending membrane life is a major goal in membrane filtration 

operations (Gander et al., 2000).   

4.9.4.3.Energy consumption and costs 

Energy consumption and costs are an important consideration for crossflow 

membrane filtration.  With respect to MBRs, the side-stream configuration has higher 

costs for energy (up to two orders of magnitude higher) and cleaning than the 

submerged MBR system (Gander et al., 2000).  Higher energy consumption is related 

to higher pumping costs required to maintain a high crossflow velocity to reduce 

fouling (Gander et al., 2000; Gorenflo et al., 2002).  Gander et al. (2000) reviewed the 

energy consumption for nine submerged and side-stream MBR systems.  These data 

are presented in Table 30, showing that the total energy consumption (kWh/m3 

permeate) ranged from 0.022 x 10-2 to 70 for submersed membranes and 0.69-50 for 

the side-stream MBR systems.   

Table 30: Energy consumption data for MBR systems (Gander et al., 2000) 

 1 2 3 4 5 6 7 8 9 
MBR configuration Sub Sub Sub Sub SS SS SS SS SS 
Membrane type P+F P+F HF HF T T HF HF T 
Membrane material PS PE PE PE PS C C PS Al(O

H)3 
Pore size (µm/MWCO 
(kDa) 

0.4 
µm 

0.4 
µm 

0.1 
µm 

0.1 
µm 

50 
kDa 

300 
kDa 

0.1 
µm 

0.1 
µm 

0.5 
µm 

Surface area (m2) 0.24 0.96 2 4 2.6 0.08 1.1 0.39 - 
TMP (bar) 0.1 0.3 0.13 0.15 5 2 2 2.75 2.25 
Permeate flux (L/m2h) 7.9 20.8 8 12 170 175 77 8.3 20 
Crossflow velocity (m/s) 0.5 0.3-

0.5 
ND ND 1-2 3 1.5-

3.5 
ND 2.2-

3.6 
Energy consumption – 
permeate (kWh/m3 
product) 

- 0.013 0.005
5 

0.23 0.17 9.9 32 0.045 140 

Energy consumption – 
aeration (kWh/m3 
product) 

4.0 0.009
1 

0.14 70 0.52 2.8 9.1 10 10 

Total energy 
consumption (kWh/m3 
product) 

4.0 0.022 
x 10-2 

0.14 70 0.69 13 41 10 50 

Where: Sub, submerged; SS, side stream; P+F, plate and frame; HF, hollow fibre; T, tubular; PS, 
polyethylene; C, ceramic; MWCO, molecular weight cut-off; ND, no data provided. 

Energy consumption for the UF and RO of wheat starch factory effluents using 

crossflow filtration was estimated as 8 kWh/m3 permeate produced by Meuser and 

Kohler (1983), using previously published data at the time.  This is within the energy 

consumption range provided by Gander et al. (2000) above.  Systems most 
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representative of the membrane units trialled using wheat starch wastewater had a 

total energy usage rate of 4.0 kWh/m3 and 41 kWh/m3 for submerged polymer 

membranes and ceramic tubular membranes respectively.  

Meuser and Kohler (1983) in the study of energy savings for potato and wheat starch 

plants with membrane filtration argue that the electrical energy input into the system 

is only marginally increased due to the application of membrane filtration.  They 

indicate that because of the smaller juice volume less energy is expended on piping 

and decanting processes. 

Specific cost factors will depend on the cost of energy at a particular location for a 

given time, however, Owen et al. (1995) applied cost factors of 5.5 pence/kWh and 

allowed a 60% pumping efficiency including both the feed pump power and 

recirculation power in the assessment.   

4.9.4.4.Labour costs 

Owen et al. (1995) indicate that labour costs were dependent upon the size of the 

membrane filtration plant and it was suggested that a large proportion of the time 

would be associated with membrane maintenance and cleaning schedules.  Labour 

costs were calculated using the labour cost rate as £15 per hour and were found to be 

higher for membrane filtration plants compared to conventional wastewater treatment 

systems (Owen et al., 1995).  Owen et al. (1995) suggested that it would be likely for 

operating labour time inputs and hence operator labour costs to be initially high and to 

reduce with time due to increasing automation of the system and increasing operator 

experience (Owen et al., 1995).   

4.9.4.5.Cleaning costs 

Eventually, because of fouling, cleaning must be undertaken to restore flux whereby 

backwashing and/or chemical cleaning are the most common methods, which increase 

operating costs due to downtime and chemical usage (Gander et al., 2000).  The 

frequency of chemical cleaning will determine the costs, however, optimising requires 

prolonged trials over periods of months and hence the cleaning frequency is largely 

unknown (Owen et al., 1995).  Also, cleaning frequency and other pre-treatment 

practices will vary with source water quality (Chellam et al., 1998).  A cost of one 

pence per cubic metre permeate produced was used by Owen et al. (1995) which was 
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derived from “…information gathered from existing installations and suppliers”.  

Owen et al. (1995) indicate that the disposal of chemicals had not been factored into 

the economic assessment and caution that this “…will be a major consideration when 

selecting a treatment process”. 

4.9.4.6.Maintenance costs 

Within the literature reviewed maintenance costs are typically calculated as a 

percentage of some other cost factor, however, ‘the other cost factor’ is not always the 

same parameter used.  Cardew and Le (1998) suggests that 4% of “…the fixed 

investment as an annual maintenance expense” is a good guide whilst Owen et al. 

(1995) used 1.5% of the “…initial non-membrane capital” because maintenance is 

related to the capital cost of electrical and mechanical items and Cheryan and 

Rajagopalan (1998) estimated maintenance as 1% of capital costs.   

According to Cardew and Le (1998), maintenance costs are comprised of three parts, 

these being 1) materials required, 2) manpower to install them and 3) overhead for 

supervision and scheduling.  In addition, costs for maintenance are not constant 

during the plant life as they will increase during later years (Cardew and Le, 1998).  

4.9.5. Measures of Profitability 

Measures of profitability are used as a tool in the investment decision making process.  

They need to take into account the key factors for the decision and be relatively 

easy/low cost to calculate.  Profitability measures discussed include pay-back period, 

average return on capital employed (ROCE), NPV, internal rate of return (IRR), 

cumulative cash position and whole life cost.  (Cardew and Le, 1998) 

4.9.5.1.Pay-back period 

The pay-back period “…is defined as the length of time required for the stream of 

cash flows generated by the investment to equal the original cash outlay” (Cardew and 

Le, 1998).  With this definition, ‘earnings’ are taken after taxation but before 

depreciation.  There are a number of advantages for using pay-back periods in that 

they are simple calculations, are easily understood by executives who may not have 

an economics background, outline the investment timing and determine a minimum 

pay-back date.  Disadvantages include the failure to consider the timing and 
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magnitude of earnings leading up to and following the pay-back date.  (Cardew and 

Le, 1998) 

4.9.5.2.Return on capital employed 

The annual ROCE method is used for capital priority ranking tasks and “…measures 

the average annual return throughout the estimated life of the project” (Cardew and 

Le, 1998).  Taxation does not affect project ranking but the return is preferentially set 

according to profit after taxation, representing company disposal funds at that time.  

Advantages of this method are that it considers total earnings throughout the asset 

lifespan and provides a platform by which to compare alternative investment 

opportunities.  The set ROCE could be used as a minimum standard for project 

selection. (Cardew and Le, 1998) 

4.9.5.3.Net present value 

The NPV takes “…into account the earnings over the life of the project; give due 

weight to the duration of the earnings; and make allowance for the timing of the cash 

flows”.  The NPV method uses a discounted cash flow method to determine ‘present 

worth’ throughout the project life.  In other words it is a projected time value of the 

money, recognising that one dollar today is worth more than one dollar at future given 

times of the project life.  All cash flows are discounted to the value equivalent for start 

of operations when time equals zero and cash incomes and outlays are listed 

separately.  The total sums of both incomes and outlays are shown as of time zero.  

Cardew and Le (1998) provide a ‘present value table’ where the monetary value to be 

received or paid after a set number of years is calculated.  Discounted values are 

provided for one to 20 years applying a range of discount rates from 1% to 40%. 

4.9.5.4.Internal rate of return 

The IRR is “…the rate at which discounted earnings equal the present value of the 

capital expenditure” where the unknown variable to be calculated is the discounting 

rate.  Cash flows are calculated before discounting from start of construction to shut 

down at the end of the project.   
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4.9.5.5.Cumulative cash position  

The cumulative cash position chart, as shown in Figure 25, provides an investment 

status view of the project.  The point at which the cumulative cash position line 

crosses the x-axis is the pay back time, however the point at which the dotted line 

crosses the line represents the ‘payback time including interest’.  The dotted line 

overall represents the cumulative discounted cash flow amounts.  All profits are 

assumed to be reinvested in this model.  The ‘whole life cost’ of the project is “…the 

present value of the net operating cost throughout the project life plus present value of 

the investment”.  (Cardew and Le, 1998) 

 

Figure 25: Cumulative cash flow from project from start up to complete project lifetime (Cardew 

and Le, 1998) 

There are different approaches and methods for undertaking an economic assessment 

on installing a membrane filtration plant to extend profitability.  Owen et al. (1995) 

focused on the assessment from a project perspective and lists the capital and 

operating costs as well as how the total membrane filtration costs were distributed as 

individual component costs.  On the other hand, Cardew and Le (1998) provided a 

greater depth of economic analysis techniques for calculating investment evaluation 

factors, capital costs, operating costs and acceptable profitability in accordance with 

an agreed measurement parameter.  Measures of profitability can include pay-back 

period, return on capital employed, net present value, internal rate of return and/or 

cumulative cash position graphs.  
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4.10. Applications to Wheat Starch Factory Effluents 

Literature relating specifically to crossflow membrane filtration of wheat starch 

factory effluents (WSFE) is limited.  An overview of articles cited is presented in 

Table 31, in ascending order of publishing year.  The first research on crossflow 

membrane filtration of WSFE appears to be mainly undertaken by two research teams 

led by Fane and Meuser during the 1970s.  During the 1980s research in this area 

continued with Harris and co-researchers experimenting with WSFE and using 

hemicellulase to enzymatically hydrolyse pentosans to reduce viscosity and increase 

flux.  Sutton also attached an UF unit to an anaerobic reactor in what might be the 

first example of a side-stream MBR.  During the 1990s, Yanagi et al. (1994) 

experimented with a crossflow membrane filtration unit placed between the 

acidogenic and methanogenic reactor whereby the membrane was treating the pre-

acidified wheat starch wastestream.  This could also be thought of as an MBR 

application as the membrane was coupled with the pre-acidification tank.  By the late 

1990s and early 2000, experiments were undertaken that involved membrane filtration 

of wheat starch or gluten hydrolysates.  More recently, a renewed research interest in 

membrane filtration of wheat starch wastewater has been pursued as water has 

become scarcer, economic factors have changed and membrane filtration 

technological advances have occurred.  Following the presentation of Table 31, some 

of these articles are reviewed in more detail due to their specific relevancy to the 

current research project.  
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Table 31: Crossflow membrane filtration studies treating wheat starch factory effluent  

Item 
No. 

Reference  Type of work Feed stream Membrane type Focus of research Outcomes 

1 (Meuser and 
Smolnik, 1976b) 

Research journal 
article 

WSFE Flat membranes, 
hollow fibre 
membranes and tubular 
membrane 

UF and RO to extract soluble 
constituents from process water 

Tubular membranes superior to 
others. Reduction of water pollution 
and recovery of dissolved solids, 
however, project success “…restricted 
by short life and low flux rate of the 
membranes”. 

2 (Meuser and 
Smolnik, 1976a) 

Research journal 
article 

WSFE Flat membranes, 
hollow fibre 
membranes and tubular 
membrane 

The problems experienced during UF 
of WSFE 

Not economically viable due to low 
flux rates and high membrane surface 
area requirements and high costs of 
equipment.  
For tubular membranes, gel layer 
affected by flow characteristics. 

3 (Fane and Fell, 
1977) 

Research journal 
article 

WSFE Four types being “thin 
channel, parallel plate, 
annular and tubular”. 

Recovery of soluble protein from 
effluent 

Economic viability questioned given 
market value of product recovered 
and large membrane area 
requirements. 

4 (Fane et al., 
[1978]) 

Research journal 
article 

WSFE Not indicated Recovery of solids and “…to reduce 
effluent levy payable” 

Only of marginal economic benefit.  
Needed technological improvements 
to reduce capital cost and realise 
greater benefits.   

5 (Meuser and 
Kohler, 1983) 

Research journal 
article 

WSFE Data used from 
previous experiment 
using “a Wafilin 
membrane filtration 
unit” 

Recovery of dissolved material in 
effluents from potato and wheat 
starch plants and the estimation of 
energy requirements for these 
processes. 
Energy units were MJ and kWh.  
Energy consumption was 
“…expressed as primary energy input 
per ton of raw material processed”.  

Assists “…to minimise the total 
primary energy input by recovering 
otherwise wasted substances”.  For 
wheat starch waste materials, the 
proteins were first coagulated by heat 
and then the remaining solubles and 
particles were recovered by 
membrane filtration and/or 
evaporation.    
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Item 
No. 

Reference  Type of work Feed stream Membrane type Focus of research Outcomes 

6 (Harris, 1985) Research journal 
article 

WSFE Four membrane types 
tested. 1) 20,000 MW 
cellulose acetate 
membrane, 2) 50,000-
100,000 MW PVDF 
membrane, 3) 60,000 
MW PS membrane, 4) 
<60,000 MW PS 
membrane. 

Protein recovery from WSFE using 
UF and then spray dried to form a 
new product (e.g. stockfood).  

Not economically viable.  “Higher 
charges for the disposal of the wheat 
starch effluent could provide further 
incentive to develop the process”. 

7 (Harris, 1986) Research journal 
article 

WSFE 50,000 MW  cutollf 
PVDF, 60,000 MW PS, 
<60,000 MW PS 
membrane.  

Influence of gel layer rheology on 
permeate flux 
Also investigated the use of 
hemicellulase on viscosity and 
permeate flux. 

Gel layer exhibited non-Newtonian to 
Newtonian behaviour dependent upon 
effluent suspended solids content.   
There were different permeability and 
compaction attributes of the different 
composition gels.   
Hemicellulase additions reduced 
viscosity and flux was enhanced by 
200%. 

8 (Sutton, 1986) Research journal 
article 

Anaerobic  
treated 
WSFE 

Membrane type not 
indicated other than 
UF.  Listed as a 
“membrane anaerobic 
reactors system 
(MARS™)” 

Is an early example of successfully 
developing a MBR but before the 
terminology was coined.   

The UF unit fitted to the anaerobic 
reactor was the means of reducing 
surcharge costs on wastewater 
discharges.   
At a loading rate of 8.2 kg COD/m3 
dayand VSS of 22,400 mg/L , it 
achieved >99% reductions in COD, 
BOD and TSS.   
Biogas contained 68% methane and 
yield was 0.29 m3 CH4/kg COD 
removed at standard conditions.  
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Item 
No. 

Reference  Type of work Feed stream Membrane type Focus of research Outcomes 

9 (Harris and 
Dobos, 1989) 

Research journal 
article 

WSFE Paterson Candy 
International (PCI) PS 
BX3 UF membrane  
with “…a nominal 
molecular weight cut-
off of 20,000 and 
provides total rejection 
of bovine haemoglobin 
(60,000 MW) and 
greater than 99% 
rejection of cheese 
whey protein”.  

Increasing permeate flux by applying 
pentosanases to enable enzymatic 
hydrolysis of the pentosan fraction. 
Studied the effect of enzymatic 
hydrolysis on the gel layer resistance.  

Enzymatic hydrolysis decreased 
viscosity of both the concentrate and 
the gel layer. 
Achieved a “final retentate 
concentration of 18.0 wt.% solids to 
be achieved at a relatively low 
viscosity for this concentration of 34 
mPa-sec and acceptable flux rate of 
11 L/m2h 
Comments on the protective 
properties of the gel layer for the 
underlying membrane surface. 
“…wall shear stress performed the 
important function of removing the 
macromolecular material impacting 
onto the gel layer”.  

10 (Yanagi et al., 
1994) 

Research journal 
article 

Pre-acidified 
WSFE 

Hollow fibre PE 
membrane, 0.2 µm pore 
size. 

Placed the membrane module 
between the acidogenic and 
methanogenic reactors.   
Focus is on the operational 
parameters during the experimental 
period (VFA content, gas yield, TOC 
removal, methane yield rate, biomass 
yield. 

Results show that “…the system 
could efficiently and stably treat 
waste water to a level of purity high 
enough to allow discharge into a 
river”. 

11 (Bérot et al., 
1999) 

Research journal 
article 

Gliadin 
hydrolysates 
in water-
ethanol 

Inorganic Carbosep 
membranes made from 
porous carbon and has 
a ZrO2 layer. Pore 
radius 6.2 nm and 10.3 
nm for the two 
membranes tested. 

Fractionation of gliadin hydrolysates 
using UF 

Influence of pH, ionic strength and 
TMP on UF fractionation. 
The optimal pH was three “…because 
it resulted in the lowest fouling index 
and the highest selectivity of the 
fractionation”.  At pH 3, wheat 
storage proteins and their 
hydrolysates are highly soluble.  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

179

Item 
No. 

Reference  Type of work Feed stream Membrane type Focus of research Outcomes 

12 (Vance, 1999) Masters Thesis WSFE - 
WBP 

0.1 µm Amicon hollow 
fibre, PS membrane 
H1MP01-43 

The design, development and testing 
of a cross-flow membrane rig, using 
WSFE as the feed stream.   

Membrane filtration rig built. 
Determined permeate flux due to the 
effects of temperature and TMP 
changes.    

13 (Bérot et al., 
2001) 

Research journal 
article 

Wheat 
polypeptides 
(wheat 
gluten 
hydrolysates) 

Inorganic Carbosep 
membranes made from 
porous carbon and has 
a ZrO2 layer. Pore 
radius 6.2 nm and 10.3 
nm for the two 
membranes tested. 

Fractionating wheat polypeptides 
using UF 

Fractionation of the hydrolysates, and 
the functional properties of the 
fractions. 

14 (Büscher, 2001) Masters Thesis WBP 
wastestream 
SD2E which 
is the 
effluent 
containing 
gums and 
pentosans, 
disposed of 
as ‘Liquid 
Fertiliser’. 

0.1 µm Amicon hollow 
fibre, PS membrane 
H1MP01-43 

Recovery of pentosans from 
wastewater stream using crossflow 
microfiltration. 

Pentosans could be retained by PS 
membrane with flux 17-49 L/m2h.  
flux increased with increases in 
temperature, decreases in pH and 
decreases in concentration.   
Fouling was a problem requiring 
optimisation of operation and 
cleaning parameters.  Further research 
required on treatment performance 
comparisons with inorganic 
membranes and a market for pentosan 
product required.  

15 (Nakstad, 2001) Masters Thesis Raw 
processing 
stream 
effluent 

Ceramic membranes, 
0.2, 0.35 and 0.5 µm 

Microfiltration of wheat starch 
solutions using tubular ceramic 
membranes 

Data on permeate fluxes and permeate 
quality for a range of operating 
conditions.  
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Item 
No. 

Reference  Type of work Feed stream Membrane type Focus of research Outcomes 

16 (Rausch, 2002) Research  journal 
article - review 

Streams 
from corn-
starch, 
potato-starch 
and wheat-
starch 
processing 
streams. 

Reviewed studies using 
a range of membrane 
types  

Review of membrane technology in 
the starch industry (corn, potato and 
wheat) 

Review of literature relating to 
membrane filtration of different starch 
types (corn, potato and wheat). 
With respect to wheat, Rausch (2002) 
reviews the work undertaken by 
Meuser and Smolnik, Fane and Fell, 
Harris and Sutton (see these in this 
table). 

17 (Pidgeon et al., 
2003) 

Conference 
proceedings 

Raw 
processing 
stream 
effluent and 
an anaerobic 
treated wheat 
starch  
effluent 

PS on anaerobic 
effluent – cascading 
with decreasing 
membrane tightness 
Ceramic on raw stream 

The effectiveness of membrane 
filtration on various streams using 
various membranes. 
Includes an economic evaluation on 
the costs and benefits for each stream 
type to be filtered 

Flux data and cost data for various 
membrane types. 
Evaluation of membrane costs and 
benefits. 

18 (Hinkova et al., 
2004) 

Research journal 
article 

starch 
hydrolysates 

Ceramic membranes Refinement of starch hydrolysates Removed macromolecular substances 
such as proteins and colour 
compounds. 

19 (Pidgeon and 
Ness, 2005) 

Conference 
proceedings 

Raw 
processing 
stream 
effluent 

Ceramic membranes, 
0.2, 0.35 and 0.5 µm 

Microfiltration of wheat starch 
solutions using tubular ceramic 
membranes 

Influence of temperature, TMP, 
backflushing and duration of test on 
permeate flux and permeate quality 
reductions.  
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The focus of research concerning membrane filtration of raw wheat starch wastewater has 

shifted.  Earlier research articles aimed at the recovery of solids (Fane et al., 1978), 

soluble proteins (Fane and Fell, 1977) proteins in general (Harris, 1985) and soluble 

constituents (Meuser and Smolnik, 1976b) from wheat starch factory effluents.  At the 

time water was relatively cheap to purchase, waste water discharge requirements less 

stringent and discharge fees less expensive compared to current times.  Later, the focus of 

reducing discharge fees becomes apparent in the articles by Sutton (1986) and Yanagi et 

al. (1994).  Bérot et al. (1999; 2001) and Hinkova et al. (2004) are examples of how 

crossflow membrane technology is advancing into the product development of wheat 

starch processing wastewaters.  Further optimisation and evaluation studies continue as a 

result of changing economic and environmental factors.    

Fane and Fell (1977) researched the recovery of soluble protein from wheat starch factory 

effluents using a range of ultrafiltration membranes ranging from a nominal 20 000 to 

120000 MWCO value as shown in Table 32.  Information concerning the materials is 

limited only to being non-cellulosic or cellulose acetate as indicated in table as NC or CA 

respectively.  

Table 32: UF membranes utilised by Fane & Fell (1977) to filter wheat starch factory effluents 

System Geometry Flow regime Membrane 
description 

Nominal 
MWCO 

Area 
(m2) 

1) Amicon 
LTCXSP 

Thin Channel Laminar PM30 (NC) 30 000 0.15 

2) Dorr-Oliver Parallel plate Turbulent XP24 (NC) 24 000 0.18 
3) Osmotik1 Annular Turbulent 211-70 (CA) 20 000 1.55 
4) Paterson-
Candy 

Tubular Turbulent T6/B (NC) 120 000 1.70 

1. Supplied by Simsomo Industries, Adelaide, Australia, which regenerated the original Calgon membranes” (Fane 
and Fell, 1977). 

Typical characteristics of the wheat starch factory effluent used by Fane and Fell (1977) 

are listed in Table 33, showing that the effluent typically had a low pH, a medium 

strength BOD and low levels of solids.   
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Table 33: Typical characteristics of wheat starch factory effluent  

Parameter Characteristic value 
Total solids 0.85 wt % 
Suspended solids 0.20 wt % 
Protein (N x 5.7) 0.15 wt % 
BOD5 4000 mg/L 
pH 3.4-3.8 

Fane and Fell (1977) found that the ultrafiltration of wheat starch factory effluent 

followed expected theory on a transmembrane pressure related gel polarised layer 

limiting maximum flux.  The membrane is said to be ‘gel polarised’ when no further 

increase in flux will be observed with transmembrane pressure increases, for a given flow 

rate of process fluid past a membrane (Fane and Fell, 1977).  The effects of 

transmembrane pressure, temperature, pH and feed concentration on permeate flux were 

experimentally determined for the 30,000 MWCO membrane, as shown in Table 34.  

Various influences from these operating conditions were previously presented in 

Section 4.5.  

Table 34: Effects of transmembrane pressure, temperature, pH and feed concentration on flux for 

membranes using wheat starch effluent as membrane feed 

MWCO TMP (kPa) for gel 
polarisation of 
membrane  

Flux (L/m2hr) 
@ tmp= 1.4 bar; 
process side 
flowrate = 230 L/hr 

pH 
(pH = 2, 2.5, 3, 3.5, 
4.5 investigated) 

Feed concentration 

30 000 150-200 @ 30 oC  17 
@ 38 oC  20 
@ 48 oC  27 

Min flux pH=4 – 
4.5 
Max flux pH3 

 2000 mg/L SS, 4000 
mg/L BOD5 
Flux decreased as feed 
solids concentration 
increased. 

Harris (1985) assessed the commercial viability of using UF to treat wheat starch effluent 

at a rate of 50 m3/h containing 20,000 mg/L BOD and 2300 mg/L solids (assumed to be 

total solids in the absence of further information) and to spray dry the concentration to 

produce a high protein powder (35%).  In a three-tiered cascading configuration, Harris 

(1985) calculated the required membrane area to produce a total permeate flow rate for 

the site of 47.0 m3/h, at an average flux of 37 L/m2h, based on experimental data.  Fixed 

capital costs for the proposed plant was around $6.75m, with the spray drier being the 

most expensive piece of equipment at $1.1m.  In considering the commercial viability, 

Harris (1985) reviewed options for use of the spray-dried powder and discounted it being 
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used as a substitute for gluten as it “…lacks gluten’s vital characteristics”, and instead 

indicate that as a stockfood it could have a value of $400/t.  Savings in discharge fees of 

around $357,000 per annum were included into the assessment.  However, when the 

operational costs for the purchase of hemicellulase  and membrane replacement costs 

were factored in, the net NPV was negative $3.8m, and this incorporated a hemicellulase 

dosed at a rate less than half of that determined under experimental conditions (Harris, 

1985).  Ironically, the pre-treatment stage which used hemicellulase to increase flux and 

therefore, require a lower total membrane surface area to lower costs, was also the largest 

on-going cost item for the treatment to be effective (Harris, 1985).  At a dosage rate of 

5 g hemicellulase/ kg solids, the pre-treatment becomes expensive, estimated to have an 

annual cost around $480,000.  Harris (1985) concludes that “higher charges for the 

disposal of the wheat starch effluent could provide further incentive to develop the 

process”.   

Yanagi et al. (1994) researched a system to improve final wheat starch wastewater 

characteristics of a UASB by placing a microfiltration unit between the pre-acidification 

and anaerobic treatment stages of a treatment train.  Details of this research are provided 

in Section 4.3.9.2 as it could be considered a side-stream MBR.  Information regarding 

the membrane performance is lacking within the article.  Yanagi et al. (1994) found that 

microfiltration of a wheat starch, pre-acidified feed for a UASB was beneficial in 

enhancing the bioreactor performance with > 98% TOC removal rates tested at various 

organic loading rates between 15-30 kg COD/m3.day.  This was attributed to the influent 

consisting mostly of dissolved organic acids and no suspended solids.  Organic matter fed 

to the reactor was almost completely degraded with around 96% gasified and 2.5% 

transferred to bacteria.  Gas produced consisted of 62% methane and 38% carbon 

dioxide.  The average gas yield rate of 0.336 m3 CH4/kg COD removed was achieved.  

Yanagi et al. (1994) do not report data concerning the membrane performance or 

operation conditions leaving the true economic viability of the project unknown.  The 

membrane used in the study was a hollow fibre polyethylene type with a pore size of 

0.2 m.  Dimensions are given as 65 mm (diameter) x 935 mm (length) with a membrane 

area of 6 m2.  It is assumed that this is a Mitsubishi Rayon Engineering Company 

supplied membrane from the acknowledgements supplied by Yanagi et al. (1994). 
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Research involving MF or UF of starch wastewater, other than wheat, has been 

undertaken.  For example, other starch wastewaters that have been the subject of 

microfiltration studies include potato (Meindersma, 1980; Pepper & Orchard, 1981), 

tapioca (Hien et al., 1999), and corn (Shukla et al., 2000; Gaddis et al., 1999; Singh and 

Cheryan, 1998; Singh and Cheryan, 1997).  A key to the applicability of research 

involving membrane filtration of other starches to a wheat starch processing effluent 

includes the relative proportions of starch, protein, fat and fibre in the mixture.  In 

addition particle size distribution as well as the monodispersity or polydispersity of the 

particle size range distribution of the solution have a significant effect on fouling layer 

porosity and hence water diffusivity and flux.  Because the characteristics of the different 

starches from different plant origins differ, the applicability of research from these other 

fields is thought to be limited.  

After reviewing research relating to membrane filtration of wheat starch wastewaters the 

following research gaps in current knowledge are apparent: 

 Early researchers had only organic cellulose type membranes at hand as the more 

robust ceramic membranes were not yet developed.  Unlike the earlier membranes 

available, ceramic membranes developed by Fairey are designed with star shaped 

channels to create turbulence thereby minimising fouling and maximising flux. 

 Not only has the technology of membrane filtration improved since most membrane 

filtration research has been undertaken on wheat starch wastewater, but the relative 

costs and requirements for waste disposal and the purchase costs of water have also 

increased.  Consequently, previous research conclusions do not necessarily reflect 

outcomes that might be deduced in today’s marketplace.  

 Most researchers used a raw wheat starch factory effluent or pre-acidified factory 

effluent as the feed stream.  There is evidence only of one researcher (Sutton, 1986) 

using anaerobic treated wheat starch factory effluent as the feed stream, however, 

Sutton (1986) did not report details relating to membrane type, other than it was a UF 

membrane.  In addition, the loading rate was 8.2 kg COD/m3 day which is relatively 

low compared to the 17.6 kg COD/m3 day high loading rate capacity of the Paques IC 
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anaerobic reactor used to treat high organic content wastewaters produced in food 

manufacturing (see Section 6.4.2).  

 No researcher has investigated the different placement options of a membrane 

filtration system in a wheat starch factory setting, i.e. before and after the waste stream 

has been treated by an anaerobic digester. 

 No researcher has investigated the broad scale impact that the placement of a 

membrane filtration system in a wheat starch factory would have on the technical and 

economic feasibility of the system on the company’s overall business and existing 

infrastructure by reviewing the various cost and benefit options of the placement.  

 No researcher has reported specific measured cleaning efficiencies of membranes used 

to treat wheat starch factory effluents and it is not apparent that cleaning efficiencies 

have been considered when calculating membrane surface area requirements or 

membrane life.   

 No researcher has considered the various options and values of both the permeate and 

the concentrated stream.  The focus of previous research on membrane filtration of 

wheat starch wastewater has specifically targeted recovery of solids from the waste 

stream.  No researcher investigated the option of recovery of water for reuse.  

This thesis addresses the gaps in existing knowledge by revisiting the application of 

membrane filtration technology to treat wheat starch wastewater in a greater breadth and 

depth previously undertaken by any researcher.  In this research, the most up to date 

technological advanced membranes suitable for enhanced performance are applied and 

tested under various conditions.  Specific costs of water purchase and wastewater 

disposal in today’s marketplace are used in calculations of alternatives.  It determines the 

technical and economic impact for business using membrane filtration on both raw wheat 

starch effluent streams and anaerobically treated wheat starch streams by considering 

costs and benefits of both permeate and concentrated products.  The impact of the 

placement of membrane filtration also considers the impact on existing infrastructure in 

recognition that a food processing manufacturer cannot afford to overlook existing 

operational aspects of their business or replace their entire system in place.  Cleaning 

efficiencies of membranes using different chemical cleaners are also investigated in this 
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thesis to enable accurate calculations for membrane requirements.  The recovery of water 

for reuse following the application of membrane filtration to treat wheat starch 

wastewater is investigated for various options.  These aspects of this investigation have 

not previously been undertaken for membrane filtration of wheat starch wastewaters to 

this breadth and depth and hence, this is the technical novelty of this project.  

4.11. Conclusion  

The membrane removal efficiency is the efficiency at which the membrane removes a 

solid or solute of interest from the feed stream.  Most research studies focus on flux 

measurements as the performance criteria and do not consider permeate quality.  There is 

a clear gap in knowledge between these two factors (flux and permeate quality) for 

microfiltration and ultrafiltration of organic laden food processing wastewaters.  Factors 

identified as having the potential to influence membrane rejection coefficients included 

ionic strength of solution, temperature, pH, backflushing and electrochemical effects.  

The fouling layer itself alters the characteristics of the membrane surface and thereby 

alters its selectivity.   

Operating conditions known to affect membrane fouling and flux were reviewed.  These 

included crossflow velocity, TMP, turbulence/scouring, temperature, concentration and 

pH of the feed stream.  Techniques applied to reduce fouling include backflushing, 

backpulsing and backshock using permeate and gas applications as well as crossflushing 

and air sparging.  Studies relating to membrane permeability and specific cake resistance, 

process fluid pre-treatments, electrochemical effect and dynamic membrane formation 

were presented.  

Membrane cleaning is required to remove foulants and restore flux.  Cleaning efficiencies 

are usually assessed against initial pore water flux however the efficiencies are also 

influenced by factors such as cleaning cycle, cleaner type, hydrodynamics, pressure, 

concentration of cleaning chemicals, temperature and pH.  Cleaning regimes can 

influence membrane performance and membrane life and can affect the overall economic 

evaluation of the process. 
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The investment evaluation framework was presented including investment decision 

factors, cash flows, depreciation, working capital and risks.  Estimating requirements are 

provided as well as scaling up design size considerations, costing by percentage factors 

and costing by scaling plant components.  Operating costs are discussed for typical 

operating cost parameters, membrane replacement, energy consumption, labour costs, 

cleaning costs and maintenance costs.  Measures of profitability used in membrane 

filtration economics were investigated, including the pay-back period, return on capital 

employed, net present value, internal rate of return and the cumulative cash position.  

Literature relating to the membrane filtration of treated and untreated wheat starch 

wastewater is limited.  The focus of early work was to recover soluble proteins from the 

wastestream to produce a saleable product.  However, these studies demonstrated that it 

was not cost effective at that time to recover the solids from the wastestream.  Because of 

changes in membrane filtration technology, economic circumstances and the relative 

scarcity of water, it is timely to review the application of membrane filtration to wheat 

starch wastewaters in the current marketplace.   
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5. RESEARCH METHODOLOGY 

5.1. Research Approach 

The research project was undertaken at an operating starch manufacturing plant owned by 

Weston Bioproducts (WBP) in south-east Queensland.  The initial goal was to gain a 

thorough understanding of the site and the issue at hand and use this to identify clear 

objectives and constraints for the research project.  Whilst being on site it provided the 

opportunity to review old records, collect current site data, and understand the limitations 

and constraints for the industry sector, the site and the company.  The workplace culture 

was observed for two years whilst an on-site presence was maintained during various 

shift working hours.  In addition, a schedule was kept whereby the researcher was on call 

and responsible for the operations and maintenance of the WWTP every alternate 

weekend, was on call every second week for after hours WWTP emergency alarm call-

outs during operations, undertook on-site analysis of waste streams (daily first year and 

three days/week second year) and relieved in the duties of Wastewater Officer as 

required.  Through these activities a deep understanding of the research project was 

obtained.  

The literature was then reviewed in light of the main areas of concern to the project, i.e. 

wheat starch processing, wastewater treatment and disposal options and crossflow 

membrane filtration technology.  A thorough site investigation was undertaken in 

conjunction with laboratory based membrane filtration trials using samples of site 

effluents.  Economic assessments were undertaken on the various options and 

conclusions drawn on the practical, technical and economic aspects of the project options.  

An overview of the approach taken in this research project is presented as Figure 26, 

followed by the statement of the objectives and constraints presented in Section 5.2.  The 

research methods used for various components of the research project are presented in 

this section.  For example, the site investigation, laboratory membrane filtration trials, 

sample collection, preservation and analysis as well as statistical data analysis where 

relevant. 
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Figure 26: Overview of research approach followed 

1. Inspect study site to gain an 
understanding of the issue and 
identify objectives & constraints 
of project. 

2. Review of literature relating to 
wheat starch processing, 
wastewater treatment & disposal 
options and crossflow membrane 
technology. 

3. State the research proposal and 
develop research methodology. 

4. Thoroughly investigate study 
site in terms of previous 
investigations, starch factory 
processes, WWTP processes, 
water and wastewater costs and 
productivity constraints 

5. Thoroughly investigate the 
legislative framework for 
identified options which have the 
potential to reduce productivity 
constraints. 

6. Thoroughly investigate the 
practical and technical aspects of 
options identified as having a 
benefit to the company business 
with respect to reducing 
productivity constraints. 

7. Identify a strategy for the 
application of membrane filtration 
technology to the business to 
achieve site specific, practical and 
technically sound outcomes. 

8. Undertake a financial 
assessment of four alternatives to 
determine accumulated cash 
flows and NPVs for each 
alternative. 

9. Deduce conclusions from 
research investigation results. 
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5.2. Objectives and Constraints 

Broadly, the objectives were to investigate the issues of water use and wastewater 

disposal for a wheat starch manufacturing plant and determine whether membrane 

filtration could be applied to reduce costs associated with those issues.  The practical, 

technical, legislative and economic aspects of suggested applications were investigated 

and conclusions drawn were based on the holistic company perspective.  

Specific objectives included: 

 Investigate water usage and wastewater discharged at WBP 

 Investigate discharge fees 

 Investigate performance of on-site WWTP 

 Investigate methods to improve the effluent quality and reduce effluent related costs 

 Investigate the suitability of membrane filtration to reduce discharge fees and/or 

reclaim wastewater for reuse 

 Investigate reuse options available for various permeates 

 Investigate the potential for reducing incoming water volume and related charges 

 Undertake an economic assessment of options identified as having practical and 

technical benefits 

Constraints for this project can be divided into two major areas, these being, research 

constraints and site specific constraints.  Research constraints included the lack of 

historical plant data as well as financial and time constraints that are often encountered 

with research.  All data spreadsheets used during this research project were developed by 

the researcher and regular monitoring of the WWTP only commenced when this research 

program began.  Financial constraints prevented extensive sample analysis, for example, 

analysis of permeates for parameters listed in the drinking water guidelines was cost 

prohibitive.  Site constraints for the project included limited footprint space for new 

technologies, compliance with discharge conditions and increasingly narrowing profit 

margins associated with rising effluent discharge costs.   
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5.3. Site Investigation 

5.3.1. Overview of Methods 

Methods used for investigating the site included: 

 Observations and discussions with relevant staff were undertaken, relating to the 

development and operations of the starch manufacturing factory and the on-site 

WWTP.  Observations were also made on workplace cultural practices which 

potentially contribute to water usage and/or discharge outcomes.  

 Data were collected on the characteristics of the various waste streams associated 

with tail end processing as well as for the WWTP components.  This was undertaken 

through the collection of samples, sample analysis and data entry and data analysis on 

site.  All samples were analysed in accordance with Standard Methods (Eaton et al., 

1995).  Where data were available from an external laboratory report, these were 

analysed and results are included within the thesis.  These are referenced to the 

analytical laboratory within the body of the thesis where relevant.  

 A considerable amount of time was spent on site managing and monitoring the on-site 

WWTP.  This provided practical hands-on experience at operating the WWTP, 

including responding to alarms as required.  In addition, it ensured that a full 

appreciation of the limitations, operational demands and failures of the WWTP was 

gained by the researcher.  

 Studied the water usage patterns throughout the factory floor by detailed analysis of 

‘water meter’ data from daily written records.  Observations were also made of the 

equipment in use and employees at different times.  Discussions with employees 

further enhanced a full understanding of factory processes as well as water usage and 

effluent generation points. 

 Studied the operations and performance trends of the WWTP, using on-line probe 

data and sample analysis data undertaken as part of this study.  The same method for 

studying the water usage pattern was applied, this being data collection and analysis 
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combined with observations and discussions with employees to gain a full 

understanding of the WWTP processes and limitations.  

 Studied the costs of water purchase and wastewater discharge to quantify these costs 

as the baseline study.  Water purchase costs were calculated by multiplying the 

incoming metered usage rate (kL/day) by the known monetary rate of $/kL.  Cost 

estimates for wastewater discharge fees are calculated from volumetric and water 

quality parameters based on a $/kL monetary rate, recorded volume discharged data, 

and recorded water quality analytical results.  For specific methods see Section 6.5.  

 Identified productivity constraints associated with effluent disposal by reviewing data 

associated with WWTP operations, employee discussions and observations as well as 

operational manuals for the WWTP components.  

5.3.2. Specific Data Collected and Spreadsheets Established 

Specific data collected during this investigation included:  

 Wastestream characterisation 

 Water usage, wastewater generation, wastewater treatment and discharge patterns 

 Costs associated with water usage and discharge patterns 

 Factors affecting water usage and discharge costs 

 Productivity constraints for the company 

 Levels of chloride in processing waste stream samples over two week period as a 

result of using hypo (sodium hypochlorite) as anti-bacterial cleaning agent 

Wastestream characterisation was undertaken by the collection and analysis of samples 

from various waste streams for parameters as shown in Table 35.  Analyses for COD, 

suspended solids, settleable solids were undertaken using Standard Methods (Eaton et al., 

1995).  Volatile fatty acids (VFAs) and alkalinity measurements were determined using a 

five pH point titration method and data entered into a program called ‘Titgram’ as 

developed by M2O Consulting Pty Ltd and supplied by Paques, to generate the results.  

Copyright laws prevents the reproduction of any part of the program and therefore, it is 

not included as part of this thesis.  Percentage solids were measured using a Sartorius 

Moisture Analyser.  Biogas generation and flour input rates were also recorded from PLC 
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displays when data were collected.  Resultant data were then entered into a spreadsheet as 

presented in Appendix A.  Real data for some weeks in March, April and May 1999 are 

presented in this appendix as examples.  Although some parameters were not analysed in 

these examples, they were at other times during the study.  Specific parameters analysed 

for all data results are presented within the relevant sections of the thesis.  

Table 35: Wastewater characterisation methodology for WWTP streams 

Waste Stream Parameters Analysed Sample type 
Preacidification 
tank (PA) 

COD total, volatile fatty acids (VFA), alkalinity, pH, 
temperature, suspended solids (SS) and settleable solids 
(Set. Sol). 

Grab  

Mix tank VFA, alkalinity, pH, temperature, mix tank feed rate. Grab  
IC reactor effluent 
(IC) 

COD total, VFA, alkalinity, pH, temperature, SS, Set. Sol 1 
min and 60 min, IC reactor feed rate and recycle rate. 

Grab  

Aeration tank 
(AE4) 

COD total, VFA, alkalinity, pH, temperature and SS. Grab  

Flume/effluent to 
sewer  

COD total, SS and % solids  composite sample 
from Magflow meter 

Biogas  Recorded from display (m3/h)  

Water usage was recorded from meters throughout the factory by managers on a daily 

basis for each shift.  These data were in a hand written form on worksheets in the factory, 

however there was no electronic data available.  To enable water usage trends to be 

analysed these data were entered into a spreadsheet by the researcher and analysed using 

Excel.  Water usage data parameters included into the spreadsheet are shown as 

Appendix B. 

Costs associated with discharge fees for the starch manufacturer were based on a flow 

weighted average (FWA) quality charge for both SS and BOD5 charges.  These data were 

collected from invoices received by the company and other paperwork where available 

during the study, and are presented in Table 36.  

Table 36: Quality based discharge fees for the starch manufacturer. 

 SS charges ($/kg)   BOD Charge ($/kg)   Total ($/kL) 
Period FWA (mg/L) Rate SS FWA (mg/L) Rate BOD  
Sep-Oct 98   1.159   3.531  
Oct-98   1.47   8.937  
Oct-98   1.857   6.015  
Oct-Nov 98   1.384   2.62  
Nov-Dec 98   1.061   1.974  
Jan-Mar 1999 1848.02 0.42 0.776 1173.84 1.07 1.256 2.032 
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 SS charges ($/kg)   BOD Charge ($/kg)   Total ($/kL) 
Period FWA (mg/L) Rate SS FWA (mg/L) Rate BOD  
Apr-Jun 1999 2172.1 0.42 0.912 1833.12 1.07 1.961 2.873 
Jul-Sep 1999 3107.91 0.42 1.305 4187.27 1.07 4.48 5.785 
Oct-Dec 1999 2489.91 0.42 1.046 1316.31 1.07 1.408 2.454 
Jan-Mar 2000 1535.09 0.42 0.645 709.74 1.07 0.759 1.404 
Apr-Jun 00   0.885   1.049  
Jul-Sep 00   0.881   0.894  
Oct-Dec 00   0.699   0.657  

Other spreadsheets established for data collection and analysis using during the study 

period included Brisbane Water analytical data results and processing streams 

characterisation data. 

5.4. Membrane Filtration Laboratory Trials 

5.4.1. Typical Procedure Followed 

This section presents the specifications of the membranes used as well as the typical 

experimental procedure followed for membrane filtration experiments.  Unless otherwise 

specified, the membrane filtration experiments undertaken at the Griffith University 

Laboratory followed a typical procedure of experimental set up, distilled deionised (DD) 

water flux measurements, sample flux measurements, membrane chemical clean and 

finally, DD water flux measurements to determine the extent of the cleaning efficiency.   

5.4.2. Membrane Filtration Rig 

A schematic of the membrane filtration rig, used in the laboratory trials with waste water 

streams from the wheat starch manufacturing process and the WWTP is presented as 

Figure 27.  This rig was originally developed by Vance (1999) and was adapted to suit 

other membrane types during the course of this research project.   

The waste stream samples trialled were held in a 25 L plastic vessel and were circulated 

by a centrifugal pump through a stainless steel plate heat exchanger and then through the 

membrane with the retentate returning back to the sample vessel.  Permeate was also 

returned to the sample vessel to simulate continuous operations, except for trials where 

the purpose was to concentrate feed streams.  A thermostatically controlled water bath 
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was connected to the heat exchanger with water flow rate and temperature set manually 

to achieve the required experimental temperature of the circulating waste stream.   

The feed flow rate and pressures used in the experiments were set by manually adjusting 

the various valves.  The feed flow rate to the membrane was measured by a Macnaught 

positive displacement oval gear flowmeter whilst forward and back pressures to the 

membrane housing were measured by pressure transducers.   

Permeate flow rates were measured for one minute every five minutes by diverting the 

permeate flow during this period to a container situated on an electronic balance.  The 

permeate mass rate was logged to the data acquisition system and then was pumped back 

to the feed tank for remixing with the experimental sample.  

 

Figure 27: Schematic diagram of membrane filtration test rig 
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The rig could be operated in manual or automatic mode under the control of an Opto 22 

control and monitoring system, on a personal computer operating under the Windows NT 

system.  Typically, it was started in manual mode and was then switched to automatic 

mode.  Using Opto 22, parameters such as temperature, pressure, flow rate and permeate 

flux were recorded.  These values were later converted to an excel spreadsheet for further 

analysis.  Backflushing sequences were controlled by the Opto 22 control system for 

those experiments where backflushing trials were conducted.  

5.4.3. Membrane Specifications 

5.4.3.1.Amicon hollow fibre cartridges 

Specifications for the Amicon “Diaflo Hollow Fiber Cartridges” used during experiments 

are presented in Table 37.  These membranes were constructed from polyurethane or 

epoxy potting materials with polysulphone sleeve and fibres.  Three of these hollow fibre 

cartridges were used in experiments, being cartridge type H1MP01-43 (0.1 µm), 

H1P100-43 (100,000 MWCO) and H1P30-43 (30,000 MWCO).  Apart from the 

differences in the nominal molecular weight cut-off (MWCO) values, the specifications 

are the same for all cartridge types.   

Table 37: Specifications for the three Amicon Diaflo Hollow Fiber Cartridges (membranes) 

Specifications Value  

Surface area 0.03 m2 

Internal fibre diameter 1.1 mm 

Cartridge diameter 23 mm 

Cartridge length 203 mm 

Number of fibres 55 

5.4.3.2.Fairey ceramic industrial membranes 

Ceramic membranes have been progressively used in the environmental, petrochemical 

and food industries because they are more chemical, thermal and mechanically stable 

than organic membranes and are generally bio-inert (Ogunbiyi et al., 2008).  Ceramic 

membranes can withstand steam sterilisation and backflushing, have a high durability and 

can be stored dry after cleaning if required (Ogunbiyi et al., 2008).  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

197

The ceramic membranes used in these experiments were purchased from Fairey Industrial 

Ceramics Ltd, UK and had star-shaped channels to promote turbulence, as shown in 

Figure 28.  Membranes with nominal pore sizes of 0.2 µm, 0.35 µm and 0.5 µm were 

used for cross flow membrane filtration experiments with distilled deionised (DD) water, 

QXE (a raw processing waste stream) and model B-starch solutions as the feed stream.  

Prior to use, membranes were prepared according to manufacture’s instructions which 

included a soaking and cleaning regime.  These membranes were reported to be corrosion 

resistant, could tolerate a wide range of pH solutions and were thermally stable up to 

140°C.  They had a membrane surface area of 0.06 m2.   

 

Figure 28: Ceramic membranes sourced from Fairey Industrial Ceramics Limited 

(http://www.faireyceramics.com/industrial_porous/) 

5.4.3.3.Mitsubishi-Rayon membranes 

Mitsubishi-Rayon representatives provided submergible hollow fibre membranes with 

nominal pore sizes of 0.1 and 0.4 µm for research purposes.  Hand-operated trial size 

membranes (attach to a large syringe for trial use) were provided for research.  The 

manufacturer indicated that these were not suitable for the raw wheat starch waste stream 

due to expected fouling conditions and indicated that they were more suited for 

membrane filtration of the treated streams.   

5.4.3.4.Microdyne tubular hydrophobic membrane 

An 0.2 µm Microdyne membrane was trialled with post anaerobic effluent used as the 

feed stream, however, the experimental period with this membrane was short due to 

extremely low cleaning efficiencies and permeate flux.  
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5.4.3.5.Nylon mesh filters 

Nylon mesh filters were used to filter the IC effluent and the final effluent to investigate 

how the waste streams might react to fractionation.  Filters with progressively smaller 

pore sizes were used, including 105 µm, 63 µm, 30 µm and 11 µm.  The filtrate from the 

11 µm sample filter was then filtered through a 0.45 µm a glass fibre filter paper as used 

for suspended solids (SS) determinations.  Feed and filtrate samples were collected at 

each stage of the fractionation process and analysed for chloride, settleable solids, total 

solids, SS, COD, BOD5 and pH.   

5.4.4. Sample Collection On-Site and Transport to Laboratory 

When samples were collected from the factory, pH and temperature measurements were 

undertaken immediately on site.  The samples were then transported to the university 

laboratory by car (around 15 minutes travel time) for use in membrane filtration 

laboratory trials.  Sample collection followed the requirements necessary for the 

particular sample type, for example, where samples were analysed for NH3, NOx (nitrite 

and nitrate) and FRP (Filterable reactive P), these samples were filtered in-situ with a 

0.45 µm filter in accordance with instructions from Queensland Health Scientific 

Services (QHSS).  Other standards considered during the sampling process included: 

 AS/NZS 5667.1:1998 Water quality—Sampling Part 1: Guidance on the design of 

sampling programs, sampling techniques and the preservation and handling of 

samples. 

 AS/NZS 5667.10:1998 Water quality - Sampling Part 10: Guidance on sampling 

of waste waters. 

After the samples were transported from the factory to the university laboratory, they 

were usually left to sit at room temperature while the experimental membrane filtration 

rig and membrane used for the experiment were set up.   

5.4.5. Experimental Set Up and Run 

The experimental procedure at Griffith University laboratory included the following 

sequence of events: 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

199

1. Set water bath temperature to experimental temperature  

2. Start up computer and Opto22 Control automated program  

3. Fill sample vessel with DD water and recirculate sample through heat exchange 

and membrane filter by-pass line until sample reaches required temperature 

4. With permeate ports closed, open by-pass valve to allow sample to travel to 

membrane filter line 

5. Manually adjust forward and back applied pressures to achieve required pressures 

6. Open permeate port valve and recheck pressures on feed and return line 

7. Measure permeate flux for a prescribed amount of time at required intervals with 

permeate returned to sample vessel unless otherwise stated 

8. For experiments where the operational conditions were changed at set frequencies 

according to experimental design (e.g. temperature and pH), the valve to the 

membrane line was closed during those changing periods until the particular 

condition was reached.  That is, feed did not pass through the membrane during 

this time and instead recirculated only through the heat exchanger and sample 

vessel. 

9. At the end of the experimental period, the Opto22 program was stopped and then, 

the sample was drained from the vessel. 

5.4.6. Membrane Cleaning 

The in-situ cleaning process for the rig and membranes was as follows: 

1. Add tap water and recirculate through rig, including membrane for a few minutes 

to flush foulants off surface and then drain flush water 

2. Fill with DD water (for samples where cleaning efficiency stages were studied), 

heat to required temperature, and operate in the same manner as for sample to 

obtain flux curves 

3. Fill with tap water and add NaOH to achieve required concentration.  Recirculate 

mixture through by-pass line to mix thoroughly and to meet temperature 

requirements 
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4. Open by-pass valve and allow cleaning solution to circulate around rig including 

membrane with permeate ports closed to lift foulants from membrane surface 

5. Open permeate ports to allow cleaning solution to travel through membrane pores. 

Allow permeate to flow back into sample vessel 

6. Stop the Opto22 program and manually drain the membrane and rig of cleaning 

solution 

7. Flush sample vessel and rig with clean water until pH near neutral with permeate 

ports closed 

8. Open permeate ports and allow permeate to flow until permeate is a neutral pH 

9. drain sample vessel and rig 

10. DD water then added to sample vessel and circulated while being heated to 

required temperature with by-pass line open (ie water not flowing through 

membrane) 

11. DD water flux measured the same as for pre-sample flux to determine the 

membrane cleaning efficiency 

5.4.7. Sample Collection, Preservation and Analysis 

The collection of samples from membrane filtration experiments was dependent on 

experimental objectives.  Where quality changes were measured, samples were usually 

collected for the feed stream, permeate and retentate.  These samples were typically 

analysed in the university laboratory for COD, pH, temperature, SS and TS.  On some 

occasions, samples were also analysed for protein concentrations, turbidity, BOD5, and 

conductivity as well as for nutrients and metals.  An overview of the methods used for 

each parameter measured at various laboratories is presented in Table 38. 

The sample collection method, container and preservation techniques were in accordance 

with the Water Quality Sampling Manual (QEPA, 1999) as well as advice from QHSS 

staff.  When samples were analysed at the university laboratory, all analytical methods 

used were in accordance with Standard Methods (Eaton et al., 1995) or with Hach 

methods as required.  For probe type measurements, a TPS water testing unit (90FLM) 
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was used with probes attached for temperature, pH, DO and conductivity.  COD 

concentrations were analysed using a HACH COD reactor, HACH COD Digestion 

Reagent Vials, and HACH Photometer (DR/2000 Direct reading spectrophotometer) ( = 

620 nm), combined with APHA Standard Methods (Eaton et al., 1995) for COD analysis.  

A standard curve was generated plotting measured concentrations COD (mg/L) against 

known standard concentrations of Potassium Hydrogen Phthalate (KHP) as 

recommended by Standard Methods (Eaton et al., 1995) and HACH (1995).  This 

standard curve produced a slope of 0.9586 with an R2 equal to one.  This means a high 

correlation was observed between measured and actual concentrations with all of the data 

accounted for.  HACH provide a standard deviation of  18 mg/L COD within this range.   

Table 38: Analytical method details for sample analysis 

Parameter 
analysed 

Method Reference Method Source Laboratory 

BOD5 5210 B. 5-Day BOD Test Standard Methods (Eaton et 
al., 1995) 

GU 

COD HACH COD reactor, HACH 
COD Digestion Reagent Vials, 
and HACH Photometer 
(DR/2000 Direct reading 
spectrophotometer) ( = 620 
nm),  

according to accompanying 
HACH procedures  

GU 

Chloride ions 4500-Cl- B. Argentometric 
Method 

Standard Methods (Eaton et 
al., 1995) 

 

Total solids 2540 B.  Total Solids Dried at 
103-105°C 

Standard Methods (Eaton et 
al., 1995) 

GU 

Total Suspended 
solids 

2540 D. Total Suspended Solids 
Dried at 103-105°C 

Standard Methods (Eaton et 
al., 1995) 

GU 

Total Suspended 
solids 

Photometric HACH method Hach DR 2000 instrument GU 

Total Dissolved 
solids 

2540 C. Total Dissolved Solids 
Dried at 180°C 

Standard Methods (Eaton et 
al., 1995) 

GU 

Turbidity Photometric HACH method Hach DR 2000 instrument GU 
Protein, as is 
concentrations 

Leco Instrument Leco WBP 

Nitrogen, Ammonia ENM-001 QHSS Methods QHSS  
Nitrogen, Oxides ENM-002 QHSS Methods QHSS  
Phosphorus, 
Filterable reactive  

ENM-003 QHSS Methods QHSS  

Phosphorus, Total ENM-005 QHSS Methods QHSS  
Nitrogen, Total ENM-008 QHSS Methods QHSS  
Lithium (Li) MGM-024 QHSS Methods QHSS  
Boron (B) MGM-016 QHSS Methods QHSS  
Calcium (Ca) MGM-016 QHSS Methods QHSS  
Potassium (k) MGM-016 QHSS Methods QHSS  
Magnesium (Mg) MGM-016 QHSS Methods QHSS  
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Parameter 
analysed 

Method Reference Method Source Laboratory 

Molybdenum (Mo) MGM-016 QHSS Methods QHSS  
Sodium (Na) MGM-016 QHSS Methods QHSS  
Aluminium (Al) MGM-017 QHSS Methods QHSS  
Arsenic (As) MGM-017 QHSS Methods QHSS  
Beryllium (Be) MGM-017 QHSS Methods QHSS  
Cobalt (Co) MGM-017 QHSS Methods QHSS 
Chromium (Cr) MGM-017 QHSS Methods QHSS  
Copper (Cu) MGM-017 QHSS Methods QHSS  
Iron (Fe) MGM-017 QHSS Methods QHSS  
Manganese (Mn) MGM-017 QHSS Methods QHSS  
Nickel (Ni) MGM-017 QHSS Methods QHSS  
Lead (Pb) MGM-017 QHSS Methods QHSS  
Vanadium (V) MGM-017 QHSS Methods QHSS  
Zinc (Zn) MGM-017 QHSS Methods QHSS  
Sulphate (SO4) MGM-016 QHSS Methods QHSS  
Mercury (Hg) MGM-021 QHSS Methods QHSS  
Cadmium (Cd) WMM-004 QHSS Methods QHSS  
Selenium (Se) WMM-004 QHSS Methods QHSS  

5.5. Data Analysis 

5.5.1. Microsoft Excel 

Excel from the Microsoft Suite was widely used for creating and maintaining 

spreadsheets throughout this project both for data collected on-site and laboratory data.  

The Data Analysis tool in Excel was used to calculating descriptive statistics for 

parameters as required.  Excel was also the tool of choice for undertaking economic 

evaluations for a number of alternatives presented.  

5.5.2. Calculations for Water Usage 

In addition to the use of graphs and descriptive statistics: 

 Regression analysis was undertaken of daily freshwater usage per flour 

throughput.   

 An Analysis of Variance (ANOVA) was undertaken on data for water usage per 

tonne flour per shift to determine whether there was a difference on water usage 

related to shift.  The method used was for the Model 1 ANOVA where the null 

hypothesis Ho: µ1 = µ2 = µ3 = … = µk is appropriate as published by Zar (1984). 
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 A Tukey test was undertaken, using a method from Zar (1984), to determine 

which means were significantly different for water usage/tonne flour per shift. 

 The influence of ‘foreman’ on water usage/tonne flour per shift was undertaken 

only by comparisons of data from metered and unmetered water usage 

calculations.  

5.5.3. Calculations for Reductions in Parameters Measured 

The percent reductions of parameters measured (from feed to permeate) as a result of 

membrane filtration were determined by the following equation: 

Equation 23: Reductions (%) of parameters due to membrane filtration experiments 

1001 
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5.5.4. Calculations for Protein Determinations (dsb) 

Protein determinations were calculated on a dry solids basis (dsb) using the following 

equation: 

Equation 24: Percent protein (dsb) determinations 
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6. STUDY SITE 

6.1. Introduction  

The wheat starch manufacturing plant studied for this research project was located at 

Fairfield, a south-side suburb of Brisbane, as outlined in Figure 29.  Roads surrounded 

the plant with Fairfield Road to the west and Chale Street surrounding the other sides.  

Beyond Fairfield Road existed a golf course with natural waterways within its boundaries 

and beyond Chale Street were industrial buildings, the railway line, many second-hand 

car yards (known locally as “The Magic Mile”) and residences.   

 

Figure 29: Aerial view of the study site and surrounding area (GoogleEarth) 

A lack of available space was a limiting factor when considering wastewater treatment 

options for the site.  The almost triangular area within the most northern part of the site 

was used for administration purposes and the remainder of the site comprised a dry 
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storage and loading area, WWTP and starch-processing factory.  Excluding the 

administration building, the study site (L1 RP170304: Parish Yeerongpilly) was situated 

on 9164 m2 of land with local zoning as “General Industry” and general zone as 

“Industrial Heavy/Other” (http://www.rpdata.com/).  The on-site area was utilised for 

administration, storage, production and existing WWTP purposes leaving no space 

available for the addition of a wastewater treatment technology requiring a large 

footprint.  

The areas of primary interest for this project included the wheat starch factory and the 

wastewater treatment plant (WWTP), as shown in Figure 30 with the WWTP outlined in 

blue for easy identification.  Major components of the WWTP determining the treatment 

capacity of the overall process included the pre-acidification tank (PA) and internally 

circulating anaerobic reactor (IC).   

 

Figure 30: Aerial view of study site (http://www.rpdata.com/) 

The site investigation was undertaken during the period from March 1999 to March 2001 

with the overall objective being to determine whether membrane filtration could be 

applied to waste streams and reduce expenses associated with the discharge fees.  It was 

also suggested by management that the filtered stream could be suitable for reuse to 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

206

irrigate the golf course located across the road.  Membrane filtration, having gained a 

reputation as a non-chemical means of filtering waste streams was viewed favourably as 

being the technology to solve the costly wastewater discharge problem at the starch 

manufacturing site.  Membrane filtration was also known to require a relatively small 

footprint compared with other treatment technologies typically used for this type of waste 

stream, such as large treatment ponds or anaerobic digesters.  Given these factors, the 

study site investigation was undertaken to establish the background scenario with a view 

that membrane filtration could be applied to the starch waste stream and bring about 

economic benefits. 

Discussions were undertaken on-site with employees from a range of areas within the 

company to gain a deeper understanding of the issues relating to the WWTP and 

wastewater discharge.  Persons consulted, communicated with and/or observed during the 

course of the site investigation included, but were not necessarily limited to, the 

operations manager, wastewater treatment officer, factory manager, production foremen, 

process workers, laboratory staff, truck drivers, food production manager, and the state 

accountant.  Through this process, a sound understanding of the issues at hand from all 

perspectives was obtained.   

The Factory Manager stated that it was “the tail that wagged the dog” at the study site, 

using it as a metaphor for the WWTP (as the tail-end) was limiting/controlling production 

rates within the factory.  This Factory Manager had been working at this site for more 

than twenty years and had witnessed production constraints due to effluent discharge 

limitations since the early eighties.  He had also heard many proposals on alternative 

effluent treatment technologies prior to the placement of the system that existed in place 

during this study.  Previous investigations undertaken at the study site were reviewed and 

these proposals are presented briefly in Section 6.2. 

The processing stages of the wheat starch factory were studied to gain an understanding 

of water usage rates and wastewater generation practices as most of the waste streams 

produced from the factory ended up as influent to the WWTP.  Factory tailing streams 

were characterised with respect to determining WWTP inputs as well as their suitability 

to undergo membrane filtration.  These results are presented in Section 6.3.   
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The wastewater treatment plant (WWTP) was simultaneously studied to gain an 

understanding of the treatment process and the outcomes to this investigation are 

presented in Section 6.4.  The wastewater treatment officer at the time provided 

information and/or assistance to obtain information pertaining to the WWTP design and 

operational parameters.  A sampling program to characterise the WWTP streams and to 

monitor the WWTP performance commenced at the onset of the study period.  

Costs associated with water purchases and wastewater discharges for the starch 

manufacturer were investigated and the results are presented in Section 6.5.  To conclude 

the site investigation, the productivity constraints, as identified during the study period, 

are presented in Section 6.6.   

6.2. Previous Investigations 

6.2.1. Background 

Previous investigations into alternative treatments and disposal options for the 

wastewater streams at the starch factory had been undertaken in the twenty years prior to 

the investigation covered within this thesis.  These studies became known as a result of 

information volunteered from starch factory staff as well as finding information in older 

filing cabinets.  This included in-house research with membrane filtration experiments 

undertaken on the QXE stream (a final tailing stream following extraction of remaining B 

and C grade starch) as well as a similar stream that also contained pentosan and bran 

material.  Around the same time, a scheme to pump the wastewater offsite, treat and then 

dispose through irrigation with balance discharged to sewer in 1983 was known as the 

McCracken Proposal.  There was also evidence of developing potential products from the 

waste streams, such as a coal dust suppressant, as a stockfood component and as a 

fertiliser.  A brief overview of these various proposals are provided  in Table 39, 

including the time period the study was undertaken, the proposed strategy/expected 

outcomes and the reason it was or was not implemented, where known.  Further details 

on the in-house membrane filtration experiments, the McCracken Proposal, the 

development of a coal dust suppressant, stock-feed studies and other product 

developments are provided in the following subsections.  
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Table 39: Previous in-house research into wastewater treatment and/or disposal options 

Other studies Time 
period 

Proposed strategy & outcomes Implemented (y/n) 
& Reasons 

Coal coating – dust 
suppression studies 

1980 - 
1990 

Enzyme treated (reaction terminated with copper sulphate), gelatinised starch slurry (8.8% 
DSB) used for spraying coal to suppress dust. 

No.  Relatively small quantity of product 
required and high transport costs. 

McCracken Proposal 1983 Treatment plant located at the Animal Husbandry Research Farm (AHRF) at Rocklea.   
Neutralisation with lime, anaerobic digestion, aeration, facultative storage and potentially an 
ammonia stripping operation 
Disposal to municipal sewage treatment works and balance irrigated onto AHRF site.  

No.  Potential risks to Oxley Creek, 
storage difficulties and low demand 
during wet weather. 

Membrane Filtration 
Experiments 

1982-
1983 

Concentrate the raw starch processing waste streams and then spray dry the concentrate with 
a view that it could be used as poultry feed.  

No.  Unknown, thought to be related to 
cost effectiveness.  

Disposal to farm land 
as Liquid Fertiliser 

1997 - 
2002 

Disposal of waste streams (gums, pentosans and fibre with sufficient SB80E and QXE to 
obtain a maximum solids concentration of 7.5%) to farm land.  The pH of the waste stream 
had to be adjusted with NaOH to attain a specified pH of between pH 6 and pH 8. 

Yes.  Because it enabled production to 
continue whilst being a lower cost 
method of disposal than alternatives.  

Coating of cotton seed 
trials 

1997 Aim was to use gums and pentosan waste streams (after converting to syrups) to develop a 
product to coat cotton seed.  It was perceived that the product would improve cotton 
handling issues as related to transporting, storing, feeding and exporting cotton.  (WBP, 
1997) 
As the gums and pentosan based liquid contained nutrients this was viewed as a value 
adding product to stockfood (Lochhead, 1997).  

No.  Unknown why this did not 
eventuate. 

Stock feed studies 1997 Evaporation of gums and pentosans to then use the concentrate as a stockfood component. 
Heat Coagulated Protein (HCP) Experiments.  
Stockfood product for Beef City at Toowoomba which was ¾  gums, pentosans and fibre 
and ¼ converted B starch syrup (Turner, 1997) 

No.  It was not cost effective as the 
energy required to evaporate/separate 
the solids from the liquids greater than 
potential income derived from product.  

Soil injection 1999-
2000 

Disposal of wastewater through soil injection. No.  Possibly due to environmental 
considerations and scientific uncertainty. 

Vermicomposting 1999 Disposal of waste products via vermicomposting No.  Private vermicomposting company 
charges too expensive. 
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6.2.2. In-House Membrane Filtration Research 

Some evidence was cited for previous in-house experimental work, undertaken in 

1982 and 1983 involving membrane filtration experiments of wheat starch effluents.  

The information relates to an unpublished internal document in the form of a Progress 

Report Summary by Cropper (1982) and hardcopy experimental data for six 

experiments between the dates of 2nd and 17th February 1983 inclusive.  From here-

on-in these data sheets will be referred to as “WBP MF data”.   

Cropper (1982) reported on the progress of two types of membrane filtration 

experiments undertaken in-house, these being with a ‘PCI’ tubular UF unit and a 

‘DDS’ plate and frame pilot unit.  The PCI unit appears to have been used to trial the 

‘QX combined effluent stream’ and both units were used to concentrate a wheat starch 

waste water stream called Qx2 effluent.  This stream was described as being different 

from the “Qx combined effluent stream” by having a greater percentage of protein, 

pentosan and bran material (because Qx2 effluent was not processed through GL-600 

screen) as well as lower starch and suspended solids contents.   

Despite differences in the wastewater characteristics, similar permeate fluxes were 

achieved for the QX2 and the Qx combined streams (PCI membrane).  Cropper 

indicated that flux was not enhanced due to the bran in the effluent causing a scouring 

effect and added that pentosan-type material contributed to gel layer formation and 

concentration polarisation.  Cropper did not indicate whether the gel layer was viewed 

as an advantage or disadvantage.  Average initial fluxes were reported to be 50 L/m2.h 

at 55°C and operating under a ‘feed pump pressure’ of 200 kPa.   

Using the DDS plate and frame pilot unit, experimental conditions were the same as 

those used for the PCI tubular membrane unit with the exception that the feed pump 

pressure was 400 kPa.  Unfortunately, limited technical information was provided on 

the membranes or specific wastestream characteristics.  It is known that they were 

polysulphone membranes and they had a membrane area 2.7 times the PCI 

membranes.  It was also reported that the flow patterns for the DDS membrane was 

laminar whilst it was turbulent in the PCI unit.  The DDS unit was comprised of 

“…180 plates sandwiched by a membrane on each side”.  In the same section as the 

DDS plate and frame unit is discussed the term “GR 60P membranes” is eventually 
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presented, tending to indicate that these are the specific membranes used in the DDS 

plate and frame unit.  

Permeate flux for the DDS membranes averaged 79 L/m2.h, using Qx effluent (QXE) 

as the feed at a pH of 3.2 and operated at a temperature of 60°C and pressure of 300 

kPa.  Permeate flux rates were also determined for different solution pH levels, 

including 2.6, 3.1, 3.6 and 4.4.  Corresponding average flux rates were 73, 62, 52 and 

40, demonstrating that higher flux rates were achieved with lower pH levels.  This 

agrees with findings by Fane and Fell (1977) and Ogunbiyi et al. (2008), as presented 

in Section 4.5.8. 

Cropper (1982) reports that the Qx2 effluent stream was concentrated from 1.5-2% to 

8-10% solids content using membrane filtration and then the concentrate was spray 

dried.  The Qx2 spray dried product contained 31% protein (N x 5.7) dsb, 12% starch 

and 8% moisture.  

A Romicon HF15-45-PM50 membrane was used for many experiments detailed in 

WBP MF data.  The trials are referred to as ‘ultrafiltration’ trials and the membrane 

area is recorded as 1.4 m2, however the pore size of the membrane remains unclear.  

The feed is referred to as ‘SK effluent’ and ‘starch effluent’ on the different sheets (3 

of each), however in the absence of further information, it is not known whether this 

was two different types of streams or simply the same stream referred to as different 

names.  It is taken that they are two different streams in this thesis as the SK was a 

starch slurry separator which had been permanently taken off-line prior to the 

commencement of this project.  Like all previously used equipment it was still in the 

factory area and was not too dissimilar to the QX or the SB80 separators.  Starch 

effluent is taken to be the combined starch waste streams from various pieces of 

equipment, of which the SK effluent would be one of the components.  As the 

intervals for these data varied, all were plotted against a timeline to enable 

comparisons within the different equipment types.   

Flux and temperature data are plotted in Figure 31 for the SK effluent feed trials.  The 

SK effluent trials were operated over three days with the membrane unit not being 

washed between days.  However, the information does not state that the membrane 

unit was continuously operating over those three days and it is assumed that it was not 

as each day has an ‘elapsed time min’ value starting with zero.  Experimental 

temperatures were generally between 30°C and 40°C.  From flux data, the initial flux 
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rate on each consecutive day was higher than the last flux rate recorded for the 

previous day without the membrane being cleaned in between.  The flux rate on Day 2 

commenced at a higher rate than all flux rates on other days and this possibly could be 

attributed to temperature effects as the reported operational temperature was higher 

for this day than other days.  However, within 400 minutes it had decreased to a lower 

flux than the flux achieved at the end of Day 1.  It is noteworthy that at the 

experimental time of 300 minutes, a drop in temperature of the feed stream on Day 1 

corresponds to a drop in permeate flux for the same feed stream.  Only a small amount 

of data was collected on Day 3, thereby making observations difficult.  
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Figure 31: WBP MF flux and temperature data - SK effluent feed (WBP, 1983) 

Permeate flux and temperature data for the membrane filtration experiments using a 

starch effluent feed are presented in Figure 32, showing that temperatures were 

generally between 30°C and 40°C for Day 1 and Day 2 and were higher on Day 3.  

These trials are thought to have commenced with a cleaned membrane, unlike the SK 

effluent trials.  Flux decline is apparent for all starch effluent trials.  
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Figure 32: WBP MF flux and temperature data - starch effluent feed  (WBP, 1983) 

6.2.3. The McCracken Proposal  

McCracken (1983) proposed that the raw wastewater be pumped approximately 

1.6 km to the Animal Husbandry Research Farm, treated through a stratified anoxic-

aerobic lagoons, aerated and then used to irrigate the site.  Some options presented a 

discharge to sewer scenario for all or part of the effluent, during periods of wet 

weather.   

Advantages and disadvantages of the proposal were outlined by McCracken (1983) 

as:  

 Advantages of the proposal included yield and quality increases for the fodder 

grown on the land that had been irrigated with the effluent (based on a three 

month trial), as a result of the increased water and N needed for plant growth.   

 Potential disadvantages included: 

o malodour generation during storage,  

o overflows and surface runoff to Oxley Creek and Stable Swamp Creek 

during wet weather,  

o eventual ‘soil clogging’ for land irrigated with high BOD loading rate 

greater than 240 kg BOD5/ha.week,  

o groundwater contamination with nitrates, and  

o eutrophication in Oxley Creek.   



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

213

Although no written statement can be found as to why the project did not go ahead, it 

is assumed that the potential for environmental harm was considered too great at the 

time as the author was very strong on these points within the report.   

6.2.4. Coal Dust Suppressant  

Research and development of a starch-based coal dust suppressant was undertaken by 

the wheat starch manufacturer between 1980 and 1990.  An interest in developing a 

‘surface bonding agent’ and ‘flocculant’ for the coal industry was discussed in 

memorandums issued during 1980 and 1981.  However, it appears that serious trials 

for the product did not occur until November 1989.   

The demand for such a product came from the Japanese who requested that coal be 

coated to stop dust pollution (Close, 1988).  Another product was being used at the 

time but it was ineffective and caused an increase in coal moisture which reduced the 

value of the coal being exported (Close, 1988).  According to Lloyd (1999b), as the 

Factory Manager (who had worked there in excess of 20 years), the coal dust 

suppression product never eventuated as it was not cost effective because the 

application required a relatively small amount of starch product and transport costs to 

coal mining areas were high.   

The research and development of a coal dust suppressant between 1980 and 1990 

appears to have focused on developing a product where the main ingredient was 

starch.  Later in 1998 the topic reappears in a memorandum from Smeal (1998) as a 

possible method of developing a product from otherwise waste products such as the 

‘gums and pentosans’ stream.  There is no evidence that this area was re-investigated. 

6.2.5. Stock Feed Studies 

The development of waste products into a stock feed or a component of stock food 

had been investigated by the company.  Waste products of interest included gums, 

pentosans and fibre.  Some trials were conducted with mixing these waste products 

with starch.  Assistance was sought from the local council and relevant state 

government departments, however, information on outcomes is lacking.  Two large 

companies were approached as potential customers of a stockfood component 

developed from waste products.  A limitation of the waste streams as stockfood was 

that the solids concentration had to be increased for it to be feasible and evaporation 

was problematic and expensive. (WBP, 1999) 
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6.2.6. Other Product Developments &/or Waste Disposal Options 

Liquid Fertiliser was developed as a low cost and legal disposal method of high 

organic loaded waste streams containing primarily the gums, pentosans and fibre.  A 

business proposal for the disposal of liquid waste, dated 02-09-1997, by the owner of 

both the land where the waste was disposed of and the transport company that 

transported the waste was obtained.  This proposal outlined the trial for liquid waste 

disposal and indicated that the product should have a maximum solids concentration 

of 7.5% and a pH between pH 6 and pH 8.   

Scumguard was developed as a saleable product which was used in the manufacturer 

of bricks.  This was made from the factory floor washwater whereby the scavenged 

starch particles were saccharified into syrups.  

Vermicomposting options were investigated by the company as a means of treating 

and disposing of unwanted waste materials.  Twenty-five tonnes of waste comprising 

gums, pentosans and fibre were sent to a worm farm during 1999 as a trial.  Although 

this trial was reportedly successful, all waste materials supplied to the worm farm 

were at a cost to the company.  The vermicomposting option was not competitive with 

the existing costs associated with effluent treatment and discharges to sewer and 

therefore was not pursued.  

An interesting argument could be proposed that there are beneficial purposes for the 

wastewater to be mixed with municipal activated sludge.  Potato starch wastewater 

added to primary sludge during the acidogenic phases and was found to be beneficial 

to the performance of the system as it increased VFA and SCOD levels, increased 

destruction of suspended solids and provided for increased settling properties of the 

sludge (Banerjee et al., 1999).   
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6.3. Starch Factory 

6.3.1. Water Usage 

6.3.1.1.Introduction 

At a time of increasing water scarcity, water intensive industries are required to 

reduce water consumption and economic instruments are used to curb water usage.  

Weston Bioproducts was reported as being “…the fourth largest user of water in 

Brisbane…” (Lloyd, 1999a).  Water usage for wheat starch processing facilities can 

be as high as 15 L water/kg flour throughput (Fane and Fell, 1977; Yanagi et al., 

1994) as presented in Section 2.9.6.  

Anecdotal evidence collected by way of discussions with factory employees as well as 

time spent on site determined that the rate of water used to separate flour into starch 

and gluten products was crucial for effective separation.  Insufficient washing would 

cause insufficient separation resulting in products failing order specifications.  For 

example, gluten might not pass the percent protein requirement when contaminated 

with starch or other by-products and conversely, starch yields would also be reduced.  

Failed products were re-tipped and re-processed with additional flour inputs adversely 

affecting productivity and profit margins.  An even greater water usage per tonne of 

flour could occur if insufficient water usage initially prevented effective separation 

during processing.   

This section presents a detailed analysis of water use in the factory, using data 

collected and spreadsheets generated by the researcher during this study.  Analysis of 

water usage data was undertaken to determine: daily water usage; water usage/t flour 

throughput; influence of ‘shift’ on water usage; influence of ‘foreman’ on ‘shift’ 

water usage and water usage for processing equipment.  Water minimisation strategies 

employed at the site studies are also discussed. 

6.3.1.2.Daily water usage 

Between 30 April 1999 and 30 March 2000, fresh water usage (incoming water mains 

data) within the starch manufacturing plant varied with upper and lower band ranges 

related to processing and non-processing periods respectively, as shown in Figure 33.  

The starch manufacturing plant changed operations from seven to five days per week 
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from mid August 1999, and consequently, lower fresh water inputs were recorded for 

weekend periods from that time.  Data, including July 1999 and up to 16 August 

1999, were removed from the dataset due to WWTP failure rendering the data 

unrepresentative of normal daily usage.  Over the entire period, except for excluded 

data, the plant used an average of 530 kL fresh water inputs per day.  The mode was 

645 kL/day, the standard deviation 194 kL/day and n=235 for this dataset.  These 

values represent a total value for combined operational and non-operational periods 

which are defined as when total flour inputs are greater than zero and equal to zero 

respectively.   
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Figure 33: Freshwater usage (kL/day) 

Further data analysis was undertaken by removing all daily data where flour inputs 

were equal to zero to determine water usage for operational times.  Water usage 

during operations was determined to be an average of 600 kL/day with a median value 

of 625 kL/day, mode 645 kL/day, standard deviation 89 kL/day and n=202.   

Water usage during non-operational periods, i.e. when flour throughput equalled zero 

were also analysed as these data represent production down time associated with 

scheduled maintenance and cleaning of the plant.  Analysis determined that when 

flour inputs equalled zero, water usage ranged from 16 – 268 kL/day, averaging 100 

kL/day with a median value of 81 kL/day, standard deviation of 66 kL/day and n = 33. 
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6.3.1.3.Water usage per tonne flour 

Using average daily water usage for all data (530 kL/day) and operational data only 

(600 kL/day), the corresponding mean flour inputs were 59 tonne/day (SD=26) and 69 

tonne/day (SD=12).  Hence, the water usage per tonne flour throughput for all data 

and operational data only was respectively 9.0 kL and 8.7 kL water/tonne flour 

processed.   

When water usage is plotted against flour throughput, as shown in Figure 34, it is 

apparent that water was used even when flour input equalled zero and increases were 

marginal beyond 40 tonne dsb flour/day throughput.  During non-processing time, 

water was used for cleaning tasks (equipment and factory floor).  From the data it is 

evident that some of the higher throughputs of up to 80 tonne dsb flour/day used 

similar volumes of water for throughputs of 40 tonne dsb flour/day. 

y = 6.4619x + 149.68

R2 = 0.7571
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Figure 34: Fresh water usage plotted against flour throughput 

Regression Statistics, as presented in Table 40, indicate that water usage kL/tonne of 

flour throughput is between 6.0 and 6.9 kL with an additional 119 to 180 kL per day 

that cannot be explained by flour throughput alone.  Factors other than flour 

throughput include truck wash downs, factory cleaning operations and personal use.  

The resultant equation for water usage can be presented as: 

Water usage (kL/day) = 6.46*flour throughput (t/day) + 149.68. 

 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

218

Table 40: Regression analysis of freshwater inputs (kL/day) per tonne flour/day 

Regression Statistics      
Multiple R 0.87013215      
R Square 0.75712996      
Adjusted R Square 0.7560876      
Standard Error 95.986004      

Observations 235      

       

ANOVA       
  df SS MS F Significance F  
Regression 1 6692189.466 6692189 726.3608 1.49171E-73  
Residual 233 2146701.921 9213.313    

Total 234 8838891.387        

       

  Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 149.678006 15.45016118 9.687796 7.23E-19 119.2381383 180.1179 

X Variable 1 6.46194274 0.239765617 26.95108 1.49E-73 5.989557139 6.934328 

6.3.1.4.Influence of ‘shift’ on water usage/tonne flour 

Analysis was undertaken to determine whether the rate of water usage per tonne of 

flour was dependent upon shift, where shift periods are defined as: 

 Night Shift - 11:00pm to 7:00am 

 Day Shift - 7:00am to 3:00pm 

 Afternoon Shift - 3:00pm to 11:00pm 

Parameters investigated to determine the influence of ‘shift’ on water usage included: 

 Metered Water Usage: Included the total sum of all recorded meter readings 

from nine pieces of processing equipment, namely, tricanter, GLs, spray tower, 

glucose, T15 truck, unicorr mix area, scrubber, process water tank and drum filter 

water. 

 Unmetered Water Usage: Calculated by subtracting ‘Metered Water 

Usage’ from Total Incoming Water. 

 Total Water Usage: Represents metered and unmetered water usage, as 

recorded from the Mains water meter. 

Descriptive statistics were generated from the dataset on water usage per tonne of 

flour for each shift as well as the daily totals for metered uses of water, unmetered 

water uses and total water usage.  Where data were considered erroneous, such as zero 

or negative values for any of the parameters as well as extremely small or excessive 

usage values thought implausible, these data were removed for the entire day for all 
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parameters.  Final data represents the time period from 30 March 1999 and 21 April 

2000 and n=204.  Resultant mean values and one standard deviation are presented in 

Table 41 showing that water usage per flour inputs was greater for the day shift than 

other shifts.  Unmetered water usage was generally less during the nightshift 

compared to day and afternoon shifts. 

Table 41: Mean water usage and SD (kL) per tonne flour throughput for each shift 

Rates of water usage  Night shift 
(SD) 

Day shift Afternoon 
shift 

Daily totals 

Metered water usage/tonne 
flour 

4.6 (2.0) 5.3 (2.1) 4.4 (1.8) 4.6 (1.3) 

Unmetered water usage /tonnes 
flour 

4.5 (2.1) 5.1 (2.4) 5.2 (2.0) 4.7 (1.6) 

Total (metered + unmetered) kL 
water usage /tonne flour 

9.1 (2.8) 10.4 (3.3) 9.7 (3.1) 9.3 (1.8) 

Using methods described by Zar (1984), a Model 1 ANOVA was completed for the 

total water usage/tonne flour data where α=0.05 and n=204.  The null hypothesis was 

that there was no difference between the means of the total water usage for each 

‘shift’ category.  Results presented in Table 42 show that the F-statistic calculated is 

greater than the Fcritical value and hence falls into the rejection region.  Consequently it 

is disproved that the mean values are equal for each shift and concluded that at least 

one of the shift categories has a different total water usage rate.   

Table 42: Single factor ANOVA Summary for water usage per tonne flour based on 'shift' 

Source of 
Variation SS df MS 

Calculated 
F1 Critical F2  Decision3 

Total 5925.96 611      
Groups 170.85 2 85.42300028    
Error 5755.11 609 9.450106652    

     9.039368911 3 

reject Ho and 
conclude that 
at least one is 
different 

1. Test for equality of means - a one-sided variance-ratio test 
2. From table - alpha=0.05, df1=2 (k-1), df2=609 (N-k) 
3. If Calc F >= Critical F, reject Ho and conclude at least one is different 

As the Null Hypothesis was rejected, a multiple comparison Tukey test (t-test) was 

undertaken to determine which population means were significantly different.  The 

parameters applied for the t-test are shown in Table 43 and the results are presented in 

Table 44.  From the t-test, it is demonstrated that the total ‘day’ and ‘night’ shift water 
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usage is significantly different at the 95% level of confidence.  However, it could not 

be rejected that the means are equal for afternoon shift with either day or night shift.  

Table 43: Tukey Test parameters used for water usage/tonne flour/shift 

Samples ranked by 
mean 1 (nightshift) 2 (Afternoon Shift) 3 (Day Shift) 
ranked sample means 
(kL/t) 9.1 9.7 10.4 

To test each Ho: mean1=mean2 

df1 (v) error df 609  

df2 (k) 
the total number of means being 
tested 3  

SE  square root of (error MS/n) 0.215230231  

Table 44: T-test results for water usage/tonne flour/shift 

Compariso
n Means 

Differenc
e SE 

Calculated 
q 

Critica
l q 
qo, 
0.05, 
df1(v), 
df2(k) 

Conclusion/Decision
: if calculated q >= 
Critical q, reject Ho 
and conclude that 
they are different 

3 vs 1 
10.4-
9.1 1.3 

0.21523023
1 6.040043704 3.314 

reject Ho and 
conclude that they 
are different 

3 vs 2 
10.4-
9.7 0.7 

0.21523023
1 3.252331225 3.314 cannot reject Ho 

2 vs 1 9.7-9.1 0.6 
0.21523023
1 2.787712479 3.314 cannot reject Ho 

6.3.1.5.Influence of ‘foreman’ on ‘shift’ water usage/tonne flour 

To investigate potential influences that a particular foreman might have had on water 

usage per tonne of flour, data analysis was undertaken for each particular shift for 

each foreman.  Foremen are listed as A, B, C and D to preserve anonymity.  Where 

two foremen were listed on duty for a particular shift, data were excluded for that 

shift.  Mean values and one standard deviation data are provided in Table 45, Table 46 

and Table 47 representing water usage (kL) per tonne flour throughput for nightshift, 

day shift and afternoon-shift.  ‘Daily total’ includes the total daily data for those days 

when the Foreman was rostered on for that particular shift to which the table 

represents and hence, these figures will differ from values presented in Table 41.  As 

all hoses on the factory floor were not part of the metered water lines, these findings 

might imply that a greater use of water from hoses for processing and/or floor 
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cleaning purposes.  Where unmetered water usage is greater than metered water 

usage, the cells are shaded grey.  

The following observations are made from these data: 

 Unmetered water usage is generally lower than metered water usage for 

nightshift and day shift except for Foreman C and Foreman D respectively.  This 

might imply that these foremen had a greater tendency to use unmetered water (i.e. 

hoses) under these particular shifts.  

 The unmetered water usage rate is consistently higher in the afternoon shift than 

metered uses.  This might imply that there was a general practice of ‘cleaning up’ 

during the afternoon shift.   

 Foreman D had the highest rate of shift total water usage during nightshift and 

afternoon shift and yet achieved the lowest water usage while on day shift.  This 

might imply that this foreman altered water usage patterns according to shift.  Also 

noteworthy is from these data is that Foreman D had worked less numbers of each 

shift than the other foreman and therefore, had less site specific experience than the 

other foremen.  

 Foreman C had the highest water usage rate during the day shift.  

Table 45: Rates of water usage for nightshift for various foremen on duty 

Rates of water usage (kL/tonne flour) & one std dev Water usage parameter 
Foreman 
A 
(n=56) 

Foreman 
B 
(n=51) 

Foreman 
C  
(n=61) 

Foreman 
D  
(n=31) 

Average 
water 
usage 
(kL/tonne 
flour) 

Metered water usage/tonne flour 4.6 (2.1) 4.7 (1.8) 4.3 (1.6) 5.3 (2.4) 4.7 
Unmetered water usage /tonnes flour 4.4 (2.5) 4.5 (2.1) 4.7 (1.6) 4.8 (1.7) 4.6 
Nightshift total (metered + unmetered) 
kL water usage /tonne flour  

8.9 (3.6) 9.2 (2.2) 8.9 (2.0) 10.1 (2.9) 9.3 

Daily total (metered + unmetered) kL 
water usage /tonne flour  

8.9 (1.5) 9.6 (2.0) 9.2 (1.5) 10.1 (2.5) 9.5 
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Table 46: Rates of water usage for day shift for various foremen on duty 

Rates of water usage (kL/tonne flour) & one std dev Water usage parameter 
A 
(n=56) 

B 
(n=51) 

C 
(n=51) 

D 
(n=36) 

Average 

Metered water usage/tonne flour 5.4 (2.2) 5.1 (2.2) 5.8 (2.4) 4.3 (1.3) 5.2 
Unmetered water usage /tonnes flour 4.7 (1.7) 4.9 (2.4) 5.5 (3.5) 5.3 (1.6) 5.1 
Day shift total (metered + unmetered) 
kL water usage /tonne flour  

10.1 (2.2) 10.2 (3.1) 11.3 (4.7) 9.6 (2.3) 10.3 

Daily total (metered + unmetered) kL 
water usage /tonne flour  

9.3 (1.6) 9.1 (2.3) 9.6 (1.9) 9.3 (1.5) 9.3 

Table 47: Rates of water usage for afternoon shift for various foremen on duty 

Rates of water usage (kL/tonne flour) & one std dev Water usage parameter 
A 
(n=51) 

B 
(n=56) 

C 
(n=47) 

D 
(n=15) 

Average 

Metered water usage/tonne flour 4.3 (0.9) 4.6 (1.8) 4.4 (2.3) 4.6 (2.8) 4.5 
Unmetered water usage /tonnes flour 5.4 (1.7) 5.0 (2.3) 5.4 (2.2) 5.9 (1.8) 5.4 
Afternoon shift total (metered + 
unmetered) kL water usage /tonne flour 

9.7 (2.3) 9.6 (3.5) 9.8 (3.9) 10.5 (3.4) 9.9 

Daily total (metered + unmetered) kL 
water usage /tonne flour  

9.8 (1.8) 9.2 (1.3) 9.2 (2.0) 9.7 (2.6) 9.5 

6.3.1.6.Water usage / processing equipment 

Water usage was assessed for the various separating pieces of equipment used within 

the starch and gluten fractionation processes, as shown in Figure 35.  The ‘unmetered’ 

amount of water is calculated by subtracting the average total daily metered usage 

from the average daily incoming mains water meter reading (620 kL/day).  Water 

meter readings for each shift were recorded from meters located on nine pieces of 

equipment.  The three shifts of each day were added to obtain a total kL/day water 

usage rate for these nine stages of processing equipment.  The portion of unmetered 

water usage was higher than expected.  As a fraction of the total daily water usage 

(620 kL/day), the unmetered water use represented 52% of total freshwater inputs.  
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Figure 35: Water usage for various processing equipment 

6.3.1.7.Water minimisation strategies 

The company was interested in water minimisation strategies although an early 

observation at the site was that the water piping system was in need of repair.  At 

some pipe joins, water would be squirting out and sometimes it was evidenced where 

a piece of rag had been tied around the leak to minimise how far it was spraying onto 

the factory floor.   

During Year 2000 an economic incentive was developed and implemented by 

management whereby bonuses were paid to workers based on reduced water usage 

within the factory floor.  The bonuses were not based on meter readings from the 

mains water supply meter.  It was alleged by one of the employees that during the late 

evenings and early mornings, all the hoses would be joined together by starch factory 

workers and water would be drawn from a tap outside of the starch plant itself, 

thereby giving a false reading on the amount of water used for the starch 

manufacturing process for that shift.  As the confidante explained “…it made them 

(the low water usage workers) look twice as good as not only had they managed to 

reduce their water usage but other employees working in unmetered areas were 

apparently increasing their usage”.   

It is difficult to determine whether there was a positive effect from the monetary 

bonus scheme due to oscillating water usage patterns during the relative short length 

of the study which might be related to other factors such as wheat flour input quality.  
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Although some data might have been incorrectly apportioned within the factory floor 

for the purpose of ‘bonus’ calculations, it is apparent from Figure 33, that daily 

freshwater usage (measured from the mains water supply meter) did consistently 

remain under 700 kL/day in Year 2000, unlike usage during the last half of 1999.  

However, maximum freshwater inputs for the first half of 1999 are very similar to 

freshwater inputs during 2000 and consequently, it is difficult to conclusively state 

that monetary bonuses applied had a positive effect.  These freshwater usage results 

might also be related to the seasonal effects of wheat four quality or other factors not 

investigated.  

To enable the development of effective water minimisation, reuse or recycling 

strategies, a more accurate water usage determination is required than that obtainable 

during the study.  In addition, a visual inspection of the water piping network within 

the factory proved difficult due to a myriad of intertwined old and new (all unmarked) 

pipes at different levels of the plant making any further detailed assessment difficult.  

No plans were available showing the initial water piping layout or any changes that 

had been made to that layout for the factory.  No person on site knew the water-piping 

layout for the starch factory. 

The application of any water minimisation methods requires that the input 

concentrations are known for each stage of the process.  Although equipment direct 

inputs were automated, indirect inputs from hoses to particular processes were not 

automated or monitored.  Additional water inputs to particular equipment were 

required when flour quality input variables changed.  That is, different flour types 

required different processing conditions for separation and pumping requirements.  

6.3.2. Waste Stream Generation 

6.3.2.1.Introduction 

Understanding the generation of waste streams at a wheat starch processing plant is an 

important consideration when attempting to develop strategies that minimise costs 

associated with fresh water inputs, waste treatment and wastewater discharges.  Data 

presented in this section were collected during the study and analysed as part of this 

research project by the researcher.  For details on the sampling methodology refer to 

Section 5.3. 
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6.3.2.2.Percentage of incoming water as wastes 

The starch manufacturer studied was a water intensive operation using large volumes 

of water and a large proportion was ultimately discharged or disposed of as unwanted 

product as shown in Figure 36.  Values presented are averages, with a standard 

deviation of 60 kL/day, 142 kL/day and 57 kL/day, for freshwater inputs, effluent 

discharged and farm disposal respectively (n= 113 for all parameters).  Because 

average values were used in the graph the values cannot be used to determine 

percentages, however other analysis has determined that the effluent to sewer stream 

represented approximately 70-75% of incoming fresh water.  Farm disposal also 

represented up to 20% of incoming water and hence the two streams represented 

approximately 90% of incoming water usage rates.  The remaining portion of 

incoming water exited the site as wet product (eg in starch slurries).  
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Figure 36: Incoming and outgoing water 

These data relate to the initial and final water outputs and yet between the two ends 

are processing, wastestream generation and wastewater treatment factors.  Waste 

outputs from the factory were directed through the on-site effluent treatment plant for 

treatment prior to discharge to sewer.  Consequently, an understanding of wastestream 

generation within the processing stages is important in determining the volume and 

characteristics of waste streams requiring treatment.  This section will present how the 

waste streams were generated within the starch manufacturing process whilst the 
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parameters and effectiveness of the wastewater treatment plant (WWTP) will be 

discussed in Section 6.4.  

6.3.2.3.Inputs and outputs 

A schematic of the inputs and outputs for wheat starch processing is provided in 

Figure 37, as extracted from Pidgeon and Ness (2006), designed to provide a broad 

overview of the processing stages, the products and by-products produced along with 

other waste streams requiring treatment and disposal.  A detailed process flow 

diagram is presented as Appendix C. 

 Inputs: Flour & Water

Factory Processes
dough mixing, extraction, separation, washing, refining

Wastewater treatment plant Preacidification tank (PA)
IC anaerobic reactor (IC) Aeration tank (AE4)

Ind.grade
starch
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Tailing
stream
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Products 
A starch 
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Biogas  utilised in
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Figure 37: Wastestream generation and final end products in wheat starch processing (Pidgeon 

and Ness, 2006) 

The primary waste streams produced as a result of starch processing included: 

 QXE 

 SB80E 

 SD4E 

 Liquid Fertiliser 

Streams within starch processing were named according to the processing equipment 

name with a ‘C’ at the end to represent the concentrate from the process and an ‘E’ to 

represent the effluent.  For example, QXE was the effluent stream from an Alfa-Laval 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

227

QX disc stack separator, the SD4 was an Alfa Laval decanter centrifuge and the SB80 

was a Westfalia separator. An SB80 is shown as an example in Figure 38.   

 

Figure 38: Westfalia Separator SB80, Type SB 80-47-076 (http://www.nikema.de/separator-

ue6/hf-separator-ue6.html)  

6.3.2.4.Wheat starch waste stream characteristics 

Typical characteristics of QXE, SB80E and SD4E are provided in Table 48, as 

determined from sample and data analysis.  Similar analysis of Liquid Fertiliser was 

not undertaken during the study period; however, as the product was comprised of 

primarily gums, pentosans and fibre wastes from processing, the levels of COD and 

SS were assumed to be similar to those obtained for SB80E, which was the gums and 

pentosans stream.   

Table 48: Characteristics of tailing waste streams generated during wheat starch processing 

Parameter QXE  SB80E SD4E 
Flow rate range, kL/h 12-14  4-6 4-6  

Temperature (°C) Mean 28.5 (24-33) Mean 30.0 (25-34) Mean 25.6 (23-28)  
pH  Mean 5.0 (3.73-6.11) Mean 3.6 (3.48-3.87)  Mean 3.7 (3.38-4.16)  
COD Total (mg/L) Mean 12,000 

(9700-15,300) 
Mean 55,000 
(22,000-99,800) 

Mean 27,300 
(23,000-33,800) 

Suspended Solids (SS) 
(mg/L) 

Mean 930 (600-2000) Mean 44,800  
(36,600-55,300) 

Mean 11,600  
(7800-15,500) 

Solids (%)  Mean 0.6 (0-6.4) Mean 1.7 (0-6.4) Mean 0.8 (0-1.82) 
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The particle size distribution of the QXE sample was measured using a Malvern 

Mastersizer in the 0.1-80 µm range and the 0.2-600 µm range, as shown in Figure 39 

and Figure 40 respectively.  The full reports from these analyses are presented in 

Appendix D.  In the lower range, it shows that <6% solids are in the ≤1 µm fraction, 

around 15% ≤2 µm and 81% ≤80 µm fraction.  Of all the ranges measured, the 

greatest proportion of particles is in the 65-80 µm range (approx 19%).  The 

percentage of particles in the range of 0.2-600 µm is relatively constant with around 

50% of particles <21 µm, 79% <101 µm, 97% <202 µm and 99.9<600 µm.   

 

Figure 39: Particle size distribution of QXE, 0.1-80 µm 
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Figure 40: Particle size distribution of QXE, 0.2-600 µm 

Physical properties of Liquid Fertiliser for use in the agriculture industry are provided 

in Table 49, as extracted from the Technical Data Sheet dated 29 August 1997.  Solids 

are reported as ‘typical’ results while all other parameters are reported as ‘average’.   

Table 49: Physical properties of Liquid Fertiliser according to the product Technical Data Sheet 

Parameter Description Parameter Description 
Appearance Light brown liquid Calcium 0.13% 
Solids  5 - 13%  Magnesium 0.09% 
Protein (N x 6.25) 8.3%  Sodium  0.7% 
Fat  0.6% Sulphur  0.13% 
Fibre  <0.4% Zinc  7826 mg/kg 
Ash  4.3% Iron  3478 mg/kg 
NFE 86.4% Copper  265 mg/kg 
Nitrogen 1.32% Manganese  78 mg/kg 
Phosphorus 0.35% Boron  13 mg/kg 
Potassium 0.43%   

The waste streams QXE, SB80E and SD4E were combined and treated on-site prior to 

municipal sewer discharge whilst the Liquid Fertiliser (LF) stream was disposed to 

farmland.  Aspects relating to the on-site wastewater treatment plant (WWTP) are 

discussed further in Section 6.4 and the Liquid Fertiliser as relevant. 
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6.3.2.5.Daily discharges / losses 

Estimated maximum daily discharges for all four streams are presented in Table 50.  

The rates for the SD4E is probably over-estimated as the SD4 did not operate 

continuously during a 24 hour period, however, no records were kept of its exact 

operating times to provide a better estimate.  All estimated daily values are rounding 

to the nearest 10.  Analysis of data between 30 May 1999 and 20 April 2000 where 

flour inputs do not equal zero and n=275 show that an average of four and a 

maximum of 10 truck loads of Liquid Fertiliser went to farm disposal daily.  Each 

load was approximately 27 kL and was transported at a cost of $260 per load.   

All maximum flows for all streams would not necessarily occur simultaneously and 

therefore, a tallying of all values to arrive at a grand total would lead to erroneous 

results.  However, for the purposes of potentially designing a wastewater treatment 

system it is important to ascertain potential maximum flows for each of the streams 

potentially treated.   

Table 50: Estimated maximum daily waste stream generation rates (kL/day)  

 QXE SB80E SD4E LF 
Estimated Maximum 
Daily Discharges 
(kL/day) 

340 
(Mean 310) 

140 
(Mean 120) 

140 
(Mean 120) 

270 
(Mean=108) 

Water was not the only input loss for the starch manufacturer as 13.3% of flour inputs 

exited the site as unwanted products, calculated by adding the ‘fibre’, ‘final effluent’ 

and ‘farm disposal’ percentages from the Mass Balance Sheet for Flour Yield Split as 

shown (WBP, 1999, mass balance sheet): 

 A-starch  68.2% 

 B-starch  5.6% 

 Fibre  1.8% 

 Gluten  13.0% 

 Final effluent 4.1% 

 Farm disposal 7.4% 

Using these data, with a 69 tonne flour throughput per day, approximately nine tonne 

flour components per day are lost as waste products due to processing.  This quantity 

of flour per day is paid for four times in that it is purchased, processed, treated and 

discharged.  
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Understanding the generation of the waste streams and the constraints as they apply to 

the site is necessary for determining realistic treatment, reuse and/or disposal options 

for the company’s waste streams.  

6.4. Waste Water Treatment Plant  

6.4.1. The Treatment Train  

This site had little available space as the on-site WWTP almost filled the area between 

the starch factory and the storage shed as shown in Figure 41.  Components clearly 

seen from closest to furthest are the NaOH tank (pH adjustment), Pre-acidification 

(PA) tank, vertically stacked mix/aeration tank (short white tank) and the 20m tall 

Internally Circulating (IC) anaerobic reactor.  The holding capacities of the major 

components were 120 m3 (PA) and 250 m3 (IC), however Moosbrugger (1997a) 

indicated that the PA tank should be operated at around 75% capacity to allow for 

‘calamity’ capacity should an unforeseen event occur.  Therefore, the total treatment 

volume through the two-phase treatment system, excluding the mix tank and aeration 

tank volumes, was 340 m3 to 370 m3, allowing for a calamity.   

A biogas gas collection bag was stored in the shed further on from the IC reactor.  The 

laneway shown in Figure 41 was used for trucks during loading and unloading and the 

dry product storage area was located immediately to the right of the laneway.  

Expanding the existing system by duplication of the existing process was not 

considered a feasible option given the space constraint. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

232

 

Figure 41: The waste water treatment plant used to treat wheat starch wastewater 

The three tailing streams from the wheat starch factory, QXE, SB80E and SD4, were 

combined and treated on-site through the WWTP prior to being discharged to sewer.  

Sewer discharged material was further treated in a municipal wastewater treatment 

facility prior to environmental release.  Waste anaerobic sludge was also an unwanted 

by-product from anaerobic digestion and this was disposed of separately.   

The WWTP, shown schematically in Figure 42 and as extracted from Pidgeon and 

Ness (2006), continued to evolve during the study period in an attempt to reduce costs 

associated with effluent discharge to sewer.  Changes that occurred during that time 

included: 

 A Delta Stack Clarifier was installed (1 February 2000) and was sometimes 

used to reduce the solids in the final effluent prior to discharge.   

 The aeration tank had corroded and was taken off-line around March 2000.  A 

temporary aeration/aerobic tank was installed immediately after the IC reactor and 

before the clarifier to replace the AE4.   
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 The shed adjacent to the starch factory had been used for storage of dried 

products however, due to wastewater treatment and compliance concerns, these 

products were eventually shifted to off-site storage facilities.  Two-thirds of the 

shed was set up with twelve 10,000 litre tanks for the purposes of storing additional 

wastewater during the week and putting this through the treatment plant on the 

weekends.  This plan was introduced some months after September 1999 when 

production went from continuous operations at seven days per week to five days 

per week.  

These changes listed will not be discussed in detail within this research project as they 

were not in place for the duration of the study period and/or not consistently applied 

as part of the treatment train for a sizeable portion of the study period.  

 

Figure 42:  On-site wastewater treatment plant 

The WWTP was designed to treat high organic wastewater with the primary 

objectives being to reduce the biochemical oxygen demand (BOD) and Suspended 

Solids (SS) loading in the wastewater, whilst also providing an added benefit by 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

234

producing biogas which was used on-site.  Each component of the treatment train had 

a specific purpose in achieving the overall objectives.   

Starting with the Head Tank which received inputs from the starch factory, this 

relatively small tank was necessary to provide a continuous head (height of water 

above pump) of fluid to the pump which pumped the combined wastes to the PA tank 

for the first stage of treatment.   

In the PA tank, the combined wastes underwent hydrolysis and acidogenesis.  Pre-

acidification of organic wastes prior to anaerobic treatment improves the biological 

degradation of organic matter and hence improves the conversion of starch to methane 

gas.  Pre-acidified effluent from the PA tank was then fed to the mix tank where it 

was mixed with a portion of recycled effluent from the IC.  pH was automatically 

adjusted within the mix tank with the objective of maintaining a set pH range within 

the reactor.   

The mixed stream was then fed to the bottom of the IC reactor where it would rise 

upwards, passing through the ‘blankets’ of granular sludge.  During this treatment 

stage the acetic acid would be converted to methane and hence, the gas formed 

assisted in the uprising flow.  The organic loading on the wastestream was also 

reduced during this treatment stage. 

Biogas is a beneficial bioproduct of anaerobic digestion and this was taken from the 

top of the reactor and used on-site to power boilers, which in turn reduced the demand 

for natural gas purchases.  Biogas production rate and composition determines the 

biogas calorific heating value and typically the composition of biogas is around 65% 

methane (Henze et al., 1995).  Biogas tested during the study agreed with this value 

(see Section 6.4.6 for analytical results).  The colour of the flame that the biogas 

generated when burning was a visual indicator of high CH4 content or high CO2 

content as the flame was more blue or yellow respectively.  

Effluent from the IC reactor was pumped to the top of the mix tank whereby a valve 

enabled some of the flow to enter the mix tank and the remainder of the flow entered 

the aeration tank situated directly under the mix tank.  Recycling of reactor effluent 

enabled some of the alkalinity to be preserved from the wastestream as well as 

diluting the incoming stream from the PA tank prior to its entry into the IC reactor.  

This practice reduced the amount of pH adjustment chemicals required as well as 
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protected the IC reactor against sudden changes to the wastestream that otherwise 

might have caused loading shock.   

The aeration tank was the final processing stage with the AE4 effluent being pumped 

to the sewer discharge point and a Magflow™ meter measured the final effluent 

discharge rate.  Although other components were installed after the IC reactor during 

the study period, the focus of this study is on the basic structure of the WWTP as it 

was when the study commenced. 

6.4.2.  Design and Optimal Process Parameters  

The WWTP commissioning operational manuals and in-house data were reviewed 

during the early stage of the study to establish design parameters and optimal 

operating conditions.  Moosbrugger (1997a) recommended important process 

parameters and the optimal or design levels for effective WWTP operations at this 

site, as shown in Table 51.  These parameters included COD loading to the IC, pH, 

temperature, volatile fatty acids (VFAs), alkalinity, settleable solids, suspended solids 

and gas production rate.   

Table 51: Design capacity and operational data for important WWTP process parameters 

Process Parameter Design Capacity/Optimal Range  
COD-load to the IC 
(Measured on unfiltered sample 
from mix tank feed (PA effluent)) 

 4.4 tonnes (metric) COD per day  
 COD load (kg/d) = COD concentration [kg/m3] * mix 
tank feed flow [m3/d] 

pH in IC reactor 6.8 to 7.2 optimal; Never <6.5 or >7.5 
pH in mix tank  pH range 6.0 to 6.2 and adjusted to correct IC reactor pH if 

needed.  
Mix tank temperature 36 ± 2 °C optimal 

30 – 40 °C no serious impact on performance 
25 – 30 °C anaerobic treatment efficiency decreases 
> 40 °C damaging to anaerobic biomass 

VFA in IC reactor Should not exceed 5 meq/L 
Alkalinity in IC reactor Should be > 50 meq/L.  
Settleable solids in IC reactor 
effluent 

1 min – should not exceed 1 mL (measured with Imhoff cone). 

Suspended solids (SS) in PA and IC 
effluent 

Used to assess changes in SS levels in the IC reactor  

Gas production rate Important indicator for ‘health’ of anaerobic reactor 

The WWTP operated as an automated system with set-points, alarms and an 

emergency shut-down procedure all in place.  When operating correctly, the main 

interface was the programmable logic controller (PLC).  To the user this was a 

computer screen displaying a schematic of the process and the existing system data.  

Pumps could be isolated throughout the process or flows adjusted if needed.  Data 
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were displayed for a number of variables including, but not necessarily limited to, pH 

and temperature (in-line probes), tank levels, the mix tank influent flow rate (also 

equal to site effluent flow rate) and biogas production rate.  Operated from the PLC, 

the WWTP virtually ran itself according to operator set-point values.  Automated 

emergency shut down procedures provided a safeguard against potential risk to the 

environment.   

Within the PLC program, there were set-points for various parameters that were 

adjustable by the operator according to production and operating needs.  Set points 

had levels of ‘low-low’, ‘low’, ‘high’ and ‘high-high’.  For example, pH dosing would 

occur when the pH probe recorded the value set in the ‘low’ level and cease when pH 

equalled the ‘high’ value.  If the pH decreased or increased to be out of this set range, 

an alarm would sound until the pH was returned to within the range (usually requiring 

human intervention).  If the pH fell below or higher than the ‘low-low’ or ‘high-high’ 

set values, then the WWTP was designed to shut down and the flow from the site 

would cease.   

Information from the PLC was sent to the man-machine interface (MMI) which in 

turn sent the signal via relays to the field sensors, solenoids and actuators.  Details 

pertaining to the programming language and aspects relating to the electronic 

communications between the various components are beyond the scope of this 

research project and therefore, will not be discussed further.  During times of 

electronic failure it was possible to isolate pumps and adjust flow rates manually in 

the field if required. 

6.4.3. Hydraulic and Organic Loading Rates 

The IC anaerobic reactor was designed by Paques, Netherlands to cope with a typical 

inflow of 13m3/h and an average COD loading rate of 4.4 tonnes per day 

(Moosbrugger, 1997a).  The IC had a 250 m3 capacity and at this hydraulic flow rate, 

hydraulic retention time (HRT) would equal 19 hours and the wastewater would 

already have been through the PA with a HRT of seven hours thereby providing a 

total HRT of around 26 hours. 

The IC was a dual Upflow Anaerobic Sludge Blanket (UASB) process that provided 

the mechanism for internal circulation of the effluent within the reactor, and hence the 
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name of the system.  Moosbrugger (1997) provided the following instructions and 

formulae for calculating COD loading and setting mix tank feed flow rate: 

1. The COD loading [kg/d] to the IC reactor for a given COD concentration in 

the mix tank can be calculated by; 

COD load = COD concentration [kg/m3] * mix tank feed flow [m3/d] (1) 

2. To achieve a target COD load of 4.4 t/d the mix tank feed should be set to a 

flow rate calculated as; 

Mix tank feed flow rate = 183 300/COD concentration   (2) 

Where mix tank feed flow in [m3/h] and COD concentration in [mg/L]. 

The optimal mix tank feed rate (m3/h), which would be required to meet the design 

target COD loading rates, was calculated for a range of COD concentration rates.  

These data are presented in Table 52 with the mix tank feed rate required shaded grey.  

Table 52: Mix tank feed flow rate required to achieve target (design) COD loading rate  

COD 
Concentration 
(mg/L) 

COD conc 
(kg/m3) 

Mix Tank Feed 
Rate (m3/h) 

Mix Tank Feed 
Rate (m3/d) 

COD Load 
(kg/d) 

Target COD 
Load to IC 
(t/d)) 

2,500 3 73 1760 4399 4.4 

5,000 5 37 880 4399 4.4 

7,500 8 24 587 4399 4.4 

10,000 10 18 440 4399 4.4 

15,000 15 12 293 4399 4.4 

20,000 20 9 220 4399 4.4 

50,000 50 4 88 4399 4.4 

Calculated IC COD loading rates for a range of influent COD concentration rates and 

mix tank feed rates are tabulated in Appendix E and plotted in Figure 43.  For every 

increase in the flow rate the magnitude of the overloading event increases at a greater 

rate for more concentrated influent COD streams.   
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Figure 43: Calculated IC COD loading rates plotted against mix tank feed flow rates for waste 

streams with a given COD concentration 

Site-specific ‘average’ and ‘peak’ data for IC influent COD concentration and mix 

tank flow rate were determined, as shown in Table 53, as the first step of calculating 

IC influent COD loading rates.  Influent COD concentration was calculated from PA 

tank data, as the mix tank effluent stream sample was not analysed for COD 

concentration as part of the sampling regime.  Effluent discharge rate was taken to 

equal mix tank flow rate and these data show that hourly flows ranged from around 4 

m3/h to 28 m3/h for all data (operational and non-operational periods).  During 

operational periods, flow rates ranged around 10 m3/h to 26 m3/h.  This meant that for 

the 250 m3 IC reactor, the HRT was between around 68 hours to nine hours for all 

data and usually between 25 hours and 10 hours for operational times. 

Table 53: Site influent COD concentration and mix tank flow rate data  

 Influent COD Conc. (mg/L) Mix Tank Flow Rate (kL/d)) 
 Production + 

Non-
production 
Periods 
Included 

Production 
Periods Only 

Production + 
Non-
production 
Periods 
Included 

Production 
Periods Only 

Samples (n) - 222 235 202 
Average  - 14,400 380 424 
S D  - 5,700 145 98 
Range (Average  2SD) - 3,000 – 25,800 90 - 670 228 - 620 

The potential COD loading rates (t/d) are provided in Table 54, which shows that with 

average flows and organic loading rates generated from processing, a COD loading 
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rate of 6.1 t/day is expected, exceeding the design organic loading rate of 4.4 t/day.  

For the peak (average + 2 SD) IC COD loading rate, it is potentially up to 17.3 t/day 

(95% of data considered).   

An example calculation is presented for the average COD concentration and average 

mix tank flow rate: 

COD Loading (kg/day) = COD concentration (kg/m3) * mix tank flow (m3/day) 
    = 14.4 kg COD/m3 * 424 (m3/day) 
    = 6105.6 kg COD/day 
    = 6.1 tonne COD/day 

Table 54: Daily COD loading rates (t/day) to the IC Reactor  

 IC Reactor COD Loading Rate (t/day) 
 Based on Influent 

COD Conc. 
3,000mg/L  
(Average -  2SD) 

Based on Influent 
COD Conc. 
14,000 mg/L 
(Average) 

Based on Influent 
COD Conc. 
25,800 mg/L 
(Average + 2SD) 

Based on Mix Tank 
Flow Rate 228 kL/day 
(Average  2SD) 

0.7  3.3 5.9 

Based on Mix Tank 
Flow Rate 424 kL/day 
(Average) 

1.3 6.1 10.9 

Based on Mix Tank 
Flow Rate 620 kL/day 
(Average  2SD) 

2.0 9.6 17.3 

The design COD loading rate of 4.4 t/day was frequently exceeded and a change 

causing decreases in either the flow rate and/or the influent COD concentration was 

needed to bring the COD loading back in line with the design capacity.  Examples of 

COD stream requirements and flowrate requirements, for given flowrate categories 

and COD concentration categories respectively, are provided in Table 55 and Table 

56.  The on-site WWTP would be expected to improve its treatment performance if 

operated within design loading conditions by decreasing the organic and/or hydraulic 

loading rate without adversely affecting solids retention time.   

Table 55: COD stream requirements for given flowrate category of average or peak flows 

Flowrate category Flowrate  COD requirements 
Average 18 m3/h  

(424 kL/d from Table 53) 
10,000 mg/L 

Peak 26 m3/h (620 kL/d), 7,500 mg/L 
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Table 56: Flowrate requirements for given COD concentration of wastestream 

COD Concentration Category COD Concentration Flowrate requirements 
Average 15,000 mg/L 12 m3/h 
Peak 26,000 mg/L <9m3/h 

Membrane filtration was thought to be a suitable technology for application to the raw 

wheat starch factory waste streams prior to the WWTP to effectively reduce the 

hydraulic and/or organic loading rate to the IC reactor.  Consequently, research was 

undertaken on the membrane filtration of the raw wheat starch waste streams.  

Liquid Fertiliser, although disposed to farmland, was alternatively expressed as an 

Equivalent IC COD Loading Rate to determine the potential for treating the 

wastestream, or part thereof, through the WWTP.  Values used for the calculations are 

presented in Table 57 and the potential daily COD Loading Rate Factors for Liquid 

Fertiliser are presented in Table 58.  There are no lower range values presented for 

these potential equivalent COD loading rates as this would be zero when no loads of 

Liquid Fertiliser left the site.  These calculations demonstrate that the Liquid 

Fertiliser has an alternative IC COD loading rate value of up to 27 t/day.   

Table 57: Site Liquid Fertiliser COD concentration and disposal rate  

 Influent COD Concentration (mg/L) Liquid Fertiliser Disposal Rate (m3/d) 
 Production + Non-

production Periods 
Included 

Production 
Periods Only 

Production + Non-
production Periods 
Included 

Production 
Periods Only 

Samples (n)  6 235 202 
Average  55,000 113  122 
S D  29,000 57 53 
Range  22,000 - 100,000 0 - 270 0 -270 

Note that SB80E data is used as a surrogate measure for Liquid Fertiliser influent COD concentration.  

Table 58: Liquid Fertiliser expressed as a potential daily COD loading rate (t/d)  

 IC Reactor COD Loading Rate (t/day) 
 Based on Influent 

COD Conc. 
22,000mg/L  
(Lowest measured) 

Based on Influent 
COD Conc. 
55,000 mg/L 
(Average) 

Based on Influent 
COD Conc. 
100,000 mg/L 
(Highest measured) 

Based on an equivalent Mix 
Tank Flow Rate 122 m3/day 
(Average) 

2.7 6.7 1.6 

Based on an equivalent Mix 
Tank Flow Rate 270 m3/day 
(Highest measured) 

5.9 14.9 27.0 

When combined with the IC load from the other tailing streams (up to 17.3 tonne 

COD/day) the total potential peak organic waste load for the factory was 
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approximately 44 t/day.  This calculation is greater than the nine t/day rate estimated 

as 13% of 69 tonne flour/day from percentage of flour yield split and average daily 

flour throughput.  However, these calculations are based on both the maximum daily 

disposal rate and the maximum COD concentration and therefore, values are the 

potential maximum COD loading to the IC reactor, and hence, potential methane gas.  

Alternatively this quantity of COD could be thought of as a potential component of 

stockfood if concentrated or value added in some other way.  

6.4.4. Wastestream Characteristics 

6.4.4.1.Overview 

Waste streams within the WWTP were collected and analysed during the study period 

to enable base line operating conditions and wastestream characteristics to be 

established.  However, as the IC reactor was determined to be the major treatment 

process within the WWTP, only IC related data are presented in Table 59.  Parameters 

tested and/or recorded for the IC included stream temperature, pH, Chemical Oxygen 

Demand (COD), Biochemical Oxygen Demand (BOD5), suspended solids (SS), 

Settleable Solids after one minute and 60 minutes as well as the volumes discharged.  

These data cover the period between 17 February 1999 and 17 August 2000.  All 

samples were grab samples that were analysed on-site, except for the BOD samples 

which were composite samples analysed by the Brisbane Water Laboratory.  

Table 59: Characteristics of IC Reactor effluent 

Parameters tested  
17Feb99-17Aug00 
(grab samples) 

Minimum Mean Maximum 

Temperature (oC) 18 29 (n=253, SD=4) 37 
pH 5.3 6.9 (n=252, SD=0.4) 10.6 
COD (mg/L) 1300 6300 (n=235, SD=4000) 29800 
BOD (Brisbane Water Data, composite 
samples) 

140 2045 13000 

Volatile Fatty Acids (meq/l) 0 15 (n=248, SD=20) 130 
Alkalinity (meq/l) 0 40 (n=248, SD=15) 110 
SS (mg/L) 380 2,800 (n=205, SD=2100) 23,000 
Settleable Solids (1 min) (mL) 0 0.3 (n=243, SD=0.5) 2 
Settleable Solids (60 min) (mL) 0.5 80 (n=248, SD=56) 450 
Floating Material (mL) 0 50 (n=130, SD=60) 250 
Volumes discharged through magflow 
meter (kL/day) 

41 470 (n=141, SD=140) 986 

Water usage per day (from data analysis 
workbook) 

110 630 (n=140, SD=130) 970 

Volume as a % of incoming water 40 70 (n=120, SD=10) 100 
(median=71%) 
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6.4.4.2.Temperature 

Diurnal and seasonal temperature variations were observed in the IC reactor.  Daily 

temperature curves generated by the PLC generally were smooth oscillations with 

minimum and maximum ranges occurring around 06:00 - 09:00 am and 02:00 - 04:00 

pm respectively, as presented in Figure 44.  The maximum difference between the 

minimum and maximum temperature recordings on these two winter days when 

observed was approximately 2°C.   
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Figure 44: Daily minimum and maximum temperature for IC reactor recorded from PLC 

Seasonal temperature variations, as measured by the on-line probe, were around 10°C 

as shown in Figure 45.  As a 10°C increase in temperature is known to double the 

biological activity (Metcalf and Eddy, 1991), it would be expected that summer 

temperatures would enhance treatment performance.  The trend oscillates from 

February, decreasing through to June-July, increasing till around February (January 

data unavailable) before decreasing again to June-July period in the following year.  

Factors with the potential to affect IC reactor effluent temperature include ambient 

temperature, influent temperature, and endothermic/exothermic chemical and/or 

bioconversion processes.  Maintaining a constant temperature within the anaerobic 

reactor of 35oC would ensure continuous and consistent operation with higher biogas 

yields and proportionately higher COD removal rates. 
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Figure 45: Seasonal temperature variations (°C) for IC anaerobic reactor effluent  

6.4.4.3.pH 

According to Moosbrugger (1997) the optimal pH for the IC anaerobic reactor was 

between pH 6.8 and pH 7.2 with outside ranges being 6.5 and 7.5.  These pH ranges 

were not always achieved as shown in Figure 46, with the horizontal lines 

representing the upper and lower operating pH ranges as recommended by 

Moosbrugger (1997).  
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Figure 46: pH of the IC anaerobic reactor 

6.4.4.4.Volatile fatty acids 

The concentration of VFAs in an anaerobic effluent is an important process 

parameter, as concentrations >5 meq/L and a concomitant decrease in gas production 
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for the digester were early signals of a system imbalance (Moosbrugger, 1997a).  This 

system imbalance relates to the population imbalance of methanogenic and acidogenic 

bacteria which, according to Metcalf and Eddy (2003), need to exist in a dynamic 

equilibrium.   

As shown in Figure 47, the VFA concentration in the IC effluent frequently exceeded 

the recommended 5 meq/L maximum concentration, which is marked in the figure as 

a solid horizontal line.   
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Figure 47: VFA concentration in IC effluent during study 

6.4.4.5.IC effluent suspended solids 

SS levels in the IC reactor effluent, monitored over an eighteen month period, are 

displayed in Figure 48.  This is an important parameter in terms of performance or 

health of the reactor as well as being a contributing parameter used to assess discharge 

quality based charges.  High SS in the IC reactor effluent generally occur as a result of 

biomass washout and/or a high proportion of undigested particulate matter due to 

organic overloading.  The discharge licence requirement was a maximum of 2,500 

mg/L within the final effluent stream.  Compliance was not always attained. 
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Figure 48: SS (mg/L) for IC effluent 

6.4.4.6.IC effluent COD  

IC effluent COD is plotted in Figure 49, showing that the peaks corresponded to the 

peaks in SS in the previous figure.  These were related to imbalance within the reactor 

and a subsequent decrease in performance efficiency.  
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Figure 49: COD (mg/L) of IC anaerobic reactor effluent 
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6.4.4.7.IC effluent BOD and TOC 

The BOD and TOC data were analysed by Brisbane Water and the same trends are 

evident, as shown in Figure 50, as for the COD and SS levels measured.  
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Figure 50: TOC and BOD data for final wastestream as analysed by Brisbane Water 

6.4.5. IC Effluent Particle Size Distribution 

Particle size distribution analysis was undertaken for the IC effluent using a Malvern 

Mastersizer.  A plot of the results, as presented in Figure 51, show a bimodal 

distribution with the fraction majority (82.8%) existing in the 1.0 - 101 µm range and 

the minor fraction (16.6%) in the >101 – 600 µm range.  The full report is presented 

in Appendix D along with other Malvern Mastersizer reports.  
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Figure 51: Particle size distribution of IC effluent sample 

6.4.6. Biogas  

Analysis of gaseous components from the IC reactor during April 2000 by Simtars 

laboratory showed the following composition in percentage by volume: 

Helium  <0.005 
Hydrogen  0.012 
Oxygen  0.8 
Nitrogen  2.9 
Methane  64.8 
Carbon Monoxide <0.001 
Carbon dioxide 31.95 
Ethylene  <0.005 
Ethane   <0.005 

The methane and carbon dioxide measurements at approximately 65% and 32% 

respectively are in general agreement of what would be expected from published 

values by Henze et al. (1995) and Metcalf and Eddy (2003). 

6.4.7. WWTP Failures 

The WWTP had several failures during the course of the study.  The times, causes, 

symptoms and consequences of such failures are listed in Table 60.   
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Table 60: Record of WWTP failures during study period 

Dates   Cause Symptoms Consequences/Outcomes 
First half of 1999 Inhibition of reactor 

due to high sulphur 
inputs from spent 
caustic solutions used 
to adjust pH levels 

Low gas outputs, high 
sulphur content in 
effluent, poor SS and 
COD removal 

Company contacted by 
Brisbane Water after 
results showed high 
sulphur outputs.  This 
necessitated larger inputs 
of ferric chloride to 
convert to sulphides.  
Eventually changed from 
using spent NaOH to new 
NaOH used for pH 
adjustment purposes and 
this problem was solved. 

Late August 1999 Flooded with 50% 
NaOH. 
Human error in 
changing settings 
during night. 
Lack of security on 
set-point settings on 
PLC 

High pH – alarm and 
emergency shutdown 
of total system. 
Biological death of 
sludge. 
 

New sludge from Golden 
Circle and restarted 
beginning September 
1999. 
Change from NaOH to 
Mg(OH)2 for pH 
adjustment in mix tank. 
Shutdown of starch 
factory production for 
several days and reduced 
productivity for several 
weeks after that. 
Change from 7 days to 5 
days/week operations. 

Around end June 
2000 

Previously, S2DE 
effluent had been 
stored during the week 
for feeding through the 
PA tank on weekends.  
This stream was then 
very acidic and had 
high VFA levels. 
Following regular 
washouts and poor 
performance it was 
declared as a ‘failure’ 
by the end of June 
2000. 

Re-occurring high 
levels of VFAs in IC 
effluent, low gas 
production, high 
settleable solids 
(‘biomass washout’), 
high COD and SS 
concentrations. 

Production slowed during 
wastage of old sludge and 
input new sludge from 
another source.  

An inhibitory effect within an anaerobic reactor was observed at WBP during the first 

half of 1999.  In this instance it was concluded that a spent caustic solution obtained 

from a local gas company, for pH adjustment of the effluent stream prior to entry into 

the reactor, contained high sulphur levels based on a report by Randall (1994).  As 

sulphidogens and methanogens have many physiological similarities and operate 

under similar optimum temperature and pH, sulfidogenesis is able to out-compete 

methanogenesis (Zhou and Fang, 1998; Fukui et al., 1999) in the IC reactor causing 

methane production decreases.  Zeevalkink and Jans (1986) also report that SO2 at 

high concentrations might inhibit the methanogenic activity and high sulphur levels in 

the effluent at that time confirm this finding.  When bacterial populations are 
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imbalanced due to such events the result can be economically disastrous with a 

reduction in methane yields, higher quality based discharge fees and an increase in the 

risk of process failure that could lead to costly production shutdown periods.  

Furthermore, corrosion of steel in plant facilities can be caused by high hydrogen 

sulphide concentrations (Fukui et al., 1999).  Paques (undated) indicated that the 

presence of sulphide lowers the COD removal capacity of the anaerobic treatment 

system.  

6.5. Water Purchase and Wastewater Discharge Costs 

6.5.1. Water Purchase Costs 

At the commencement of the study, potable water was purchased from Brisbane 

Water at a rate of $0.89/kL and then within a short period, increased to $1.13/kL, 

representing a 27% increase in one price jump.  To keep costs relative to the 

wastewater cost data collected at the same time, the value of $1.13/kL will be used for 

all calculations.  

Water usage averaged 600 kL/day during processing times and further water was used 

for clean up procedures during weekend shut down periods.  Fresh water usage rates 

during operational and non-operational periods combined averaged of 530 kL/day.  

Average processing usage was 600 kL/day (where flour input ≠ 0) and during non-

operational times water usage averaged 100 kL/day (where flour input = 0).  Total 

annual costs for potable water are estimated at $220,000 ($1.13/kL*530 kL/day*365 

days) at the current usage rate of 9.0 kL freshwater inputs/tonne of flour throughput 

allowing for processing and cleaning procedures. 

6.5.2. Wastewater Discharge Costs 

Wastewater discharged to sewer attracted a fee based on volume and effluent quality, 

which was calculated on a flow-weighted average and assessed quarterly.  The 

volumetric charges at the time were $0.39/kL wastewater discharged.  Effluent quality 

was assessed using the parameters BOD5 and suspended solids (SS) concentrations at 

a rate of $1.07 and $0.42 per kg respectively.  Calculations to determine annual 

discharge fees were undertaken for the three parameters as follows: 
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 Annual volumetric-based discharge fees were an estimated $54,000 

($0.39/kL*380 kL/day*365 days), using the average daily discharge rate of 

380 kL/day (see Section 6.3.1). 

 Annual BOD5 charges were an estimated $303,000, using the average BOD5 

concentration of 2045 mg/L (see Section 6.4.4) 

($1.07/kg*2045 mg/L*380 kL/day*365 days/year where 2045 mg/L ≈ 

2. kg/kL). 

 Annual SS associated charges were an estimated $163,000, using the average 

SS concentration of 2,800 mg/L (see Section 6.4.4) ($0.42*2,800  

mg/L*380 kL/day*365 days/year where  2,800 mg/L = 2.8 kg/kL). 

Total annual fees based on average daily discharge volumes and average quality data 

were calculated from the above data and in the same manner a range of expected costs 

were also calculated using mean ± 2 SD data.  Cost estimations for annual discharge 

fees are presented in Table 61.  Although the mean costs are estimated at $520,000, 

these data demonstrate that costs could escalate to $3.2M with continuous high water 

usage rates and high residual BOD and SS concentrations in the effluent.   

Table 61: Estimated annual discharge fee components 

Discharge 
parameter 

Costs based on mean - 2 SD flows 
and quality data 
($/year) 

Mean costs 
($/year) 

Costs based on mean + 2 SD 
flows and quality data 
($/year)  

Volumetric 
discharge fees 

=($0.39/kL*90 kL/day*365 days) 
≈ $13,000 

$54,000 ($0.39/kL*670 kL/day*365 days) 
≈ $95,000 

BOD5 
discharge fees 

=($1.07/kg*140 mg/L1*90 kL/day*3
65 days/year where 140 mg/L ≈ 
0.14 kg/kL) 
≈ $5,000 

$303,000 =($1.07/kg*10,045 mg/L*670 kL/
day*365 days/year where 
10,045 mg/L ≈ 10 kg/kL) 
≈ $2.6M 

SS discharge 
fees 

=($0.42*700  
mg/L*90 kL/day*365 days/year 
where  700 mg/L = 0.07 kg/kL) 
≈ $1,000 

$163,000 =($0.42*4,900  
mg/L*670 kL/day*365 days/year 
where  4,900 mg/L = 4.9 kg/kL) 
≈ $503,000 

Total 
estimated 
costs ($/year) 

≈ $19,000 $520,000 ≈ $3.2M 

1. The BOD value used in this calculation was the minimum recorded as due to a high SD, two SD would have 
been a negative number. 

A detailed analysis of the quality based discharge fees was undertaken using 

discharge fee data for the period from September 1998 to December 2000.  As shown 

in Figure 52, while SS based charges are relatively stable ranging from $0.699/kL to 

$1.857/kL, BOD5 based charges are more variable ranging from $0.657 to $8.937 per 

kL wastewater discharged.  Quality based discharge fees have previously resulted in 
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quality charges ranging from $1.356 per kilolitre to $10.407 per kilolitre of 

wastewater discharged.   

Analysis of the discharge fees shows that the greatest proportion of costs associated 

with the effluent discharge is related to effluent quality.  High SS levels in the final 

effluent are attributed to biomass washout whilst high BOD5 concentrations occur 

when the IC anaerobic reactor is overloaded or when biological activity within the 

reactor is reduced (inhibitor present).  The operational environment and loading 

conditions should be optimised to ensure minimal concentrations of both BOD5 and 

SS remain in the final effluent (i.e. the upstream approach). 
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Figure 52: Quality based discharge fees per kL wastewater discharged, showing relative 

contributions of BOD5 and SS to fee totals 

6.5.3. Other Water Associated Costs  

In addition to the directly chargeable costs associated with water coming into the plant 

and leaving via sewer, there were other disposal charges for the company.  These 

included the disposal of anaerobic sludge as well as the ‘gums and pentosans’ material 

known as ‘Liquid Fertiliser’.   

With respect to anaerobic sludge, a verbal estimate of one truckload per day (27 kL) 

at a cost of $25/kL was provided by Holmes-Brown (2000), however, the volume 

varied depending upon flour quality and processing conditions.  Costs associated with 

sludge disposal were estimated by Holmes-Brown (2000) at $675 per day.  To obtain 

an annual estimate of costs associated with biosolids disposal, this figure was 

multiplied by five to obtain days/week allowing for operational periods only, as it is 
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known that sludge was not trucked off-site on weekends as a general rule.  Allowing 

for 50 weeks of operations, sludge disposal cost approximately $169,000 per year.  

Liquid Fertiliser was a combination of waste streams including, but not necessarily 

limited to, streams containing gums, pentosans and fibre.  This combined product was 

transported off-site and disposed of to farm land at a cost to the company of $263 per 

truckload and each truckload held approximately 27,000 litres.  These costs were 

related to trucking costs only as there was no actual fee charged or paid for the supply 

of Liquid Fertiliser.  According to Anderson (1997), the cost of cartage of the product 

was proposed at $8.25/tonne with an anticipated 107 tonnes/day.  It was further 

proposed that this cost would reduce to $3.75/tonne as the total daily tonnage 

increased to greater than 440 tonnes/day.  Given that each truckload was 

approximately 27,000 litres, it is apparent that it was anticipated that between four and 

sixteen loads of Liquid Fertiliser would leave the site daily at a daily cost to the 

company of between $882.75 and $1650.  From analysis of the data collected on site 

from daily process sheets (n=202), an average (and mode) of four truckloads (range 0-

10) of Liquid Fertiliser left the site each day of operations.  Allowing for four 

truckloads per day, a 5-day week operation and 50 weeks productivity per year, 

trucking related disposal costs for Liquid Fertiliser were estimated at around 

$263,000 ($263/truckload*4 truckloads/day*5 days/week*50 weeks/year).  

There are also other costs, related to WWTP operations and maintenance, including 

labour costs for monitoring, maintaining and managing the WWTP, electricity costs, 

the costs of chemicals required for operations (sodium hydroxide or magnesium 

hydroxide and ferric chloride) and analytical costs.  Labour costs were estimated by 

the company to be in the vicinity of $17.10 per hour.  Average electricity costs for the 

company were 6.7 cents per kW/h, however, the energy usage and hence costs for 

operating the wastewater treatment plant were not determined.  The cost of the 

chemicals and analytical costs were not recorded at the time of the study.   

6.5.4. Summary 

The estimated direct costs of water purchase and wastewater disposal for the company 

have been summarised and totalled in Table 62, showing that water purchase 

represented less than 20% of the total water related costs.  Other costs, which were not 

included into the calculations for the wastewater treatment side, such as analytical and 

labour costs for monitoring maintaining and managing the WWTP as well as the costs 
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of chemicals required for operations (sodium hydroxide or magnesium hydroxide and 

ferric chloride), would reduce the water purchase proportion of the total amount even 

more.  These costs of analysis, labour and chemicals are not included as part of 

assessment, unless otherwise stated.  Further, discharge fees discussed within this 

thesis, refer to discharge to sewer only and do not include other expenses associated 

with trucking material off-site, unless otherwise stated. 

Table 62: Estimated annual costs for water purchase and wastewater disposal 

Water and/or Wastewater Item Costs ($) 
Water purchase 220,000 
Wastewater disposal to sewer 520,000 
Liquid Fertiliser trucking costs 263,000 
Waste anaerobic sludge disposal 169,000 
Total Water Associated Costs 1,172,000 

6.6. Productivity Constraints Associated With Effluent Disposal 

In 1980, the Oxley Creek Sewage Treatment Plant (STP) had difficulties with 

maintaining environmental discharge quality and this was allegedly attributed to 

effluent from the study site (as influent to the STP) having a high BOD loading.  

Production at the study site was consequently reduced to 50 % whilst treatment 

options were investigated.  Even in 1983, productivity capacity and potential 

production expansions were limited at the factory, due to the effluent treatment 

restrictions imposed on the company by Brisbane City Council (BCC). (McCracken, 

1983) 

McCracken (1983) realised that waste generation was dependent upon the factory 

production rate and hence waste treatment requirements were limiting potential 

expansions or increases in productivity rates.  McCracken (1983) reports that the 

maximum volume of waste generated per day for a continuous production with four 

t/h flour throughput was 660 m3/d.  At that time, the raw wastewater was being 

directly discharged to sewer and the fine fibre pulp was tankered to the municipal 

treatment plant where it was treated in an anaerobic digestion plant.   

The starch manufacturer had two major productivity constraints; these being 

discharge limits and design capacity of the IC reactor.  The discharge approval by 

Brisbane Water was limited to 500 kL/day with a maximum permissible rate of 

discharge at 6 L/sec (21.6 kL/h) (WBP Trade Waste Approval, January 2001).  The IC 

anaerobic reactor had an average organic loading rate (OLR) design capacity of 4.4 
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tonnes COD per day (Moosbrugger, 1997).  As the reactor was 250 m3 in volume this 

was equivalent to 17.6 kg COD/m3.day.  Both of these factors were frequently 

exceeded, as respectively shown in Figure 53 and Figure 54.  At the discharge rate of 

6 L/sec (21.6 m3/h) the maximum COD loading would need to be an average of 8490 

mg/L.  It was rarely this low, but rather ranged from 10000 to 20000 mg/L with an 

average around 15000mg/L (31.1 kg COD/m3.day).  Operation at both the design IC 

reactor OLR and maximum permissible discharge rate was insufficient to adequately 

cope with wastes generated.  Enhancing the treatment performance of the WWTP 

means that a higher methane yield and a cleaner effluent could be expected.   
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Figure 53: Wastewater discharged through the Magflow meter (kL/day) 
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Figure 54: COD of PA tank and average COD design loading capacity of IC reactor 

Other special conditions placed on the discharge included that the BOD5 and 

suspended solids (SS) mass loading shall not exceed 2500 kg/day and 1500 kg/day 

respectively (WBP Trade Waste Approval, January 2001).  BOD5 and SS data, 

obtained from composite final effluent samples analysed by Brisbane Water, were 

utilised to determine whether exceedances may have occurred during these periods.  

Estimated loadings, for BOD5 and SS, were calculated using the daily average 

discharge volume of 480 kL in Figure 55 and Figure 56 respectively.  A limited 

amount of corresponding data was available for actual discharge volumes during this 

period as plotted showing the relationship with estimated values.  This set of data 

tends to indicate that the risk of exceeding the maximum permissible discharge limits 

increased during periods when the reactor was imbalanced.  Process failure occurred 

around October 1998, July 1999 and then again around June 2000.  SS levels appear 

to be affected to a greater extent than BOD5 levels and this could be attributed to 

biomass washout. 
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Figure 55: Estimated and actual BOD5 discharged from site (kg/day) based on average daily 

discharge of 480 kL/day and Magflow readings respectively 
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Figure 56: Estimated and actual Suspended Solids discharged from site (kg/day) based on 

average daily discharge of 480 kL/day and Magflow readings respectively 
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7. OPTIONS TO REDUCE PRODUCTIVITY 

CONSTRAINTS 

7.1. Introduction 

At the broad scale, the primary factors were initially conveyed to the researcher as 

rising wastewater discharge fees and membrane filtration was viewed as a potential 

means of reducing those costs.  However, after monitoring the site for a two-year 

period and analysis of those data on the various aspects of operations, it became 

apparent that the solution required a more comprehensive approach than simply 

applying membrane filtration to the final effluent.  Cleaner production principles were 

not necessarily applied within the factory and there were existing problems with the 

WWTP operations and performance.  It was deemed necessary that any improvement 

had to commence with an understanding and then the optimising of the existing 

waste-generation processes within the starch factory and WWTP to maximise benefits 

of membrane filtration technology.   

A discussion is then presented in Section 7.2 on how cleaner production principles 

could be applied within the factory to reduce wastewater generation, based on 

observed and measured factors during the study.  Factors affecting the possible drivers 

and barriers to the implementation of the proposed cleaner production based options 

and the applicability of various water use models are also presented and discussed.   

As a cleaner production approach, the performance of the on-site WWTP and methods 

to enhance the performance are then presented in Section 7.3.  An optimised WWTP 

would potentially reduce the incidence of failures which caused shutdown periods as 

well as achieve a cleaner effluent and hence reduce discharge fees associated with 

BOD and SS loadings.  It is apparent from literature reviewed on this topic in Section 

3.4 that the two-phase anaerobic digester process depends on a dynamic equilibrium 

existing for the acidogenic and methanogenic bacteria to survive and be highly active.  

A number of operational parameters are crucial for this process and will be assessed 

against design conditions and optimal criteria.  

Following the phases of minimising wastewater generation and enhancing the WWTP 

performance, membrane filtration could be then more effectively applied to the 
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wastewaters from the wheat starch factory site to alleviate the mounting pressures and 

costs associated with wastewater treatment and disposal.  Preliminary investigations 

were undertaken to determine the technical ability of various membranes to filter the 

streams produced on-site.  The results for those experiments involving membrane 

filtration of raw wheat starch wastewaters and end-of-pipe biologically treated 

wastewaters are presented in Section 7.4 and Section 7.5 respectively.  As well, a 

discussion is presented in Section 7.6 on the practical application of membrane 

filtration with expected outcomes, when a combined cleaner production and end-of-

pipe approach is applied to the factory site.  An overview of the legislative framework 

which could apply to these types of development is presented as Appendix F. 

7.2. Reducing Waste Generation 

As a consequence of increasing stringent regulations for wastewater discharge and 

associated fees as well as the rising costs of water purchase, there has been an 

increased interest in reducing waste generation as opposed to adding on treatments as 

an end-of-pipe solution.  Eastwood and Tainsh (1999) recommend that in-process 

solutions be explored prior to end-of-pipe treatments for maximum benefits.  It is now 

widely recognised that using cleaner production principles to minimise waste 

generation in the first instance is a preferred approach to waste treatment.   

Using cleaner production principles, if the waste can be proactively prevented rather 

than being generated and then treated, this represents a benefit by conserving energy, 

materials and labour, reducing treatment and disposal costs as well as increasing 

yields.  Raw materials otherwise lost and remediated water have monetary values 

which further add to the benefits. 

Based on observed and measured factors, a number of cleaner production approaches,  

as presented by Unnikrishnan and Hegde (2005), could potentially be applied to the 

site to reduce waste generation.  Table 63 lists these suggested approaches and 

provide examples of how these approaches might apply to the study site:  
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Table 63: Cleaner production approaches and potential applications to wheat starch processing  

Cleaner Production 
Approaches 

Example of study site application Suggestions 

Better management of 
material and energy 
flows 

Water usage patterns within the starch factory 
could not be determined because >50% of water 
usage was unmetered at the usage source.  It was 
impossible to determine whether any of the 
unmetered water was associated with excessive 
use for particular purposes within the factory. 

More closely monitor water usage patterns within the starch factory by selectively placing 
additional meters on water lines delivering water for specific uses.  Also prepare a flow diagram 
of the water pipe within the factory setting to prevent double counting on water usage when 
some meters were downstream from others in the water pipe.  
Easy to read charts could be displayed in the factory office which shows optimal water flow 
requirements for various pieces of operating equipment.   
Investigation and training on methods deemed to be feasible to reduce waste generation 
practices whilst maintaining a high level of housekeeping.  

More efficient process 
control 

Security issues for access to the set-points for the 
automation of the treatment processes 

This was an issue during the study period where the absence of a login requirement on the 
operating system, caused an accidental overload of the WWTP with 50% NaOH solution.  This 
was a very expensive mistake as production immediately ceased and special conditions were set 
by Council for the slow discharge of the alkaline waste.  In addition, it was expensive to restock 
the reactor with biomass and a slow start up period followed, hindering production throughputs.  
Security measures were increased on the PLC to limit access to only those with password 
protected logins.   

Optimisation of 
reactor and process 
conditions 

Determine the optimal loading and operating 
conditions for the on-site WWTP and enhance 
that performance by ensuring that it operates 
within those optimised parameters. 

This is the focus of Section 7.3 which follows. 

In-process recycle-
reuse of by-products 
and solvents 

Crossflow membrane filtration application to 
separate clean water (for recycle or reuse) from 
stockfood components (for sale as a product) 
from waste streams. 

This is the focus of Section 7.4. 

Recovery of waste 
thermal energy 

Using methane generated from IC reactor to 
supplement heat energy into system during 
winter when biological activity rate is expected 
to halve as a result of a 10°C decrease in effluent 
temperature.   

Could be the focus of a new research project.   
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Drivers for cleaner production applications for this industry are direct economic 

benefits, attaining compliance with regulations, risk of failure of the WWTP, recovery 

of otherwise lost solids and water as well as efficiency improvements.  However, for 

the application to be implemented, it has to be supported corporately (regulation, 

incentive, education, and development programs) and be economically beneficial 

whilst reducing risk factors to the industry.  (Taylor, 2005) 

Barriers for the cleaner production applications within the food processing industry 

are primarily related to the lack of resources and organisational inertia where 

immediate production concerns are at the forefront of attention.  A commitment from 

management is required to provide leadership, support, communications and staff 

involvement for the successful implementation of a cleaner production approach to 

reduce waste generation practices (Stone, 2005). However, budget constraints can rule 

out cleaner production programs being implemented (Hilson, 2000a).  Hilson (2000b) 

recommends that barriers to cleaner production be overcome by financial assistance 

from government departments as well as the development of an environmental 

management system (EMS), improved planning and by conducting baseline audits. 

Assessment tools for the cleaner production programs can be undertaken at the broad 

level such as the global efficiency ratio, as suggested by Barbiroli and Raggi (2003), 

whereby the expected increase in productivity is assessed against the degree of 

technical level the cleaner production program.  However, it appears to be somewhat 

flawed by value based classes and expected levels of productivity for technical based 

‘improvements’.   

On the other hand, a multi-objective modelling approach can be applied where 

different factors requiring consideration are considered in the overall outcome.  The 

macromodel breaks down the components of the application into functional parts, sets 

out the equations for energy and materials balances, identifies economic potentials 

and categorises potential environmental impacts.  The aim of this model is to 

maximise economic potentials and minimise environmental impacts (Jia et al., 2005).  

It is perceived that the nature of this model is applicable to this site, however, detailed 

mathematical calculations and computer programs are required to obtain a result.  The 

level of complexity to set up and run the model is probably too difficult for most 

employees and therefore, this complexity in itself, becomes a barrier to the 

development and implementation of a cleaner production program.  
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From a cleaner production perspective, there are a number of freshwater minimisation 

tools available such as Water Allocation Planning (WAP) or WaterPinch™ 

Technology, which aim to minimise freshwater inputs into the processing system.  

WAP focuses on the concentration flow of input and outlet streams to other combined 

streams following a maximum reuse rule based on concentration only.  If this 

approach were applied to a starch processing industry, the previous fractionation 

processes need to be considered rather than just a concentration factor of say, solids 

level, as processing requirements prevents the contamination of starch and gluten 

products with other ‘impurities’.  WaterPinch Technology is similar to WAP in that it 

aims to identify sources and sinks for the water flow based on concentration.  

However, WaterPinch differs from WAP in that it combines both flowrate (x axis) 

and water quality (y axis) to produce ‘purity profiles’.  In WaterPinch, plots of mass 

loads versus concentration provide a ‘limiting water profile line’ representing water 

use for the project.  WAP and WaterPinch can be considered as reductionist 

approaches.  There are other examples of similar undertakings to minimise freshwater 

inputs from a holistic approach.  Any reductions in freshwater inputs would 

necessarily reduce loading on treatment systems and the SRT consequently increases.  

7.3. Enhancing WWTP Performance 

7.3.1. Introduction  

Legal and practical aspects of enhancing the performance of the on-site WWTP were 

considered for this option.  From a legal perspective, this is not an assessable 

development, there are no issues relating to recycled water supply to a third party and 

no end use requirements for irrigation water quality or additional environmental 

aspects to consider.  Effluent discharged to sewer would remain subject to discharge 

licence requirements and compliance with the Trade Waste Guide (Brisbane Water, 

1999).  From a practical perspective, this option has the potential to reduce the 

incidence of WWTP failures and associated shut-down periods, improve effluent 

quality and reduce quality-based discharge fees.   

An inhibitory effect within an anaerobic reactor was observed at WBP during the first 

half of 1999.  In this instance it was concluded that a spent caustic solution obtained 

from a local gas company, for pH adjustment of the effluent stream prior to entry into 
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the reactor, contained high sulphur levels based on a report by Randall (1994).  As 

sulphidogens and methanogens have many physiological similarities and operate 

under similar optimum temperature and pH, sulfidogenesis is able to out-compete 

methanogenesis (Zhou and Fang, 1998) in the IC reactor causing methane production 

decreases.  High otherwise unexplained sulphur levels in the effluent at that time 

confirm this finding.  When bacterial populations are imbalanced due to such events 

the result can be economically disastrous with a reduction in methane yields, higher 

quality based discharge fees and an increase in the risk of process failure that could 

lead to costly production shutdown periods.   

As the IC reactor was considered the major component of the treatment train 

degrading organic matter, this area was targeted to improve WWTP performance.  

The IC (Internal Circulation) technology by Paques Water Systems is based on the 

UASB process (Driessen et al., 1997a) but is a more advanced reactor (Driessen and 

Yspeert, 1998).  Compared with a conventional UASB, the IC has a higher organic 

loading rate (OLR) capacity, a reduced footprint and a self-regulating internal 

circulation rate (Driessen and Yspeert, 1998).  The IC was considered the most 

advanced technology available for treating high strength industrial wastes, and 

therefore, it was inappropriate to consider replacement of the IC with an alternative 

technology.  In addition, the company had relatively recently invested heavily into 

this treatment process and this would naturally act as a barrier to thoughts of replacing 

it with another technology in accordance with theory presented by Hilson (Hilson, 

2000a).  Consequently, enhancement of the WWTP performance would necessarily 

require improved operations of the IC reactor within the treatment train as previously 

established and presented in Section 6.4.   

7.3.2. Assessing Operational Data of WWTP 

Operational data from the IC reactor are presented in Table 64 to enable an 

assessment against the design capacity and optimal operating conditions as 

determined by Moosbrugger (1997a).  Data were measured, recorded and/or 

calculated during the study period from analysis of samples collected throughout the 

treatment train and recording relevant displayed data.  Some parameters, such as pH, 

temperature and gas production rate were recorded from on-line probe display screens 

and from the programmable logic controller (PLC) display.  
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Table 64: Design and operational data for the WWTP 

Process Parameter Design Capacity/Optimal Range Operational Data 
COD-load to the IC1 
(t/d) 

4.4 tonnes (metric) COD per day  
Where: COD load (kg/d) = COD 
concentration [kg/m3] * mix tank feed flow 
[m3/d] 

Mean 6.9 tonnes/d, Std Dev 
2.7, range 0.8-23.3  

pH in IC reactor 6.8 to 7.2 optimal; Never <6.5 or >7.5 Mean 6.9, Std Dev 0.4, range 
5.3-10.6 

pH in mix tank  pH range 6.0 to 6.2 and adjusted to correct 
IC reactor pH if needed.  

Mean 6.5, Std Dev 0.5, range 
3.5-10.6 

Mix tank temperature 
(°C) 

36 ± 2 °C optimal 
30 – 40 °C no serious impact on 
performance 
25 – 30 °C anaerobic treatment efficiency 
decreases 
> 40 °C damaging to anaerobic biomass 

Mean 28.8, Std Dev 4.2, 
range 6.71-36.6 

VFA in IC reactor 
(meq/L) 

Should not exceed 5 meq/L Mean 15, Std Dev 20, range 
0-134 

Alkalinity in IC reactor 
(meq/L) 

Should be > 50 meq/L.  Mean 38, Std Dev 15, range 
0-112 

Settleable solids in IC 
reactor effluent 
(mL/min) 

1 min – should not exceed 1 mL (measured 
with Imhoff cone). 

1 min: Mean 0.3, Std Dev 0.5, 
range 0- 2 
60 min: Mean 79, Std Dev 56, 
range 0.5-450 

Suspended solids (SS) 
in PA and IC effluent 
(mg/L) 

Used to assess changes in SS levels in the 
IC reactor  

PA effluent: Mean 2825, Std 
Dev 2895, range 0-22,970 
IC effluent: Mean 2700, Std 
Dev 1559, range 384-13,260 

Gas production rate 
(m3/h) 

Important indicator for ‘health’ of anaerobic 
reactor 

Mean 45, Std Dev 21, range 
3.2-112 

1. Measured on unfiltered sample from mix tank feed (PA effluent) 

Comparisons between optimal and operational conditions demonstrate that the 

following factors were specific areas of concern: 

 The IC reactor was organically overloaded 

 The pH and temperature was not always within the optimal range 

 VFA levels in the IC reactor frequently exceeded recommended maximums 

 Alkalinity level in the IC reactor was sometimes less than the recommended 

minimum level 

 Settleable solids level in the IC reactor sometimes exceeded the recommended 

maximum level 

 SS reductions within the WWTP were highly variable and less than desirable 

(mean difference between SS inputs and outputs 4%) 

 Gas production was lower than expected given the organic inputs 
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7.3.3. Possible Consequences and Operational Controls for WWTP 

For the specific areas of concern, the possible consequences and controls to prevent 

adverse impacts are presented in Table 65.  These consequences are possible without 

the controls in place and the risks to continued production and/or increased discharge 

related costs due to WWTP failure are high.  Preventing overloading, maintaining 

optimum pH and temperature conditions, monitoring parameters for signs of 

imbalances and preventing inputs of inhibitors are operational controls which can be 

applied to reduce the risk of WWTP failure.  
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Table 65: Possible consequences and controls 

Areas of 
Concern 
(Aspect) 

Possible Consequences Possible Controls 

IC reactor 
organically 
overloaded 

Reduced SS and BOD removal rates 

A higher quality based discharge fee 

VFA increases inhibiting biological activity 

Lower gas production  

System failure with continued overloading 

Prevent overloading.  To operate within the design conditions, either the 
hydraulic loading rate and/or the organic loading rate must be reduced which are 
respectively mix tank feed rate and COD of the PA.  These co-dependent values 
are presented in Section 6.4.3 and Appendix E.  Extraction of water and/or 
solids prior to the WWTP would improve the reactor performance and stability 
as well as produce a higher quality effluent.  Membrane filtration was the 
suggested technology. 

pH and 
temperature 
not within 
optimal range 

Reduced or stopped biological activity 

Reduced SS and BOD removal rates 

A higher quality based discharge fee 

VFA increases inhibiting biological activity 

Lower gas production  

System failure with continued operations < optimal set conditions 

Ensure control set points for pH operations are set by a qualified professional 
and that access to this operational area is restricted at the PLC interface with 
(login) security measures in place.   

Temperature was uncontrolled in the system.  Technology could be applied to 
control the IC operating temperature thereby ensuring optimal conditions.  
Theoretically, this could be achieved using otherwise flared waste gas generated 
from the system and providing a heat exchange loop in the process.  

IC reactor VFA 
> 
recommended 
maximums 

A sign of an imbalance between the acidogenic and methanogenic 
phases.   

pH increases (quicker with lower alkalinity levels) 

VFA increases inhibiting biological activity 

Lower gas production  

Potential system failure dependent upon the extent and duration of the 
event. 

Ensure alkalinity is within optimal range to provide a buffer against sudden pH 
changes due to VFA increases.  

Prevent hydraulic and organic overloading 

Prevent passage and/or inputs of known inhibitors to the WWTP 

IC reactor 
alkalinity < 
recommended 
minimum  

No buffer against sudden VFA increases which in turn cause pH 
decreases.  Biological activity decreases when not operating in optimal 
pH range.    

Linked to other controls previously mentioned such as pH and VFA levels 
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Areas of 
Concern 
(Aspect) 

Possible Consequences Possible Controls 

IC reactor SS > 
recommended 
maximum  

A symptom of an imbalance within the system caused either by 
overloading, less than optimal operating conditions and/or the presence 
of inhibitors 

Higher discharged fees based on BOD and SS levels 

Not attaining compliance with discharge licence 

Reduce overloading if occurring 

Ensure system is operated according to recommended operational conditions 

Ensure no spills containing inhibitors (cleaners, solvents, etc) occur on the 
factory floor (WWTP collection) area 

WWTP SS 
reductions 
variable and 
<desirable 
(4%) 

A symptom of imbalances within the system. 

‘Washout’ of biogranules 

Higher discharged fees based on BOD and SS levels 

Less reliable WWTP performance 

Potential shut downs if system fails 

Improvements in other areas through controls mentioned above would 
necessarily result in improved SS reductions 

Reduced inputs to WWTP following periods of washout to enable system 
recovery 

Gas production 
low 

Symptom that the organic matter is not being degraded and converted to 
methane.   

Higher discharge costs 

Less offset on natural gas purchases 

Reduce overloading if occurring 

Ensure system is operated according to recommended operational conditions 

Ensure no spills containing inhibitors (cleaners, solvents, etc) occur on the 
factory floor (WWTP collection) area 
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7.4. Membrane Filtration of a Raw Wheat Starch Waste Stream 

7.4.1. Introduction 

As previously determined, it would be beneficial to the WWTP performance and 

stability if water and/or solids were extracted from the processing streams prior to the 

waste streams entering the WWTP.  This would reduce the HLR and OLR to the 

reactor and thereby enable higher treatment performances and a higher quality 

effluent.  Hydraulic loading reductions could only be expected if the water extracted 

was reused on-site or directed elsewhere other than through the WWTP.  However, if 

the membrane filtration permeate was directed towards the WWTP the HLR would 

not necessarily decease but the OLR would as a consequence of the solids removal.  If 

the permeate was not put through the reactor, the OLR would reduce accordingly with 

flow rate, however, if solids were also concentrated and removed from the stream this 

would reduce the OLR by a greater rate.  Wheat starch processing consistently 

requires large volumes of water inputs and therefore, if extracted water could be 

blended with incoming water, fresh water inputs would consequently decline.  

Concentrated solids from the wastestream could potentially be sold as a stock food 

component. 

Typical characteristics of the waste streams generated during wheat starch processing 

are presented in Table 48, showing that the QXE stream contained the lowest COD 

and SS of all the waste streams generated.  According to the principles of water 

minimisation methods, based on concentration this stream could act as the feedstream 

of another washing process stage.  However, because of the potential for 

recontamination of the other product fractionated streams with impurities from this 

stream, this is not an option for this stream. That is, the QXE cannot be reused without 

some form of treatment to ensure that it is suitable for the intended purpose.  The 

QXE stream also represented 60% of WWTP inputs according to Pidgeon and Ness 

(2006) and therefore, was considered a prime stream to target for water extraction and 

solids concentration purposes.  It was expected that the reduced loadings to the 

WWTP would have beneficial economic consequences.  

Cross-flow microfiltration (MF) involves the tangential flow of wastewater through 

the lumen of a hollow fibre or tubular membrane under pressure, whilst permeate 
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escapes from the lumen through the membrane pores to be collected on the outside of 

the membrane.  The size of the membrane pores to some extent determines the size of 

the solutes which will be retained and those that will pass through the membrane.  

Other factors such as membrane charges, solute charges and associated interactions 

also impact on the transmission of solutes.  Further details on membrane filtration 

technology are provided in Section 4.   

Within Section 4, specific information relating to the membrane filtration separation 

process based on solute and particle sizes, the relative sizes of common material and 

the relative sizes of various materials in water are presented in Table 21, Table 22 and 

Table 23.  MF membranes would expect to have pore sizes in the range of 

approximately 0.05 µm to a little over 1.0 µm.  With 0.1 µm MF membranes, yeast 

cells, milled flour and coal dust would be retained whilst albumin protein, sugars and 

gelatin would not.  Compared to the relatives sizes of some materials in water, a 0.1 

µm MF membrane would be expected to retain algae, bacteria, Cryptosporidium, 

Giardia cysts and some colloids although it would not retain viruses, all colloids or 

dissolved organics.  Ultrafiltration (UF) membranes have smaller pore sizes than MF 

being in the molecular range of 10,000 MW to 100,000 MW.  With an UF membrane 

0.01 µm pore size, most albumin protein, colloidal silica and gelatin as well as some 

hydrated dissolved organics, viruses and all colloids would be retained.   

Permeate from MF could be further polished if necessary and mixed with incoming 

water for recycling as process water.  This approach would reduce both the HLR and 

OLR of influent wastewater to the IC reactor.  The suitability of permeate as process 

water would need to be tested on-site to determine what blends are required for 

process efficiency.  Process water needs to provide adequate separation of flour into 

its gluten and starch constituents.  Chemical analysis of permeate and comparisons 

against drinking water guidelines would enable determinations as to the suitability of 

this permeate to be reused as process water.  The permeate dilution requirement to 

meet functionality and legislative guidelines was not determined during this research 

project.   

Fairey ceramic tubular membranes (0.2 µm, 0.35 µm and 0.5 µm) were researched as 

to their applicability to filter the QXE stream.  The specifications for these 

membranes are presented in Section 5.4.3.  These membranes were virgin membranes 
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at the commencement of the experimental period, having been prepared and stored in 

accordance with manufacturer’s instructions.  

7.4.2. Fairey Industrial Ceramics Tubular Membranes 

7.4.2.1.Influence of temperature 

Ceramic membranes, manufactured by Fairey Industrial Ceramics Limited, were 

trialled in a laboratory with the QXE wastestream.  Specifications of these membranes 

are presented in Section 5.4.  During these experiments, membranes with three 

different pore sizes (0.2 µm, 0.35 µm and 0.5 µm) were used, under different 

temperatures (30°C, 40°C and 50°C), various pH levels, testing periods and backflush 

regimes. 

When the membranes were characterised with distilled deionised (DD) water and 

QXE sample at 30°C, 40°C and 50°C with a transmembrane pressure (TMP) of 100 

kPa, the relative permeate flux relationships were not the same for the membranes 

with the different feed type.  Typically, membranes with larger pore sizes produced a 

greater permeate flux, and this relationship held for when DD water was the feed 

solution, as shown in Figure 57.  However, when the QXE sample was used as the 

feed stream, this relationship did not hold.  Differences included that the 0.35 µm 

membrane had a consistently higher flux than the 0.5 µm membrane at all 

experimental temperatures and the 0.2 µm membrane had much higher fluxes than the 

membrane at 50°C.  The differences are clear when flux graphs are compared in 

Figure 57 and Figure 58 for experiments using DD water and QXE sample as the 

respective feeds.  

The QXE flux range is somewhat similar to in-house results achieved by Cropper 

(1982) and WBP (1983) although different membranes and operating conditions were 

applied, as presented in Section 6.2.2.  With a PCI tubular membrane (membrane pore 

size unknown except reported as ‘ultrafiltration’) Cropper (1982) indicated a starting 

flux of 50 L/m2·h was achieved with a similar feed stream but this was at higher 

temperatures and pressures of 55°C and at 200 kPa.  Using a plate and frame 

membrane unit, Cropper (1982) reported that flux averaged 79 L/m2·h at a 

temperature and pressure of 60°C and 300 kPa.  Experimental data from in house 

research (WBP, 1983) show flux data ranging from 40 to 70 L/m2·h for SK effluent 

feed and a much lower range of around 10 to 40 L/m2·h for starch effluent feed.  
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Temperatures were around 30 to 40°C using Romicon HF15-45-PM50 membranes 

(from naming conventions thought to be a hollow fibre membrane with a nominal 

MWCO rating of 50,000) and pressure data were not reported.  As full details on these 

membranes and experimental procedures are not available, it is difficult to compare 

past and present results.  

There are no published flux data for microfiltration of raw wheat starch wastestreams 

available against which to compare results, as researchers, such as Meuser and 

Smolnik (1976b), Fane and Fell (1977) and Harris (1985), all used ultrafiltration 

membranes rather than microfiltration membranes which have a larger nominal pore 

size.  Fane and Fell (1977) reported fluxes in the 20 to 30 L/m2·h for a wheat starch 

factory effluent stream containing 2% solids (Figure 16) which is similar to the solids 

concentration of the QXE stream.  Fane and Fell (1977), using a 30,000 MWCO 

membrane, reported flux of 17, 20 and 27 L/m2·h when the feedstream was set at 

different experimental temperatures of 30°C, 38°C and 48°C.  Harris (1985) achieved 

an average flux of 37 L/m2·h using ultrafiltration membranes.  Expectedly therefore, 

the microfiltration membranes achieved a higher flux, at around 30 to 70 L/m2·h, than 

previous ultrafiltration experiments with a similar feedstream.  
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Figure 57: Average membrane permeate flux using DD water as the feed 
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Figure 58: Membrane permeate flux using QXE sample as the feed 

These comparative results are indicative of membrane fouling when the QXE stream 

was used as the feed.  Fouling models, as presented in Section 4.6.1, can be used to 

explain the results.  Mechanisms of fouling, such as interior pore fouling, pore 

blockage and cake layer formation would likely occur simultaneously for all 

membranes.   

It would have been expected that the 0.5 µm membrane would provide a higher flux 

than the 0.35 µm membrane and reasons for not achieving the higher flux are 

attributed to fouling.  It is possible that inner pore clogging and pore blocking are 

occurring due to the membrane pore size and the relative particles size distribution in 

the QXE sample.  That is, the larger pore size membrane might have been more 

susceptible to pore blocking than the smaller pore sized membranes.  Kumar et al. 

(2007) indicated that where particles are dimensionally similar to membrane pore 

size, this decreases the available membrane area and increases the membrane 

resistance to flow.  Particle size distribution analysis of a QXE sample, as presented in 

Section 6.3.2.4, showed that the size of particles were widely distributed between 0.1 

and 600 µm with the majority (85%) having a dimension of ≥ 2 µm.   

It is also theorised that for the smaller sized membrane, when operated at a higher 

feed temperature of 50°C, starch components within the concentration polarisation 

layer and eventual aggregate cake layer became gelatinised.  The gelatinous nature of 

the fouling layer combined with other expected foulants such as wheat fibre, gums 
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and pentosans, might provide a protective and water diffusive barrier to the membrane 

surface and inner pores.  This theory fits within the different research aspects of: 

 Wheat starch gelatinisation:  A concentration of 4-8% wheat starch is suitable for 

most gelling purposes (Cornell and Hoveling, 1998).  During the process, amylose 

and possibly lower MW amylopectin are preferentially solubilised (Parker and 

Ring, 2001).  Gelatinisation occurs over a temperature range, commencing to swell 

around 45-50 °C and completed at 85 °C (Cornell and Hoveling, 1998).   The 

gelatinisation temperature is higher for the smaller particles or conversely, the 

larger particles gelatinise at a lower temperature (Vermeylena et al., 2005).  An 

increase in wheat starch concentrations from 10% to 60% required an increase in 

temperatures of up to 115 °C to achieve complete gelatinisation (Baks et al., 2007).  

Parker and Ring (2001) indicated that an increase in temperature or the presence of 

other starch affinity compounds increased the swelling extent of the gelatinisation.  

 Particle size distribution:  Particle size distribution analysis of a QXE sample, as 

presented in Section 6.3.2.4, showed that around 15% of particles were ≤ 2 µm.  

This means that the majority of particles have dimensions greater than the 

membrane pore size and therefore are unable to cause pore blocking of the 

membrane.  Larger particles, also expected to be the first to settle on the membrane 

surface, would also be the first to gelatinise.   

 Wheat gluten characteristics of elasticity and extensibility:  These are the 

soluble gliadins and the insoluble glutenins (Elizalde and Pilosof, 1999; Torbica et 

al., 2007; Wieser, 2007):  Gliadins and are monomeric (Shewry and Tatham, 1997) 

and glutenins are polymeric proteins (Elizalde and Pilosof, 1999).  Hydrated 

gliadins contribute to dough strength and elasticity and glutenins contribute to 

bread dough viscosity and extensibility (Wieser, 2007).   

 Water permeability of gluten films:  Wheat gluten films are poor water vapour 

barriers due to high permeability characteristics which is effected by efficient 

absorption, solution-diffusion and desorption processes (Roy et al., 2000).  The 

permeability of the proteinaceous hydrophilic film increased with film thickness 

(Roy et al., 2000).    

Given the characteristics of the various components of the wastestream it is not 

unreasonable to assume that a pressure driven membrane filtration application for 
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wheat starch wastewater could represent appropriate conditions required to develop a 

protective dynamic membrane made from gelatinised starch and other affinity 

compounds such as gluten, fibre and pentosan fragments.   

QXE feed stream and permeate samples were analysed for total solids (TS) suspended 

solids (SS), COD and turbidity.  Analytical results are presented in Table 66, Table 67 

and Table 68 for experiments using the 0.2 µm, 0.35 µm and 0.5 µm Fairey Ceramics 

membranes respectively.  Total solids were analysed according to Standard Methods 

and results are presented as an average result from duplicate sample analysis.  

Suspended solids results were obtained using Standard Methods for the feed stream 

samples (duplicate sample analysis) and a photometric method on a Hach DR 2000 

instrument (average of 3 readings) was used for permeate samples.  For the feed 

stream, this instrument produced a similar result to Standard Methods.  Analysis using 

Standard Methods determined that the average SS concentration of duplicate sample 

analysis for the three experiments using 0.2 µm, 0.35 µm and 0.5 µm were 

respectively 1300 mg/L, 1627 mg/L and 1670 mg/L.  The Hach DR 2000 Instrument 

and the relevant Hach methods were also used for the COD and Turbidity 

determinations presented in these tables.  

Table 66: Sample analysis results for QXE waste stream (0.2 µm ceramic membrane) 

Parameter Feed 
stream 

Permeate % Reductions 

 Temperature of experiment for permeate collection (°C) 
  30 40 50 30 40 50 
Total solids (mg/L) 15970 13150 13433 12710 18 16 20 
Suspended Solids 
(mg/L) 

1300 11 17 21 99 99 98 

COD (mg/L) 18260 13620 14040 13260 25 23 27 
Turbidity (FTU) 124 15 13 14 88 90 89 

Table 67: Sample analysis results for QXE waste stream (.35 µm ceramic membrane) 

Parameter Feed 
stream 

Permeate % Reductions 

 Temperature of experiment for permeate collection (°C) 
  30 40 50 30 40 50 
Total solids (mg/L) 20630 14417 15570 16000 30 25 22 
Suspended Solids 
(mg/L) 

1627 24 28 27 99 98 98 

COD (mg/L) 22200 14580 16440 17000 34 26 23 
Turbidity (FTU) 144 21 16 12 85 89 92 
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Table 68: Sample analysis results for QXE waste stream (0.5 µm ceramic membrane) 

Parameter Feed 
stream 

Permeate % Reductions 

 Temperature of experiment for permeate collection (°C) 
  30 40 50 30 40 50 
Total solids (mg/L) 20730 16883 16880 16920 19 19 18 
Suspended Solids 
(mg/L) 

1670 11 10 16 99 99 99 

COD (mg/L) 23920 16400 15820 16780 31 34 30 
Turbidity (FTU) 143 17 16 11 88 89 92 

Percentage reductions from feed stream to permeate for all membrane pore sizes over 

the range of all temperature experiments were examined as shown in Table 69.  No 

significant patterns were obvious for either temperature effects or membrane pore 

size. 

Table 69: Reductions (%) from QXE feed stream to permeate (ceramic membranes)  

 0.2 µm 
Membrane 

0.35 µm 
Membrane 

0.5 µm 
Membrane 

All membranes – 
Data Range 

TS % Reduction 16-20 22-30 18-19 16-30 
SS% Reduction 98-99 98-99 99 98-99 
COD% Reduction 23-27 23-34 30-34 23-34 
Turbidity% 
Reduction 

88-90 85-92 88-92 85-92 

7.4.2.2.Cleaning efficiencies 

To investigate the occurrence of fouling, using the same MF rig and membranes 

following the above experiments, the sample was drained, and the system 

progressively rinsed and cleaned with 2% NaOH and 2% HNO3 solutions.  DD water 

fluxes were measured between each stage of the cleaning experiment to determine the 

cleaning efficiency of the process.  Results for these experiments are presented in 

Table 70 and the recoveries attributed to the cleaning agent are presented in Figure 59, 

Figure 60 and Figure 61 for the 0.2 µm, 0.35 µm and 0.5 µm membranes respectively.   

The ‘reversible’ or easily removed fouling layer and the ‘irreversible’ or difficult to 

remove without chemical cleaning component were calculated using methods 

presented by Nyström and Zhu (1997) and Ogunbiyi et al. (2008).  That is, after 

draining the sample from the membrane filtration rig, the sample vessel was filled 

with DD water with permeate values closed and this water was recirculated for five 

minutes to flush any foulants from the membrane surface.  The rinsing water was 

immediately drained and the unit was refilled with DD water and recirculated for 10 

minutes with the permeate value open (forward/back pressures in kPa: 160/100 and 
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temperature between 45-50°C) to flush clean water through the membrane pores.  

Permeate was not returned to the vessel but rather was discarded.  The membrane 

filtration rig was again completely drained and refilled prior to measuring permeate 

flux of DD water at 30°C, 40 °C and 50°C.   

Table 70: Average flux (L/m2h) and cleaning efficiency recoveries (%) (ceramic membranes) 

 0.2 0.35 0.5 
 30 40 50 30 40 50 30 40 50 
Initial DD water - 
Flux 

1132 1282 1442 1541 1793 2065 1698 1966 2286 

QXE sample flux 37 46 70 64 60 64 50 54 58 
After rinse DD water - 
Flux 

82 96 108 84 104 124 77 100 115 

Cleaning efficiency 
recovery (%) 

7 7 7 5 6 6 5 5 5 

After 2% NaOH Clean 
- Flux 

757 876 952 1168 1216 1298 1133 1207 1273 

Cumulative cleaning 
efficiency recovery 
(%) 

67 68 66 76 68 63 67 61 56 

Recovery attributed to 
NaOH clean (%) 

60 61 59 70 62 57 62 56 51 

After HNO3 Clean - 
Flux 

700 716 770 1708 1875 1745 1528 1655 1507 

Cumulative Cleaning 
efficiency recovery 
(%) 

62 56 53 111 105 85 90 84 66 

Recovery attributed to 
HNO3 clean (%) 

-5 -12 -13 35 37 22 23 23 10 

The difference between these fluxes and the initial fluxes for each membrane were 

deemed to be as a result of irreversible fouling (requiring a chemical clean) with the 

reversible (easily cleaned without chemicals) layer removed with the water rinse.  The 

percentage of cleaning efficiency recovery represents that portion of fouling removed 

or membrane permeability restored due to the rinsing process.  For all membranes this 

ranged from five to seven per cent, with the larger pore sized membrane having a 

lower cleaning recovery than the smaller pore sized membrane. Therefore, the 

irreversible fouling component represents 95-93% of the total fouling. 

Cleaning with 2% NaOH and 2% HNO3 solutions were undertaken at 65°C with 30 

minutes permeate ports closed and 10 minutes open in a similar fashion to that 

undertaken with the rinsing process.  Permeate flux measurements with DD water 

followed at 30°C, 40 °C and 50°C.  These results demonstrate that the NaOH clean 

produced a greater cleaning recovery around 50-60% than the HNO3 clean which 

achieved only 10-35%.  However, this result might be due to the fact that the NaOH 
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clean occurred prior to the HNO3 clean and might not be related to the nature of the 

foulants.   

No other data are available for the combined feed stream and membrane 

specifications of this task, however, this is in general agreement with Zondervan and 

Roffel (2007) who indicate that caustic and oxidising cleaning agents provided the 

best cleaning results for membranes fouled by high organic surface waters.  Fane and 

Fell (1977) used an enzyme solution to clean membranes and reported that membrane 

permeability approximated that of a new membrane after cleaning and that it caused 

an increase in permeate flux by around 20-30%.  Preliminary investigations on the use 

of enzymes to increase cleaning efficiencies for this research project found that they 

were cost prohibitive which is in agreement with the finding by Harris (1985). 

It was apparent that the percentage cleaning recovery for the NaOH clean was more 

consistent for the 0.2 µm membrane than with the larger pore size membranes.  With 

the 0.35 µm and 0.5 µm membranes, the lower operating temperature of 30°C appears 

to favour a higher cleaning efficiency using NaOH as the cleaning agent.   

The permeate flux for the 0.2 µm membrane was lower after the HNO3 clean than 

before it and the 0.35 µm membrane had an overall greater than 100% cleaning 

efficiency at experimental temperatures of 30°C and 40°C.  As these membranes were 

all of the same type except for pore size differences, it was thought that there must be 

some acidic interaction with the membrane because of its small pores and this in turn 

resulted in altered surface charge characteristics of the membrane surface.  The HNO3 

interactions with foulants or impacts to the membrane were not investigated 

microscopically, however, acid treatments increase starch solubilities (Mukerjea et al., 

2007; Sandhu et al., 2007) and can affect the net charge of proteins, dependent on the 

isoelectric point and pKa values (disassociation constants) of the amino acids (Mejri 

et al., 2005).  Cleaning with the HNO3 might have removed previously laid foulants 

that were up to this point, irreversibly bound, and thereby providing a higher flux than 

previously measured.   

Based on relatively consistent results, NaOH was chosen as the preferred cleaning 

chemical and was thereafter the cleaning agent used throughout experiments, unless 

otherwise stated.  Permeate fluxes after rinsing or cleaning stages were assessed 
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against the initial DD water flux prior to the filtration of the sample to determine the 

extent that the ‘treatment’ had on the removal of foulants.  
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Figure 59: Cleaning recoveries as a percentage of initial DD water flux for 0.2 µm membrane 
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Figure 60: Cleaning recoveries as a percentage of initial DD water flux (0.35 µm membrane) 
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0.5 µm membrane
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Figure 61: Cleaning recoveries as a percentage of initial DD water flux for 0.5 µm membrane 

7.4.2.3.Influence of sample pH 

Sample pH was expected to influence permeate flux and therefore, this was tested in 

two experiments using the 0.35 µm membrane.  Characteristics of these waste stream 

samples are provided in Table 71.  Prior to altering sample pH, these samples were 

microfiltered achieving average short term fluxes of 69 L/m2h and 56 L/m2h 

respectively as shown in Figure 62.  The difference between the fluxes is possibly 

related to a combination of membrane pore blocking over experimental time and 

differences in suspended solids concentrations.   

Table 71: Characteristics of QXE waste stream samples used for pH altered experiments 

 Experiment 1 Experiment 2 
TS (mg/L) 5983 5220 
SS (mg/L) 310 520 
COD (mg/L) 7593 5660 
Initial pH 4.51 5.30 
Turbidity 550 883 
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Figure 62: Permeate flux for unaltered QXE samples 

In the first experiment, the QXE sample was first progressively altered from pH 2 to 

pH 10.  The second experiment used a fresh QXE sample which was progressively 

altered from pH 10 to pH 3.  It was intended that the second experiment would 

commence at pH 11, however, it was difficult to achieve this pH although a copious 

quantity of NaOH was added to the sample for adjustment purposes.  For increasing 

and decreasing pH, 0.1 M NaOH and 0.1 M HCl was applied to the sample vessel, 

mixed and tested with a pH probe.   

As shown in Figure 63, pH had an effect on fluxes achieved using the 0.35 µm 

membrane to filter pH altered QXE samples.  This effect was thought to be due to the 

isoelectric points of proteins as well as diffuse double layer effects, respectively 

influencing surface charges and particulate compaction.  Highest average flux was 

achieved at pH 10 and the lowest flux occurred at pH 8.  This is an extension to the 

work of Fane and Fell (1977) as they only studied the effects on flux in the lower pH 

range from pH 2 to pH 4.5.  The peak flux at pH 3 identified by Fane and Fell (1977) 

is not conclusively apparent from these data, however there appears to be a decline in 

flux as the pH increases up to around pH 8.  Flux again increases at the pH levels 

higher than pH 8.  These findings are in agreement with other researchers such as 

Ogunbiyi et al. (2008) and Arsuaga et al. (2008) who also found that higher fluxes 
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were achieved for yeast and phenol solutions with a lower pH and as well, a 

decreasing flux trend was evident as pH increased, within the lower acidic ranges of 

the pH scale. 
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Figure 63: Average flux achieved for pH altered experiments using 0.35 µm membrane 

According to theory, the lowest flux achieved for a given pH solution, corresponds to 

the isoelectric point (IEP) of the dominant proteins in that solution.  At this solution 

pH, the protein has a zero charge, below this pH the protein will be positively charged 

and above the pH, the protein will be negatively charged (Cornell and Hoveling, 

1998).  It would therefore be apparent that the dominant protein has an IEP at pH 8.  

Amino acids reported as basic with IEPs of 7.47, 9.59 and 11.15 are respectively 

histidine, lysine and arginine (Heinau and Kirste, 1994).  Cornell and Hoveling (1998) 

indicated that soluble proteins were higher in lysine than gluten.  This would tend to 

indicate that the primary amphoteric foulant in the wheat starch wastewater during 

this experiment was most likely lysine from the soluble proteins.  

An unusual occurrence was noticed in the second experiment (pH altered from pH 10 

to pH 3) when the pH of the feed stream and permeate were tested which was not 

investigated within the first experiment.  It was noted that when the feed stream was 

greater than pH 7, the permeate sample had a higher pH than that of the feed stream.  

However, when the feed stream had a pH of 7 or less, the permeate sample had a 

much lower pH as shown in Table 72.  Reasons for this phenomenon are unknown but 

this could be related to the preferential membrane transmission of NaOH as this 
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sample was excessively dosed with NaOH in an attempt to reach a pH of 11.  This has 

not been previously investigated or reported in other papers cited within this thesis, 

relating to membrane filtration of wheat starch wastewaters.   

Table 72: Sample and permeate pH during pH altered experiments with QXE sample 

Experimental feed stream pH Permeate sample pH 
10 12.61 
9 11.39 
7 6.64 
5 3.15 
3 2.25 

COD and protein dsb reductions (retention by membrane), measured as the percentage 

difference between the feed stream concentration and the proportion measured in 

permeate, are shown in Figure 64.  That is, the higher the percentage, the greater the 

retention by the membrane.  Whilst COD levels in wheat starch wastewater could be 

attributed to carbohydrate and proteinaceous materials, proteins could be considered 

as a subset of the COD contributing materials and are associated with gluten type 

products.  Hence, it would be expected that COD reductions would be greater than 

protein reductions.  This situation holds for all pH altered feed streams except for 

when the feed stream had pH 5 where protein reduction was greater than COD 

reduction.  This unexpected anomaly requires further investigation.  

Protein reduction was greatest at pH 5, than at any other pH tested, thought to be 

associated with gluten solubility and protein IEPs.  As presented in Section 2, gluten 

solubilities are greatest when pH<4 and pH>9 (Fouques and Ralet, 1996) and 

minimum solubilities occur at protein IEPs (Cornell and Hoveling, 1998).  From this, 

it can be concluded that the IEPs of the dominant proteins present in solution were 

around pH 5.  The associated functional properties and lower solubilities of the 

proteins at this pH caused a greater proportion of the protein in solution to be retained 

by the membrane.   

For the first experiment whereby the solution pH commenced at pH 2 due to the 

addition of HCl and was progressively increased by the addition of NaOH, COD 

retention by the membrane was greatest at pH 4 at 54% compared to all other pH 

levels where it was around 40%.  Cornell and Hoveling (1998) reported that the 

viscosity curves and gelatinisation temperatures of 6% w/w wheat starch slurries 

which had been altered by HCl or NaOH additions were affected by pH.  Specifically, 
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gelatinisation temperatures were lower at pH levels <pH 4.5 and > pH 9.  This would 

tend to indicate that at pH <4.5 and pH >9, the starch in solution would more likely 

gelatinise for a given temperature and therefore, more likely form a gel polarisation 

layer on the membrane to restrict flow of COD contributing materials through the 

membrane.  The effective temperatures for gelatinisation are expected to be lower for 

membrane filtration experiments as the solution is under pressure.   

With respect to the transmission of COD influencing materials through the membrane, 

it was least (38%) for the pH 5 solution in the second experiment which commenced 

at pH 10 (excess NaOH applied) and was progressively decreased by the addition of 

HCl.  These experiments demonstrated that some effect is occurring at different 

solution pH, however, further investigations are required to determine the extent that 

solution components, concentration and pH as well as experimental temperatures and 

pressures (as singular factors and interaction effects) affect fouling layer formations 

and the subsequent ability to retain COD contributing materials.   

QXE sample, protein and COD reductions 

0

10

20

30

40

50

60

70

80

u
n

a
lte

re
d

sa
m

p
le

2 3 4 5 6 7 8 9

1
0

Sample pH

%
 R

ed
u

ct
io

n
s

COD reduction pH 2-10 Protein reduction pH 2-10

COD reduction pH 10-3 Protein reduction pH 10-3
 

Figure 64: COD and protein reductions using 0.35 µm membrane 
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7.4.2.4.Influence of TMP 

The influence of TMP on permeate flux was investigated for the 0.2 µm and 0.35 µm 

ceramic membranes whereby experiments at 30°C were conducted at 50, 100, 150 and 

200 kPa for DD water and the QXE sample.  These membranes had been tested in 

previous filtration experiments and were cleaned with NaOH prior to experimental 

use.  Permeate flux was measured every five minutes over a two hour period and the 

average of these fluxes for the DD water and the QXE sample are shown in Figure 65 

and Figure 66 respectively.   

For the DD water experiment, average flux increased correspondingly with TMP 

increases, however, the 0.2 µm membrane achieved greater fluxes than the 0.35 µm 

membrane, contrary to experimental results when the membranes were new.  This 

result tends to indicate that the 0.35 µm membrane was irreversibly fouled in the 

pores of the membrane from previous experimental use.   
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Figure 65: Average flux for DD water using the 0.2 µm and 0.35 µm membranes 

For the QXE experiment, tested under the same experimental conditions used for the 

DD water experiment, the 0.2 µm membrane had a higher flux at TMP 50-150 kPa 

than the 0.35 µm membrane as shown in Figure 66.  However, operating the 0.35 µm 

membrane at a TMP of 200 kPa caused the pump to fail within 30 minutes which was 

attributed to fouling and the 0.2 µm membrane was not subsequently tested at 200 

kPa.  This experiment demonstrated that there was no benefit in increasing the TMP 
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from 100 kPa to 150 kPa for either membrane as the flux was slightly less for the 0.2 

µm membrane at 150 kPa compared to 100 kPa and remained relatively constant for 

the 0.35 µm membrane for both 100 kPa and 150 kPa.  Although TMP is the primary 

driving force in cross flow filtration technology, the deposition of foulants under 

pressure can lead to local over concentrations (Ousman and Bennasar, 1995) and 

subsequently alter the voidage and filter cake permeability (McDonogh et al., 1998).   

As previous membrane filtration experiments with wheat starch wastewater as the 

feed have all been ultrafiltration and in one instance reverse osmosis, the TMP applied 

for these experiments are typically higher than the microfiltration experiments 

completed as part of this research project.  Maintaining higher TMP requires higher 

energy inputs.   

QXE sample, avg flux at 30oC, measured every 5 mins over 
2 hour period

0

20

40

60

80

0 50 100 150 200

TMP (kPa)

F
lu

x 
(L

/m
2
.h

)

0.2 µm 0.35 µm
 

Figure 66: Average flux for QXE sample using the 0.2 µm and 0.35 µm membranes 

7.4.2.5.Influence of backflushing 

Laboratory experiments were undertaken to determine whether various backflushing 

regimes might assist in reducing the incidence of fouling.  Backflushing is a technique 

which has been used to enhance flux (Heran and Elmaleh, 2001) which involves 

reversing the TMP on the permeate side of the membrane to force the permeate to 

flow backward through the membrane (Sondhi and Bhave, 2001).  Foulants which are 

backflushed from membrane pores and surface area are then carried away in the cross 

flow stream (Kuberkar and Davis, 2001).  In these experiments using the 0.2 µm 
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membrane with the QXE sample, permeate was used as the backflushing liquid and 

temperature, TMP and backflushing pressure were respectively 30°C, 100 kPa and 

120 kPa.  Results for the three backflushing regimes trialled are presented in Figure 

67, demonstrating that not only did the flux apparently increase with time but also the 

overall flux levels were greater with the more frequent backflushing regime, i.e. 

where backflushing was applied for 30 seconds every five minutes.  With a higher 

frequency of backwash, less filtration occurs and more cleaning times are provided 

which explain the results achieved.   

Whilst optimised backflushing regimes have been studied by some researchers (Cakl 

et al., 2000; Gan, 2001; Salladini et al., 2007), no research has been found involving 

the investigation of backflushing regimes with wheat starch wastewaters.  

Backflushing generally increases permeate flux.   
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Figure 67: Backflushing experiment with the 0.2 µm membrane with QXE sample 

7.4.2.6.Duration of test 

Duration of test experiments were undertaken for the 0.35 µm and 0.2 µm ceramic 

membranes over a four hour period without backflushing.  Experimental operating 

conditions were temperature of 30°C (close to process waste stream temperatures) and 

a constant TMP of 100 kPa (160 kPa forward pressure and 60 kPa back pressure).  

Contrary to theory which predicts a flux decline with time due to membrane fouling, 

flux measurements tended to increase over time without the additional control of 
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backflushing as shown in Figure 68.  This result is attributed to preferential fouling 

mechanisms resulting in the formation of a dynamic membrane on the surface of the 

membrane subsequently preventing or minimising pore blocking and in turn, 

enhancing water transmission through the membrane.  These results cast doubt over 

the need to apply backflushing to wheat starch solutions, although backflushing at 

more frequent intervals increased permeate flux rates.  

The incidence of flux increases over time has not been reported elsewhere, however, 

this occurrence was discussed with Anthony Fane who is one of the authors of the 

Fane and Fell (1977) article and he recalled that they had experienced the same 

phenomenon but .it was inconsistent and they did not research this area further (Fane, 

[2003]).    
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Figure 68: Duration of test experiments with QXE sample 

Sample analysis of QXE feed, permeate and retentate for a range of parameters were 

undertaken and the retention of the membrane calculated.  These results are presented 

in Table 73.  Interestingly, the protein reductions on a dry solids basis (dsb) do not 

reflect the same extent of protein reductions as the ‘as is’ percent protein reductions.  

Turbidity of permeates were actually two and three FTU for the 0.35 µm and 0.2 µm 

membranes respectively which when calculated as a percentage and rounded to whole 

units gives a 100% reduction.   
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Fane and Fell (1977) report reductions as rejection coefficients for total solids and 

protein concentrations as ranging from 0.4 to 0.45 for total solids and generally 0.95 

or better for protein rejection.  Results shown in Table 73 are similar to the Fane and 

Fell (1977) total solids reduction percentage but the protein rejection is much lower.  

This is attributed to Fane and Fell (1977) using an ultrafiltration membrane whilst the 

current study used a microfiltration membrane.  Fane and Fell (1977) did not report on 

the other parameters.   

Table 73: Percent reductions and average flux achieved for duration of test experiments using 

0.35 µm and 0.2 µm membranes for QXE experiments 

Parameter measured 0.35 0.2 
% total solids reduction 42 53 
% COD reduction 23 42 
% protein reduction dsb 15 7 
% protein as is (N x 5.7) 51 56 
% SS reduction 100 100 
% turbidity reduction 100 100 
Average flux (L/m2.h) 76 92 

Feed stream pH 3.31 3.18 

As the four hour experiment demonstrated that flux increased with time, a longer 

duration of test experiment was undertaken with the 0.2 µm membrane to determine 

the extent which the flux increase would continue.  Permeate flux and TMP for this 14 

hour experimental run are shown in Figure 69.  Upon commencement, operating 

conditions were the same as for the other experiment, i.e. temperature 30°C and TMP 

100 kPa, however, TMP noticeably decreased with time.  At 12 hours into the 

experiment the TMP was adjusted.  As a result of that adjustment, flux immediately 

increased accordingly and the higher level flux was maintained for an additional two 

hours prior to ending the experiment.  Initial permeate flux also increased rather than 

decreased with this experiment, however it did eventually level off after around six 

hours.  The flux is much lower overall with this experiment compared with similar 

experiments, however, as samples were not collected and analysed it is difficult to 

determine whether this was related to feed stream characteristics.  

Fane and Fell (1977) conducted an experiment over 60 hours using a PCI tubular 

membrane with a nominal MWCO of 120,000, operated at 45°C at 4% solids (wt) 

(TMP not provided).  Flux decreased from 20 L/m2·h to around 10 L/m2·h over the 

time period with the major flux decline occurring in the first 25-30 hours.  Fane and 
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Fell (1977) did not report flux increases with time.  Their lower flux results compared 

to those shown in Figure 69 can be attributed to using a more concentrated stream 

(4% compared with around 2%) and the use of the ultrafiltration membrane instead of 

a microfiltration membrane.   
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Figure 69: Duration of test experiment using 0.2 µm membrane with QXE sample as feed  

7.4.2.7.Influence of concentration 

To test the influence of concentration on permeate flux, wheat B-starch model 

solutions were used as the feed solution.  Initially, a 0.5% B-starch solution was 

subject to crossflow microfiltration for a period of 20 hours using the Fairey 0.2 µm 

ceramic membrane.  The temperature during this experiment was 33°C and the TMP 

set to 100 kPa.  As shown in Figure 70, flux decline was most rapid during the first 

four to six hours of operation, and although flux continued to decline with time, the 

rate of decline reduced.  The permeate flux shown in this graph is much larger than 

runs with the QXE sample.  This could be attributed to the QXE samples having 

higher total solids contents (1.5 % to 2.0 %) than the model solution as well as the 

QXE stream having additional components from the starch processing stream rather 

than just B-grade wheat starch.   
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Figure 70: Permeate flux for model starch solution 0.5 wt% B-starch (0.2 µm ceramic)  

An experiment was set up to determine what the effect would be on permeate flux in 

response to progressively increasing starch concentrations.  Using the same membrane 

filtration operating conditions as used for the previous constant 0.5% starch solution, 

the feed stream was progressively altered from 0% B-starch through to 0.5%, 1.0%, 

1.5%, 2.0%, 2.5%, 5%, 7.5% and 10%.  As shown in Figure 71, the progressively 

increasing concentration of B-starch follows a similar pattern with time to that of the 

constant 0.5% B-starch solution plotted on the same graph for comparative purposes.  

Upon every addition of B-starch the permeate flux immediately increases marginally 

for a short time before continuing again to decline.  An unknown upset for the TMP 

occurred when the solution was brought to 5% B-starch concentration which clearly 

caused the permeate flux to drop accordingly.  The permeate flux for the 10% B-

starch solution is higher than the 0.5% B-starch solution for the same duration.  This 

tends to indicate that the permeate flux will not necessarily be less for higher 

concentration feed using B-starch solutions.  Therefore, it is suggested that this could 

be an area of further research to determine the maximum concentration of wheat 

starch solutions that a membrane unit could potentially treat.  Membrane filtration 

technology might potentially replace traditional starch processing equipment located 

further upstream, thereby eliminating processing stages.  
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Figure 71: Permeate flux achieved with model starch solutions using 0.2 µm ceramic membrane 

Fane and Fell (1977) also reported on flux and concentration effects, ranging from 1% 

to 10% wt concentration of solids in wheat starch wastewater and achieved respective 

fluxes from around 40 L/m2·h down to around 10 L/m2·h using ultrafiltration 

membranes.  They found that a logarithmic relations hip held at low bulk 

concentrations, however, a higher than expected flux was achieved at high bulk 

concentrations.   

7.4.3. Suitability of Permeate as Process Water  

Potable water is used as processing water in wheat starch industries and hence, water 

quality should comply with the Australian Drinking Water Guidelines (ADWG), 

2004.  An overview of these guidelines is presented in Appendix F and a summary of 

guideline values are presented in Appendix G.  The fundamental principles of 

drinking water quality is that it be pathogenic free, have robust multiple barriers, be 

suspicious of sudden or extreme change in water quality, emergency response 

preparedness, consider consumer complaints and apply a risk management approach 

(NHMRC and NRMMC, 2004).  
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Due to financial constraints, permeate samples collected were not analysed for 

specific water quality parameters contained in the ADWG, however, membrane 

filtration technology is known to produce a pathogenic free permeate dependent upon 

the relative sizes of the bacteria and the nominal pore size of the membrane used.  

Generally, bacteria range in size from 2 to 100 m long and from 0.5 to 5.0 m in 

diameter (Rynne and Dart, 1998).  Protozoan bacteria such as Cryptosporidium 

parvum and Giardia cysts are considered too large to pass through a 0.2 m 

membrane, based on sizes given by Rynne and Dart (1998) indicating that C.parvum 

is 4-7 m in diameter and Giardia cysts are 9-21 m long by 6-12 m broad.  

Consequently, it is considered reasonable to assume that using a 0.2 µm membrane 

would produce pathogenic free permeate.  However, it is recommended that further 

research and testing be undertaken to determine the accuracy of this assumption as 

well as to analyse and assess permeate samples against ADWG.   

7.4.4. Best-Use of Concentration Solids – Stockfood Versus Methane 

It is anticipated that concentrated starch waste products obtained from the MF process 

would be suitable for inclusion into a stockfood product or similar.  Alternatively, this 

low volume, higher concentrated product may have more value if processed through 

the reactor and converted to methane, given that stockfood sells at around $250 per 

tonne.   

Biogas produced during the anaerobic degradation of organic materials typically 

contains around 65% methane (Henze et al., 1995, Sawyer et al., 1994, Metcalf and 

Eddy, 1991) but this varies depending on the nature of the substrate as shown in Table 

74 (Buswell and Boruff in Sawyer et al., 1994). 

Table 74: Expected methane and carbon dioxide yields, in percent, for organic materials 

 Methane (%) Carbon dioxide (%) 
Carbohydrates 50 50 
Low-MW fatty acids 62 38 
High-MW fatty acids 72 28 
Proteins 69-76 24-31 

The expected methane yield can also be calculated from conversion factors taken 

from Henze et al., (1995) including: 0.42 m3 CH4/kg carbohydrate; 0.47 m3 CH4/kg 

protein and 0.38 m3 CH4/kg COD. 
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The calorific and electrical energy value of biogas produced is dependent upon the 

percentage of methane gas in the gaseous mixture as shown in Table 75.  Given that 

typical biogas contains 65% methane, this equates with a heating value of 22750 

kJ/m3 gas produced.  As natural gas has a heating value of approximately 37300 

kJ/m3, at standard temperature and pressure (Metcalf and Eddy, 2003), it would take 

around 1.64 m3 biogas to replace each cubic metre of natural gas used on site. 

Table 75: Heating value of biogas and converted electricity value according to methane content in 

percentage (adapted from Henze et al., 1995) 

Methane content in gas (%)  
50 60 70 80 100 

Heating value 
(kJ/m3 gas) 

17500 21000 24500 28000 35000 

Electrical 
production/m3 
CH4 
 Electricity 

(kWh/m3) 
 Heat 
 Loss  

 1.5 
 2.5 
 1.0 

 1.7 
 2.9 
 1.1 

 2.0 
 3.4 
 1.3 

 2.3 
 3.9 
 1.5 

 2.9 
 4.9 
 1.9 

Note that 1m3 CH4 = 9.7 kWh,  

Converted to electricity this becomes: 

30% electricity = 2.9 kWh 

50% heat = 4.9 kWh 

20% loss = 1.9 kWh 

The QXE stream was the largest volume and cleanest stream containing between 

0.5% and 2% solids which has the potential to be used as a stock food component.  

Table 76 shows the different alternatives calculated for the two solids concentrations 

and flow rates of 12m3/h and 14 m3/h, demonstrating that the solids had a stockfood 

value of around $250 to $300 per day when at 0.5% solids and around $1000 to $1200 

per day when the stream contained 2% solids.  These calculations were undertaken  

assuming that solids had a density of 1400 kg/m3 based on an average density 

between protein (1300 kg/m3) and starch (1500 kg/m3) taken from Cornell and 

Hoveling (1998).  Using an average of 13 m3/h flow and 1% solids, concentrated 

solids from MF of QXE stream are potentially valued at around $550/day.  Based on 

experimental results, shown in Table 73, with the 0.2 µm ceramic membrane a 50% 

total solids retention could be expected for operations at temperatures around 30°C 
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and TMP of 100 kPa.  Hence, these calculations assume a 50% total solids retention 

(and a 100% SS retention).  Stockfood potentials are calculated at $250/tonne of 

solids. 

The other potential use of the concentrated solids is to convert it to methane gas via 

treatment through the WWTP.  As the HLR would be substantially decreased with the 

extraction of the permeate amounting to around 50% of the WWTP inputs, the HRT 

would accordingly increase enabling a higher OLR to be treated through the reactor.  

These calculations follow using COD data for the QXE samples and microfiltration 

experimental data, shown in Table 73, demonstrating that around 40% COD could be 

expected to be retained by the membrane.   

Conversion factors by Henze et al. (1995) for carbohydrate (0.42), protein (0.47) and 

COD mass (0.38) were utilised to calculate expected methane yields from organic 

solids contained in QXE stream.  QXE samples (n=11) collected on-site for 

microfiltration experiments all had a COD in the range of 7770 mg/L to 11650 mg/L 

with the mean being 9370 mg/L with a standard error of 450 mg/L.  This COD 

concentration range was used to calculate an estimated heating value for the biogas 

generated per quarter as a consequence of feeding the concentrated solids from MF 

through the WWTP.  These data are presented in Table 77 showing that biogas 

generation would have a heating supply between approximately 700 and 1250 GJ per 

quarter with a 40% COD extraction from the QXE stream.  Calculations for the 

quarter were undertaken by multiplying daily calculations by 60 to represent a five 

day working week over the period.  Given that biogas is typically 65% methane, 

dividing the value by 1.64 converts this to an equivalent natural gas volume that this 

biogas could replace based on heating value previously discussed.   
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Table 76: Potential stockfood value recoverable from QXE by microfiltration 

Flow rate 
(m3/h) 

Solids (%) Solids (m3/h) 
(x 10-3) 

Density of 
solids 
(kg/m3) 

Potential 
mass 
recovery 
(kg/h) 

Total max 
solids recovery 
(kg/day) 

Portion TS 
retained by 
MF (%) 

Actual solids 
recovered 
(kg/day) 

Solids (t/day) Potential 
stockfood value 
($/day) 

12 0.5 60 1400 84 2016 50 1008 1.008 252 
14 0.5 70 1400 98 2352 50 1176 1.176 294 
13 1 130 1400 182 4368 50 2184 2.184 546 
12 2 240 1400 336 8064 50 4032 4.032 1008 
14 2 280 1400 392 9408 50 4704 4.704 1176 

Table 77: Potential energy heating value (GJ) from COD recoverable from QXE by MF 

Flow 
rate 
(m3/h) 

COD 
(mg/L) 

COD 
(kg/day) 

COD 
recovered 
(retention) 
by MF 
(%) 

Actual 
COD 
recovered 
(kg/day) 

Methane yield 
for 
carbohydrate 
(m3/day) 

Methane 
yield for 
protein 
(m3/day) 

Methane 
yield for 
COD 
(m3/day) 

Equivalent 
biogas 
volume 
(m3/day) 

Equivalent 
natural gas 
volume 
(m3/day) 

Natural 
gas 
heating 
value 
(kJ/m3) 

Natural 
gas 
heating 
value  
(GJ/day) 

Estimated 
heating 
value per 
quarter 
(GJ) 

12 7770 2237.76 40 895 376 421 340 523 319 37300 12 714 
14 7770 2610.72 40 1044 439 491 397 611 372 37300 14 833 
13 9370 2923.44 40 1169 491 550 444 684 417 37300 16 933 
12 11650 3355.2 40 1342 564 631 510 785 478 37300 18 1071 
14 11650 3914.4 40 1566 658 736 595 915 558 37300 21 1249 
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Table 78: Potential savings on natural gas purchases by converting MF concentrated solids to 

methane where the energy per quarter saving is 714 GJ 

Energy level (GJ) Natural gas cost  
($/ GJ) 

Potential quarterly 
savings ($) 

155.23 16.588 2575 
558.77 (balance) 14.146 7904 
Quarterly supply charge 55.043 55 

Total potential savings ($)  10534 

Table 79: Potential savings on natural gas purchases by converting MF concentrated solids to 

methane where the energy per quarter saving is 833 GJ 

Energy level (GJ) Natural gas cost  
($/ GJ) 

Potential quarterly 
savings ($) 

155.23 16.588 2575 
677.77 (balance) 14.146 9588 
Quarterly supply charge 55.043 55 

Total potential savings ($)  12218 

Table 80: Potential savings on natural gas purchases by converting MF concentrated solids to 

methane where energy per quarter saving is 933 GJ 1 

Energy level (GJ) Natural gas cost  
($/ GJ) 

Potential 
quarterly 
savings ($) 

155.23 16.588 2575 
777.77 14.146 11002 
Quarterly supply charge 55.043 55 

  13632 
1. Average COD of 9370 mg/L and average flow of 13 m3/h data are used for calculations.  

Table 81: Potential savings on natural gas purchases by converting MF concentrated solids to 

methane where the energy per quarter saving is 1071 GJ 

Energy level GJ Natural gas cost  
($/ GJ) 

Potential quarterly 
savings ($) 

155.23 16.588 2575 
913.125 14.146 12917 
2.645 (balance) 11.583 31 
Quarterly supply charge 55.043 55 

Total potential savings ($)  15578 
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Table 82: Potential savings on natural gas purchases by converting MF concentrated solids to 

methane where the energy per quarter saving is 1250 GJ 

Energy level GJ Natural gas cost  
($/ GJ) 

Potential quarterly 
savings ($) 

155.23 16.588 2575 
913.125 14.146 12917 
181.645 (balance) 11.583 2104 
Quarterly supply charge 55.043 55 

Total potential savings ($)  17651 

Calculations were undertaken to determine the potential savings associated with 

natural gas purchases if the COD material from the QXE were converted to biogas 

instead of being used as a stockfood component.  The GST inclusive cost of 

commercial gas in South east Queensland is based on a quarterly period with tariffs 

charged for the first 155.23 GJ/quarter being $16.588/GJ, the next 913.125 GJ/quarter 

being $14.146/GJ and the balance usage being $11.583/GJ with a quarterly supply 

charge of $55.043 (Origin Energy, 2007).  Using prices presented by Origin Energy 

and on-site production of between 714 GJ to 1249 GJ energy per quarter, the potential 

quarterly savings associated with producing biogas on-site ranges from $10,534 to 

$17,651 as shown in Table 78 to Table 82.  A calculation is provided as an example: 

(155.23 GJ x $16.588/GJ) + (913.125 GJ x $14.146/GJ) + ((1250 GJ – 1068.355 GJ) 

x $11.583/GJ) + $55.043 = $17,651.  Note that if all the energy was supplied from the 

plant and no origin gas was needed, the supply charge of $55 would not be applied.  

As shown in Table 83, when the potential income and/or savings are compared for the 

different strategies of either producing a stockfood component or converting organic 

solids to methane to replace natural gas purchases on a daily basis, it is clear that the 

solids have a higher market value as stockfood.  These benefits would increase with a 

greater proportion of solids and COD being retained by the membrane as calculations 

within this section have used a 50% solids retention and a 40% COD retention 

determined experimentally for microfiltration.   
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Table 83:  Potential benefits of QXE stream solids (natural gas savings and stockfood sales) 

 $/day $/day using average 
data 

$/year using average 
data 

Potential sales on 
stockfood  

$252 - $1176  $546 =$546/day x 5day/wk x 
48 wk $131,000 

Potential savings on 
natural gas 

$176 - $294 $2271  $54,5292 

1. Uses estimated heating value of 933 GJ and calculated quarterly savings presented in Table 80 ($13,632) 
divided by 60 to allow for a five day working week. 

2. Is calculated by multiplying quarterly potential savings of $13,632 by four to determine annual potential 
savings. 

7.5. Membrane Filtration of a Biologically Treated Wheat Starch 

Waste Stream 

7.5.1. Introduction 

The legal and practical aspects of irrigating the golf course with reclaimed final 

effluent following treatment with microfiltration are presented in this section.  Whilst 

the option appears a simple solution to rising discharge costs, it is a development of 

an ‘environmental’, ‘water’ and ‘waste’ nature which would result in the industrial 

company being a ‘supplier’ of a good, namely recycled water.   

From the legal perspective, there are many Acts which are relevant to this particular 

option and therefore, individual businesses are advised to seek independent legal 

advice prior to commencing the commissioning of such an option.  Relevant Acts 

include, but may not be necessarily limited to, the Integrated Planning Act 1997, 

Environmental Protection Act 1994, Water Act 2000, Trade Practices Act 1974 and 

the Fair Trading Act 1989.  Subordinate legislation of relevance includes the 

Environmental Protection (Water) Policy 1997, Environmental Protection (Waste 

Management) Policy 2000, Environmental Protection (Waste Management) 

Regulation 2000, Environmental Protection Regulation 1998 and the Water 

Regulation 2002.  Guidelines of relevance includes the Australian and New Zealand 

Guidelines for Fresh and Marine Water Quality 2000, Queensland Water Quality 

Guidelines, Environmental Values and Water Quality Objectives for Oxley Creek.  

Some components of the Queensland Water Recycling Guidelines are relevant and the 

Queensland Water Recycling Manual provides guidance on the process.  From the 

legal aspects, this is a deeply involved process requiring expert legal advice.  

From a practical perspective, the success of this option would be subject to influences 

of seasonal demand and is an end of pipe approach to pollution control.  Demand 
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would decrease during periods of high rainfall typically occurring in the summer 

months.  It also relies on the on-site WWTP operating optimally without breakdowns 

with the idea of a microfiltration plant tacked on to the end of the treatment train.  

During the time of this study, it was determined that organic and hydraulic 

overloading of the IC reactor was the major cause of poor reactor performance.  This 

could be considered the bottleneck or critical control point in the treatment train and 

this option would not solve IC overloading issues.  In addition, untreated or partially 

treated raw starch particles in the effluent also represent potential foulants for 

microfiltration membranes.  Therefore, from a practical perspective, for this option to 

be successful the IC reactor would need to be operating at optimal levels to produce 

the cleanest effluent for feed to the microfiltration treatment system.   

An investigation was undertaken to determine whether cross flow membrane filtration 

was a suitable technology for treating the factory effluent post on-site WWTP for the 

purpose of producing irrigation water suitable for use on the golf course grounds.  

Various experiments were conducted in the laboratory under controlled conditions 

using Amicon polysulphone hollow fibre membranes and samples of IC effluent.  

Specifications for these microfiltration and ultrafiltration membranes are presented in 

Table 37.  It was observed during early experiments that the small hollow fibres had a 

tendency to block when the effluent contained larger flocs of biomass and 

biogranules.  Consequently, IC samples were thereafter prefiltered with a 100 µm 

nylon mesh filter to remove larger particles that might block the membrane lumen.  

Results presented are only for those experiments where the IC sample was prefiltered.  

7.5.2. Amicon Polysulphone Hollow Fiber Membrane (0.1 µm)  

7.5.2.1.Influence of temperature  

Experiments were undertaken using the 0.1 µm Amicon hollow fibre membrane to 

microfilter an IC effluent sample and to determine the influence of temperature on 

permeate flux and waste water quality parameters.  The IC effluent sample was 

prefiltered with the 100 µm nylon mesh filter prior to the experiment commencing.  

This step was included into the membrane filtration method after blockages of the 

lumen were experienced in preliminary experiments, due to biomass particles being of 

similar size to the hollow fibre lumen.  Hence, it would be necessary to include this 

pre-filtration step into of the process design or consider using tubular membranes to 
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overcome this problem.  The ceramic membranes used for the raw QXE stream 

experiments in the previous section could also be applied to the final anaerobic waste 

effluent, used in a side-stream MBR configuration.  

Temperatures tested included 27°C, 30°C and 35°C which were relevant to exit 

temperature ranges expected from the waste stream.  All experiments for the different 

temperatures were operated at TMP= 100 kPa, comprised of 160 kPa feed pressure 

and 40kPa back pressure.  The experiments were conducted sequentially in increasing 

order of temperature and they were isolated from feed stream recirculation during 

periods of temperature increases in preparation for the next temperature experiment.  

The temperature was controlled by circulation of heated water via a water bath and 

through a heat exchanger on the membrane filtration rig.  

At the end of the first experiment at 27°C, samples collected throughout the process 

were analysed to determine the impact of the pre-filtration and microfiltration stages.  

Characteristics of the initial unfiltered sample, the 100 µm prefiltered sample and 

permeate acquired from the 0.1 µm membrane experiment are presented in Table 84.  

Total solids (TS), suspended solids (SS) and chemical oxygen demand (COD) were 

measured for all samples collected and any results presented are the average result of 

duplicate samples.   

Table 84: Effluent quality of IC sample and reductions (%) achieved by MF 

Sample COD SS TS 

Initial sample (mg/L) 3084 1960 4140 
Prefiltered sample 2976 1580 3980 
% reduction 4 19 4 
0.1 m permeate 492 0 1980 
% reduction 84 100 52 

These data demonstrate that 84% of COD was retained by the membrane, 100% SS 

were retained and around 50% of TS were retained.  Research involving membrane 

filtration of anaerobic treated wheat starch wastewater limited.  Sutton (1986) 

provides the only known example, using an ultrafiltration membrane, and achieved 

>99% reductions in COD, BOD and SS concentrations.  From results shown in Table 

84, percent reductions between the TS and SS indicate that approximately half of the 

TS existed in the dissolved form and consequently, passed through the membrane.  

COD and SS reductions achieved potentially represent savings on discharge charges 

associated with effluent quality.  Potential savings, related to methane generation from 
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recycled COD to reactor, were calculated in the same manner as undertaken in 

Section 7.4.4 and these values are presented in Section 7.5.6. 

Permeate flux for the three different temperatures are plotted in Figure 72, showing 

that temperature increases did cause a short term increase in permeate flux.  However, 

at all temperatures tested, flux rapidly declined to a similar value.  These experiments 

were conducted sequentially and are plotted with t=0 at the beginning of each 

experimental period to enable flux decline comparisons.  The membranes were not 

cleaned between each temperature increase.   
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Figure 72: Permeate flux achieved for Amicon 0.1um hollow fibre membrane at controlled 

temperatures of 27°C, 30°C and 35°C.   

For each experimental temperature, samples were collected from the feed sample (F), 

permeate (P) and retentate (R) and analysed for pH, COD, TS, SS, turbidity and 

electrical conductivity (EC).  Concentration reductions from the F to P were 

calculated from the results and are presented along with data in Table 85.  As the 

experiment did not return permeate to the sample vessel (feed stream) to determine 

potential concentration factors, the feed stream concentration was consequently 

increased throughout the experimental period for each temperature.  Between each 

temperature based experiment, additional IC effluent was added to the sample vessel 

to simulate continuous feed conditions which might occur in the factory setting.   
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Table 85: Parameters analysed for feed (F), permeate (P) and retentate (R) samples, 0.1 µm 

Amicon membrane and IC effluent 

Parameter analysed 27°C 30°C 35°C 
Feed, Permeate or 
Retentate stream 

F P R F P R F P R 

pH 6.47 7.43 6.88 6.40 7.20 6.30 6.46 7.20 6.60 
COD (mg/L) 3740 492 6059 5296 782 10150 6850 1074 9150 
COD reduction (F  P) 87% 85% 84% 
Total solids (mg/L) 3980 1980 6030 6160 2430 8920 6940 1975 8680 
TS reduction (F  P) 50 % 61% 72% 
Suspended solids – filter 
method (mg/L) 

1580 15 3820 2740 25 6200 4060 5 5600 

SS reduction (F  P) 99.1% 99.1% 99.9% 
Suspended solids – 
photometric method 
(mg/L) 

1250 13 3855 2550 0 5487 3590 1.5 5425 

Turbidity (FTU, 
formazin turbidity units 
 NTU, nepholometric 
turbidity units) 

1420 41 3083 2283 15 6250 3310 24 4247 

Electrical conductivity 
(EC) (S/cm) 

1890 1780 1854 2005 2116 2000 1994 2050 1945 

Volume (L) 25 17 8 24 18 6 14 6 8 
Concentration factor  
(F  R) 25/8 = 3.125 24/6 = 4 14/8 = 1.75 

Permeate to Retentate 
ratio  2:1  3:1  0.75:1 

Operating time till P & 
R samples collected 

8.5 hrs 9.75 hrs 2 hrs 

Mean Flux (L/m2/h) 60 51 57 

From these data, the following observations were made: 

 pH was highest in the permeate compared to the feed and retentate streams, 

indicating a preferential passage of higher pH compounds.  This occurrence 

has not been previously reported. 

 COD reductions were similar for all temperatures, however, the lower 

experimental temperatures achieved marginally higher reductions than the 

higher temperatures.  Sutton (1986) did not investigate the influence of 

temperature on COD percentage reductions and instead reported that at 35°C, 

>99% COD reduction was achieved.  From results in Table 85, it is also 

apparent that as the COD of the feed stream increased, so too did the permeate 

COD concentration.  This has not previously been reported for membrane 

filtration of anaerobic treated wheat starch factory effluents.  

 Total solids reductions tended to be higher with higher experimental 

temperatures.  This has not been previously reported for membrane filtration 

of anaerobic treated wheat starch factory effluents. 
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 Suspended Solids reductions were consistently high at ≥99% which is in 

general agreement with previous research undertaken by Sutton (1986). 

 Turbidity readings for the permeate samples were greater for the lower 

temperature than higher temperature experiments, tending to indicate that that 

more colloidal material was retained by the membrane at higher experimental 

temperatures.  

 No trends were observed with EC values for the P, F and R samples of any 

temperature. 

 Concentration factors for the three experiments were approximate 3, 4 and 2. 

 The volume ratios of permeate to retentate at the end of each experimental 

period were 2:1, 3:1 and 0.75:1. 

 The mean flux for each experimental period was similar for all experimental 

temperatures ranging from approximately 50-60 L/m2.h. 

7.5.2.2.Cascading membrane module configuration  

An experiment to demonstrate the potential for cascading membrane modules with 

decreasing MWCO membranes to achieve a higher quality effluent was undertaken.  

Experimental conditions for these data were TMP = 100 kPa and temperature = 30°C.  

The IC sample was first microfiltered with the 0.1 µm membrane and the filtrate was 

used as the feed for the 100,000 MWCO membrane experiment.  The filtrate from the 

100,000 MWCO membrane experiment was in turn used as the feed for the 

30,000 MWCO membrane experiment.  Permeate flux for each stage of the 

experiment is plotted in Figure 73, showing that the MF membrane achieved steady 

state flux almost immediately while the UF membranes experienced the greatest flux 

decline.  This experiment demonstrated that membrane modules could be arranged in 

a cascading configuration within progressively decreasing pore size to achieve a 

higher permeate quality if desired. 

No evidence can be found where this membrane filtration experimental approach has 

been applied previously to anaerobic treated wheat starch wastewater, and therefore, 

there are no data against which to compare results.  
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Figure 73: Progressive microfiltration and ultrafiltration of IC reactor effluent 

As explained earlier, permeate from the 0.1 µm experiment was then used as the feed 

for the 100,000 MWCO membrane and in turn, permeate from that sample, was used 

as the feed stream as the feed stream for the 30,000 MWCO membrane.  Results, as 

presented in Table 86, demonstrate that although permeates from the 100,000 MWCO 

and 30,000 MWCO membranes were similar for COD, TS and SS, to that of permeate 

from the 0.1 µm membrane; the turbidity became less for each progressive membrane 

filtration stage.  Turbidity is an important parameter for determining the effectiveness 

of disinfection processes.  It is evident from these data and knowledge of the process 

that the remaining COD and total solids in the permeate are caused by dissolved 

components which have passed through the membrane pores.  

Table 86: Analytical results MF and UF trials - feed (F), permeate (P), and retentate (R) 

0.1 micron 100 000 MWCO 30 000 MWCO 
Parameter Tested 

F P R F P R F P R 
Cod (mg/L) 3740 492 6059 656 642 702 655 583 596 
Total solids (mg/L) 3980 1980 6030 2240 2010 2260 2310 2250 2300 
Suspended solids 
(mg/L) 

1580 15 3820 24 26 132 29 24 30 

Turbidity (FTU  NTU) 1420 41 3083 28 5 143 0 0 5 
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7.5.2.3.Nutrients and metal concentrations 

Samples collected from the 0.1 µm Amicon membrane microfiltration experiment 

were analysed by Queensland Health Scientific Services (QHSS) for nutrients as well 

as metals and salts.  Nutrient water quality parameters analysed included the 

bioavailable forms of nitrogen (N as ammonia and N as oxides) and phosphorus 

((filterable reactive phosphorus) as well as total phosphorus (TP) and total nitrogen 

(TN).  Samples for the analysis of bioavailable N and P were required to be filtered 

immediately using an 0.45 µm syringe filter (Wruck, 2000).  For the purposes of 

maximising the value of sample analysis, instead of using the 0.45 µm syringe filter, a 

virgin Mitsubishi-Rayon trial size filter was used for this purpose which had a 

nominal pore size of 0.4 µm.   

There are no known studies undertaken whereby nutrient and metal concentration 

reductions have been investigated for membrane filtration of anaerobic treated wheat 

starch effluent prior to this research.  

Nutrient results, as shown in Table 87, demonstrate that although only 13% of TP was 

removed by the 100 µm nylon prefilter, 94% of the filterable reactive phosphorus was 

removed by this step.  The proportion of TN removed with the 100 µm nylon prefilter 

was 19% which was similar to the percentage of ammonia removed.  The 

concentration of N-oxides increased in the filtrate of the 100 µm nylon prefilter 

filtrate compared to the original sample.  As a result of microfiltration with the 0.1 µm 

Amicon membrane, the sample had approximately 100% reduction in TP and TN 

(rounding to whole numbers).  Ammonia increased slightly which was attributed to a 

nitrogenous speciation change.  The bioavailable forms of phosphorus and nitrogen 

are much lower than TP and TN concentration levels.   
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Table 87: Nitrogen and phosphorus concentrations from 0.1 µm Amicon membrane experiment 

Sample description N, 
Ammonia 

N, 
Oxides 

P, Filt. 
Reac. 

P, total N, total 

Total sample 3.9 0.043 0.23 61.9 350 
Sample after being prefiltered through 100 µm 
Nylon mesh filter  

3.2 0.054 0.014 53.8 283 

% removed from original sample due to 100 
µm prefilter 

18 -26 94 13 19 

Total filtrate from nylon mesh filter filtered 
with the 0.1 µm Amicon PS HF  membrane 

3.3 0.011 0.008 0.005 0.25 

% removed from prefiltered sample due to 0.1 
micron membrane (compared to filtrate from 
100 µm nylon prefilter filtrate) 

-3 80 43 100 100 

Retentate 2.8 0.076 0.018 64.2 300 

Metals and salts were also analysed for the samples collected for different stages of 

the experiment on IC reactor effluent using the Amicon 0.1 µm membrane.  Results, 

as presented in Table 88, demonstrate that the 0.1 µm membrane reduced the 

concentration of calcium (Ca), potassium (K), magnesium (Mg), aluminium (Al), 

copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), cadmium (Cd) and sulphate (SO4) 

(identified as darker coloured cells) in the permeate stream compared to the original 

sample and the prefiltered sample.  Some elements were not retained by the 

membrane, including lithium (Li), boron (B) and sodium (Na).  Note that the 100 µm 

prefilter also caused reductions in various elements from the original sample such as 

Ca, K, Mg, Na, Al, Fe, Mn, Zn, Cd and the compound SO4. 

Table 88: Metals and salt concentrations from 0.1 µm Amicon membrane experiment 

Metals Units On-site sample After 100micron 
prefilter 

Permeate after 
0.1 micron 
Amicon HF 
membrane 

Retentate Blank 

Li mg/L 0.01 0.01 0.01 0.01 <0.01 
B mg/L 0.2 0.2 0.2 0.2 <0.1 

Ca mg/L 42 38 35 38 <0.2 
K mg/L 130 120 84 120 <0.4 

Mg mg/L 410 380 360 380 <0.2 
Mo mg/L <0.01 <0.01 <0.01 <0.01 <0.01 
Na mg/L 290 260 270 260 <0.3 
Al mg/L 0.7 0.6 <0.3 0.6 <0.3 
As mg/L <0.15 <0.15 <0.15 <0.15 <0.15 
Be mg/L <0.01 <0.01 <0.01 <0.01 <0.01 
Co mg/L <0.01 <0.01 <0.01 <0.01 <0.01 
Cr mg/L <0.02 <0.02 <0.02 <0.02 <0.02 
Cu mg/L 0.06 0.07 0.04 0.35 <0.01 
Fe mg/L 4.2 2.9 0.1 2.8 <0.1 

Mn mg/L 1.5 1.4 0.63 1.5 <0.01 
Ni mg/L <0.02 <0.02 <0.02 0.04 <0.02 
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Metals Units On-site sample After 100micron 
prefilter 

Permeate after 
0.1 micron 
Amicon HF 
membrane 

Retentate Blank 

Pb mg/L <0.1 <0.1 <0.1 <0.1 <0.1 
V mg/L <0.01 <0.01 <0.01 <0.01 <0.01 

Zn mg/L 0.35 0.24 <0.02 0.28 <0.02 
Hg mg/L <0.002 <0.002 <0.002 <0.002 <0.002 
Cd µg/L 0.2 0.2 <0.1 0.4 <0.1 
Se µg/L <10 <10 <10 <10 <10 

SO4 mg/L 49 23 10 28 <1 

7.5.2.4.Membrane cleaning 

Cleaning of the 0.1 µm polysulphone membrane was undertaken using 0.2 N NaOH at 

30°C where the permeate ports were closed and the pressure released to enable the 

cleaning solution to continually recirculate through the membrane rig with the 

membranes in place.  Following the cleaning process, DD water was put through the 

membrane and the permeate flux measured.  This measurement was then compared 

with the initial permeate flux with DD water (prior to microfiltering the sample) to 

determine the cleaning efficiency.  For flux measured at t=5mins, initial and post 

sample fluxes were 3152 L/m2.h and 968 L/m2.h respectively, indicating that the 

cleaning efficiency was around 30%.  A further clean was undertaken resulting in an 

overall increase to 55% cleaning efficiency.  

Cleaning efficiencies were determined for the two UF membranes by measuring the 

permeate flux prior to the membranes being used for sample experimental purposes 

and then after the cleaning regime which was completed after the sample had been 

ultrafiltered.  The cleaning efficiency is determined by representing the post clean flux 

as the percentage of the original flux, as shown in Table 89.  Permeate flux of DD 

water were determined using operating conditions TMP=100kPa and 

temperature=30°C.  From these data it becomes apparent that the 100,000 MWCO 

membrane achieved around 80% cleaning efficiency while the 30,000 MWCO 

membranes achieved a higher flux post clean than when measured during the initial 

DD water flux determinations.  
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Table 89: Cleaning efficiencies for UF membranes using 0.1 N NaOH 

 100 000 MWCO 30 000 MWCO 
 5 minutes 10 minutes 5 minutes 10 minutes 
Initial DD water flux (L/m2.h) 1228 916 472 402 
Post clean DD water flux 
(L/m2.h) 

940 784 640 536 

Cleaning Efficiency (%) 77 86 136 133 
Length of time cleaning with 
0.1N NaOH (hours) 

5 4.75 

Overall, for Amicon polysulphone membranes, cleaning efficiencies increased with 

membranes of decreasing pore size, which would tend to indicate that the larger 

membranes were more prone to pore blocking or other irreversible fouling 

mechanisms.  Sutton (1986) is the only paper which was found where membrane 

filtration had been applied to anaerobic treated wheat starch wastewater and cleaning 

efficiencies were not reported.   

It is unknown why the 30,000 MWCO membrane achieved a higher post clean DD 

water flux than the initial DD water flux.  It would seem likely that either the 

membranes had not been sufficiently cleaned prior to the initial flux runs or there was 

some form of membrane deterioration occurring in the cleaning process between 

initial and post clean flux measurements.  When membranes are new from the 

manufacturer, they must be first cleaned and flushed prior to use.  Some of the 

manufacturer’s stabilising or protective products might have been retained on the 

membrane thereby limiting surface area and flux during initial DD flux readings.  In 

addition, destruction and microscopic inspection of the membrane was not undertaken 

and therefore, a conclusion cannot be drawn. 

7.5.3. Mitsubishi Rayon Hollow Fibre Submergible Membrane, 0.4 µm  

Mitsubishi Rayon (M-R) supplied both trial size and module size polyethylene (PE) 

hollow fibre membranes which operate under a negative pressure (vacuum) to extract 

clear water (the permeate) from the wastewater.  The manufacturer cautioned against 

using it in a raw wheat starch stream due to anticipated fouling problems and 

consequently, it was intended only for use with the biologically treated effluent.   

The trial size membrane with a nominal pore size of 0.4 µm was hand operated to 

filter IC effluent samples using a large syringe to produce the suction capacity.  

Because the suction was hand operated, it is not known what suction pressures were 

applied to achieve permeates collected.  Samples collected from the wastestream, 
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permeate and retentate produced during another experiment where the Amicon 0.1 µm 

membrane was being tested with IC effluent as the feed were analysed by QHSS 

along with the samples from the Amicon membrane experiment for nitrogen, 

phosphorus, metals and salts.  Results for the 0.4 µm M-R membrane experiment, as 

presented in Table 90, show that only a small proportion of the TN and TP are in the 

bioavailable form.  Sample 6 concentrations are unexpected as these values should 

remain the same as for Sample 5 and yet TP and TN are greater.  This occurrence 

could be due to foulants being removed from the previously blocked pores of the 0.4 

µm membrane.  

There are no other data available for comparisons of nutrient and metal removals from 

anaerobic treated wheat starch wastewater using membrane filtration. 

Table 90: Nitrogen and phosphorus concentrations (IC samples and 0.4 µm M-R membrane) 

Ref 
No. 

Sample description N, 
Ammonia 
(mg/L) 

N, 
Oxides 
(mg/L) 

P, Filt. 
.Reac. 
(mg/L) 

P, total 
(mg/L) 

N, total 
(mg/L) 

1 Total sample    61.9 350 
2 Total sample filtered with the 

0.4 µm M-R HF membrane 
3.9 0.043 0.23 1.5 13.3 

3 Sample after being prefiltered 
through 100 µm Nylon mesh 
filter  

   53.8 283 

4 Total filtrate from nylon mesh 
filter  filtered with the 0.4 µm 
M-R HF membrane 

3.2 0.054 0.014 0.12 6.2 

5 Total filtrate from nylon mesh 
filter filtered with the 0.1 µm 
Amicon PS HF  membrane 

   0.005 0.25 

6 Total filtrate from nylon mesh 
filter filtered with the 0.1 µm 
Amicon PS HF  membrane and 
then filtered with the 0.4 µm 
M-R HF membrane 

3.3 0.011 0.008 0.047 5.9 

7 Retentate    64.2 300 
8 Retentate filtered with the 

0.4 µm M-R HF membrane 
2.8 0.076 0.018 0.18 7.3 

7.5.4. Nylon Mesh Filter Experiments 

Experiments were undertaken whereby the IC sample was progressively fractionated 

using nylon mesh filters of 105 µm, 63 µm, 30 µm and 11 µm.  No evidence has been 

sighted of other research in this area.  The filtrate from the 11 µm experiment was 

further filtered using a 0.45 µm glass fibre filter paper.  Samples from each stage, 

including the original unfiltered sample were analysed for a range of parameters 

(duplicate samples) including pH, COD, BOD5, SS, TS, settled sludge (volume as a 
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percentage of total sample volume) and chloride.  Results for each respective 

parameter are plotted from Figure 74 to Figure 79.   

During this experiment, an unexpected observation was made as the volume of settled 

sludge in the filtrate increased as the sample was filtered with progressively smaller 

filter sizes until the 30 µm filter was used when the settled sludge volume started to 

decrease.  These results are shown in Figure 74.  When the samples were lined up 

following the experiment it was clearly evident that diffuse double layer (DDL) 

effects altered the volume of sludge in the bottom of the sample with the removal of 

different size particles.  Because this was not measured in the Imhoff Cone, the 

parameter is referred to as ‘settled sludge as a percentage of the total sample volume’ 

rather than settleable solids.  This might account for some apparent increases in 

sample concentrations where it would be expected that decreases might occur.   
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Figure 74: Settled sludge (% volume of total sample) of IC samples following progressive 

fractionation experiment 

On the other hand, as shown in Figure 75, total solids barely changed until filtered 

with the 11 µm filter and reduced further with the 0.45 µm filter.  
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Figure 75: Total solids of IC samples following progressive fractionation experiment 

Another observation was that the pH of the samples increased as the samples were 

progressively filtered with smaller filter sizes, as shown in Figure 76.  This effect has 

not been previously reported in published data.  This effect was also observed in 

microfiltration experiments, as demonstrated in Table 85 where permeate pH was 

consistently higher than feed stream or retentate pH values.  From these data it is 

concluded that the smaller particles are more negatively charged and the larger 

particles are more positively charged.  This corresponds to the DDL theory of positive 

counterions in solution that compact around the negatively charged particles.  
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Figure 76: pH of IC samples following progressive fractionation experiment 

COD concentrations of the samples were analysed and these results are presented in 

Figure 77, demonstrating that the COD marginally decreased with each smaller filter 

and then drastically reduced for the 0.45 µm membrane.  
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Figure 77: COD of IC samples following progressive fractionation experiment 

The BOD5 and SS of the samples, as displayed in Figure 78 and Figure 79 did not 

show the same trend as shown for COD.  It is suggested that the 

structure/conformation of particular wheat based proteins change after the removal of 

certain particles which exert an effect on the level of compaction.  That is, particles 

which were previously compacted according to DDL theory unfold and inner 

components become exposed to further biological degradation, thereby altering results 

for BOD and SS.  No specific published data could be found involving the 

characterisation of different fractions of anaerobic treated wheat starch wastewater.  

0

100

200

300

400

500

600

700

unfiltered 105µm 63µm 30µm 11µm 0.45µm

Nylon filter size

B
O

D
5 

(m
g

 D
O

/L
)

 

Figure 78: BOD of IC samples following progressive fractionation experiment 
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Figure 79: SS of IC samples following progressive fractionation experiment 

Also noteworthy is that for the IC effluent sample, the COD:BOD5 ratio was not the 

same for all filtrates tested, as shown in Table 91.  It was widely believed at the 

factory site that the ratio to apply for conversion of COD data to BOD data was 2:1, 

however, these data illustrate that this value was accurate only for samples filtered 

with the 0.45 µm filter paper.  These parameters would be considered as the soluble 

COD and soluble BOD. 

Table 91: COD to BOD5ratio for IC effluent samples filtered through various filter sizes 

Sample COD:BOD5 ratio 
IC unfiltered 7 
IC 105 µm filtrate 6 
IC 63 µm filtrate 8 
IC 30 µm filtrate 6 
IC 11 µm filter 7 
IC 0.45 µm filtrate 2 

7.5.5. Suitability of Permeate as Irrigation Water 

Permeates obtained from using post-anaerobic effluent as the feed for the membrane 

filtration experiments, were assessed against the guidelines for irrigation water quality 

in the Australian and New Zealand guidelines for fresh and marine water quality 

(ANZECC and ARMCANZ, 2000) (see Appendix F) with the following limitations.  

Although it is recognised that irrigation water quality should be assessed in 

conjunction with other issues related to soil, plants, water resources and associated 

factors (see Table 144), the nature of this project prevents such a detailed 

investigation.  Rather, only the water quality data are assessed.  In addition, 

thermotolerant faecal coliforms are used as an indicator of human and animal 
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pathogens within the guidelines, however, no analysis was undertaken of this 

parameter during this project as it is expected that thermotolerant faecal coliforms 

would not be present in water from wheat starch processing.  

Salinity, presented as electrical conductivity (EC) in Table 85 ranging from 1.8 dS/m 

to 2.1 dS/m, has a ‘medium’ water salinity rating and is suitable for ‘moderately 

tolerant crops’ according to guidelines presented in Table 146.  This is also in 

agreement with a sodium based rating of ‘moderately tolerant’ (see Table 147) for 

measured sodium values of 260 – 290 mg/L (see Table 88).  As expected from the 

theory, neither EC nor sodium levels in the anaerobic effluent were affected by 

microfiltration with the Amicon 0.1 µm PS hollow fibre membrane.  

Chloride levels in the IC effluent, measured around 400 mg/L for the unfiltered 

sample and reduced to around 180mg/L after being filtered with a 0.45 µm glass fibre 

filter paper.  According to irrigation guidelines, presented in Table 147, chloride 

levels in the unfiltered IC sample could cause foliar injury in crops for moderately 

tolerant species.  From this table, there is a medium risk of cadmium uptake by crops 

due to chloride complexing with cadmium in soil.   

With respect to Total N and Total P in irrigation water, these are assessed according 

to ‘desirable contaminant concentration’ (DCC) and ‘acceptable contaminant 

concentration (ACC) being the maximum concentration that can be tolerated for 100 

years and 20 years of irrigation respectively, as presented in Table 149.  These criteria 

have been re-presented in Table 92, along with the results for the ‘total unfiltered 

sample’ from the 0.1 µm Amicon PS HF membrane trials and the 0.4 µm Mitsubishi-

Rayon PE inside-outside flow membrane.  The untreated sample does not meet either 

the DCC or ACC requirements.  However, both parameters meet the requirements for 

DCC after being filtered with the 0.1 µm Amicon PS HF membrane.  For the 

permeate samples collected for the Mitsubishi trial submergible type membrane, the 

Total N and Total P concentrations exceed the DCC maximum recommended 

concentrations, but fall under the ACC requirements for Total N (there is no Total P 

DCC).   
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Table 92: Comparisons of Total N and Total P data for MF of IC effluent 

Sample Total N (mg/L) Total P (mg/L) 
Assessment criteria DCC  5 0.05 
Assessment criteria ACC 15 Not determined 
Untreated sample 350 61.9 
Permeate from Amicon 0.1 µm 
PS HF membrane 

0.25 0.005 

Permeate from Mitsubishi-
Rayon 0.4 µm PE HF membrane 
(submergible type) 

13.3 1.5 

With respect to metal concentrations for those metals tested (see Table 88), in 

accordance with guidelines set out in Table 148, the metals that exceeded the ACC or 

DCC guidelines in the original and 100 µm prefiltered sample were iron, manganese 

and cadmium.  The concentration of these metals in the permeate from the 0.1 µm 

membrane samples were within the DCC guideline values.  

7.5.6. Value of COD Converted to Methane 

Using the data from the Amicon 0.1 µm membrane experiments presented in Section 

7.5.2.1 where COD retention by the membrane was measured at 84%, calculations 

were undertaken to determine what value this amount of COD had expressed as 

equivalent natural gas purchases.   

Specific expected savings related to methane generation of recycled COD to reactor 

were calculated in the same manner as undertaken in Section 7.4.4 and these results, 

use IC characteristics data from Table 59 at minimum, mean and maximum 

concentrations of 1,300 mg/L, 6,300 mg/L and 29,800 mg/L respectively.  The 

estimated heating or calorific values for these concentrations are provided in Table 93, 

where 84% COD retention and 100% conversion of this material to methane gas is 

applied.   

Table 93: Potential heating value of methane gas (from COD in IC effluent)  

COD 
(mg/L) 

COD 
kg/day 

% of COD 
recovered 
(retention) 
by MF 

Actual 
COD 
recovered 
kg/day 

Methane 
yield for 
COD 

Equivalent 
biogas 
volume 

Equivalent 
natural 
gas 
volume 
(m3/day) 

Natural 
gas 
calorific 
or heating 
value 
(kJ/m3) 

Natural gas 
calorific or 
heating 
value  
(GJ/day) 

Estimated 
heating 
value per 
quarter 
(GJ) 

1300 13229 84 11112 4223 6496 3961 37300 148 8865 

6300 64109 84 53851 20464 31482 19197 37300 716 42962 

29800 303245 84 254726 96796 148917 90803 37300 3387 203217 
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Table 94 to Table 96 show the potential savings per quarter depending on the various 

COD concentrations of the effluent.  These data demonstrate that the residual COD in 

the final effluent stream if recovered using MF with the Amicon 0.1 µm membrane 

could potentially have a value of around $100,000 to $2.3M per quarter.  Using the 

average COD of 6,300 mg/L from Table 93, 84% of this organic loading which is 

normally discharged represents an equivalent natural gas value of around $500,000 

per quarter as shown in Table 95.   

It is unlikely that the total COD recycled would completely convert to methane as 

there are many factors affecting the anaerobic biological treatment process.  The 

biological activity of the sludge plays a key role in determining the treatment extent 

and some studies demonstrated that the sludge biological activity decreased due to 

shear stress caused by high crossflow filtration velocity.  In addition, treatment 

performance was dependent upon SS and COD concentrations in the feed stream and 

as these increase, treatment performance typically decreases and/or the permeate 

quality decreases.  It has also been determined by some researchers (Barker et al., 

1999; Barker and Stuckey, 1999; Shin and Kang, 2003) that there exists a limiting 

COD in the final effluent due to the presence of EPS and SMP.  Because of these 

limitations, later calculations will use a lower conservative estimate of $500,000 per 

year as the potential natural gas equivalent value.  

Table 94: Methane generation value, presented as potential savings to natural gas purchases 

where estimated heating value per quarter is 8865 GJ 

Energy level (GJ) 
Natural gas cost ($/ 
GJ) 

Potential 
savings 
($/quarter) 

155.23 16.588 2575 
913.125 14.146 12917 
7796.645 (balance) 11.583 90309 
quarterly supply charge 55.043 55 

  105,856 
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Table 95:  Methane generation value, presented as potential savings to natural gas purchases 

where estimated heating value per quarter is 42962 GJ 

Energy level (GJ) 
Natural gas cost ($/ 
GJ) 

Potential 
savings 
($/quarter) 

155.23 16.588 2575 
913.125 14.146 12917 
41893.645 11.583 485254 
quarterly supply charge 55.043 55 

  500,801 

Table 96: Methane generation value, presented as potential savings to natural gas purchases 

where estimated heating value per quarter is 203217 GJ 

Energy level (GJ) 
Natural gas cost ($/ 
GJ) 

Potential 
savings 
($/quarter) 

155.23 16.588 2575 
913.125 14.146 12917 
202148.645 11.583 2341488 
quarterly supply charge 55.043 55 

  2,357,035 

The volume of total gas (biogas and natural gas) used on site was not measured during 

this study, however the average biogas production rate was regularly recorded by the 

researcher and averaged at 45 m3/h, as shown previously in Table 64.  When this is 

assessed as an equivalent natural gas heating value it represents 1474 GJ energy per 

quarter (Table 97) and around $20,000 worth of natural gas purchase savings per 

quarter (Table 98).  These calculations, when compared against the potential heating 

and monetary values of the organic loading in the wastestream, demonstrate that the 

poor reactor performance negatively impacts on the volumes of natural gas purchases 

required.  The heating value of the biogas produced offsets the costs of natural gas 

purchases and these savings as avoided costs are expected to increase as the IC reactor 

performance increases.  
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Table 97: Estimated heating value of biogas generated on site without enhanced WWTP 

performance or MF technology (status quo) 

Equivalent 
biogas volume 
(m3/d) 

Equivalent natural 
gas volume 
(m3/day) 

Natural gas 
heating value 
(kJ/m3) 

Natural gas 
heating value  
(GJ/day) 

Estimated heating 
value per quarter 
(GJ) 

1080 659 37300 25 1474 

Table 98: Estimated annual equivalent natural gas savings on purchase costs using 1474 GJ 

energy production per quarter (status quo) 

Energy level (GJ) $/ GJ Costs/quarter Costs/day1  Savings2 
($/quarter) 

155.23 16.588 2575 43 2575 

913.125 14.146 12917 215 12917 

405.645 11.583 4699 78 4699 

quarterly supply charge 55.043 55.0 0.9 55 

Total savings (avoided costs)  20246 337 20246 
1. Allowing for a 60 working day quarter 
2. Avoided costs 

7.6. Membrane Filtration: Cleaner Production and End-of-Pipe 

As established in previous sections, membrane filtration technology can be applied to 

biological treated wheat starch effluents with an end-of-pipe approach as well as to 

treat raw wheat starch waste streams with a cleaner production approach.  Also 

established, the on-site WWTP was a major productivity constraint, in that waste 

outputs from the starch processing factory were greater than the WWTP design 

capacity.  Specifically, the treatment capacity and performance of the IC reactor 

appeared to be the limiting factor in production throughput.   

It was deemed that the end-of-pipe approach to apply membrane filtration technology 

on the end of the waste treatment process with the view to produce water suitable for 

irrigation of a golf course would not alleviate the pressure on the overloaded IC 

reactor.  Consequently, it is suggested that membrane filtration of raw wheat starch 

wastewater prior to entry into the on-site WWTP would be of greater benefit to 

overall production rates by enabling the WWTP to operate within the design capacity 

and prevent failure related shutdown periods.   

At a time when the IC reactor would no longer be a limiting factor in production rates, 

added benefits should be gained by applying membrane technology to nearer the tail 

end of the WWTP process.  This could encompass either a membrane treatment unit 

being the final treatment technology on site or alternatively, linking a membrane 
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treatment unit with the IC reactor, essentially forming a membrane bioreactor.  

Clearly, it is not merely a question of whether membrane filtration technology can be 

applied to a particular type of wastestream, but rather as to whether and/or where it 

would benefit productivity rates, economic concerns, and enable operations without 

failure-related shutdown periods.   

Microfiltration of the final wastestream, in addition to an upstream cleaner production 

approach, would provide considerable savings to water intensive food processing 

industries.  Savings would be made in terms of reduced quality based discharge fees 

as well as the option to pursue selling the effluent as irrigation water.  Seasonal 

demand and the relative scarcity of water would impact on the selling of and price 

setting for recycled water.  From experimental data, microfiltration of the final 

effluent would reduce the residual BOD5 by around 80% and eliminate SS 

concentrations in wastewater discharged.  Permeate produced from final effluent 

could possibly be sold to the nearby golf course during low rainfall periods or 

undergo further treatment for use as wash-down water.   

Sludge production is reduced with microfiltration compared with conventional 

technologies and this is recycled to the reactor for further degradation (Ghyoot and 

Verstraete, 2000; Visvanathan et al., 2000).  When the system is coupled with the 

biological reactor it becomes an MBR.  Alternatively, market opportunities for sludge 

could be explored, for example, as a fertiliser or metal chelating agent to treat other 

wastewater produced by mining or electroplating industries.  Investigating these 

potential alternative markets is beyond the scope of this research and will not be 

discussed further. 

The waste management hierarchy, presented in Section 10 of the Environmental 

Protection (Waste Management) Policy 2000, prioritises waste management practices 

as waste avoidance, waste reuse, waste recycling, energy recovery from waste, and 

waste disposal (i.e. waste disposal is the least preferred option).  In accordance with 

this hierarchy, the following prioritised approach would yield an advantageous 

outcome: 

 Waste avoidance 

o by applying good housekeeping practices (e.g. fix leaks in processing 

line equipment and water distribution pipework), and  
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o the development of a strategy to review water usage practices with 

respect to activities and investigate alternative cost-effective methods 

for meeting the same objectives whilst using less water (e.g. use of 

brooms and/or air pressure to clean down factory floor rather than fresh 

water). 

 Waste reuse/waste recycling and energy recovery from waste 

 Optimise WWTP to increase energy recovery from waste (methane 

generation) which in turn is used to fuel on-site boilers for heat exchange 

purposes (energy recycling).  

 Microfiltration to the raw waste stream, and as a consequence, 

o utilise the solids for a new product (as a component of stockfood), and 

o utilise the permeate water to blend with incoming processing water 

(after trials and/or further polishing with a cascading membrane 

configuration), or 

o feeding the permeate stream into the on-site WWTP to achieve a 

higher quality effluent and potentially, higher methane gas production 

rate (due to increased solubility of feed). 

 Waste disposal is avoided by ensuring that the on-site WWTP is operated 

under optimal conditions to achieve the highest quality effluent, sewer 

contaminants discharged are minimised.   

7.7. Financial Assessment  

7.7.1. Introduction 

It was estimated in Section 6.5.4 and summarised in Table 62, that water purchase and 

wastewater disposal costs amounted to around $1,172,000 per year in 2001, 

comprised of water purchase at approximately $220,000 and wastewater disposal 

costs around $952,000 per year.  Wastewater disposal costs were made up of disposal 

to sewer ($520,000), Liquid Fertiliser trucking costs ($263,000) and waste anaerobic 

sludge disposal costs ($169,000).  Costs associated with wastewater treatment 

operations such as labour, sample analysis, chemicals and energy usage were not 

factored into these estimated annual discharge costs.  The IC reactor generated an 
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average of 45 m3/h biogas at 65% methane which was calculated to have an 

equivalent natural gas value of around $80,000 per year.  Hence the net costs of water 

use and disposal associated with production, excluding those parameters previously 

mentioned, amounted to around $1,092,000 per year.  

Difficulties for the wheat starch manufacturer were related to maintaining a healthy 

WWTP to provide a continuous and consistent level of operation without failures as 

well as attaining compliance with discharge licence conditions and keeping waste 

disposal costs down.  Discharge costs could expect to decrease by maintaining a 

healthy balanced WWTP to reduce the incidence of WWTP failure or inhibition as 

well as to achieve the highest quality effluent.  In addition, because of the relative 

water scarcity, potable water purchase costs were increasing and hence, any 

opportunity for recycling or reusing the water that would normally be discharged was 

perceived to have a potential double economic benefit in that this volume would not 

need to be purchased and would not be discharged.  In essence, all of these factors had 

economic benefits and all limited productivity at the site.  

Within this section economic assessments are undertaken for four alternative 

investments related to this project using a cash flow model following Cardew and Le 

(1998), including: 

 Investment 1:  The do nothing case, i.e. maintain status quo 

 Investment 2: MF of QXE wastewater and concentrated solids sold as a 

stockfood component 

 Investment 3: MF of ICE wastewater using a side-stream MBR and selling 

75% of final permeate as irrigation water with the remainder discharged to 

sewer (assumed seasonal demand) 

 Investment 4: Same as for Investment 3 except using a SMBR instead of a 

side-stream MBR 

Within each sub-section, the design data for the alternative are presented followed by 

the projected costs, revenue and the total net revenue for the 20 year project period.  

The project assumes that all alternatives are funded from internal sources and hence 

no calculations are undertaken for debt repayments.   

Costs are deemed to include initial set-up capital costs, annual operating costs, 

periodic costs, water purchase costs, wastewater disposal costs and other 
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miscellaneous operating and disposal costs.  Costs relating to membrane filtration 

were calculated using data from experimental trials demonstrating optimised 

membrane performance under various operating and feed stream conditions.  

Subsequent membrane filtration plant design data are presented for each investment 

alternative to undertake the initial membrane requirements and costings.  A 10% 

contingency fee is added to all alternatives for initial costs and annual operating costs. 

Benefits or revenues were calculated for each investment alternative to derive annual 

net revenues for the project period.  These were expected to differ depending on the 

potential value of either the concentrated product or the permeate being used 

elsewhere on site and/or being a saleable product as well as the potential for reduced 

water purchase and wastewater discharge fees.  Another important benefit is the 

reduced risk of WWTP failure and associated shut-down periods.  Although exact 

costs for these times that the WWTP failed are unknown, factory managers indicated 

that these events cost in the vicinity of $8000 per hour.  Allowing for five days 

involuntary shutdown per year, based on observations, this amounts to approximately 

$960,000 per year.  Particular attention has been given to avoid double counting of 

potential savings and instead of adding these to revenue, costs have been accordingly 

reduced.  Revenue items assessed included ‘stockfood’, taken to mean ‘stockfood 

component’, irrigation water and salvage value of the plant at the end of the project.  

The net revenue is deemed to be the difference between costs and benefits of the 

alternative assessed.   

Using net costs the investment alternatives were compared by two methods.  Annual 

net costs were sequentially added to obtain annual accumulated cash flow values, 

which were then plotted over the 20 year period for each investment alternative.  

These results are presented for comparative purposes, in the form of accumulated cash 

flow cost graphs.  To measure the economic worth of the different alternatives, the net 

present value (NPV) was also calculated for total costs, total benefits and net costs for 

the entire project period for each alternative.  These results from the two different 

methods enable investment alternative comparisons. 

A number of model parameters were set to affect the cost outcomes over the 20 year 

project period by increasing or decreasing values on an annual compound interest rate, 

as presented in Table 99.  These values were applied to all investment alternatives.  

Model parameters include discount rate, membrane replacement and project lifetime, 
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while taxes, plant depreciation and inflation have been ignored.  Escalation rates have 

also been set for various cost factors used in the model, including water purchase 

costs, wastewater discharge costs, wages, Liquid Fertiliser disposal costs, anaerobic 

sludge disposal costs, natural gas purchase costs and the costs of production 

shutdowns.   

Table 99: Model parameters for economic assessment 

Parameter Value 
Discount rate 10% 
Membrane replacement – polymer (for side-stream MBR) 4 years 
Membrane replacement – polymer (for SMBR) 5 years 
Membrane replacement – ceramic 7 years 
Project lifetime  20 years 
Water purchase costs escalation rate  5 % 
Wastewater discharge costs escalation rate  5 % 
Wages escalation rate  4 % 
Liquid Fertiliser disposal costs escalation rate  5 % 
Anaerobic sludge disposal costs escalation rate  5 % 
Natural gas purchases escalation rate  5 % 
Cost of production shutdown escalation rate  5 % 

This section aims to assess the four presented investment alternatives by comparing 

results, commencing with the do-nothing case.  Assumptions or sources of 

information used for the calculations are provided for each parameter as table 

footnotes where relevant.   

7.7.2. Alternative 1 – Do Nothing 

7.7.2.1.Approach 

The do-nothing approach maintains the status quo with the operation of the plant 

continuing without membrane filtration being applied.  It is typical to undertake an 

assessment of a do-nothing alternative to then enable comparative evaluations to be 

undertaken for the other alternatives assessed.  From the perspective of the waste 

management hierarchy presented in the Environmental Protection (Waste 

Management) Policy 2000, waste disposal is the least preferred waste management 

practice.  

7.7.2.2.Costs and revenues 

The costs and revenues for the do-nothing alternative were calculated.  Initial costs 

were deemed to equal zero for this alternative as the infrastructure is already in place 

to continue operations without change.  These results would most likely differ for the 
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plant if the WWTP performance was enhanced, as presented previously in Section 

7.3.  Annual operating costs, as shown in Table 100 were estimated for labour, sample 

analysis, maintenance costs, cleaning materials and energy usage.  Labour cost was 

assumed to increase at a rate of 4% per year throughout the 20 year project life.  With 

a contingency of 10% included in the total for annual operating costs, these costs 

ranged from $244,000 to $308,000 per year.   

Periodic costs, as shown in Table 101, include membrane replacement and 

consultancy reports.  Membranes are not applicable to this alternative.  Consultancy 

inspections and reports are estimated to cost $5000 in years one, two, seven and 

fourteen with these factors held constant for all alternatives assessed.   

Costs for wastewater purchase are presented in Table 102, while Table 103 contains 

the projected costs for wastewater disposal to sewer.  These estimates assumed a 5% 

increase per year in costs. 

Table 104 presents a range of miscellaneous operating and disposal expenses which 

have all been increased at a rate of 5% per year.  These include disposal of Liquid 

Fertiliser, disposal of anaerobic sludge, purchase of natural gas and production losses 

due to involuntary shutdown periods.   

The projected revenues are presented in Table 105 where there are no expected 

revenues for the do-nothing alternative, except for an assumed $25,000 salvage value 

for the plant at the end of 20 years. .   

Utilising projected costs and revenue presented in previous tables, the total costs and 

net cost values were calculated, as shown in Table 106.  These data are projected costs 

which have been discounted to provide a NPV of the project.  The outcome is that the 

project in Year 20 will cost around $7.3M AUD for that year alone as a consequence 

of increasing costs associated with water purchase, wastewater discharge, natural gas 

purchases, wages and production losses. 
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Table 100: Annual operating costs (x1000) for the do-nothing case ($AUD) 

Year Item and notes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Labour1 0 62 65 67 69 72 74 77 79 82 85 88 91 94 98 101 105 108 112 116 120 
Sample analysis2 0 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Maintenance costs3 0 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 
Cleaning materials4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Energy usage5 0 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 96 
Sub-total 0 222 224 227 229 231 234 236 239 242 245 248 251 254 257 261 264 268 272 276 280 
Contingencies6 0 22 22 23 23 23 23 24 24 24 24 25 25 25 26 26 26 27 27 28 28 
Total  0 244 247 249 252 254 257 260 263 266 269 273 276 279 283 287 291 295 299 303 308 
1. Deemed to be same as with membrane filtration plant as the operator would include the new plant into their daily schedule. 
2. For off-site analysis at Brisbane Water laboratories estimated at $100/fortnight. Also included $1000/y for on-site analysis materials. 
3. Using 4% of fixed capital investment where investment for existing WWTP was $1.5M. 
4. Not applicable as for membrane alternatives although NaOH used for pH adjustment purposes, the costing was not recorded estimated costs provided only.  Assumed to be the same as 

costs associated with membrane cleaning. 
5. According to Narayanaswamy et al. (2003)electricity consumption for the production stage only was 66% of the total life cycle assessment stages (0.66*682 Wh)/kg starch.  Data in section 

6.3.2.5 show that A + B starch were around 74% of flour throughput where flour throughput was averaged at 59 t/day over operational and operational periods cost of electricity was 6.7c 
per kWh, therefore, cost is (0.66*682 Wh)*(0.74*59000 kg starch/d*365 d)*($0.067/kWh) but this includes all processing stages.. Assume energy of WWTP operations is 20% of total 
energy usage. 

6. A 10% contingency has been applied to annual operating costs. 

Table 101: Periodic costs (x1000) for the do-nothing case ($AUD) 

Year Item and notes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Membrane1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Report2 0 5 5     5       5       

Total periodic costs 0 5 5 0 0 0 0 5 0 0 0 0 0 0 5 0 0 0 0 0 0 

1. Membrane replacement not applicable to the do-nothing case. 
2. A professional consultancy inspection and report only in Year 1, 2, 7 and 14. 
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Table 102: Annual water purchase costs (x1000) ($AUD) 

Year1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 220 231 243 255 267 281 295 310 325 341 358 376 395 415 436 457 480 504 529 556 
1. Uses data from Table 62 for Year 0 and assumes a 5% price increase per year. 

Table 103: Annual wastewater disposal to sewer costs (x1000) ($AUD) 

Year Item and notes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Volume1 0 54 57 60 63 66 69 72 76 80 84 88 92 97 102 107 112 118 124 130 136 
SS2 

0 303 318 334 351 368 387 406 426 448 470 494 518 544 571 600 630 661 694 729 766 
BOD3 0 163 171 180 189 198 208 218 229 241 253 266 279 293 307 323 339 356 374 392 412 
Total 0 520 546 573 602 632 664 697 732 768 807 847 889 934 981 1030 1081 1135 1192 1251 1314 
1. Base year costs minus avoided costs for fresh water inputs (avoided costs = 0 for do-nothing case). 
2. From Table 61 in section 6.5.2, using mean costs. 
3. From Table 61 in section 6.5.2, using mean costs. 

Table 104: Miscellaneous operating and disposal expenses for the do-nothing case ($AUD) 

Annual Liquid Fertiliser disposal costs (x1000) 1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 263 276 290 304 320 336 352 370 389 408 428 450 472 496 521 547 574 603 633 665 
Annual anaerobic sludge disposal costs (x1000) 1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 169 177 186 196 205 216 226 238 250 262 275 289 303 319 335 351 369 387 407 427 
Natural gas purchase costs (x1000) 2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 640 673 706 741 779 817 858 901 946 994 1043 1095 1150 1208 1268 1332 1398 1468 1541 1618 
Cost of production shut down due to reactor failure (x1000) 3 
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 960 1008 1058 1111 1167 1225 1286 1351 1418 1489 1564 1642 1724 1810 1901 1996 2096 2200 2310 2426 

0 2032 2134 2241 2353 2471 2594 2724 2860 3003 3153 3311 3476 3650 3833 4024 4225 4437 4658 4891 5136 
1. Year 0 (baseline) data from Table 62. 
2. Same method as used for calculating energy usage as electricity - that is, from (Narayanaswamy et al., 2003) the manufacturer used 3.4 MJ per kilogram of starch produced.  Taking that 

the average starch throughput was calculated at 0.74*59,000 kg/day this equals 148444 MJ/day. this by 365 days and divided by 1000 = 54200 GJ/yr = 13,550 GJ/quarter.  Calculation for 
the value of this quantity of natural gas same as for other natural gas calculations using Origin Energy gas prices, as shown in Section 7.5.6. 

3. As presented in Section 7.7.1 

Table 105: Project revenues (x1000) for the do-nothing case ($AUD) 

Year Item and notes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Stockfood1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Irrigation2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Salvage3                     25 

Total Revenues  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 25 
1. Does not apply to the do-nothing case. 
2. Does not apply to the do-nothing case. 
3. At end of project life. 

Table 106: Total costs (x1000) and net costs (x1000) projected for the do-nothing case ($AUD) 

Total Costs (x1000) 1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 3022 3163 3306 3461 3624 3796 3980 4164 4362 4570 4789 5018 5258 5516 5776 6054 6347 6653 6976 7314 
Net Costs (Total Costs – Total Revenue) (x1000) 2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 3022 3163 3306 3461 3624 3796 3980 4164 4362 4570 4789 5018 5258 5516 5776 6054 6347 6653 6976 7289 
1. Total costs include all costs for initial, annual operating, periodic, annual water purchase, wastewater disposal to sewer as well as miscellaneous expenses. 
2. Total revenue from Table 105 minus total costs. 
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The net cost data for each year of the project were used to determine the annual 

accumulated cash flow (cost) data, as shown in Table 107.  The projected 

accumulated cash flow for the do-nothing alternative over the 20 year project period 

shows that the projected costs for the do-nothing alternative are around $97M AUD 

for the project term. 

Table 107: Accumulated cash flow (costs) for the do-nothing case 

Year Cash flow ($) 
Accumulated Net 
Costs ($) Year Cash flow ($) 

Accumulated Net 
Costs ($) 

0 0 0    
1 3,021,819 3,021,819 11 4,788,605 42,237,814 
2 3,162,846 6,184,665 12 5,017,799 47,255,613 
3 3,305,888 9,490,553 13 5,258,401 52,514,014 
4 3,461,295 12,951,848 14 5,515,981 58,029,995 
5 3,624,433 16,576,281 15 5,776,135 63,806,129 
6 3,795,689 20,371,970 16 6,054,490 69,860,620 
7 3,980,466 24,352,436 17 6,346,705 76,207,325 
8 4,164,189 28,516,626 18 6,653,471 82,860,796 
9 4,362,304 32,878,930 19 6,975,512 89,836,308 
10 4,570,279 37,449,209 20 7,288,591 97,124,899 

The NPV of the total costs, total revenues and net costs for the do nothing alternative 

were calculated using the function in Excel where the NPV was calculated for Year 1 

to Year 20 and then Year 0 data was added to the result.  The results, as shown below, 

demonstrate that the NPV value of the total project is much lower than the 

accumulated cash flow total.  This is because the calculated value has been discounted 

back to present day value using a 10% discount rate.  This is not related to inflation, 

but rather about the human preference for money now rather than later. 

 NPV of Total Costs:  $35,832,592 

 NPV of Total Revenue: $3,716 

 NPV of Net Costs:   $35,826,876 
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7.7.3. Alternative 2 – MF of QXE with Ceramic Membranes 

7.7.3.1.Approach 

Microfiltration of the raw waste stream is in agreement with the approach presented as 

the waste management hierarchy in the Environmental Protection (Waste 

Management) Policy 2000 (see Appendix F) which prioritises waste avoidance and 

waste re-use as preferred waste management practices over waste disposal.  Waste is 

avoided by converting the processing tail end stream to other products, namely a 

stockfood component and a relatively clear permeate for further reuse options.  It is a 

cleaner production approach, in accordance with section 15(2) of the Environmental 

Protection (Waste Management) Policy 2000, which states: 

cleaner production program means a program to identify and implement ways 
of improving a production process so that the process— 

(a) uses less energy, water or another input; or 

(b) generates less waste; or 

(c) generates waste that is less environmentally harmful. 

7.7.3.2.Design data 

Design data are presented in Table 108 for a microfiltration plant, using and adapting 

the method used by Brugger et al. (2000).  Assumptions and/or the source of methods 

and data used for calculations are provided as table footnotes.  Three alternatives are 

presented demonstrating the effect of backflushing whereby by applying backflushing 

for 30 seconds every five minutes, the initial membrane costs reduced by 40% 

compared to the without backflushing alternative.   

Table 108: Design data for a 0.2 µm ceramic MF plant treating QXE stream 

Design item Units  Without 
backflushing 
(daily 1 hour 
clean) 

With 
backflushing, 
30 sec every 15 
min (3% 
downtime) 

With 
backflushing, 
30 sec every 5 
min (10% 
downtime) 

Daily treatment duty1 m3/d 336 336 336 
Operating hours per day2 h/d 23 23 22 
Capacity3 m3/h 14.6 14.4 15.6 
Permeate flux 4 L/m2h 40 60 70 
Total membrane area5 m2 365 241 222 
Number of modules6   47 31 29 
Membrane cost/module7 $ 27,300 27,300 27,300 
Initial membrane cost8 $ AUD 1,283,100 846,300 791,700 
Membrane lifetime9 y 7 7 7 
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Design item Units  Without 
backflushing 
(daily 1 hour 
clean) 

With 
backflushing, 
30 sec every 15 
min (3% 
downtime) 

With 
backflushing, 
30 sec every 5 
min (10% 
downtime) 

Energy consumption10 kWh/m3 41 41 41 
Daily energy consumption11 kWh/d 13776 13776 13776 
Daily energy costs12 $/d 923 923 923 
Operating pressure13 k Pa 100 100 100 
1. Calculated at 14 m3/h x 24 h.. 
2. Based on downtime due to cleaning and backflushing. 
3. Capacity is the volume that the membrane would need to be able to treat per hour allowing for downtime 

whilst treating daily QXE volumes. 
4. Without backflushing, permeate flux was shown to widely vary between around 40 L/m2h to 90 L/m2h 

during experiments attributed to varying characteristics of the wastestream.  This assessment used the lower 
experimental value of 40 L/m2h to provide a conservative estimate and allow for worst case conditions.  
With backflushing, as shown in Figure 67, fluxes around the high 70 L/m2h and low 80 L/m2h range were 
achieved for the respective rates shown.  Lower fluxes were used to allow for uncertainty.  

5. Total membrane area requirements were calculated using Equation 16 from Jacangelo and Buckley (1996).  
That is, 14,600 L/h  40 L/h/m2 = 350 m2.  

6. Calculations use 7.8 m2 ceramic membrane module units from Fairey Industrial Ceramics.  The numbers of 
modules required are rounded up figures. 

7. Vendor quotes. 
8. Number of modules x membrane cost/module. 
9. From Section 4.8. 
10. From Section 4.9.4.3. 
11. Energy consumption per cubic metre treated x daily treatment duty. 
12. Based on electricity costs of 6.7 cents per kWh. 
13. Calculated from Equation 6. 

7.7.3.3.Costs and revenues 

Costs and revenues were calculated for a over the 20 year project life of the 

application of a MF plant to the QXE stream as a treatment option.  The same cost 

factors were considered for this alternative as those presented for Alternative 1 and 

these are broadly classified as initial costs, annual operating costs, periodic costs, 

water purchase costs, wastewater disposal costs and other miscellaneous operating 

and disposal costs.  All factors assessed are also assessed for the other alternatives to 

enable comparative evaluations.  

Initial costs for a turnkey MF operation was estimated to total around $1.5M AUD, as 

shown in Table 109.  These costs include membranes, infrastructure, engineering, 

legal and professional approval costs with an added 10% contingency.  

For annual operating costs, the same factors from Alternative 1 are used in this and 

the other alternatives, although the values change accordingly.  As shown in Table 

110, annual operating costs ranged from around $618,000 to $681,000 per year during 

the project life of 20 years.  Wages were increased by 4% per year and maintenance 

was estimated as 4% of the fixed capital for this and all other alternatives.  As the 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

330

fixed capital value varied for the different alternatives, maintenance cost estimates 

differ accordingly.   

Periodic costs, as shown in Table 111, includes membrane replacement every seven 

years and allows for four inspections and reports by professional consultants to ensure 

treatment performance is maximised whilst risks are minimised.   

Annual water purchase costs were estimated for the life of the project, as shown in 

Table 112.  This is the normal annual water purchase costs minus the proportion of 

permeate returned back as processing water and blended with incoming water.  

Assume 12 out of the potential 14 m^3/h is recycled (i.e. around 86% water recovery 

from QXE stream) therefore 12 x 24 = 288 m3/day water saved.  Calculations were for 

a five day week operation with 48 productive weeks per year.  The cost of water was 

set to $1.13 per kilolitre.  Water costs were escalated at a rate of 5% per year 

throughout the project.   

Wastewater disposal to sewer costs projected for the project term are shown in Table 

113 and these have also been increased at a rate of 5% per year.  Table footnotes are 

provided to describe the method used for calculations.  The benefits derived from MF 

of the QXE stream, in the term of avoided costs, have been deducted from project 

costs and will not be included as revenue.  

There were a range of miscellaneous costs that were not captured within the costs of 

wastewater disposal to sewer or annual operating costs of the on-site WWTP (i.e. the 

do-nothing alternative).  These included Liquid Fertiliser and anaerobic sludge 

disposal costs as well as gas purchase costs which has the potential to reduce for 

alternatives that generate large volumes of biogas and thereby reduce natural gas 

purchases.  Production losses, as a result of WWTP failure, might not be captured in a 

standard assessment of the WWTP operational costs and yet these events were 

witnessed several times during the study period.  These four cost items were increased 

per year by 5%.  During the project these miscellaneous costs range from around $1M 

to $2.7M per year. 

Projected revenues for this alternative are presented in Table 115 where the only 

revenue item is for concentrated starch factory wastestream sold as a stockfood 

component.  The salvage value of the equipment at the end of the 20 year period is 

estimated at $75,000, which is the same estimate used in Alternative 3 and 
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Alternative 4.  This alternative potentially provides the opportunity to extract water 

from the processing line to be blended with incoming water and recycled back into the 

food processing streams.   

The total annual costs of the project for each year are presented in Table 116 along 

with the corresponding net costs.  This alternative is projected to have a total cost 

ranging from around $1.5 M AUD to around $4.7M AUD per year during the 20 year 

project life.    
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Table 109: Initial costs for MF of QXE project 

Item Calculation/comment Cost ($) 

Membranes From vendor quote 777778

Pumping and other infrastructure1 See table footnote 518519

Engineering - design and commissioning Estimated  10000

Sub-total up front membrane installation and commissioning costs  1306296

Legal costs Estimated 10000

Professional - DA approval applications Estimated 5000

Total up front costs  1321296

Miscellaneous 10% contingency  132130

Total up front costs with 10% contingency  1453426
1. Estimated as 2/3 of membrane price according to membrane manufacturer advice.  Add this to membrane price for total price calculation. 

Table 110: Annual operating costs of MF of QXE alternative (x 1000) ($AUD) 

Year Item and notes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Labour1 
0 62 65 67 69 72 74 77 79 82 85 88 91 94 98 101 105 108 112 116 120 

Sample analysis2 
0 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 

Maintenance2  0 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 
Cleaning 
materials4 0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
Energy5  0 433 433 433 433 433 433 433 433 433 433 433 433 433 433 433 433 433 433 433 433 
Sub-total 

0 562 564 566 569 571 573 576 579 582 584 587 590 594 597 600 604 608 611 615 619 
Contingencies 0 56 56 57 57 57 57 58 58 58 58 59 59 59 60 60 60 61 61 62 62 
Total  0 618 620 623 625 628 631 634 637 640 643 646 650 653 657 660 664 668 672 677 681 
1. Calculated at $30/h x 40 h/wk x 52 wk (allowed for 52 wk to allow for planned shutdown periods) and includes all on-costs. 
2. Allow $250/wk x 52 wk if using for further processing. 
3. 4% of fixed capital investment. 
4. 336 m^3/d x $0.022/m^3 x 5 d/wk x 48wk/y. 
5. Daily cost $923 x 365 days for the membrane filtration plant plus status quo costs of on-site WWTP assumed to be unchanged. 
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Table 111: Periodic costs for MF of QXE alternative (x 1000) ($AUD) 

Year  

Item and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Membrane replacement1 0       778       778       
Consultancy inspection and 
report2  5 5     5       5       

Total  0 5 5 0 0 0 0 783 0 0 0 0 0 0 783 0 0 0 0 0 0 
1. Replacement in Year 7 and Year 14. 
2. Only in years 1, 2, 7 and 14. 

Table 112: Annual water purchase costs (x 1000) ($AUD) 

Year 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 142 149 156 164 172 181 190 200 210 220 231 243 255 268 281 295 310 325 341 359 

Table 113: Wastewater disposal to sewer costs for MF of QXE 

Year 

Item and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Volume1 0 22 23 24 25 26 28 29 30 32 34 35 37 39 41 43 45 47 50 52 55 

SS2 0 124 130 137 143 151 158 166 174 183 192 202 212 222 234 245 258 270 284 298 313 

BOD5
3 0 230 242 254 267 280 294 309 324 340 357 375 394 414 434 456 479 503 528 554 582 

Total 0 376 395 414 435 457 480 504 529 555 583 612 643 675 709 744 781 820 861 904 950 
1. The QXE represented 60% of WWTP inputs, therefore reduce the volume component by 60%. 
2. As shown in table 83 it would be expected that the QXE stream could prevent approx 2 tonne of solids per day from entering the WWTP influent, however, the relationship to influent and 

effluent SS loadings would not be expected to be linear.  For example with a reduced SS loading the WWTP would potentially improve performance and reduce the incidence of washout, 
thereby potentially providing the vehicle for exponential SS reductions and savings by way of enhanced final effluent quality improvements.  However, for the purposes of these 
calculations a linear relationship is assumed as (0.6*0.6*163000) + (1*0.4*163000) = $123,880. 

3. Reduced the BOD by 40% (assuming COD results transferable) in 60% of the total flow and therefore, there is 60% left in 60% of the flow plus the 100% of the 40% flow unaffected.  
With a total average output of BOD equal to 303,000, the new cost is estimated as (0.6*0.6*303,000) + (1*0.4*303,000) = $123,880. 
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Table 114: Miscellaneous costs associated with disposal of waste products (all x 1000) ($AUD) 

Year 
Annual Liquid Fertiliser disposal costs 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 263 276 290 304 320 336 352 370 389 408 428 450 472 496 521 547 574 603 633 665 
Annual anaerobic sludge disposal costs 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 169 177 186 196 205 216 226 238 250 262 275 289 303 319 335 351 369 387 407 427 
Natural gas purchase costs 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 640 673 706 741 779 817 858 901 946 994 1043 1095 1150 1208 1268 1332 1398 1468 1541 1618 
Cost of production shut down due to reactor failure 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total miscellaneous costs of production 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 1072 1126 1182 1242 1304 1369 1437 1509 1585 1664 1747 1834 1926 2022 2123 2230 2341 2458 2581 2710 
1. From section 6.5.3. 
2. From section 6.5.3. 
3. Same method as used for calculating energy usage as electricity - that is, from (Narayanaswamy et al., 2003)  the manufacturer used 3.4 MJ per kilogram of starch produced.  Taking that 

the average starch throughput was calculated at 0.74*59,000 kg/day this equals 148444 MJ/day. this by 365 days and divided by 1000 = 54200 GJ/yr = 13,550 GJ/quarter.  Calculation for 
the value of this quantity of natural gas uses the same formula as for other natural gas calculations using Origin Energy gas prices. 

4. Was reported by factory manager to be $8000 per hour, which allowing for 5 shutdown days per year amounts to $960,000 losses.  However, it is intended that the extraction of water and 
some organic loading from the stream would benefit the WWTP and eliminate overloading type events. 

Table 115: Revenues projected for the MF of QXE (x 1000) ($AUD) 

Year Items and 
notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Stockfood  0 135 142 149 157 165 173 181 190 200 210 220 232 243 255 268 281 295 310 326 342 

Irrigation 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Salvage 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 75 
Total 
Revenues 0 135 142 149 157 165 173 181 190 200 210 220 232 243 255 268 281 295 310 326 342 
1. From table 90, average stockfood potential is $546/day dependent upon SS concentration in QXE, 50% SS retention by membrane appropriate to calculate for only production days as the 

QXE was only produced during production, therefore 5 day week  x 48 weeks per year. 
2. There would be no water produced suitable for use as irrigation water for this option. 
3. Includes case 1 (existing) and new plant. 
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Table 116: Total costs (x1000) and net costs (x1000) projected for MF of QXE ($AUD) 

Total Costs (x1000)  

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1453 2213 2295 2376 2466 2561 2660 3547 2874 2989 3110 3236 3369 3509 4438 3809 3970 4139 4317 4504 4699 
Net Costs (cost - revenue) (x1000) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1453 2078 2153 2227 2309 2396 2488 3366 2684 2789 2900 3016 3138 3266 4183 3541 3689 3844 4007 4178 4357 
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The net revenue data were used to generate an accumulated net revenue value for each 

year of the project, as shown in Table 117.  By this measure, in Year 20 the project 

cost is around $64 M AUD.   

Table 117: Accumulated cash flow (costs) for Alternative Two 

Year Cash flow ($) 
Accumulated Net 
Cost ($) Year Cash flow ($) 

Accumulated Net 
Cost ($) 

0 1,453,426 1,453,426    
1 2,077,724 3,531,150 11 3,015,811 29,858,361 
2 2,152,865 5,684,015 12 3,137,684 32,996,044 
3 2226,728 7,910,742 13 3,265,599 36,261,643 
4 2,309,496 10,220,238 14 4,182,636 40,444,279 
5 2,396,364 12,616,602 15 3,540,776 43,985,055 
6 2,487,535 15,104,137 16 3,688,683 47,673,738 
7 3,366,002 18,470,139 17 3,843,927 51,517,665 
8 2,683,655 21,153,794 18 4,006,873 55,524,537 
9 2,789,062 23,942,856 19 4,177,903 59,702,441 
10 2,899,694 26,842,550 20 4,357,421 64,059,862 

The NPV of the total costs, total revenues and net revenues for MF of QXE 

alternative were calculated using the function in Excel where the NPV was calculated 

for Year 1 to Year 20 and then Year 0 data was added to the result.  As previously 

stated, the NPV of the total project is much lower than the accumulated cash flow 

total due to the application of a 10% discount rate.  Note that the accumulated net 

revenue and the NPV values are less than those for the do-nothing case. 

 NPV of Total Costs:  $26,750,031 

 NPV of Total Revenue: $1,639,492 

 NPV of Net Costs:   $25,110,539 

7.7.4. Alternative 3: Side-Stream MBR and IC Effluent Stream 

7.7.4.1.Approach 

This is an end-of-pipe approach whereby the treatment process is added at the end of 

the treatment process in an attempt to reduce effluent contaminants and thereby 

reduce water quality based effluent discharge fees.  According to the Waste 

Management Hierarchy presented in the Environmental Protection (Waste 

Management) Policy 2000, this is the least preferred method being ‘waste disposal’.  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

337

By coupling the membrane with the IC reactor the system becomes a MBR and both a 

side stream MBR and a submerged type configuration was assessed.   

The potential for selling the permeate to irrigate a nearby golf course, subject to 

seasonal demand is also included, assuming that 75% of permeate would be sold at a 

price of $0.40 per kilolitre (0.75%*424 kL/day*5 d/wk*48 wk*$0.40).  Any changes 

to the value of remediated water would have an effect on the accumulated net revenue 

and the NPV of the project.  Likewise, any downturn in demand due to wet weather 

(predominantly during summer) would adversely affect the measures of economic 

value of the project as the wastewater would necessarily be discharged to sewer at a 

cost.  However, as the permeate would be low in BOD and be free of SS, only the 

volume charge would primarily apply which is the lowest component value of the 

total costs.   

Costs associated with providing the storage infrastructure for the receiving end of 

remediated water and the transportation of the irrigation water to the storage facility 

were beyond the scope of investigation and have not been added to this assessment.  

These additional costs are assumed to be borne by the water receiver for the purposes 

of this assessment.  If these costs were to be borne by the water provider, the 

accumulated net revenue and the NPV of the project would be adversely affected.  

7.7.4.2.Design data 

Design data are presented in Table 118 for a microfiltration plant with three different 

backflushing regimes based on experimental data.  The method used for plant design 

is an adaption of the method used by Brugger et al. (2000).  Proposed membranes are 

Amicon polysulphone hollow-fibre membranes where the feed stream has been 

previously screened with a 100 µm pre-filter to remove large particles which could 

clog the HF lumen.  As shown in the table, backflushing at more frequent intervals 

increased the permeate flux and in turn this reduced membrane area requirements and 

costs.  Based on performance, costs and revenues for this alternative utilise data for 

the backflushing regime where backflushing was applied 30 seconds every five 

minutes. 
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Table 118: Design data for MF plant, side-stream MBR configuration and IC effluent 

Design item for ICE 
treatment 

Units  Without 
backflushing 
(daily 1 hour 
clean) 

With 
backflushing, 30 
sec every 15 min 
(3% downtime) 

With 
backflushing, 30 
sec every 5 min 
(10% downtime) 

Daily treatment duty1 m3/d 624 624 624 
Operating hours per day2b h/d 23 23 22 
Capacity3 m3/h 27.1 26.8 28.9 
Permeate flux 4 L/m2�h 50 60 70 
Total membrane area5 m2 543 447 413 
Number of modules6   227 187 172 
Membrane cost/module7 $ 2,040 2,040 2,040 
Initial membrane cost8 $ 461,217 379,725 350,794 
Membrane lifetime  y 4 4 4 
Energy consumption9 kWh/m3 41 41 41 
Daily energy consumption10 kWh/d 25584 25584 25584 
Daily energy costs11 $/day 1714 1714 1714 
Operating pressure12 k Pa 100 100 100 

1. Calculated at 26 m3/h x 24 h. 
2. Based on downtime due to cleaning and backflushing. 
3. Capacity is the volume that the membrane would need to be able to treat per hour allowing for downtime 

whilst treating daily QXE volumes. 
4. Without backflushing, permeate flux was shown to be at least 50 L/m2h.  Backflushing was not trialled 

during this study and therefore, these are assumed increases based on results achieved with other experiments 
with backflushing.  

5. Total membrane area requirements were calculated using Equation 16 from Jacangelo and Buckley (1996).  
That is, 27,100 L/h  50 L/h/m2 = 543 m2 when rounded to whole numbers.  

6. Calculations use 2.4 m2 ceramic membrane module units from Amicon-Millipore membranes.  The numbers 
of modules presented are rounded up figures. 

7. Vendor quotes. 
8. Number of modules x membrane cost/module. 
9. From Section 4.8. 
10. From Section 4.9.4.3. 
11. Energy consumption per cubic metre treated x daily treatment duty. 
12. Based on electricity costs of 6.7 cents per kWh. 
13. Calculated from Equation 6. 

7.7.4.3.Costs and revenues 

The initial costs for the side-stream MBR alternative to treat the IC effluent by 

coupling the membrane unit with the reactor are shown in Table 119, demonstrating 

that the initial costs are around $682,000.   
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Table 119: Initial costs (x 1000) for side-stream MBR with IC ($AUD) 

Item Calculation/comment Cost ($) 

Membranes From calculations shown in Table 118 350794 

Pumping and other infrastructure2 
Estimated as 2/3 of the membrane price according 
to manufacturer’s advice 233862 

Engineering Same allowance given to all membrane alternatives 10000 

Sub-total up front membrane 
installation and commissioning 
costs 

Includes membranes, pumping and engineering 
costs 594656 

Legal costs 
Estimated as double that for alternatives not 
involving selling permeate to a third party 20000 

Professional - DA approval 
applications 

Considered relevant only to alternatives involving 
selling permeate to a third party 5000 

Total up front costs  619656 
Miscellaneous 10% contingency  61966 

Total up front costs with 10% 
contingency  681,622 

Annual operating costs including labour, sample analysis, maintenance, cleaning 

materials and energy usage are provided in Table 120.  These data demonstrate that 

operating costs are projected to increase from around $900,000 to $963,000 per year 

during the term of the project.  Table footnotes provide further details on calculation 

methods.  

Periodic costs for this alternative are presented in Table 121 where membranes are 

replaced every four years and the inspection and report from a professional consultant 

are the same allowance provided for all other alternatives.  

The costs of fresh water inputs are shown in Table 122, which are the same as for the 

do-nothing alternative, because it is considered that permeate from the treatment of 

anaerobic reactor effluent would still contain EPS and SMP as indicated within the 

literature.  

The annual wastewater disposal to sewer costs are expected to decrease from the do-

nothing alternative as shown in Table 123.  With this option it is assumed that 75% of 

permeate would be sold as irrigation water.  In addition, any remaining wastewater 

discharged to sewer would be drastically reduced in the BOD loading and completely 

free of SS.   

Miscellaneous costs associated with production and waste disposal practices are 

presented in Table 124 which includes costs associated with the disposal of Liquid 

Fertiliser and anaerobic sludge as well as natural gas purchases and the cost of 
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involuntary production shutdowns.  These costs range from around $1.4M in year one 

to $3.5 M in year 20 during the project term.  

Projected revenues for this alternative, as shown in Table 125, relate to the sale of 

irrigation water throughout the project as well as a $75,000 assigned salvage value of 

the plant at the end of the project life.  It is assumed that the value of irrigation water 

would increase at a rate of 5% per year.  

The total costs and net revenues of this alternative are presented in Table 126, 

demonstrating that the project would have net costs ranging from around $2.5 M in 

year one to $5.0 M in year 20. 
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Table 120: Annual operating costs (x 1000) for side-stream MBR with IC ($AUD) 

Year 

Item and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Labour1 0 62 65 67 69 72 74 77 79 82 85 88 91 94 98 101 105 108 112 116 120 

Sample analysis2 0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
Maintenance 
costs3 0 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23 
Cleaning 
materials4 0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

Energy usage5 0 722 722 722 722 722 722 722 722 722 722 722 722 722 722 722 722 722 722 722 722 

Sub-total 0 818 820 822 825 827 829 832 835 838 840 843 846 850 853 856 860 864 867 871 875 

Contingencies 0 82 82 82 82 83 83 83 83 84 84 84 85 85 85 86 86 86 87 87 88 

Total  0 900 902 904 907 910 912 915 918 921 924 928 931 935 938 942 946 950 954 958 963 
1. Deemed to be same as with membrane filtration plant as the operator would include the new plant into their daily schedule. 
2. Allow $100/wk x 52 wk as for irrigation. 
3. Maintenance costs calculated as 4% of fixed capital investment. 
4. Cleaning materials calculated as $0.022 per cubic metre treated (624 m3/d x $0.022/m3 x 365 d). 
5. Includes the energy needed for membrane operations ($1714/d x 365 d) plus energy usage for the WWTP assumed to be same as the do-nothing alternative. 

Table 121: Periodic costs (x 1000) of side-stream MBR with IC ($AUD) 

Year 

Items and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Membrane replacement1 0    351    351    351    351     

Inspection and report2  5 5     5       5       
Total  0 5 5 0 351 0 0 5 351 0 0 0 351 0 5 0 351 0 0 0 0 
1. Replacement every four years, Y4, Y8, Y12 and Y16 
2. These types of reports were located on site and the value provided is an estimate cost. 
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Table 122: Water purchase costs 

Year 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 220 231 243 255 267 281 295 310 325 341 358 376 395 415 436 457 480 504 529 556 

Table 123: Annual wastewater disposal to sewer costs (x 1000) ($AUD) 

Year Itens and 
notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Volume1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

SS3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

BOD5
2 0 48 51 53 56 59 62 65 68 72 75 79 83 87 91 96 101 106 111 117 123 

Total  0 48 51 53 56 59 62 65 68 72 75 79 83 87 91 96 101 106 111 117 123 
1. Assumed 75% reused as irrigation water, therefore charges pertaining to volume discharged were predicted as 25% of status quo values. 
2. Assume 84% reduction in BOD5 charges. 
3. Assume 100% reduction in SS charges. 

Table 124: Miscellaneous costs for operations and disposal of waste products (x 1000) ($AUD) 

Year 
Annual Liquid Fertiliser disposal costs1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 263 276 290 304 320 336 352 370 389 408 428 450 472 496 521 547 574 603 633 665 
Annual anaerobic sludge disposal costs2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 17 18 19 20 21 22 23 24 25 26 28 29 30 32 33 35 37 39 41 43 
Natural gas purchase costs3 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 140 148 155 163 171 179 188 198 208 218 229 240 252 265 278 292 307 322 338 355 
Cost of production shut down due to reactor failure4 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 960 1008 1058 1111 1167 1225 1286 1351 1418 1489 1564 1642 1724 1810 1901 1996 2096 2200 2310 2426 
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Total miscellaneous costs of production 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 1380 1449 1522 1598 1678 1762 1850 1942 2039 2141 2249 2361 2479 2603 2733 2870 3013 3164 3322 3488 
1. From section 6.5.3 with no change. 
2. Assumed reduced by 90%, i.e. only 10% of the do-nothing alternative costs. 
3. A conservative estimate is that the additional treatment time of the MBR could produce around $500,000 per year worth of natural gas from 84% of the effluent COD, therefore total usage 

value minus the natural gas value of biogas generated on site is considered to be the cost of natural gas purchases.  Same method as used for calculating energy usage as electricity - that is, 
from (Narayanaswamy et al., 2003)  the manufacturer used 3.4 MJ per kilogram of starch produced.  Taking that the average starch throughput was calculated at 0.74*59,000 kg/day this 
equals 148444 MJ/day. this by 365 days and divided by 1000 = 54200 GJ/yr = 13,550 GJ/quarter.  Calculation for the value of this quantity of natural gas follows the same method as for 
other natural gas calculations using Origin Energy gas prices. 

4. Was reported to be $8000 per hour.  Costs are estimated for five days shutdown per year due to reactor failure. 

Table 125: Revenues projected for the side-stream MBR with IC (x 1000) ($AUD) 

Year 

Items and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Stockfood  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Irrigation 0 31 32 34 35 37 39 41 43 45 47 50 52 55 58 60 63 67 70 73 77 

Salvage 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 75 

Total Revenues 0 31 32 34 35 37 39 41 43 45 47 50 52 55 58 60 63 67 70 73 152 

Table 126: Total costs (x1000) and net revenue (x1000) projected for MF of QXE ($AUD) 

Total Costs (x1000)  1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

682 2553 2638 2722 3167 2914 3017 3130 3589 3357 3482 3614 4102 3896 4052 4207 4725 4549 4733 4927 5129 
Net costs (total cost - revenue) (x1000) 2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

682 2523 2606 2689 3131 2877 2978 3089 3546 3312 3435 3564 4050 3841 3995 4146 4661 4483 4663 4853 4977 
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The annual net costs are presented in Table 127 along with the accumulated cash flow 

values for each year of the project.  These data demonstrate that the total cost of the 

project is around $74 M for the 20 year period.   

Table 127: Accumulated cash flow for Alternative 3 

Year Cash flow ($) 
Accumulated Net 
Revenue ($) Year Cash flow ($) 

Accumulated Net 
Revenue ($) 

0 681,622 681,622    
1 2,522,890 3,204,512 11 3,563,839 34,431,701 
2 2,606,210 5,810,722 12 4,049,827 38,481,527 
3 2,688,659 8,499,381 13 3,840,936 42,322,464 
4 3,131,237 11,630,618 14 3,994,882 46,317,345 
5 2,876,779 14,507,397 15 4,146,220 50,463,565 
6 2,977,891 17,485,287 16 4,661,113 55,124,678 
7 3,089,017 20,574,304 17 4,482,564 59,607,242 
8 3,546,200 24,120,504 18 4,663,362 64,270,604 
9 3,312,321 27,432,825 19 4,853,137 69,123,740 
10 3,435,036 30,867,861 20 4,977,335 74,101,076 

The resultant NPV of this alternative, as calculated by Excel in the same manner as 

for the other alternatives, are presented below, demonstrating that the total project 

cost for this alternative is around $29 M.  

 NPV of Total Costs:  $29,074,446 

 NPV of Total Revenue: $380,906 

 NPV of Net Costs:   $28,693,540 

7.7.5. Alternative 4: SMBR and IC Effluent 

7.7.5.1.Approach 

This approach is the same as for Alternative 3 whereby the final effluent is subjected 

to microfiltration prior to being sold as irrigation water and discharged to sewer, 

however, because of the different configuration requirements and membrane 

placement, some differences in outcomes for gas production and anaerobic sludge 

disposal costs occur.  The major difference is that the membrane is submerged in a 

tank with the wastewater in an aerobic process following the IC reactor rather than 

being coupled with the reactor.  Differences between the two processes are related to 

the potential for increased biogas generation as the submerged membrane will not 

alter gas generation practices from the status quo alternative.  Anaerobic sludge 
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disposal has been set as the same for Alternative 3 because it is expected that sludge 

disposal from both processes would occur from time to time.   

7.7.5.2.Design data 

Design data for the alternative which uses a submerged MBR to treat the final effluent 

in an aerobic system are provided in Table 128.  Table footnotes provide further 

details on the sources of information and/or calculations followed to enable 

determinations.  

Table 128: Design data for S MBR to treat IC reactor effluent 

Design item for IC effluent 
treatment 

Units  

Vendor supplied 
information 

Information used in 
assessment.  Without 
backflushing (daily 1 
hour clean) 

Daily treatment duty1 m3/d 500 624 
Operating hours per day2 h/d  23 
Capacity3 m3/h  27.1 
Initial membrane cost - turnkey 
system4 

$ 
590,000 

736,320 

Expected membrane lifetime – 
submerged PE5 

y 
10 

5 

Membrane replacement costs6 $ 70,000 87360 
Membrane energy consumption7 kWh/m3  4 
Daily energy consumption8 kWh/d  2496 
Daily energy costs9 $/day  167 
Operating pressure10 k Pa  negative 
1. Required to treat up to 26 m3/h over 24 hours = 624 m3/d. 
2. Allows for one hour treatment stoppage for cleaning. 
3. Daily treatment duty divided by daily operating hours. 
4. Increased proportionately from a vendor quote to treat 500 m3/d. 
5. According to manufacturer’s advice, membranes would need to be replaced every 10 years, however, these 

membranes are reported to have a life of three to five years within the literature and therefore, an estimate of 
five years was used for the membrane lifetime. 

6. According to manufacturer’s advice these membranes would cost around $70,000 to replace and this factor 
has been scaled up for the increased size. 

7. From Gander et al. (2000). 
8. Daily treatment duty times membrane energy consumption. 
9. Daily energy consumption times the cost of electricity at $0.067/kWh. 
10. All submerged membranes operate under a negative gauge pressure or vacuum to suck the permeate from the 

outside of the membrane to the inside of the membrane whilst submerged in the wastewater being treated. 

7.7.5.3.Costs and revenues 

Initial costs for this alternative, as shown in Table 129, are approximately $848,000.  

The quote received from the membrane manufacturer included the costs of 

membranes and other pumping infrastructure required while all other costs remain the 

same as for Alternative 3 because of the similarity of being an irrigation water 

provider.  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

346

Table 129: Initial costs (x 1000) for a side-stream MBR with IC effluent ($AUD)  

Item Calculation/comment Cost ($) 

Membranes 
This is the estimated turnkey price based on vendor 
quote for 500 kL/d plant which has been scaled up 736,320 

Pumping and other infrastructure included in above 0 
Engineering Same allowance given to all membrane alternatives 10,000 

Sub-total up front membrane 
installation and commissioning costs  746,320 

Legal costs 
Estimated as double that for alternatives not involving 
selling permeate to a third party 20,000 

Professional - DA approval 
applications  5,000 
Total up front costs  771,320 
Miscellaneous 10% contingency  771,32 

Total up front costs with 10% 
contingency  848,452 

Annual operating costs for the life of the project are presented in Table 130, 

demonstrating that these costs are projected to range from $285,000 to $348,000 

throughout the project term of 20 years.  

Periodic costs for Alternative 4 include membrane replacement every five years and 

inspections and report by a professional consultant at the same time intervals provided 

for in the other alternatives.  These membrane replacement costs were a verbal 

estimate as advised by the manufacturer of Zenon Zeeweed membranes which are a 

similar membrane to that supplied by Mitsubishi Rayon which were the ones trialled.   

Annual water purchase costs, as shown in Table 132, are the same as for the do-

nothing case (Alternative 1) and Alternative 3 as all of these alternatives would not 

provide water suitable for reuse in a food grade product due to the presence of EPS 

and SMP.  

Annual wastewater disposal to sewer costs for Alternative 4, as shown in Table 133, 

are assumed to be equal to Alternative 3 where the volume based charge is assessed at 

25% of the Alternative 1 do-nothing case due to 75% of the permeate being sold as 

irrigation water to the golf course.  In addition, the BOD discharged fee is expected to 

be drastically reduced and the SS based discharge fee completely eliminated. 

The miscellaneous costs such as Liquid Fertiliser disposal, anaerobic sludge disposal, 

natural gas purchase costs and the cost of production losses are presented in Table 

134.  These data show that these costs totalled between around $2 M and $5.1 M per 
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year during the course of the project life.  Alternative 4 involves the placement of an 

additional process at the end of the WWTP and therefore, would not have any effect 

on the costs associated with Liquid Fertiliser, anaerobic sludge disposal, natural gas 

purchases or production losses due to WTTP failure.  Consequently, these costs 

associated with Alternative 4 are the same as for Alternative 1. 

The projected revenues for this alternative, as shown in Table 135, are the same as for 

Alternative 3.  Items providing revenue include the sale of irrigation water and the 

salvage value of the plant at the end of the 20 year period.  

The total costs and net revenues for Alternative 4 are shown in Table 136 where the 

net costs range from $2.5 M in year one to -$5.9 M in year 20 during the project.  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

348

Table 130: Annual operating costs (x 1000) submerged MBR with IC ($AUD) 

Year 

Item and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Labour1 0 62 65 67 69 72 74 77 79 82 85 88 91 94 98 101 105 108 112 116 120 

Sample analysis2 0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
Maintenance 
costs3 0 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 
Cleaning 
materials4 0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

Energy usage5 0 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 

Sub-total 0 259 261 264 266 268 271 274 276 279 282 285 288 291 294 298 301 305 309 313 317 

Contingencies 0 26 26 26 27 27 27 27 28 28 28 28 29 29 29 30 30 31 31 31 32 

Total  0 285 288 290 293 295 298 301 304 307 310 313 317 320 324 328 332 336 340 344 348 
1. Deemed to be same as with membrane filtration plant as the operator would include the new plant into their daily schedule. 
2. For off-site analysis at Brisbane Water laboratories every fortnight estimated at $100 per time. Also included $1000/y for on-site analysis materials. 
3. Using 4% of fixed capital investment where investment for existing WWTP was $1.5M. 
4. Not applicable as for membrane alternatives although NaOH used for pH adjustment purposes, the costing was not recorded estimated costs provided only.  Assumed to be the same as 

costs associated with membrane cleaning. 
5. Includes the cost of energy for the membranes ($167/d x 365 d) plus the costs for operations of the WWTP (i.e. include the do-nothing alternative energy costs). 

Table 131: Periodic costs (x 1000) for submerged MBR with IC ($AUD) 

Year 

Items and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Membrane replacement1 0     70     70     70      

Inspection and report2  5 5     5       5       

Total  0 5 5 0 0 70 0 5 0 0 70 0 0 0 5 70 0 0 0 0 0 
1. Replace every five years. 
2. These types of reports were located on site and the value provided is an estimate cost. 
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Table 132: Annual water purchase costs (x1000) ($AUD) 

Year1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

0 220 231 243 255 267 281 295 310 325 341 358 376 395 415 436 457 480 504 529 556 
1. Uses data from Table 62 for Year 0 and assumes a 5% price increase/yr. 

Table 133: Annual wastewater disposal to sewer costs (x1000) ($AUD) 

Year Item and notes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Volume1 0 14 14 15 16 16 17 18 19 20 21 22 23 24 25 27 28 29 31 32 34 
BOD5

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

SS2 0 48 51 53 56 59 62 65 68 72 75 79 83 87 91 96 101 106 111 117 123 
Total 0 62 65 68 72 75 79 83 87 92 96 101 106 111 117 123 129 135 142 149 157 
1. Base year costs minus avoided costs for fresh water inputs (avoided costs = 0 for do-nothing case). 
2. From Table 61 in section 6.5.2, using mean costs. 
3. From Table 61 in section 6.5.2, using mean costs. 
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Table 134: Miscellaneous costs for disposal of waste products (x 1000) ($AUD) 

Year 
Annual Liquid Fertiliser disposal costs1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 263 276 290 304 320 336 352 370 389 408 428 450 472 496 521 547 574 603 633 665 
Annual anaerobic sludge disposal costs2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 169 177 186 196 205 216 226 238 250 262 275 289 303 319 335 351 369 387 407 427 
Natural gas purchase costs3 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 640 673 706 741 779 817 858 901 946 994 1043 1095 1150 1208 1268 1332 1398 1468 1541 1618 
Cost of production shut down due to reactor failure4 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 960 1008 1058 1111 1167 1225 1286 1351 1418 1489 1564 1642 1724 1810 1901 1996 2096 2200 2310 2426 
Total miscellaneous costs of production 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 2032 2134 2241 2353 2471 2594 2724 2860 3003 3153 3311 3476 3650 3833 4024 4225 4437 4658 4891 5136 

Table 135: Revenues projected for the SMBR with IC effluent (x 1000) ($AUD) 

Year 

Items and notes 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Stockfood  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Irrigation 0 31 32 34 35 37 39 41 43 45 47 50 52 55 58 60 63 67 70 73 77 

Salvage 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 75 

Total Revenues 0 31 32 34 35 37 39 41 43 45 47 50 52 55 58 60 63 67 70 73 152 
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Table 136: Total costs (x1000) and net costs (x1000) projected for SMBR with IC effluent ($AUD) 

Total Costs (x1000)  1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

848 2543 2658 2773 2900 3103 3173 3324 3473 3635 3874 3982 4169 4365 4576 4857 5014 5252 5502 5765 6040 
Net costs (Total costs -revenue) (x1000) 2 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

848 2512 2626 2740 2865 3066 3134 3284 3430 3590 3827 3933 4117 4311 4519 4797 4951 5186 5432 5691 5888 
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The net costs are used to determine accumulated net costs for the life of the project, as 

shown in Table 137.  The total cost of Alternative 4 is estimated to be around $76 M 

AUD from these data.   

Table 137: Accumulated cash flow for the SMBR with IC effluent 

Year Cash flow ($) 
Accumulated Net 
Revenue ($) Year Cash flow ($) 

Accumulated Net 
Revenue ($) 

0 848,452 848,452    
1 2,574,085 3,422,537 11 4,033,626 36,734,526 
2 2,690,685 6,113,222 12 4,223,030 40,957,556 
3 2,808,078 8,921,300 13 4,421,853 45,379,409 
4 2,936,554 11,857,854 14 4,635,565 50,014,974 
5 3,141,415 14,999,268 15 4,919,657 54,934,632 
6 3,212,979 18,212,247 16 5,079,648 60,014,280 
7 3,366,579 21,578,826 17 5,321,081 65,335,361 
8 3,517,567 25,096,394 18 5,574,524 70,909,885 
9 3,681,311 28,777,705 19 5,840,577 76,750,462 
10 3,923,195 32,700,900 20 6,044,868 82,795,331 

The NPV of the total costs, total revenues and net costs for this alternative with the 

application of a SMBR to treat the final wastewater stream to obtain permeate suitable 

for use as irrigation water on a nearby golf course.  Like before, these NPVs were 

calculated using the function in Excel where the NPV was calculated for Year 1 to 

Year 20 and then Year 0 data was added to the result.   

 NPV of Total Costs:  $31,568,152 

 NPV of Total Revenue: $380,906 

 NPV of Net Costs:   $31,187,246 

7.7.6. Comparative Summary 

The accumulated net revenues for each of the four alternatives are presented in Table 

138 demonstrating that Alternative 2 has the lowest cost over the life of the project 

whilst the do-nothing alternative is the most expensive option.  When these 

accumulative net costs are plotted, as shown in Figure 80, Alternative Two has the 

least losses.  Compared to the do nothing case in Alternative One, MF of the QXE 

stream has the potential to save the company around $33 M AUD whilst the 

Alternative Three and Alternative Four have the potential to save around $23 M and 

$14 M respectively. 
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Table 138: Net accumulated cost for the four alternatives at year 20 

Scenarios Accumulated Net Cost ($) at Year 20 
Alternative 1 – Do nothing 97,124,899 
Alternative 2 – MF of QXE 64,059,862 
Alternative 3 – SSMBR of IC 74,101,076 
Alternative 4 – SMBR of IC 82,795,331 
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Figure 80: Accumulative costs of the projects for the different alternatives 

When the NPVs are compared, as shown in Table 139, the do-nothing alternative has 

a total NPV cost of around $36 M, whilst Alternative 3 and Alternative 4 are around 

$29 M and $31 M.  Alternative 2, which involves the MF of QXE using ceramic 

membranes, has the lowest NPV at around $25 M and therefore is the best financial 

alternative.   

Table 139: NPVs of the different alternatives compared 

 Alternative 1 Alternative 2 Alternative 3 Alternative 4 
NVP Total Costs 35,832,592 26,750,031 29,074,446 31,568,152 
NVP Revenues 3,716 1,639,492 380,906 380,906 

NPV Net Costs 35,828,876 25,110,539 28,693,540 31,187,246 

These assessments of the four alternatives did not yield positive results in terms of 

profit bearing outcomes, however, membrane filtration technology based alternatives 

enabled the costs associated with water purchase and discharge to be minimised 

during the production of wheat starch.  The placement of a membrane filtration plant 

in the wheat starch factory to treat a raw wheat starch processing tailing stream had 

lower costs than other alternatives.  
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By the placement of the first microfiltration plant on the QXE stream within the starch 

factory process and not on the WWTP effluent, there are on-site benefits in terms of 

increased system reliability and continuance of operations.  As presented in Section 

7.7.3, prioritising the raw wheat starch processing stream will assist in alleviating the 

existing overloading pressures on the WWTP and consequently, minimise or remove 

the incidence of shut down periods due to WWTP failures.  It is also anticipated that 

this would improve effluent quality thereby significantly reduce quality based 

discharge fees.  Furthermore, water extracted from the raw wheat starch processing 

stream via microfiltration is a potential source of additional processing water (after 

trials and/or further treatment).  Concentrated solids, obtained by applying 

microfiltration technology to the raw waste stream, also had an economic value as a 

stock food component.  

As presented in Section 7.4, microfiltration and ultrafiltration are technologies 

suitable to generate permeate from IC anaerobic effluent, which could be used for 

irrigating a golf course.  Demand for such water is expected to be dependent upon 

seasonal influences and relative water scarcity, however, estimated values are 

provided on the potential savings to discharge fees as well as a tentative income value 

for the recycled water.  

Factors affecting the overall evaluation were: initial costs, annual operating costs, 

periodic costs, water purchase costs, wastewater disposal costs, Liquid Fertiliser 

disposal costs, anaerobic sludge disposal costs, natural gas purchase costs and the cost 

of production shutdown due to WWTP failure.  Revenues were assessed as the 

potential to generate income from stockfood and irrigation water and a project salvage 

value was added.  Net costs (Total costs – revenues) demonstrated that membrane 

filtration would not enable the company to generate a profit from their waste disposal 

methods involving membrane filtration.  However, with membrane filtration 

technology it has been demonstrated that it is possible to minimise costs associated 

with waste disposal.  The least cost alternative, measured by accumulated cash flow 

and NPV values, was the cleaner production approach whereby the QXE stream, a 

raw tailing stream, was subjected to microfiltration with ceramic membranes.   
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8. CONCLUSIONS 

8.1. Research Topic and Approach 

This research project investigated the practical application of crossflow membrane 

filtration technology to alleviate financial and other difficulties associated with 

wastewater discharge issues at a wheat starch manufacturing plant in Queensland 

Australia.  Economic considerations related to water purchase and wastewater 

discharge had changed since the plant was commissioned during the 1950s when 

these items represented no cost to the company.  During the study period (March 1999 

to March 2001) the costs associated with incoming potable water and discharged 

wastewater increased and compliance with discharge licence conditions was not 

always possible.  Costs and compliance issues associated with water use and 

wastewater discharge for the relatively large water-user in the food processing 

industry had a negative impact on the company’s business.   

This research project considered more than just the technical capability of membrane 

filtration to treat a wastewater stream.  Site and operational constraints were taken 

into account as well as the financial and legislative aspects of this engineering 

application.  For the research to be an applied technology, all associated factors of the 

problems associated with wastewater discharge had to be considered from a holistic 

viewpoint.  This research project brings together the theoretical knowledge and 

practical application of membrane filtration technology to a wheat starch factory 

setting.   

A number of activities have been undertaken as part of this research project.  

Literature relating to wheat starch processing, wastewater treatment and membrane 

filtration technology has been reviewed.  A thorough investigation of the study site 

was undertaken which involved developing sampling programs and analysing samples 

to characterise waste streams within the starch factory and wastewater treatment plant 

(WWTP).  Water usage data were collated and trends analysed.  Data relating to the 

costs of water purchase and waste waters discharged or disposed were collated.  

Membranes were applied to treat a raw untreated waste processing stream, anaerobic 

digester effluent and final aerated effluent.  Outcomes from these trials and other 
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investigations during the study period were applied to the starch manufacturing 

company’s site specific problems associated with wastewater discharge.  The potential 

permeate and retentate streams were tracked though various product development or 

disposal options.  Finally, financial analyses were undertaken on four investment 

alternatives, including the do-nothing option and three other membrane filtration 

technology application options.  No other research was cited involving the application 

of membrane filtration to alleviate waste water discharge problems at an operational 

wheat starch factory site, which has been undertaken from such a holistic viewpoint 

and yet, detailed assessment level.  

The membrane filtration experiments undertaken by the company in the early 1980s 

were followed with spray drying of the concentrate to produce a stockfood 

component.  Given the high energy costs and the relatively low value of the resultant 

dried product, the technology was not financially viable at that time.  However, the 

application of membrane filtration to various waste streams now more than 25 years 

later has a different set of financial considerations.  Costs associated with wastewater 

discharge and water purchase are greater, membrane filtration technology has made 

advances and the stockfood component has a greater value.  With these new 

considerations it was worthwhile to again review this area of research.   

8.2. Water Usage 

Water usage at the factory site averaged 530 kL/d (SD=194 kL/d) for processing and 

non-processing times, 600 kL/d (SD = 89 kL/d) processing times only and 100 kL/d 

(SD = 66 kL/d) during non-processing times.  Water usage per tonne flour throughput 

was 9.0 kL/t flour throughput (processing and non-processing periods) and 8.7 kL/t 

flour throughput during operational periods only.  Increases in water usage were 

marginal above 40 t/d flour throughput.  At 80 t/d flour throughput water usage was 

similar to that used at 40 t/d flour throughputs.  Regression analysis of data 

determined that water usage (kL/d) equalled 6.46*flour throughput (t/d) + 149.68. 

The influence of ‘shift’ on water usage per tonne flour throughput was investigated 

and it was found that the total water usage was greater for day shift than afternoon or 

night shifts.  Unmetered water usage was less during nightshift than day or afternoon 

shifts and average water usages per shift were significantly different ( = 0.05) for 
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day and night shift.  It was also identified that there was an influence of ‘foreman’ on 

‘shift’ water usage per tonne of flour. 

Water usages at the starch factory were assessed for metered processing equipment 

items and the difference between the total metered water usage and the water meter at 

the water mains was taken as ‘unmetered usage’.  It was determined that unmetered 

water usage represented 52% of freshwater inputs.  Other than unmetered water 

usage, usage was greatest for equipment such as the Tricanter (a three-way separator 

near the front end of the process), process water tank (for application to separation 

processes such as the contrashears), drum filter (a final washing of the A starch) and 

Gls (separators to remove fibre from starch streams). 

8.3. Waste Stream Generation 

Waste stream generation practices were investigated within the starch factory.  The 

waste water discharged to sewer represented 70-75% of incoming water and farm 

disposal of ‘Liquid Fertiliser’ represented up to 20% of incoming fresh water, 

totalling around 90-95% of fresh water inputs were being discharged or disposed from 

the site.  There were three primary waste streams exiting the starch factory in addition 

to the Liquid Fertiliser, including QXE, SB80E and SD4E.   

Daily losses of purchased inputs by discharge and/or disposal as a waste product were 

potentially large from this site.  Daily average and maximum (in brackets) waste 

generation rates for the QXE, SB80E, SD4E and Liquid Fertiliser streams were 

respectively 310 kL (340 kL), 120 kL (140 kL), 120 (140 kL) and 108 kL (270 kL).  

Not all values would necessarily occur simultaneously.  In addition to the water 

losses, flour yield split data show that 13.3% of flour inputs exited the site as 

unwanted products representing a loss to the company.  At a flour throughput of 69 t/d 

approximately nine t/d flour components were lost as waste products during 

processing.  These lost products were paid for four times when considering the 

purchase, processing, waste treatment and discharge fees.  

8.4. On-site Wastewater Treatment Plant 

The design capacity and operations of the on-site wastewater treatment plant were 

investigated and it was determined that there was limited space available on site for 
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further expansion of the on-site WWTP.  The total treatment volume of the WWTP 

was 340 m3 to 370 m3, allowing for normal operations and calamity capacity 

respectively.  Biogas was a valued by-product of anaerobic digestion and was used on 

site to fuel boilers, thereby off-setting natural gas purchases.  Major components of 

the treatment train included a head tank, preacidification tank, mix tank, anaerobic 

digester and aeration tank.  The WWTP was designed to treat a wastestream with a 

hydraulic loading rate (HLR) of 13 m3/h and an organic loading rate (OLR) of 4.4 t/d.   

It was recommended by the suppliers that optimal performance would occur if 

operated at a pH of 6.8 to 7.2, temperature of 36  2 °C, VFA < 5 meq/L and maintain 

the IC reactor alkalinity > 50 meq/L.   It was further recommended that settleable 

solids in the IC effluent should not exceed 1 mL and that suspended solids 

concentrations and gas production rates were indicators of anaerobic treatment 

stability.  Wastestream characteristics of the WWTP streams were collected, analysed 

and trends assessed during the study.   

The WWTP failed several times during the study period due to the presence of 

inhibitors (human error by using a sulphur contaminated spent caustic solution for pH 

adjustment purposes), human error causing overdosing with caustic solution (settings 

changed unknowingly by unknown persons where security control measures not in 

place on PLC) and the feeding with low pH feeds (human error due to a lack of 

understanding by operator on the biological degradation process and equilibrium 

processes needed between acidogenic and methanogenic phases). 

8.5. Water and Wastewater Costs 

Water purchase and wastewater discharge costs were investigated.  Water purchase 

costs were $1.13/kL and were around $220,000 per year.  Costs of wastewater 

discharged to sewer were based on volume at $0.39/kL and quality parameters such as 

BOD5 and SS being $1.07 and $0.42 per kg respectively.  Calculations for these three 

parameters estimated these respective average annual costs as $54,000, $303,000 and 

$163,000, totalling $520,000/y.  However, these total costs could escalate to around 

$3.2 M AUD with high water usage rates and high residual BOD5 and SS 

concentrations in the effluent.  The high discharge fees were related to effluent quality 

and hence, the operations of the WWTP beyond the design capacity and not within the 

recommended optimal conditions directly influenced these costs.  Other 
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miscellaneous costs included disposal of anaerobic sludge ($169,000/y) and Liquid 

Fertiliser disposal costs via trucking expenses ($263,000/y).  Total water purchase 

and wastewater disposal costs were estimated to average around $1,172,000 per year. 

8.6. Productivity Constraints 

Productivity constraints associated with effluent disposal at the starch manufacturing 

plant were indentified as having difficulty with attaining compliance with discharge 

licence conditions, high effluent disposal charges and risk of WWTP failure.  There 

were difficulties in attaining compliance with discharge licence conditions in terms of 

maximum volumes and quality based parameters such as BOD5 and SS 

concentrations.  Licence conditions dictated that maximum volumes discharged were 

limited to 500 kL/day with a maximum permissible rate of discharge at 6 L/sec (21.6 

kL/h).  In addition, quality parameters were set at a maximum BOD5 and suspended 

solids (SS) mass loading of 2500 kg/day and 1500 kg/day respectively.  All of these 

parameters were regularly exceeded and these risks of exceeding the maximum 

permissible discharge limits increased during periods when the reactor was 

imbalanced.  Overloading of the WWTP occurred and operational parameters were 

sometimes not optimal.  In addition to the difficulty in attaining compliance with 

discharge licence conditions as previously stated, this directly resulted in lower biogas 

production rates and poorer effluent quality to be produced.  In turn, this caused 

effluent discharge fees, based on quality charges, to be higher.  

Investigations into the potential for reducing productivity constraints determined that 

waste generation practices need to be controlled to prevent the waste being generated, 

rather than focusing on end-of-pipe solutions.  These approaches provide benefits in 

terms of conserving energy, materials and labour, reduce treatment and disposal costs 

and increase yields.  It was determined that there were many opportunities for 

improvement with respect to management of material and energy flows, process 

controls, optimisation of the WWTP and process conditions, recycling and reuse of 

by-products prior to the WWTP and recovery of waste thermal energy.  The drivers 

for these processes are direct economic benefits, attaining compliance with 

regulations, the reduced risk of WWTP failure as well as the recovery of otherwise 

lost solids and water inputs.  Barriers within the food processing industry appeared to 

include a lack of resources, organisational inertia and inadequate planning.  
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This study has demonstrated that the WWTP performance was compromised due to 

hydraulic and organic overloading as well as human errors in setting and managing 

operating conditions and inputs in accordance with recommended optimal conditions.  

Extraction of water and/or solids prior to the waste streams entering the WWTP 

would improve the performance and stability to produce a higher quality effluent that 

would cost less to discharge to sewer.   

Membrane filtration of a raw (untreated) wheat starch waste stream would provide the 

means for a reduction in HLR and/or OLR required for improved WWTP operations 

and this area was investigated as part of the study.  Permeate could be further polished 

if necessary and blended with incoming water for recycling as process water thereby 

simultaneously reducing fresh water input and wastewater outputs.    

8.7. Membrane Filtration – Raw Wheat Starch Waste Stream  

8.7.1. Membranes Applied 

This research project study found that organic membranes such as polysulphone 

membranes were unsuitable to use with the raw processing stream due to them having 

a low susceptibility to chemical attack from chlorine in the waste stream.  The source 

of the chlorine was sodium hypochlorite used as a cleaning agent during routine 

maintenance of the plant.  This was determined when a membrane ruptured and a 

strong chlorine odour was present in the sample.  Testing of the sample streams for 

chloride ions over a period of two weeks followed and this was proven analytically.  

Ceramic membranes are a more robust membrane known to be more resistant to 

chemical, biological or thermal degradation.  They have a longer life than polymer 

membranes and can withstand backflushing, high temperature sterilisation, and can be 

stored dry (Ogunbiyi et al., 2008) unlike some polymer membranes such as the 

Amicon polysulphone membranes.   

The ceramic membranes used in these experiments were purchased from Fairey 

Industrial Ceramics, UK and had star shaped channels to promote turbulent flow.  

Membranes with three different pore sizes (0.2 µm, 0.35 µm and 0.5 µm) were trialled 

with a raw untreated wastestream called the QXE.   
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8.7.2. Influence of Temperature 

Temperature had a consistent positive effect on permeate flux when operating 

temperature was increased from 30 °C, 40 °C and 50 °C , however the smaller pore 

sized membrane achieved highest flux at 50 °C.  Fluxes for temperature experiments 

ranged approximately from 35 L/m2h to 65 L/m2h at a TMP of 100 kPa.   

No discernible trends were obvious for percent reductions in water quality parameters 

for the different membrane pore sizes, tested at different temperatures.  Results 

included 16-30 % reduction in TS, 98-99 % reduction SS, 23-34 % COD reduction 

and 85-92 % reduction in turbidity.   

8.7.3. Cleaning Efficiencies 

Membrane cleaning efficiencies were determined for the ceramic membranes.  

Around 5-7% of foulants were easily removed with water rinses whilst a NaOH clean 

removed a further 51-70% foulants.  Following these steps, a HNO3 clean achieved a 

further 10-35% foulant removal for 0.35 µm and 0.5 µm membranes, however, the 0.2 

µm membranes actually achieved a decrease in permeate flux due to the HNO3 clean.  

Cumulative cleaning efficiencies for the rinse, alkali and acidic cleans respectively 

ranged from 5-7% (generally lower for larger pore size), 56-76% (generally lower for 

larger pore size) and 53-111% (lower for smaller pore size). 

8.7.4. Influence of pH 

Sample pH was found to influence permeate flux when using the ceramic membranes.  

The lowest flux was achieved for pH 8 and the highest flux was achieved at pH 10.  

When the feed stream was pH 9 and pH 10, the permeate pH was greater than the feed 

stream, demonstrating a preferential passage of negatively charged compounds 

through the membrane and/or a preferential rejection of positively charged species.  

When pH ≤7 the opposite trend was observed as permeate pH was less than feed 

stream pH.   

8.7.5. Influence of Transmembrane Pressure 

The influence of transmembrane pressure (TMP) was tested for the 0.2 µm and 0.35 

µm membranes at 50 kPa, 100 kPa, 150 kPa and 200 kPa and there was no permeate 

flux benefit in increasing the TMP beyond 100 kPa. 
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8.7.6. Influence of Backflushing 

Three different backflushing regimes were trialled using the 0.2 µm ceramic 

membrane at a temperature of 30°C and TMP at 100 kPa using raw wheat starch 

wastewater as the feed.  All treatments included a 30 second backflush but the 

frequency was altered for the three regimes set at every 30 minutes, 15 minutes and 

five minutes .for each respective regime.  Higher permeate flux rates were achieved 

with the more frequent backflush regime (i.e. 30 seconds backflush every five 

minutes).  Permeate flux was also shown to increase over time with these 

experiments.  

8.7.7. Duration of Test  

Duration of test experiments were undertaken using 0.2 µm and 0.35 µm ceramic 

membranes at 30°C and TMP at 100 kPa over four hour periods.  The 0.2 µm 

membrane out-performed the 0.35 µm membrane and the permeate flux was shown to 

increase over time for both membranes, contrary to flux decline theory.  Percent 

reductions of parameters sampled in feed and permeate samples included 50% TS, 

40% COD, 7% protein dsb, 56% protein ‘as is’ and 100% SS and turbidity.  To 

determine the extent to which permeate flux would continue to rise, an experiment 

was conducted over a period of 14 hours and this showed that flux levelled off around 

after six hours but no flux decline of any magnitude occurred after this time.  

8.7.8. Influence of Concentration 

The influence of concentration was tested using the 0.2 µm ceramic membrane at 

33°C and TMP at 100 kPa.  Model B-starch solutions were used as the feed, initially 

at 0.5 wt% and then in a later experiment with the same operating conditions, an 

experiment was undertaken where the concentration was progressively increased from 

0.5 wt% to 10 wt%.  This experiment demonstrated that permeate flux will not 

necessarily be higher for lower concentrated feed streams as after the same period of 

time 10% B-starch solutions had a greater flux than the 0.5% solution.  As the model 

starch solutions demonstrated flux decline unlike the flux increase achieved with QXE 

streams it is suggested that this difference is due to the additional compounds found in 

the processing waste stream which are not in the B-starch solutions.  
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8.7.9. Potential Permeate Reuse  

Due to financial constraints, permeate samples were not analysed according to 

parameters contained in the ADWG.  However, one of the fundamental principles of 

drinking water quality is that it be pathogenic free and it is reported by Rynne and 

Dart (1998) that microfiltration with a 0.2 µm membrane will remove protozoan 

bacteria such as Cryptosporidium parvum and Giardia cysts.  It is recommended that 

further research be undertaken to determine the accuracy of this statement as well as 

to assess whether permeate samples comply with ADWG either as a total sample or 

when blended with potable water at different proportions.   

8.7.10. Alternative Values of Concentrated Product 

When calculations were undertaken to determine the alternative value of the solids 

concentrated up from the QXE stream, the scenarios of selling it as a stockfood 

component or converting it to methane gas and offsetting natural gas purchase costs.  

From these calculations, the concentrated but otherwise untreated product from the 

QXE stream had a potential value of around $250 to $300 per day when at 0.5% 

solids and around $1000 to $1200 per day when the stream contained 2% solids 

values.  Using daily average quality and flow data, potential income was estimated at 

$546 per day.   were Calculations were also undertaken to determine the value of 

concentrated solids converted to methane and the equivalent natural gas usage and 

costs that this could potentially save.  If the HLR of the reactor was reduced its 

treatment capacity for OLR would increase as a result.  These solids, as converted the 

methane-represent between 714 GJ to 1249 GJ energy and have a quarterly natural 

gas value ranging from $10,534 to $17,651.  Using average quality and flow data, 

potential savings on natural gas purchases were calculated as $227 per day.  From 

these comparisons it was demonstrated that the concentrated solids from the QXE 

stream had a greater average value as a stockfood ($546/d) rather than converting it to 

biogas in the anaerobic digester and off-setting natural gas purchases ($227/d).   
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8.8. Membrane Filtration – Treated Wheat Starch Waste Stream 

8.8.1. Crossflow MBR Trials 

Crossflow membrane filtration trials, treating IC reactor anaerobic effluents, were 

undertaken to simulate side-stream MBR and submerged MBR processes.  Respective 

membranes for these trials were a 0.1 µm Amicon hollow fibre membrane with inside 

to outside membrane flow and a 0.4 µm Mitsubishi-Rayon submerged membrane.  

Several tests were performed including the influence of temperature, effectiveness of 

cascading multi-stage membrane modules, reductions in metal and nutrient levels and 

membrane cleaning efficiencies.  

8.8.2. Influence of Temperature 

The influence of temperature on permeate fluxes (increased permeate flux at higher 

temperatures) for the Amicon 0.1 µm membrane was evidence at the beginning of the 

experiments, however after 100 minutes the flux had declined to a similar value for all 

experimental temperatures of 27°C, 30°C and 35°C.  The COD reduction was greatest 

for the lower temperature and decreased as the experimental temperature increased 

(87%, 85% and 84%) whilst the TS reduction showed the opposite trend (50%, 61% 

and 72%).  SS reductions for all temperatures were ≥99%.  The mean fluxes for the 

respective temperatures were 60 L/m2h, 51 L/m2h and 57 L/m2h.   

8.8.3. Cascading Membrane Modules 

The effectiveness of cascading membrane modules with decreasing membrane pore 

size was investigated using Amicon membranes (0.1 µm, 100,000 MWCO and 30,000 

MWCO).  The MF membrane achieved steady state flux immediately whilst the UF 

membranes showed rapid flux decline.  Permeate flux rates were greater for each 

successive step in the multi-stage design indicating that fewer membranes would be 

required for each successive stage in a tapered membrane module design.  Although 

the COD, TS and SS do not reduce between the permeates from the three different 

successive membranes from largest to smallest, the turbidity of these permeates 

progressively decreased and the 30,000 MWCO membrane has a turbidity of zero.  
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8.8.4. Removal of Nutrients and Metal Concentrations 

Nutrient and metal concentrations in samples from the 0.1 µm Amicon membrane 

experiment demonstrated that 100% reductions were achieved for TP and TN when 

results were rounded to whole numbers.  Metal concentrations were also reduced for 

Ca, K, Mg, Al, Cu, Fe, Mn, Zn and Cd, however Li, B and Na were not retained by 

the membrane. 

8.8.5. Cleaning Efficiencies 

Membrane cleaning efficiencies were assessed for the 0.1 µm, 100,000 MWCO and 

30,000 MWCO Amicon membranes using 0.2 N NaOH at 30°C with permeate ports 

closed and the fluid circulated for one hour.  The first DD water flux test after 

cleaning for the 0.1 µm membrane demonstrated that a low 30% cleaning efficiency 

was achieved.  After another clean the cleaning efficiency increased to 55% which 

was still considered low.  On the other hand, the two UF membranes had high 

cleaning efficiencies with around 80% for the 100,000 MWCO membrane and around 

130% cleaning efficiency for the 30,000 MWCO membrane (permeate flux with DD 

water higher than initial flux).   

8.8.6. Submerged MBR Trials 

Experiments for the submerged type membrane used a trial sized 0.4 µm Mitsubishi-

Rayon membrane which was hand operated.  Sample analytical results were compared 

with the side-stream 0.1 µm membrane as the same feed samples were used for both 

membrane types.  Parameters analysed for these samples included N-Ammonia, N-

Oxides, P-Filterable Reactive, P-Total and N-Total.  The permeate from the 0.4 µm 

membrane, used for filtering the unfractionated total IC sample, contained only 2.4% 

TP and 3.8% TN of the concentrations in the original sample.   

8.8.7. Fractionation of Stream 

Nylon mesh filter experiments (105 µm, 63 µm, 30 µm and 11 µm) were also 

undertaken to progressively fractionate and characterise the IC anaerobic effluent 

stream.  The volume of settled sludge in the bottom of the filtrate of each 

progressively smaller filter size increased until the 30 µm filter was used due to 

effects associated with DDL layers and compaction of particles in solution.  Total 

solids (TS) concentrations did not follow the same trend and barely changed until the 
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11 µm filter was used.  The pH of the permeate clearly increased for each filtrate from 

the progressively smaller filter, indicating that the smaller particles were more 

negatively charged than the larger particles.  COD concentrations of the filtrate 

marginally decreased with each smaller filter and then drastically reduced for the 0.45 

µm membrane.  BOD and SS concentrations did not show the same consistent trends 

as COD with various increases and decreases between the filtrate from progressively 

smaller filters.  This was attributed to the selective removal of large positively 

charged counterions thereby enabling exposure of the otherwise protected species 

beneath.  The COD:BOD5 ratio for IC effluent sample equalled two only for the 0.45 

µm filtrates which were the soluble COD and soluble BOD5 components.  These 

experiments demonstrated that components in the waste stream were compacting 

around other compounds or particles and thus chemical attractions between the 

particles in solution were an important factor in determining the physical size of flocs 

and the volume which they occupy.  

8.8.8. Potential Permeate Reuse  

The suitability of permeates as irrigation water from membrane filtration experiments 

(0.1 µm and 0.4 µm membranes) treating IC effluent were assessed against relevant 

guidelines for salinity, chloride levels TP and TN.  Salinity or sodium levels within 

the IC effluent were not affected by microfiltration.  According to guidelines the 

salinity rating of the stream was suitable for ‘moderately tolerant crops’.   

Chloride was not measured in samples from the 0.1 µm membrane, however, they 

were determined for the nylon mesh filter experiments. In these experiments, chloride 

levels of around 400 mg/L were reduced to 180 mg/L after the IC sample was filtered 

with a 0.45 µm glass fibre filter paper.  Levels in the unfiltered sample might cause 

foliar injury in moderately tolerant species as well as has a medium risk rating for the 

potential of cadmium and chloride complexing in the soil and being uptaken by 

plants.  The risks associated with the filtrate from the 0.45 µm filter being used for 

irrigation was reduced whereby it only posed a risk of foliar injury to sensitive crops 

and had a low risk of cadmium uptake by crops.   

Concentrations of metals and nutrients were assessed in permeates from the 0.1 µm 

side stream Amicon membrane and the 0.4 µm submerged Mitsubishi membrane.  

The permeate from the 0.1 µm Amicon membrane did not exceed the DCC maximum 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

367

recommended concentrations of TP and TN for irrigation water which takes into 

account the concentrations that can be tolerated for 100 years.  However, permeate 

from the 0.4 µm Mitsubishi-Rayon membrane was not compliant with this 100-year 

guideline and instead was only suitable for the ACC requirement which considers 

only a 20-year period.  With respect to metal concentrations, the permeate from the 

0.1 µm Amicon membrane did not exceed the DCC maximum recommended 

concentrations.   

8.8.9. Equivalent Natural Gas Value of Concentrated Product 

For the membrane filtration experiments with the 0.1 µm Amicon membrane and 

using IC anaerobic effluent as the feed, the value of the retained COD (84%) was 

calculated and expressed as an equivalent natural gas value.  Based on minimum, 

mean and maximum COD concentrations in the IC effluent of 1,300 mg/L, 6,300 

mg/L and 29,800 mg/L respectively, 84% of this COD converted to a natural gas 

equivalent represents a quarterly heating value of 8,865, 42,962 and 203,217 GJ.  

When calculated according to natural gas purchase price, these respectively have a 

natural gas equivalent value of around $100,000, $500,000 and $2.3 M AUD per 

quarter.  Because it is unlikely that 100% conversion of the 84% COD retained would 

be converted to methane gas, all calculations for the financial assessment uses the 

conservative natural gas equivalent value estimate of $500,000 per year.    

8.9.  Financial Assessment of Alternatives 

As a final part of the assessment process, financial analyses and comparisons were 

undertaken on four investment alternatives including not applying membrane filtration 

technology and applying the technology at different locations within the treatment 

process with various membrane types.  Measures of economic worth used in these 

financial assessments included net present value (NPV) and the accumulated cost over 

a 20 year project life.  The four investment alternatives assessed were as follows: 

 Alternative 1:  The do nothing approach  

 Alternative 2:  Microfiltration (MF) of the raw wheat starch tailing stream QXE 

 Alternative 3:  MF of the biologically treated wheat starch effluent using a side-

stream membrane bioreactor 
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 Alternative 4:  MF of the biologically treated wheat starch effluent using a 

submerged membrane bioreactor (SMBR) 

Financial analysis demonstrated that the application of membrane filtration 

technology would have a positive impact on reducing costs associated with 

wastewater treatment issues at the factory site studied.  That is, the do nothing case, 

presented as Alternative 1, represented the greatest cost over the 20 year project life 

totalling around $97.1 M AUD in accumulated costs and a NPV of net costs at $35.8 

M AUD.  The cleaner production approach, presented as Alternative 2, was assessed 

as the least cost method for dealing with wastewater treatment issues experienced at 

the wheat starch factory.  The accumulated costs over the 20 year period were 

calculated as around $64.1 M AUD and the NPV of net costs was around $25.1 M 

AUD.  This alternative had the potential to have a direct positive impact on preventing 

factory shutdowns and improvement effluent quality produced from the on-site 

WWTP.  In addition, the potential exists for the production of a stockfood component 

which has a greater value than the solids if converted to methane gas.   

Financial assessments for Alternative 3 and Alternative 4 also demonstrated that these 

alternatives were cost saving compared to the do-nothing case, although they were not 

the least cost method.  Alternative 3, an end-of-pipe approach, had an accumulated 

cost of around $74.1 M AUD and a NPV of net costs of around $28.7 M AUD.  

Alternative 4, also an end-of-pipe approach, had an accumulated cost of around $82.8 

M AUD and NPV of net costs of around $31.2 M AUD.  Although the permeate 

produced from the end of pipe approaches would be suitable for sale as an irrigation 

water, these alternatives would not provide benefits further upstream of the WWTP 

where the problems were originating and did not provide the opportunity for 

producing a stock food component which was demonstrated to have a higher value 

than solids converted to biogas. In addition, the sale of irrigation water to an external 

party would be influence by seasonal demand patterns and require a greater 

management commitment and legal expertise inputs due to the starch manufacturer 

then being classed as a water provider.   

The comparative summary of results, as presented in Section 7.7.6, identified 

Alternative 2 as the least cost method for managing financial and other issues 

associated with wastewater discharge at the factory site studied.  
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9. FINAL RECOMMENDATIONS AND 

FUTURE WORK 

9.1. Final Recommendations 

This research project highlighted the need to assess the impact of membrane filtration 

applications to food processing industries on a holistic and site specific level to 

determine the most technical and economic cost effective method of dealing with 

issues related to waste waters.  Whilst there are many examples of membrane 

filtration experimental works from an extremely narrow focus, if the constraints and 

financial impacts are not taken into account for the manufacturing business in 

question, the applicability of the technology will not necessarily be accurately 

assessed or optimised.   

It is recommended that any application of membrane filtration technology to address 

the issues of wastewater for a specific industry should include: 

 Investigation of the site to identify: 

o The historical aspects of the issue, including previous investigations to 

overcome difficulties. 

o Existing wastestream characteristics (generation activities and causes, 

quality and quantity aspects, economic considerations, existing 

technologies, drivers and barriers to altering these aspects). 

o Investigation of upstream contributing factors rather than focusing 

only on the wastestream in an end-of-pipe approach. 

o Presented drivers and barriers to altering existing situation, including 

human, technological and economic aspects of the issue. 

o Potential reuse options of wastewater (includes existing water use 

quantities, qualities and costs). 

 Membrane filtration laboratory trials on the actual waste streams to be treated and 

a full analysis of flux and sample (feed, permeate and retentate) quality analysis. 
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 Investigations on the benefits and costs associated with the reuse of the 

concentrated and permeate streams where results from site investigations and 

membrane trials are used in the calculations.  

 Financial analysis on the identified options for the business, including the do-

nothing option. 

9.2. Future Work 

During the course of this research project one of the major anomalies which was 

encountered was the unexplained occurrence of flux increases with time when 

filtering raw wheat starch wastewaters.  Discussions with Anthony Fane ([2003]), 

who researched membrane filtration of wheat starch factory effluents in the 1970s, 

verified that their research team had also noticed this unusual occurrence on some 

occasions when they had undertaken their research project back in the 1970s.  To 

date, this phenomenon has not been sufficiently investigated and explained.   

It is theorised that when membranes with pore sizes sufficiently small to prevent pore 

blocking are used, the properties of starch, gluten and/or pentosans in the wastewater, 

under certain pressure and temperature conditions, might cause a preferential fouling 

layer known as a dynamic membrane to form.  That is, the gelatinisation properties of 

wheat starch, combined with the elastic properties of gluten and the water absorption 

properties of pentosans within the waste stream might cause the development of a 

water permeable membrane that protects the original membrane surface from adverse 

fouling.  It is postulated that this simultaneously enhances water diffusion and 

subsequently increases permeate flux.  

It is recommended that this phenomenon be further investigated as the subject of 

future work as this could provide the opportunity to develop a conditioning treatment 

for membranes used not only in the wheat starch processing industry but also 

potentially for use in other industries as well. 

As suggested in Section 7.4.3, it is recommended that further research and testing be 

undertaken to determine the suitability of permeate as process water as well as to 

analyse and assess permeate samples against ADWG.   

 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

371

10. REFERENCES  

Abu-Jdayil, B., Mohameed, H. and Eassa, A. (2004) Rheology of starch-milk-sugar 
systems: effect of heating temperature, Carbohydrate Polymers, 55, 307-314. 

Afonso, M. D., Ferrer, J. and Borquez, R. (2004) An economic assessment of proteins 
recovery from fish meal effluents by ultrafiltration, Trends in Food Science & 
Technology, 15, 506-512. 

Agyare, K. K., Xiong, Y. L. and Addo, K. A. (2008) Influence of salt and pH on the 
solubility and structural characteristics of transglutaminase-treated wheat 
gluten hydrolysate, Food Chemistry, 107, 1131-1137. 

Ahmed, Z., Cho, J., Lim, B.-R., Song, K.-G. and Ahn, K.-H. (2007) Effects of sludge 
retention time on membrane fouling and microbial community structure in a 
membrane bioreactor, Journal of Membrane Science, 287 211-218. 

Ahn, Y. T., Kang, S. T., Chae, S. R., Lee, C. Y., Bae, B. U. and Shin, H. S. (2007) 
Simultaneous high-strength organic and nitrogen removal with combined 
anaerobic upflow bed filter and aerobic membrane bioreactor, Desalination, 
202 114-121. 

Akoum, O., Jaffrin, M. Y. and Ding, L. H. (2005) Concentration of total milk proteins 
by high shear ultrafiltration in a vibrating membrane module, Journal of 
Membrane Science, 247 211-220. 

Akoum, O., Jaffrin, M. Y., Ding, L. H. and Frappart, M. (2004) Treatment of dairy 
process waters using a vibrating filtration system and NF and RO membranes, 
Journal of Membrane Science, 235 111-122. 

Al-Amoudi, A. and Lovitt, R. W. (2007) Fouling strategies and the cleaning system of 
NF membranes and factors affecting cleaning efficiency, Journal of 
Membrane Science, 303, 4-28. 

Al-Mahasneh, M. A. and Rababah, T. M. (2007) Effect of moisture content on some 
physical properties of green wheat, Journal of Food Engineering, 79, 1467-
1473. 

Al-Malah, K. I., Azzam, M. O. J. and Abu-Jdayil, B. (2000) Effect of glucose 
concentration on the rheological properties of wheat-starch dispersions, Food 
Hydrocolloids, 14, 491-496. 

Al-Neshawy, A. A. and Al-Eid, S. M. (2000) Improving the quality and oxidative 
stability of vegetable oil shortening using fermented dairy products and wheat 
gluten, Food chemistry, 71, 57-60. 

Alemdar, A. and Sain, M. (2008) Biocomposites from wheat straw nanofibers: 
Morphology, thermal and mechanical properties, Composites Science and 
Technology, 68, 557-565. 

Alvarez, S., Alvarez, R., Riera, F. A. and Coca, J. (1998) Influence of depectinization 
on apple juice ultrafiltration, Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 138, 377-382. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

372

Anderson, R. B. (1997) Business Proposal for Disposal of Liquid Waste, Weston 
Bioproducts, Brisbane. 

Andrew, I. G. and Stone, B. A. (1983) Affinity Chromatography of Arabinogalactan-
Proteins, Carbohydrate Polymers, 3, 227-238. 

Anguita, M., Gasa, J., Martín-Orúe, S. M. and Pérez, J. F. (2006) Study of the effect 
of technological processes on starch hydrolysis, non-starch polysaccharides 
solubilization and physicochemical properties of different ingredients using a 
two-step in vitro system, Animal Feed Science and Technology, 129, 99-115. 

Anselme, C. and Jacobs, E. P. (1996) In Water treatment membrane processes(Eds, 
Mallevialle, J., Odendaal, P. E. and Wiesner, M. R.) McGraw-Hill, New York, 
pp. 10.1-10.88. 

ANZECC and ARMCANZ (2000) The Australian and New Zealand Guidelines for 
Fresh and Marine Water Quality Australian and New Zealand Environment 
and Conservation Council and Agriculture and Resource Management Council 
of Australia and New Zealand. 

Aptel, P. and Buckley, C. A. (1996) In Water treatment membrane processes(Eds, 
Mallevialle, J., Odendaal, P. E. and Wiesner, M. R.) McGraw-Hill, New York, 
pp. 2.1-2.24. 

Arnot, T. C., Field, R. W. and Koltuniewicz, A. B. (2000) Cross-flow and dead-end 
microfiltraiont of oily-water emulsions, Part II. Mechanisms and modellign of 
flux decline, Journal of Membrane Science, 169, 1-15. 

Arora, N. and Davis, R. H. (1994) Yeast cake layers as secondary membranes in dead-
end microfiltration of bovine serum albumin, Journal of Membrane Science, 
92, 247-256. 

Arsuaga, J., López-Muñoz, M., Aguado, J. and Sotto, A. (2008) Temperature, pH and 
concentration effects on retention and transport of organic pollutants across 
thin-film composite nanofiltration membranes, Desalination, 221, 253-258. 

Asatekin, A., Menniti, A., Kang, S., Elimelech, M., Morgenroth, E. and Mayes, A. M. 
(2006) Antifouling nanofiltration membranes for membrane bioreactors from 
self-assembling graft copolymers, Journal of Membrane Science, 285 81-89. 

Atkinson, S. (2005) Isoflux membrane technology is efficient and economical, 
Membrane Technology, August, 9-10. 

Austermann-Haun, U., Seyfried, C. F. and Rosenwinkel, K.-H. (1997) Full scale 
experiences with anaerobic pre-treatment of wastewater in the food and 
beverage industry in Germany, Water Science and Technology, 36, 321-328. 

Autio, K. (2006) Effects of cell wall components on the functionality of wheat gluten, 
Biotechnology Advances, 24, 633-635. 

AWWA Membrane Technology Research Committee (1998) Committee Report: 
membrane processes, Journal AWWA, 91-105. 

AWWA. and ASoCE. (1997) Water treatment plant design, McGraw Hill, Sydney. 

Azbar, N., Ursillo, P. and Speece, R. E. (2001) Effect of process configuration and 
substrate complexity on the performance of anaerobic processes, Water Res., 
35, 817-829. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

373

Baker, R. J., Fane, A. G., Fell, C. J. D. and Yoo, B. H. (1985) Factors affecting flux in 
crossflow filtration, Desalination, 53, 81-93. 

Baks, T., Ngene, I. S., van Soest, J. J. G., Janssen, A. E. M. and Boom, R. M. (2007) 
Comparison of methods to determine the degree of gelatinisation for both high 
and low starch concentrations, Carbohydrate Polymers, 67, 481-490. 

Banerjee, A., Elefsiniotis, P. and Tuhtar, D. (1999) The effect of addition of potato-
processing wastewater on the acidogenesis of primary sludge under varied 
hydraulic retention time and temperature, Journal of Biotechnology, 72, 203-
212. 

Bansal, B., Al-Ali, R., Mercade-Prieto, R. and Chen, X. D. (2006) Rinsing and 
cleaning of a α-lactalbumin foulded MF membranes, Separation and 
Purification Technology, 48, 202-207. 

Barampouti, E. M. P., Mai, S. T. and Vlyssides, A. G. (2005) Dynamic modeling of 
biogas production in an UASB reactor for potato processing wastewater 
treatment, Chemical Engineering Journal, 106, 53-58. 

Barba, D., Evangelista, F., Wang, H. and Spera, D. (1997) The effects of osmotic 
pressure and fouling during a concentration process of BSA solutions by 
ultrafiltration, Desalination, 114, 183-188. 

Barbiroli, G. and Raggi, A. (2003) A method for evaluating the overall technical and 
economic performance of environmental innovations in production cycles, 
Journal of Cleaner Production, 11, 365-374. 

Barker, D. J., Mannucchi, G. A., Salvi, S. M. L. and Stuckey, D. C. (1999) 
Characterisation of soluble residual chemical oxygen demand (COD) in 
anaerobic wastewater treatment effluents, Water Research, 33, 2499-2510. 

Barker, D. J. and Stuckey, D. C. (1999) A review of soluble microbial products 
(SMP) in wastewater treatment systems, Water Research, 33, 3063-3082. 

Batstone, D. J. and Keller, J. (2001) Variation of bulk properties of anaerobic granules 
with wastewater type, Water Research, 35, 1723-1729. 

Bauer, B. A. and Knorr, D. (2004) Electrical conductivity: a new tool for the 
determination of high hydrostatic pressure-induced starch gelatinisation, 
Innovative Food Science & Emerging Technologies, 5, 437-442. 

BCC (2000) Guideline on Identifying and Applying Water Quality Objectives in 
Brisbane City, Version 1-  March 2000 Division, U. M., Brisbane City 
Council. 

BCC (undated) Non-residential water restrictions, Brisbane City Council, 
hhttttpp::////wwwwww..bbrriissbbaannee..qqlldd..ggoovv..aauu//BBCCCC::BBAASSEE::::ppcc==PPCC__22116611, 08 November. 

Bérot, S., Chaufer, B., Basso, Y., Legay, C. and Popineau, Y. (1999) Fractionation of 
gliadin hydrolysates in water-ethanol by ultrafiltration with modified or 
unmodified membranes, Biotechnology and Bioengineering, 62, 649-658. 

Bérot, S., Popineau, Y., Compoint, J.-P., Blasses, C. and Chaufer, B. (2001) 
Ultrafiltration to fractionate wheat polypeptides, Journal of Chromatography 
B, 753, 29-35. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

374

Bérubé, P. R., Lin, H. and Watai, Y. (2008) Fouling in air sparged submerged hollow 
fiber membranes at sub- and super-critical flux conditions, Journal of 
Membrane Science, 307 169-180. 

Bilstad, T. (1997) Membrane operations, Water Science and Technology, 36, 17-24. 

Blazek, J. and Copeland, L. (2008) Pasting and swelling properties of wheat flour and 
starch in relation to amylose content, Carbohydrate Polymers, 71 380-387. 

Böddeker, K. W. (1990) Terminology in pervaporation, Journal of Membrane 
Science, 51, 259-272. 

Bonnélye, V., Guey, L. and Del Castillo, J. (2008) UF/MF as RO pre-treatment: the 
real benefit, Desalination, 222, 59-65. 

Bordwell, F. (1988) Equilibrium Acidities in Dimethyl Sulfoxide Solution, Acc. 
Chem. Res., 21, 456-463. 

Borzacconi, L., López, I. and Anido, C. (1997) Hydrolysis constant and VFA 
inhibition in acidogenic phase of MSW anaerobic degradation, Water Science 
and Technology, 36, 479-484. 

Bottier, C., Géan, J., Artzner, F., Desbat, B., Pézolet, M., Renault, A., Marion, D. and 
Vié, V. (2007) Galactosyl headgroup interactions control the molecular 
packing of wheat lipids in Langmuir films and in hydrated liquid-crystalline 
mesophases, Biochimica et Biophysica Acta, 1768, 1526-1540. 

Bouallagui, H., Touhami, Y., Cheikh, R. B. and Hamdi, M. (2005) Bioreactor 
performance in anaerobic digestion of fruit and vegetable wastes, Process 
Biochemistry, 40, 989-995. 

Bowen, W. R., Kingdon, R. S. and Sabuni, H. A. M. (1989) Electrically enhanced 
separation processes: the basis of in situ intermittent electrolytic membrane 
cleaning (IIEMC) and in situ electrolytic membrane restoration (IEMR), 
Journal of Membrane Science, 40, 219-229. 

Bowen, W. R. and Sharif, A. O. (2002) Prediction of optimum membrane design: pore 
entrance shape and surface potential, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 201, 207-217. 

Breseghello, F. and Sorrells, M. E. (2007) QTL analysis of kernel size and shape in 
two hexaploid wheat mapping populations, Field Crops Research, 101, 172-
179. 

Brisbane Water (1999) The Trade Waste Guide: Protecting our waterways and 
Moreton Bay, Brisbane City Council, Brisbane. 

Brockmann, M. and Seyfried, C. F. (1996) Sludge activity and cross-flow 
microfiltration - a non-beneficial relationship, Water Science and Technology, 
34, 205-213. 

Brugger, A., Vossenkaul, K., Merlin, T. and Rautenbach, R. (2000) Reuse of filter 
backwash water using ultrafiltration technology, Filtration and Separation, 37, 
22-26. 

Busch, J., Cruse, A. and Marquardt, W. (2007) Modeling submerged hollow-fiber 
membrane filtraiton for wastewater treatment, Journal of Membrane Science, 
288, 94-111. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

375

Büscher, S. (2001), Recovering of pentosans from wheat starch and gluten washing 
water by cross-flow microfiltration, Diplomarbeit, Landwirtschaftlichen 
Fakultät, Rheinischen Friedrich-Wilhelms-Universität, Bonn.  

Bushuk, W. (1997) Wheat Gluten - more than just bread, 30 November. 

Buyukkamaci, N. and Filibeli, A. (2004) Volatile fatty acid formation in an anaerobic 
hybrid reactor, Process Biochemistry, 39, 1491-1494. 

Cabassud, C., Laborie, S., Durand-Bourlier, L. and Lainé, J. M. (2001) Air sparging 
in ultrafiltration hollow fibers: relationship between flux enhancement, cake 
characteristics and hydrodynamic parameters, Journal of Membrane Science, 
181 57-69. 

Cakl, J., Bauer, I., Dolecek, P. and Mikulasek, P. (2000) Effects of backflushing 
conditions on permeate flux in membrane crossflow microfiltration of oil 
emulsion, Desalination, 127, 189-198. 

Cardew, P. T. and Le, M. S. (1998) Membrane Processes: A technology guide, The 
Royal Society of Chemistry, Cambridge. 

Carvajal-Millan, E., Guigliarelli, B., Belle, V., Rouau, X. and Micard, V. (2005) 
Storage stability of laccase induced arabinoxylan gels, Carbohydrate 
Polymers, 59, 181-188. 

Cavalcanti, P. F. F., Medeitros, E. J. S., Silva, J. K. M. and van Haandel, A. (1999) 
Excess sludge discharge frequency for UASB reactors, Water Science and 
Technology, 40, 211-219. 

Chai, X., Mi, Y., Yue, P.-L. and Chen, G. (1999) Bean curd wastewater treatment by 
membrane separation, Separation and purification technology, 15, 175-180. 

Chan, R., Chen, V. and Bucknall, M. P. (2002) Ultrafiltration of protein mixtures: 
measurement of apparent critical flux, rejection performance, and 
identificaiton of protein deposition, Desalination, 146, 83-90. 

Chang, J., Manem , J. and Beaubien, A. (1993) Membrane bioprocesses for the 
denitrification of drinking water supplies Journal of Membrane Science, 80, 
233-239. 

Chang, S. and Fane, A. G. (2000) Characteristics of microfiltration of suspensions 
with inter-fiber two-phase flow, Journal of Chemical Technology adn 
Biotechnology, 75, 533-540. 

Chanvrier, H., Uthayakumaran, S. and Lillford, P. (2007) Rheological properties of 
wheat flour processed at low levels of hydration: Influence of starch and 
gluten, Journal of Cereal Science, 45, 263-274. 

Chellam, S., Serra, C. A. and Wiesner, M. R. (1998) Estimating costs for integrated 
membrane systems, Journal AWWA, 90, 96-104. 

Chen, D., Weavers, L. K. and Walker, H. W. (2006) Ultrasonic control of ceramic 
membrane fouling by particles: Effect of ultrasonic factors, Ultrasonics 
Sonochemistry, 13, 379-387. 

Chen, H. and Kim, A. S. (2006) Prediction of permeate flux decline in crossflow 
membrane filtration of colloidal suspension: a radial basis function neural 
network approach, Desalination: International Congress on Membranes and 
Membrane Processes, 192, 415-428. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

376

Cheryan, M. and Rajagopalan, N. (1998) Membrane processing of oily streams. 
Wastewater treatment and waste reduction, Journal of Membrane Science, 
151, 13-28. 

Ching-Shyung, H., Donion, B. and Lettinga, G. (1996) Comparative toxicity of long-
chain fatty acid to anaerobic sludges from various origins, Water Science and 
Technology, 34, 351-358. 

Choi, J.-H. and Ng, H. Y. (2007) Effect of membrane type and material on 
performance of a submerged membrane bioreactor, Chemosphere, In Press, 
Corrected Proof,  

Christy, C. and Vermant, S. (2002) The state-of-the-art of filtration in recovery 
processes for biopharmaceutical production, Desalination, 147, 1-4. 

Chua, H. C., Arnot, T. C. and Howell, J. A. (2002) Controlling fouling in membrane 
bioreactors operated with a variable throughput, Desalination, 149, 225-229. 

Chupakhina, S. and Kottke, V. (2008) Using a yeast cell layer as a secondary 
membrane in microfiltration, Desalination, 224, 18-22. 

Close, G. (1988) CRC Coal Coating, Memorandum, Love Starches, Brisbane. 

COAG (2005) About COAG, Commonwealth of Australia, 
hhttttpp::////wwwwww..ccooaagg..ggoovv..aauu//aabboouutt..hhttmm, 10 August 2007. 

COAG (2006a) Commonwealth-State Ministerial Councils: a Compendium, 
Commonwealth Government - Department of the Prime Minister and Cabinet, 
hhttttpp::////wwwwww..ccooaagg..ggoovv..aauu//ccoommppeennddiiuumm//ccoommppeennddiiuumm..ppddff, 10 August 2007. 

COAG (2006b) Ministerial Councils, Commonwealth of Australia, 
hhttttpp::////wwwwww..ccooaagg..ggoovv..aauu//mmiinniisstteerriiaall__ccoouunncciillss..hhttmm, 10 August 2007. 

Commonwealth of Australia (1994) National Environment Protection Council Act 
1994,  

Commonwealth of Australia (2002) Environmental Health Risk Assessment: 
Guidelines for Assessing Human Health Risks from Environmental Hazards, 
Council, D. o. H. a. A. a. e., Commonwealth of Australia. 

Commonwealth of Australia (2007a) Environment Protection and Biodiversity 
Conservation Act 1999, Act No. 91 of 1999 as amended, , Attorney-General’s 
Department, C., Office of Legislative Drafting and Publishing,. 

Commonwealth of Australia (2007b) Environment Protection and Biodiversity 
Conservation Regulations 2000, Statutory Rules 2000 No. 181 as amended, 
made under the Environment Protection and Biodiversity  Conservation Act 
1999, Attorney-General’s Department, C., Office of Legislative Drafting and 
Publishing, . 

Commonwealth of Australia (2007c) Water quality publications, Australian 
Government, Department of the Environment and Water Resources, 
hhttttpp::////wwwwww..eennvviirroonnmmeenntt..ggoovv..aauu//wwaatteerr//ppuubblliiccaattiioonnss//qquuaalliittyy//iinnddeexx..hhttmmll##nnwwqqmmss
gguuiiddeelliinneess, 10 August 2007. 

Cornell, H. and Hoveling, A. (1998) Wheat chemistry and utilization, Technomic, 
Lancaster. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

377

Cortinas, S., Luque, S., Alvarez, J., Canaval, J. and Romero, J. (2002) Microfiltration 
of kraft black liquors for the removal of colloidal suspended matter (pitch), 
Desalination, 147, 49-54. 

Crini, G. (2005) Recent developments in polysaccharide-based materials used as 
adsorbents in wastewater treatment, Progress in Polymer Science, 30, 38-70. 

Cropper, M. (1982), N B Love Ultrafiltration studies: Progress report summary, qx 
and pentosans wastestreams ultrafiltration studies summary, N B Love, 
Enfield or Altona. 

Cross, R. A. (2002) Optimum process designs for ultrafiltration and crossflow 
microfiltration systems, Desalination, 145, 159-163. 

Cuperus, F. P. (1998) Membrane processes in agro-food state-the-art and new 
opportunities, Separation and purification technology, 14, 233-239. 

Davies, G. A. and Jia, X. (1995) Simulation of the structure and filtration performance 
of granular porous membranes, Journal of Membrane Science, 106 67-87. 

de Amorim, M. T. P. and Ramos, I. R. A. (2006) Control of irreversible fouling by 
application of dynamic membranes, Desalination, 192, 63-67. 

de Moura, J., Gonçalves, L., Sarmento, L. and Petrus, J. (2007) Purification of 
structured lipids using SCCO2 and membrane process, Journal of Membrane 
Science, 299, 138-145. 

de Souza, M., Petrus, J., Gonçalves, L. and Viotto, L. (2008) Degumming of corn 
oil/hexane miscella using a ceramic membrane, Journal of Food Engineering, 
86, 557-564. 

Debet, M. R. and Gidley, M. J. (2006) Three classes of starch granule swelling: 
Influence of surface proteins and lipids, Carbohydrate Polymers, 64, 452-465. 

Delgado, S., Villarroel, R. and González, E. (2007) Effect of the shear intensity on 
fouling in submerged membrane bioreactor for wastewater treatment, Journal 
of Membrane Science, In Press, Corrected Proof,  

DeWitt, C. A. M. and Morrissey, M. T. (2002) Parameters for the recovery of 
proteases from surimi wash water, Bioresource Technology, 81, 241-247. 

Dharmappa, H. B. and Hagare, P. (1999) Economic analysis and design of crossflow 
microfiltration for water treatment systems, Desalination, 121, 1-11. 

Driessen, W., Habets, L. and Vereijken, T. (1997a) Novel anaerobic and aerobic 
process to meet strict effluent plant design requirements, Ferment, 243-250. 

Driessen, W., Habets, L. and Vereijken, T. (1997b), Novel anaerobic and aerobic 
process to meet strict effluent plant design requirements at an urban brewery 
in the Netherlands, Symposium of the Institute of Brewing - Asia Pacific 
Section, Auckland, New Zealand, Paques Water Systems B.V. 

Driessen, W. and Yspeert, P. (1998), Anaerobic treatment of low, medium and high 
strength effluent in the agro-industry, Fifth Latin American wastewater 
anaerobic treatment workshop-seminar, Cita del Mar,  

Eagles, W. P. and Wakeman, R. J. (2002) Interactions between dissolved material and 
the fouling layer during microfiltration of a model beer solution, Journal of 
Membrane Science, 206, 253-264. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

378

Eastwood, A. and Tainsh, R. A. (1999), Pinch technology for water re-use, 
International Wastewater Recycle and Reuse 1 (IWRR 1), Cranfield 
University, Cranfield University. 

Eaton, A. D., Clesceri, L. S. and Greenberg, A. E. (Eds.) (1995) Standard methods for 
the examination of water and wastewater, American Public Health 
Association (APHA), American Water Works Association (AWWA) and 
Water Environment Federation (WEF), Washington, DC. 

Edwards, M. A., Osborne, B. G. and Henry, R. J. (2007) Investigation of the effect of 
conditioning on the fracture of hard and soft wheat grain by the single-kernel 
characterization system: A comparison with roller milling, Journal of Cereal 
Science, 46, 64-74. 

Egorov, T. A., Odintsova, T. I., Shewry, P. R. and Tatham, A. S. (1998) 
Characterisation of high Mr wheat glutenin polymers by agarose gel 
eletrophoresis and dynamic light scattering, FEBS Letters, 434,  

El-Gohary, F. A., Nasr, F. A. and Aly, H. I. (1999) Cost-effective pre-treatment of 
food-procesing industrial wastewater, Water Science and Technology, 40, 17-
24. 

El-Mamouni, R., Leduc, R. and Guiot, S. R. (1998) Influence of synthetic and natural 
polymers on the anerobic granulation process, Water Science and Technology, 
38, 341-347. 

Elimelech, M. (2007) Yale constructs forward osmosis desalination pilot plant, 
Membrane Technology, January, 7-8. 

Elizalde, B. E. and Pilosof, A. M. R. (1999) Kinetics of physico-chemical changes in 
wheat gluten in the vicinity of the glass transition temperature, Journal of 
Food Engineering, 42, 97-102. 

Endo, G. and Tohya, Y. (1988) Ecological study of anaerobic sludge bulking caused 
by filamentous bacterial growth in an anaerobic contact process, Water 
Science and Technology, 20, 205-211. 

Entwistle, G., Bachelor, S., Booth, E. and Walker, K. (1998) Economics of starch 
production in the UK, Industrial Crops and Products, 7, 175-186. 

EPA (2007) Oxley Creek Environmental Values and Water Quality Objectives, 
Queensland Environmental Protection Agency, 16 August 2007. 

EPHC (1999) National Environmental Protection (Assessment of Site Contamination) 
Measure, NEPC, hhttttpp::////wwwwww..eepphhcc..ggoovv..aauu//ppddff//ccss//ccss__mmeeaassuurree..ppddff, 10 August 
2007. 

EPHC (2006) National Environment Protection Measures (NEPMs) Explained 
Environment Protection and Heritage Council 
hhttttpp::////wwwwww..eepphhcc..ggoovv..aauu//nneeppmmss//nneeppmmss..hhttmmll, 10 August 2007. 

Espinosa, A., Rosas, L., Ilangovan, K. and Noyola, A. (1995) Abstract - Effect of 
trace metals on the anaerobic degradation of valatile fatty acids in molasses 
stillage, Water Science and Technology, 32, 121-129. 

Esposito, F., Arlotti, G., Bonifati, A. M., Napolitano, A., Vitale, D. and Fogliano, V. 
(2005) Antioxidant activity and dietary Wbre in durum wheat bran by-
products, Food Research International, 38 1167-1173. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

379

Fabris, R., E.K., L., Chow, C. W. K., Chen, V. and Drikas, M. (2007) Pre-treatments 
to reduce fouling of low pressure mciro-filtration (MF) membranes, Journal of 
Membrane Science, 289, 231-240. 

Fane, A. G. ([2003]) Discussion on membrane filtration results with wheat starch 
wastewater as the feed, Pidgeon, E., Sydney. 

Fane, A. G. and Fell, C. J. D. (1977) Recovery of soluble protein from wheat starch 
factory effluents, AlChE Symposium Series, 73, 198-205. 

Fane, A. G., Lefebvre, M. S., Fell, C. J. D. and Stevenson, T. R. ([1978]) Recovery of 
solids from wheat starch factory effluents, unknown, 55-58. 

Fang, H. H. P. and Kwong, T. S. (1995) Anaerobic digestion of starch particulates in 
an upslow sludge blanket filter reactor, Environmental Technology, 16, 13-23. 

Farizoglu, B. and Keskinler, B. (2006) Sludge characteristics and effect of crossflow 
membrane filtration on membrane fouling in a jet loop membrane bioreactor 
(JLMBR), Journal of Membrane Science, 279, 578-587. 

Farizoglu, B., Keskinler, B., Yildiz, E. and Nuhoglu, A. (2004) Cheese whey 
treatment performance of an aerobic jet loop membrane bioreactor, Process 
Biochemistry, 39, 2283-2291. 

Farizoglu, B., Keskinler, B., Yildiz, E. and Nuhoglu, A. (2007) Simultaneous removal 
of C, N, P from cheese whey by jet loop membrane bioreactor (JLMBR), 
Journal of Hazardous Materials, 146 399-407. 

Fievet, P., Szymczyk, A., Labbez, C., Aoubiza, B., Simon, C., Foissy, A. and Pagetti, 
J. (2001) Determiniing the zeta potential of porous membranes using 
electrolyte conductivity inside pores, Journal of Colloid and Interface Science, 
235, 383-390. 

Flemming, H.-C., Schaule, G., Griebe, T., Schmitt, J. and Tamachiarowa, A. (1997) 
Biofouling - the Achilles heel of membrane processes, Desalination, 113, 215-
225. 

Fouques, D. and Ralet, M.-C. (1996) An experiment on the succinylation of wheat 
gluten and its consequences for pH-solubility, Biochemical Education, 24, 
232-233. 

Frappart, M., Akoum, O., Ding, L. H. and Jaffrin, M. Y. (2006) Treatment of dairy 
process waters modelled by diluted milk using dynamic nanofiltration with a 
rotating disk module, Journal of Membrane Science, 282 465-472. 

Frappart, M., Jaffrin, M. and Ding, L. H. (2007) Reverse osmosis of diluted skim 
milk: Comparison of results obtained from vibratory and rotating disk 
modules, Separation and Purification Technology Article in press,  

Frazier, P. J., Richmond, P. and Donald, A. M. (Eds.) (1997) Starch: structure and 
functionality, The Royal Society of Chemistry, Cambridge. 

Free, M., L. (2001) Using surfactants in iron-based CMP slurries to minimize 
residual particles, Micro Magazine, 
wysiwyg://9/hhttttpp::////wwwwww..mmiiccrroommaaggaazziinnee..ccoomm//aarrcchhiivvee//9988//0055//ffrreeee..hhttmmll, 23 May 
2001. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

380

Fu, B. X., Sapirstein, H. D. and Bushuk, W. (1996) Salt-induced 
disaggregation/solubilization of gliadin and glutenin proteins in water, Journal 
of Cereal Science, 24, 241-246. 

Fukui, M., Suh, J.-I. and Urushigawa, Y. (1999) In situ substrates for sulfidogens and 
methanogens in municipal anaerobic sewage digesters with different levels of 
sulfate, Water Research, 34, 1515-1524. 

Gaddis, J. L., Amond, T. C. and Thomas, R. L. (1999) Ultrafiltration of gelatinous 
cornstarch suspensions, Separation Science and Technology, 34, 1253-1276. 

Galil, N. I. and Levinsky, Y. (2007) Sustainable reclamation and reuse of industrial 
wastewater including membrane bioreactor technologies: case studies, 
Desalination, 202 411-417. 

Gan, Q. (2001) Beer clarification by cross-flow microfiltration -- effect of surface 
hydrodynamics and reversed membrane morphology, Chemical Engineering 
and Processing, 40, 413-419. 

Gan, Q., Howell, J. A., Field, R. W., England, R., Bird, M. R., O'Shaughnessy, C. L. 
and MeKechinie, M. T. (2001) Beer clarification by microfiltration -- product 
quality control and fractionation of particles and macromolecules, Journal of 
Membrane Science, 194, 185-196. 

Gander, M., Jefferson, B. and Judd, S. (2000) Aerobic MBRs for domestic wastewater 
treatment: a review with cost considerations, Separation and Purification 
Technology, 18,  

Geng, Z., Hall, E. R. and Bérubé, P. R. (2007) Membrane fouling mechanisms of a 
membrane enhanced biological phosphorus removal process Journal of 
Membrane Science, 296 93-101. 

Gésan-Guiziou, G., Boyaval, E. and Daufin, G. (1999) Critical stability conditions in 
crossflow microfiltraion of skimmed milk: transition to irreversible deposition, 
Journal of Membrane Technology, 211-222. 

Ghangrekar, M. M., Asolekar, S. R., Ranganathan, K. R. and Joshi, S. G. (1996) 
Experience with UASB reactor start-up under different operating conditions, 
Water Science and Technology, 34, 421-428. 

Ghidossi, R., Veyret, D. and Moulin, P. (2006) Computational fluid dynamics applied 
to membranes: State of the art and opportunities, Chemical Engineering and 
Processing, 45, 437-454. 

Ghosh, P. K., Jayas, D. S., Gruwel, M. L. H. and White, N. D. G. (2007) A magnetic 
resonance imaging study of wheat drying kinetics, Biosystems Engineering, 
97, 189-199. 

Giorno, L., Donato, L., Todisco, S. and Drioli, E. (1998) Study of fouling phenomena 
in apple juice clarification by enzyme membrane reactor, Separation science 
and technology, 33, 739-756. 

Gironès, M., Lammertink, R. G. H. and Wessling, M. (2006) Protein aggregate 
depostion and fouling reduction strategies with high-flux silicon nitride 
microsieves, Journal of Membrane Science, 273, 68-76. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

381

Goel, R., Mino, T., Satoh, H. and Matsuo, T. (1998) Comparison of hydrolytic 
enzyme systems in pure culture and activated sludge under different electron 
acceptor conditions, Water Science and Technology, 37, 335-343. 

González, J. S., Rivera, A., Borja, R. and Sanchez, E. (1998) Influence of organic 
volumetric loading rate, nutrient balance and alkalinity: COD ratio on the 
anaerobic sludge granulation of an UASB reactor treating sugar cane 
molasses, International Biodeterioration and Biodegradation, 41, 127-131. 

Gorenflo, A., Velázquez-Padrón, D. and Frimmel, F. H. (2002) Nanofiltration of a 
German groundwater of high hardness and NOM content: performance and 
costs, Desalination, 151, 253-265. 

Gould, C. K., Harrold, S. J. and Weitnauer, A. K. (2000) A practical approach to 
controlling the fouling of ultrafiltration membranes: A case study of the 
successful development of a commercial soy protein application, Osmonics, 
hhttttpp::////wwwwww..oossmmoonniiccss..ccoomm//pprroodduuccttss//ppaaggee882233..hhttmm, 30 June. 

Gregorová, E., Pabst, W. and Bohačenko, I. (2006) Characterization of different 
starch types for their application in ceramic processing, Journal of the 
European Ceramic Society, 26, 1301-1309. 

Grootaerd, H., Liessens, B. and Verstraete, W. (1997) Effects of directly soluble and 
fibrous rapidly acidifying chemical oxygen demand and reactor liquid surface 
tension on granulation and sludge-bed stability in upflow anaerobic sludge-
blanket reactors, Applied Microbiology and Biotechnology, 48, 304-310. 

Guerra, A., Jonsson, G., Rasmussen, A., Waanger Nielsen, E. and Edelsten, D. (1997) 
Low cross-flow velocity microfiltration of skim milk for removal of bacterial 
spores, International Dairy Journal, 7, 849-861. 

Gunaratne, A. and Corke, H. (2007) Effect of hydroxypropyl b-cyclodextrin on 
physical properties and transition parameters of amylose–lipid complexes of 
native and acetylated starches, Food Chemistry, Article in press,  

Guo, W., Vigneswaran, S., Ngo, H.-H., Xing, W. and Goteti, P. (2008) Comparison of 
the performance of submerged membrane bioreactor (SMBR) and submerged 
membrane adsorption bioreactor (SMABR), Bioresource Technology, 99 
1012-1017. 

Habets, L. H. A., Engelaar, A. J. H. H. and Groeneveld, N. (1997), Anaerobic 
treatment of sugarbeet and inuline effluent in an internal circulation reactor, 
EuroTech Link 97, London, British Sugar. 

Hadjivassilis, J., Gajdos, S., Vanco, D. and Nicolaou, M. (1997) Treatment of 
wastewater from the potato chips and snacks manufacturing industry, Water 
Science and Technology, 36, 329-335. 

Hai, F. I., Yamamoto, K. and Fukushi, K. (2005) Different fouling modes of 
submerged hollow-fiber and flat-sheet membranes induced by high strength 
wastewater with concurrent biofouling, Desalination, 180, 89-97. 

Han, J.-Y. and McDonald, C. (1998) A study of nonstarch carbohydrate in enzyme-
treated hard red spring wheat gluten, Food Research International, 31, 511-
519. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

382

Harris, J. L. (1985) Protein recovery from wheat starch factory effluent by 
ultrafiltration: an economic appraisal, Food Technology in Australia, 37, 564-
567. 

Harris, J. L. (1986) Influence of gel layer rheology on ultrafiltration flux of wheat 
starch effluent, Journal of Membrane Science, 29, 97-109. 

Harris, J. L. and Dobos, M. (1989) Enhanced ultrafiltration flux rates by enzymatic 
hydrolysis in protein recovery from wheat starch effluent, Journal of 
Membrane Science, 41, 87-102. 

Harscoat, C., Jaffrin, M. Y., Paullier, P., Courtois, B. and Courtois, J. (1999) 
Recovery of microbial polysaccharides from fermentation broths by 
microfiltration on ceramic membranes, Journal of Chemical Technology and 
Biotechnology, 74, 571-579. 

Hein, P. G., Oanh, L. T. K., Viet, N. T. and Lettinga, G. (1999) Closed wastewater 
system in the tapioca industry in Vietnam, Water, Science and Technology, 39, 
89-96. 

Heinau, V. and Kirste, B. (1994) Amino Acids, Institute of Chemistry, Department of 
Biology, Chemistry, Pharmacy, FU Berlin, hhttttpp::////wwwwww..cchheemmiiee..ffuu--
bbeerrlliinn..ddee//cchheemmiissttrryy//bbiioo//aammiinnoo--aacciiddss__eenn..hhttmmll, 15 July. 

Hemery, Y., Rouau, X., Lullien-Pellerin, V., Barron, C. and Abecassis, J. (2007) Dry 
processes to develop wheat fractions and products with enhanced nutritional 
quality, Journal of Cereal Science, 46, 327-347. 

Henze, M., Harremoes, P., Jansen, J. and Arvin, E. (1995) Wastewater Treatment: 
Biological and chemical processes, Springer-Verlag, New York. 

Heran, M. and Elmaleh, S. (2001) Microfiltration through an inorganic tubular 
membrane with high frequency retrofiltration, Journal of Membrane Science, 
188, 181-188. 

Hilson, G. (2000a) Barriers to implementing cleaner technologies and cleaner 
production (CP) practices in the mining industry: A case study of the 
Americas, Minerals Engineering, 13, 699-717. 

Hilson, G. (2000b) Pollution prevention nad cleaner production in the mining 
industry: an analysis of current issues, Journal of Cleaner Production, 8, 119-
126. 

Hinkova, A., Bohacenko, I., Bubnik, Z., Hrstkova, M. and Jankovska, P. (2004) 
Mineral membrane filtration in refinement of starch hydrolysates, Journal of 
Food Engineering, 61, 521-526. 

Hisano, T., Fukunga, S., Yamashita, M., Samejima, Y., Kawasaki, K., Takesako, T. 
and Yspeert, P. (1998), Methane fermentation of wastewater from a Japanese 
Shochu distillery using an IC (internal circulation) reactor, Water Quality 
International, Ishikawajima-Harima Heavy Industries Co., Ltd. 

Hodson, C. (1997) Ceramic membrane bioreactor incorporates potable water 
technology, 18/09/1999. 

Hoinkis, J. and Panten, V. (2007) Wastewater recycling in laundries—From pilot to 
large-scale plant, Chemical Engineering and Processing: Process 
Intensification, In Press, Corrected Proof,  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

383

Holakoo, L., Nakhla, G., Yanful, E. K. and Bassi, A. S. (2006) Chelating properties 
and molecular weight distribution of soluble microbial products from an 
aerobic membrnae bioreactor, Water Research, 40, 1531-1538. 

Holmes-Brown, A. (2000) Advice relating to quantities and costs associated with 
additional waste disposal items, Pidgeon, E., Brisbane. 

Huang, L. and Morrissey, M. T. (1998) Fouling of membranes during mcirofiltration 
of surimi wash water: Roles of pore blocking and surface cake formation 
Journal of Membrane Science, 144, 113-123. 

Hwang, K.-J. and Wu, Y.-J. (2007) Flux enhancement and cake formation in air-
sparged cross-flow microfiltration, Chemical Engineering, In Press, Corrected 
Proof,  

Hyun, S. H., Young, J. C. and Kim, I. S. (1998) Inhibition kinetics for propionate 
degradation using propionate enriched mixed cultures, Water Science and 
Technology, 38, 443-451. 

Imai, T., Ukita, M., Liu, J., Sekine, M., Nakanishi, H. and Fukagawa, M. (1997) 
Advanced start up of UASB reactors by adding of water absorbing polymer, 
Water Science and Technology, 36, 399-406. 

Inanc, B., Matsui, S. and Ide, S. (1996) Propionic acid accumulation and controlling 
factors in anaerobic treatment of carbohydrate: effects of H2 and pH, Water 
Science and Technology, 34, 317-325. 

Jacangelo, J. G. and Buckley, C. A. (1996) In Water treatment membrane 
processes(Eds, Mallevialle, J., Odendaal, P. E. and Wiesner, M. R.) McGraw-
Hill, New York, pp. 11.1-11.39. 

Jane, J. (1997) In Starch: structure and functionality(Eds, Frazier, P. J., Richmond, P. 
and Donald, A. M.) The Royal Society of Chemistry, Cambridge, pp. 26-35. 

Jang, N., Ren, X., Cho, J. and Kin, I. S. (2006) Steady-state modeling of bio-fouling 
potentials with respect to the biological kinetics in the submerged membrane 
bioreactor (SMBR), Journal of Membrane Science, 284, 352-360. 

Jefferson, B. and Judd, S. (2003), Industrial water recycling with membranes: Drivers, 
problems and economics, The Fifth International Membrane Science and 
Technology (IMSTEC 03) Conference, Sydney, Australia, University of New 
South Wales. 

Jeison, D. and van Lier, J. B. (2006) On-line cake-layer management by trans-
membrane pressure steady state assessment in Anaerobic Membrane 
Bioreactors for wastewater treatment, Biochemical Engineering Journal, 29, 
204-209. 

Jia, X., Zhang, T., Wang, F. and Han, F. (2005) Multi-objective modeling and 
optimization for cleaner production processes, Journal of Cleaner Production, 
In Press, Corrected Proof,  

Jin, B., van Leeuwen, H. J., Patel, B., Doelle, H. W. and Yu, Q. (1999a) Production of 
fungal protein and glucoamylase by Rhizopus oligosporus from starch 
processing wastewater, Process Biochemistry, 34, 59-65. 

Jin, B., van Leeuwen, J., Yu, Q. and Patel, B. (1999b) Screening and selection of 
microfungi for microbial biomass protein production and water reclamation 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

384

from starch processing wastewater, Journal of Chemical Technology adn 
Biotechnology, 74, 106-110. 

Jin, Y.-L., Lee, W.-N., Lee, C.-H., Chang, I.-S., Huang, X. and Swaminathand, T. 
(2006) Effect of DO concentration on biofilm structure and membrane 
filterability in submerged membrane bioreactor, Water Research, 40 2829 - 
2836. 

Jönsson, A.-S. and Jönsson, B. (1996) Ultrafiltration of colloidal dispersions - A 
theoretical model of the concentration polarization phenomena, Journal of 
Colloid and Interface Science, 180, 504-518. 

Josè-Estanyol, M. and Puigdomènech, P. (2000) Plant cell wall glycoproteins and 
their genes, Plant Physiol. Biochem., 38 97−108. 

Kalyuzhnyi, S., de los Santos, L. E. and Martinez, J. R. (1998a) Anaerobic treatment 
of raw and preclarified potato-maize wastewaters in a UASB reactor, 
Bioresource Technology, 66, 195-199. 

Kalyuzhnyi, S., Fedorovich, V. and Nozhevnikova, A. (1998b) Anaerobic treatment 
of liquid fraction of hen manure in UASB reactors, Bioresource Technology, 
65, 221-225. 

Kang, I.-J., Yoon, S.-H. and Lee, C.-H. (2002) Comparison of the filtration 
characteristics of organic and inorganic membranes in a membrane-coupled 
anaerobic bioreactor, Water Research, 36, 1803-1813. 

Kang, S., Lee, W., Chae, S. and Shin, H. (2007) Positive roles of biofilm during the 
operation of membrane bioreactor for water reuse, Desalination, 202, 129-134. 

Karode, S. K. (2001) Unsteady state flux response: a method to determine the nature 
of the solute and gel layer in membrane filtration, Journal of Membrane 
Science, 188, 9-20. 

Kedem, O. (2002) The role of volume flow in electrodialysis, Journal of Membrane 
Science, 206, 333-340. 

Kennedy, M., Kim, S.-M., Mutenyo, I., Broens, L. and Schippers, J. (1998) 
Intermittent crossflushing of hollow fiber ultrafiltration systems, Desalination, 
118, 175-188. 

Khaydarov, R. A. and Khaydarov, R. R. (2007) Solar powered direct osmosis 
desalination, Desalination, 217, 225-232. 

Kieffer, R., Schurer, F., Köhler, P. and Wieser, H. (2007) Effect of hydrostatic 
pressure and temperature on the chemical and functional properties of wheat 
gluten: Studies on gluten, gliadin and glutenin, Journal of Cereal Science 45, 
285-292. 

Kim, A. S. and Yuan, R. (2005) A new model for calculating specific resistance of 
aggregated colloidal cake layers in membrane filtration processes, Journal of 
Membrane Science, 249, 89-101. 

Kim, H.-G., Park, C., Yang, J., Lee, B., Kim, S.-S. and Kim, S. (2007) Optimization 
of backflushing conditions for ceramic ultrafiltration membrane of disperse 
dye solutions, Desalination, 202, 150-155. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

385

Kim, M., Ahn, Y.-H. and Speece, R. E. (2002) Comparative process stability and 
efficiency of anaerobic digestion; mesophilic vs. thermophilic, Water 
Research, 36, 4369-4385. 

Klinkowski, P. R. (Ed.) (1985) Ultrafiltration, Innotech Corporation. 

Koltuniewicz, A. B., Field, R. W. and Arnot, T. C. (1995) Cross-flow and dead-end 
microfiltration of oily-water emulsion. Part I: Experimental study and analysis 
of flux decline, Journal of Membrane Science, 102, 193-207. 

Kong, X., Zhou, H. and Qian, H. (2007a) Enzymatic hydrolysis of wheat gluten by 
proteases and properties of the resulting hydrolysates, Food Chemistry, 102, 
759-763. 

Kong, X., Zhou, H. and Qian, H. (2007b) Enzymatic preparation and functional 
properties of wheat gluten hydrolysates, Food Chemistry, 101, 615-620. 

Koros, W. J., Ma, Y. H. and Shimidzu, T. (1996) Terminology for membranes and 
membrane processes (IUPAC recommendations 1996), International union of 
pure and applied chemistry, Macromolecular division, Commission on 
fuctional polymers, Working party on membrane nomenclature,  

Kovács, Z. and Samhaber, W. (2007) Contribution of pH dependent osmotic pressure 
to amino acid transport through nanofiltration membranes, Separation and 
Purification Technology, 61, 243-248. 

Krauth, K. H. and Staab, K. F. (1988) Substitution of the final clarifier by membrane 
filtration within the activated sludge process with increased pressure; initial 
findings, Desalination, 68, 179-189. 

Kroyer, G. T. (1995) Impact of food processing on the environment--an overview, 
Lebensmittel-Wissenschaft und-Technologie, 28, 547-552. 

Krstic, D. M., Tekic, M. N., Caric, M. D. and Milanovic, S. D. (2002) The effect of 
turbulence promoter on cross-flow microfiltration of skim milk, Journal of 
Membrane Science, 208, 303-314. 

Kuberkar, V., Czekaj, P. and Davis, R. (1998) Flux enhancement for membrane 
filtration of bacterial suspensions using high-frequency backpulsing, 
Biotechnology and Bioengineering, 60, 77-87. 

Kuberkar, V. and Davis, R. H. (2000) Modelling of fouling reduction by secondary 
membranes, Journal of Membrane Science, 168, 243-258. 

Kuberkar, V. T. and Davis, R. H. (1999) Effects of added yeast on protein 
transmission and flux in cross-flow membrane microfiltration, Biotechnology 
Progress, 15, <473-479. 

Kuberkar, V. T. and Davis, R. H. (2001) Microfiltration of protein-cell mixtures with 
crossflushing or backflushing, Journal of Membrane Science, 183, 1-14. 

Kuktaitea, R., Larssonb, H. and Johanssona, E. (2004) Variation in protein 
composition of wheat flour and its relationship to dough mixing behaviour, 
Journal of Cereal Science, 40, 31-39. 

Kumar, S. M., Madhu, G. M. and Roy, S. (2007) Fouling behaviour, regeneration 
options and on-line control of biomass-based power plant effluents using 
microporous ceramic membranes, Separation and Purification Technology, 57 
25-36. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

386

Kuruzovich, J. N. and Piergiovanni, P. R. (1996) Yeast cell microfiltration: 
optimization of backwashing for delicate membranes, Journal of Membrane 
Science, 112, 241-247. 

Kwon, D. Y., Vigneswaran, S., Fane, A. G. and Aim, R. B. (2000) Experimental 
determination of critical flux in cross-flow microfiltration, Separation and 
Purification Technology, 19, 169-181. 

Kwong, T. S. and Fang, H. H. P. (1996) Anaerobic degradation of cornstarch in 
wastewater in two upflow reactors, Journal of Environmental Engineering, 
122, 9-17. 

Kyllönen, H., Pirkonen, P., Nyström, M., Nuortila-Jokinen, J. and Grönroos, A. 
(2006) Experimental aspects of ultrasonically enhanced cross-flow membrane 
filtration of industrial wastewater, Ultrasonics Sonochemistry, 13, 295-302. 

Kyllonen, H. M., Pirkonen, P. and Nystrom, M. (2005) Membrane filtration enhanced 
by ultrasound: a review, Desalination, 181, 319-335. 

Laitinen, N., Luonsi, A., Levanen, E. and Nystrom, M. (2001a) Effect of backflushing 
conditions on ultrafiltration of board industry wastewaters with ceramic 
membranes, Separation and Purification Technology, 25, 323-331. 

Laitinen, N., Michaud, D., Piquet, C., Teilleria, N., Luonsi, A., Levanen, E. and 
Nystrom, M. (2001b) Effect of filtration conditions and backflushing on 
ceramic membrane ultrafiltration of board industry wastewaters, Separation 
and Purification Technology, 24, 319-328. 

Lamminen, M. O., Walker, H. W. and Weavers, L. K. (2004) Mechanisms and factors 
influencing the ultrasonic cleaning of particle-fouled ceramic membranes, 
Journal of Membrane Science, 237, 213-223. 

LaPara, T. M., Klatt, C. G. and Chen, R. (2006) Adaptations in bacterial catabolic 
enzyme activity and community structure in membrane-coupled bioreactors 
fed simple synthetic wastewater, Journal of Biotechnology, 121, 368-380. 

Laspidou, C. S. and Rittmann, B. E. (2002) Non-steady state modeling of extracellular 
polymeric substances, soluble microbial products, and active and inert 
biomass, Water Research, 36, 1983-1992. 

Laubscher, A. C. J., Wentzel, M. C., Le Roux, J. M. W. and Ekama, G. A. (2001) 
Treatment of grain distillation wastewaters in an upflow anaerobic sludge bed 
(UASB) system, Water SA, 27, 433-444. 

Lawson, K. W. and Lloyd, D. R. (1997) Membrane distillation, Journal of Membrane 
Science, 124, 1-25. 

Le-Clech, P., Chen, V. and Fane, T. A. G. (2006) Fouling in membrane bioreactors 
used in wastewater treatment, Journal of Membrane Science, 284, 17-53. 

Lee, E. K. (1992) In Encyclopedia of Physical Science and Technology: second 
edition, Vol. 9 (Ed, Meyers, R. A.) Academic Press, Sydney, pp. 607-649. 

Lee, Y., Cho, J., Seo, Y., Lee, J. W. and Ahn, J.-H. (2002) Modeling of submerged 
membane bioreactor process for wastewater treatment, Desalination, 146, 451-
457. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

387

Lee, Y. and Clark, M. M. (1998) Modeling of flux decline during crossflow 
ultrafiltraiton of colloidal suspensions, Journal of Membrane Science, 149, 
181-202. 

Leighton, I. R. and Forster, C. F. (1997) The adsorption of heavy metals in an 
acidogenic thermophilic anaerobic reactor, Water Research, 31, 2969-2972. 

Leitão, R. C., van Haandel, A. C., Zeeman, G. and Lettinga, G. (2006) The effects of 
operational and environmetnal variations on anaerobic wastewater treatment 
systems: A review, Bioresource Technology, 97, 1105-1118. 

Lencki, R. W. and Riedl, K. (1999) Effect of fractal flocculation behavior on fouling 
layer resistance during apple juice microfiltration, Food Research 
International, 32, 279-288. 

Lepistö, R. and Rintala, J. (1999) Extreme thermophilic (70oC), VFA-fed UASB 
reactor: performance, temperature response, load potential and comparison 
with 35 and 55oC UASB reactors, Water Research, 33, 3162-3170. 

Leslie, G. L., Mills, W. R., Dunivin, W. R., Wehner, M. P. and Sudak, R. G. (1998), 
Performance and economic evaluation of membrane processes for reuse 
applications, Proceedings American Desalting Association Biennial 
Conference, Williamsburg,  

Levesley, J. A. and Hoare, M. (1999) The effect of high frequency backflushing on 
the microfiltration of yeast homogenate suspensions for the recovery of 
soluble proteins, Journal of Membrane Science, 158, 29-39. 

Levesley, J. A., Seggianni, M. and Hoare, M. (2000) Microfiltration of protein 
precipitate from clarified yeast cell homogenate for the recovery of a soluble 
product, Separation Science and Technology, 35, 633-649. 

Lewandowski, R., Zghal, S. and Reynes, M. (1999) Purification of date juice for a 
liquid sugar production, International Sugar Journal, 101, 124-130. 

Li, Z., H-Kittikun, A. and Youravong, W. (2008) Removal of suspended solids from 
tuna spleen extract by microfiltration: A batch process design and 
improvement, Biochemical Engineering Journal, 38, 226-233. 

Lillford, P. J. and Morrison, A. (1997) In Starch: structure and functionality(Eds, 
Frazier, P. J., Richmond, P. and Donald, A. M.) The Royal Society of 
Chemistry, Cambridge, pp. 1-8. 

Lin, C.-J., Rao, P. and Shirazi, S. (2004) Effect of operating parameters on permeate 
flux decline caused by cake formation -- a model study, Desalination, 171, 95-
105. 

Liu, W.-T., Chan, O.-C. and Fang, H. H. P. (2002) Microbial community dynamics 
during start-up of acidogenic anaerobic reactors, Water Research, 36, 3203-
3210. 

Lloyd, A. (1999a) Weston Bioproducts adds value to wheat, Brisbane. 

Lloyd, K. (1999b) Coal Dust Suppression Study - Reasons why it did not go ahead, 
Pidgeon, E., Brisbane. 

Lochhead, M. (1997) Cotton seed coating, Letter to Dunavant Enterprises Pty Ltd, 
Weston Bioproducts. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

388

Loosveld, A. A. and Delcour, J. A. (2000) The Significance of Arabinogalactan-
Peptide for Wheat Flour Bread-Making, Journal of Cereal Science, 32, 147-
157. 

Lutin, F., Bailly, M. and Bar, D. (2002) Process improvements with innovative 
technologies in the starch and sugar industries, Desalination, 148, 121-124. 

Ma, H., Hakim, L. F., Bowman, C. N. and Davis, R. H. (2001) Factors affecting 
membrane fouling reduction by surface modification and backpulsing, Journal 
of Membrane Science, 189, 255-270. 

Ma, L., Li, X., Du, G., Chen, J. and Shen, Z. (2005) Influence of the filtration modes 
on colloid adsorption on the membrane in submerged membrane bioreactor, 
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 264, 120-
125. 

Madaeni, S. S., Fane, A. G. and Wiley, D. E. (1999) Factors influencing critical flux 
in membrane filtration of activated sludge, Journal of Chemical Technology 
adn Biotechnology, 74, 539-543. 

Mameri, N., Abdessemed, D., Belhocine, D., Lounici, H., Gavach, C., Sandeaux, J. 
and Sandeaux, R. (1996) Treatment of fishery washing water by ultrafiltration, 
Journal of Chemical Technology and Biotechnology, 67, 169-175. 

Mandalari, G., Faulds, C. B., Sancho, A. I., Saija, A., Bisignano, G., LoCurto, R. and 
Waldron, K. W. (2005) Fractionation and characterisation of arabinoxylans 
from brewers' spent grain and wheat bran, Journal of Cereal Science, 42, 205-
212. 

Mänttäri, M., Kuosa, M., Kallas, J. and Nyström, M. (2008) Membrane filtration and 
ozone treatment of biologically treated effluents from the pulp and paper 
industry, Journal of Membrane Science, 309 112-119. 

Marchand-Brynaert, J. (1999) In Surface chemistry and electrochemistry of 
membranes(Ed, Sørensen, T. S.) Marcel Dekker Inc, New York, pp. 91-124. 

Maskooki, A., Kobayashi, T., Mortazavi, S. A. and Maskooki, A. (2008) Effect of low 
frequencies and mixed wave of ultrasound and EDTA on flux recovery and 
cleaning of microfiltration membranes, Separation and Purification 
Technology, 59 67-73. 

Maslen, S. L., Goubet, F., Adam, A., Dupree, P. and Stephens, E. (2007) Structure 
elucidation of arabinoxylan isomers by normal phase HPLC-MALDI-
TOF/TOF-MS/MS, Carbohydrate Research, 342, 724-735. 

Massaux, C., Sindic, M., Lenartz, J., Sinnaeve, G., Bodson, B., Falisse, A., Dardenne, 
P. and Deroanne, C. (2008) Variations in physicochemical and functional 
properties of starches extracted from European soft wheat (Triticum aestivum 
L.): The importance to preserve the varietal identity, Carbohydrate Polymers, 
71, 32-41. 

Matošić, M., Vuković, M., Čurlin, M. and Mijatović, I. (2008) Fouling of a hollow 
fibre submerged membrane during longterm filtration of activated sludge, 
Desalination, 219 57-65. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

389

Mayer, M., Braun, R. and Fuchs, W. (2006) Comparison of various aeration devices 
for air sparging in crossflow membrane filtration, Journal of Membrane 
Science, 277, 258-269. 

McCracken, J. R. (1983), Options for the treatment/disposal of wastes from the 
Moorooka factory, report, J.R. & B McCracken Consulting Services, Brisbane. 

McCutcheon, J. R., McGinnis, R. L. and Elimelech, M. (2006) Desalination by 
ammonia-carbon dioxide forward osmosis: Influence of draw and feed 
solution concentrations on process performance, Journal of Membrane 
Science, 278, 114-123. 

McDonogh, R. M., Fane, A. G., Fell, C. J. D. and Flemming, H.-C. (1998) The 
influence of polydispersity on the hydraulic behaviour of colloidal fouling 
layers on membranes.  Perturbrations on the behaviour of the "ideal" colloidal 
layer., Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
138, 231-244. 

McGrath, C. (2006) Synopsis of the Queensland Environmental Legal System, Fourth 
Edition, Environmental Law Publishing, Brisbane. 

Meindersma, G. W. (1980), Application of membrane filtration in the potato starch 
industry, AVEBE, Veendam Netherlands. 

Mejri, M., Rogé, B., BenSouissi, A., Michels, F. and Mathlouthi, M. (2005) Effects of 
some additives on wheat gluten solubility: A structural approach, Food 
Chemistry, 92, 7-15. 

Melrose, J. R., van Vliet, J. H., Ball, R. C., W., F. and Lips, A. (1997) In Starch: 
structure and functionality(Eds, Frazier, P. J., Richmond, P. and Donald, A. 
M.) The Royal Society of Chemistry, Cambridge, pp. 115-120. 

Meng, F., Yang, F., Shi, B. and Zhang, H. (2008) A comprehensive study on 
membrane fouling in submerged membrane bioreactors operated under 
different aeration intensities, Separation and Purification Technology, 59 91-
100. 

Meng, F., Zhang, H., Yang, F., Zhang, S., Li, Y. and Zhang, X. (2006) Identification 
of activated sludge properties affecting membrane fouling in submerged 
membrane bioreactors, Separation and Purification Technology, 51, 95-103. 

Meng, F. G., Zhang, H. M., Li, Y. S., Zhang, X. W., Yang, F. L. and Xiao, J. N. 
(2005) Cake layer morphology in microfiltration of activated sludge 
wastewater based on fractal analysis, Separation and Purification Technology, 
44, 250-257. 

Mensah, K. A. and Forster, C. F. (2003) An examination of the effects of detergents 
on anaerobic digestion, Bioresource Technology, 90, 133-138. 

Mercier-Bonin, M., Fonade, C. and Gesan-Guiziou, G. (2004) Application of 
gas/liquid two-phase flows during crossflow microfiltration of skimmed milk 
under constant flux conditions, Chemical Engineering Science, 59, 2333-2341. 

Metcalf & Eddy (2003) Wastewater Engineering Treatment and Reuse, Metcalf & 
Eddy, International Edition, McGraw-Hill, Sydney. 

Metcalf and Eddy (2003) Wastewater Engineering Treatment and Reuse, Metcalf & 
Eddy, International Edition, McGraw-Hill, Sydney. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

390

Meuser, F. and Kohler, F. (1983) Energy saving by membrane filtration of process 
water of potato and wheat starch plants, Food Chemistry, 10, 1-13. 

Meuser, V. F. and Smolnik, H.-D. (1976a) On the problems of ultrafiltration of wheat 
starch processing water, Starch/Starke, 28, 421-425. 

Meuser, V. F. and Smolnik, H.-D. (1976b) Possibilities for the use of ultrafiltration 
and reverse osmosis for extraction and processing of soluble constituents from 
process water in starch industries, Starch/Starke, 28, 271-278. 

Mhurchú, J. N. and Foley, G. (2006) Dead-end filtration of yeast suspensions: 
Correlating specific resistance and flux data using artificial neural networks, 
Journal of Membrane Science, 281, 325-333. 

Mi, L. and Hwang, S.-T. (1999) Correlation of concentration polarization and 
hydrodynamic parameters in hollow fiber modules, Journal of Membrane 
Science, 143-165. 

Micard, V. and Guilbert, S. (2000) Thermal behavior of native and hydrophobized 
wheat gluten, gliadin and glutenin-rich fractions by modulated DSC, 
International Journal of Biological Macromolecules, 27, 229-236. 

Micard, V., Morel, M.-H., Bonicel, J. and Guilbert, S. (2001) Thermal properties of 
raw and processed wheat gluten in relation with protein aggregation, Polymer, 
42, 477-485. 

Miron, Y., Zeeman, G., van Lier, J. B. and Lettinga, G. (2000) The role of sludge 
retention time in the hydrolysis and acidification of lipids, carbohydrates and 
proteins during digestion of primary sludge in CSTR systems, Water 
Research, 34, 1705-1713. 

Mitra, I. N., SenGupta, A. K. and Kugelman, I. J. (1998) Improving stability of 
anaerobic biological reactors using composite ion exchangers, Water Science 
and Technology, 38, 369-376. 

Miura, Y., Hiraiwa, M. N., Ito, T., Itonaga, T., Watanabe, Y. and Okabe, S. (2007) 
Bacterial community structures in MBRs treating municipal wastewater: 
Relationship between community stability and reactor performance, Water 
Research, 41, 627-637. 

Mohamed, A., Rayas-Duarte, P. and Xu, J. (2008) Hard Red Spring wheat/C-TRIM 
20 bread: Formulation, processing and texture analysis, Food Chemistry, 107 
516-524. 

Moosbrugger, R. (1997a), IC reactor COD overload protection & operating 
instructions, Memorandum, unknown, Brisbane. 

Moosbrugger, R. E. (1997b), Single and two stage UASB systems: preacidification 
and sludge granulation, unknown, 8th IAWQ International Conference on 
Anaerobic Digestion, Sendai, Japan, IWA Publishing. 

Moulai-Mostefaa, N., Akoumb, O., Nedjihouia, M., Ding, L. and Jaffrin, M. Y. 
(2007) Comparison between rotating disk and vibratory membranes in the 
ultrafiltration of oil-in-water emulsions, Desalination, 206 494-498. 

Mousa, L. and Forster, C. F. (1998) The effect of trace organics on the inhibition of 
gas production by anaerobic sludges: Batch studies, Water Research, 32, 
3795-3798. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

391

Mueller, J., Cen, Y. and Davis, R. H. (1997) Crossflow microfiltration of oily water, 
Journal of Membrane Science, 129, 221-235. 

Mujeriego, R. and Asano, T. (1999) The role of advanced treatment in wastewater 
reclamation and reuse, Water, Science and Technology, 40, 1-9. 

Mukerjea, R., Slocum, G. and Robyt, J. F. (2007) Determination of the maximum 
water solubility of eight native starches and the solubility of their acidic-
methanol and -ethanol modified analogues, Carbohydrate Research, 342, 103-
110. 

Mulder, M. (1991) Basic principles of membrane technology, Kluwer Academic 
Publishers, London. 

Muthukumaran, S., Kentish, S. E., Stevens, G. W., Ashokkumar, M. and Mawson, R. 
(2007) The application of ultrasound to dairy ultrafiltration: The influence of 
operating conditions, Journal of Food Engineering, 81, 364-373. 

Nabe, A., Staude, E. and Belfort, G. (1997) Surface modification of polysulfone 
ultrafiltration membranes and fouling by BSA solutions, Journal of Membrane 
Science, 133, 57-72. 

Nakstad, R. (2001), Application of Ceramic Membranes to Industrial Water and 
Wastewater Treatment, Masters, School of Environmental Engineering, 
Griffith University, Nathan.  

Narayanaswamy, V., Scott, J. A., Ness, J. N. and Lochhead, M. (2003) Resource flow 
and product chain analysis as practical tools to promote cleaner production 
initiatives, Journal of Cleaner Production, 11, 375-387. 

Natural Resource Management Ministerial Council (NRMMC) (2005) About the NRM 
Ministerial Council, hhttttpp::////wwwwww..mmiinnccooss..ggoovv..aauu//aabboouutt__nnrrmmmmcc..hhttmm, 10 August 
2007. 

Neethirajan, S., Jayas, D. S. and White, N. D. G. (2007) Detection of sprouted wheat 
kernels using soft X-ray image analysis, Journal of Food Engineering, , 81, 
509-513. 

Nemade, P. R. and Davis, R. H. (2004) Secondary membranes for flux optimization in 
membrane filtration of biologic suspensions, Applied Biochemistry and 
Biotechnology, 113-116, 417-432. 

Neukom, H. and Markwalder (1975) Isolation and characterization of an 
arabinogalactan from wheat flour, Carbohydrate Research, 39, 387-389. 

NHMRC and NRMMC (2004) AUSTRALIAN DRINKING WATER GUIDELINES 6, 
(NRMMC), N. W. Q. M. S. N. H. a. M. R. C. N. a. N. R. M. M. C., Australian 
Government. 

Nilsson, M., Lipnizki, F., Trägårdh, G. and Östergren, K. (2007) Performance, energy 
and cost evaluation of a nanofiltration plant operated at elevated 
termperatures, Separation and Purification Technology, Artilce in Press,  

Nishikaze, T. and Takayama, M. (2007) Study of factors governing negative 
molecular ion yields of amino acid and peptide in FAB, MALDI and ESI mass 
spectrometry, International Journal of Mass Spectrometry, 268, 47-59. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

392

Noor, M. J. M. M., Ahmadun, F. R., Mohamed, T. A., Muyibi, S. A. and Pescod, M. 
B. (2002) Performance of flexible membrane using kaolin dynamic membrane 
in treating domestic wastewater, Desalination, 147, 263-268. 

Nortey, T. N., Patience, J. F., Sands, J. S. and Zijlstra, R. T. (2007) Xylanase 
supplementation improves energy digestibility of wheat by-products in grower 
pigs, Livestock Science, 109, 96-99. 

NRMMC (2005) About the NRM Ministerial Council, 
hhttttpp::////wwwwww..mmiinnccooss..ggoovv..aauu//aabboouutt__nnrrmmmmcc..hhttmm, 10 August 2007. 

NRMMC and PIMC (2005) Background to the Councils, Australian Government, 
hhttttpp::////wwwwww..mmiinnccooss..ggoovv..aauu//bbaacckkggrroouunndd..hhttmm, 10 August 2007. 

Nyström, M. and Zhu, H. (1997) Characterization of cleaning results using combined 
flux and streaming potential methods, Journal of Membrane Science, 131, 
195-205. 

Ogunbiyi, O. O., Miles, N. J. and Hilal, N. (2008) The effects of performance and 
cleaning cycles of new tubular ceramic microfiltration membrane fouled with 
a model yeast suspension, Desalination, 220 273-289. 

Ordaz-Ortiz, J. J. and Saulnier, L. (2005) Structural variability of arabinoxylans from 
wheat flour. Comparison of water-extractable and xylanase-extractable 
arabinoxylans, Journal of Cereal Science, 42, 119-125. 

Origin Energy (2007) Pricing tariffs for commercial customers of natural gas, South 
east Queensland area (including Gold Coast, Toowoomba and Oakey): 
Effective 1 August 2007, Origin Energy, 
hhttttpp::////wwwwww..oorriiggiinneenneerrggyy..ccoomm..aauu//ffiilleess//pprriicciinngg__ggaass__ssee__qqlldd__aauugg0077..ppddff, 13 
October 2007. 

Örnebro, J., Wahlgren, M., Eliasson, A. C., Fido, R. J. and Tatham, A. S. (1999) 
Adsorption of and gliadins onto hydrophobic surfaces, Journal 
of Cereal Science, 30, 105-114. 

Ousman, M. and Bennasar, M. (1995) Determination of various hydraulic resistances 
during cross-flow filtration of a starch grain suspension through inorganic 
membranes, Journal of Membrane Science, 105, 1-21. 

Owen, G., Bandi, m., Howell, J. A. and Churchouse, S. J. (1995) Economic 
assessment of membrane processes for water and waste water treatment, 
Journal of Membrane Science, 102, 77-91. 

Ozbek, B. and Yuceer, S. (2001) [alpha]-Amylase inactivation during wheat starch 
hydrolysis process, Process Biochemistry, 37, 87-95. 

Özbek, B. and Yűceer, S. (2001) -Amylase inactivation during wheat starch 
hydrolysis process, Process Biochemistry, 37, 87-95. 

Pak, A., Mohammadi, T., Hosseinalipour, S. M. and Allahdini, V. (2008) CFD 
modeling of porous membranes, Desalination, 222 482-488. 

Palecz, B. and Nadolna, A. (2006) Heterogeneous interaction between zwitterions of 
some L-α-amino acids and ethanol molecule in water at 298.15 K, Fluid Phase 
Equilibria, 250, 49-52. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

393

Palecz, B., Piekarski, H. and Romanowskib, S. (2000) Studies on homogeneous 
interactions between zwitterions of several L-α-amino acids in water at a 
temperature of 298.15 K, Journal of Molecular Liquids, 84, 279-288. 

Palmarola-Adrados, B., Choteborska, P., Galbe, M. and Zacchi, G. (2005) Ethanol 
production from non-starch carbohydrates of wheat bran, Bioresource 
Technology, 96, 843-850. 

Panthapulakkal, S. and Sain, M. (2007) Agro-residue reinforced high-density 
polyethylene composites: Fiber characterization and analysis of composite 
properties, Composites Part A: Applied Science and Manufacturing, 38, 1445-
1454. 

Papachristou, E. and Lafazanis, C. T. (1997) Application of membrane technology in 
teh pretreatment of cheese dairies wastes and co-treatment in a municipal 
conventional biological unit, Water Science and Technology, 36, 361-367. 

Paques Environmental Technology BV (undated) THIOPAQ - post treatment: The 
combined removal of sulphide from anaerobic effluent and ventilation air, 
Paques Environmental Technology BV, The Netherlands. 

Parameshwaran, K., Fane, A. G., Cho, B. D. and Kim, K. J. (2001) Analysis of 
microfiltration performance with constant flux processing of secondary 
effluent, Water Research, 35, 4349-4358. 

Park, N., Kwon, B., Kim, I. S. and Cho, J. (2005) Biofouling potential of various NF 
membranes with respect to bacteria and their soluble microbial products 
(SMP): Characterizations, flux decline, and transport parameters, Journal of 
Membrane Science, 258, 43-54. 

Parker, R. and Ring, S. G. (2001) Aspects of the Physical Chemistry of Starch, 
Journal of Cereal Science 34, 1-17. 

Parliament of Australia (2006) Law Internet Resources: Environmental Law, 
Parliamentary Library, Commonwealth of Australia, 
hhttttpp::////wwooppaarreedd..ppaarrll..nneett//lliibbrraarryy//iinnttgguuiiddee//llaaww//eennvvllaaww..hhttmm##lleeggiissllaattiioonn, 10 August 
2007. 

Pearce, G. (2007) Introduction to membanes: Filtration for water and wastewater 
treatment, Filtration and Separation, March,  

Pearson, T. C., Cetin, A. E., Tewfik, A. H. and Haff, R. P. (2007) Feasibility of 
impact-acoustic emissions for detection of damaged wheat kernels, Digital 
Signal Processing, 17, 617-633. 

Peighambardoust, S. H., van der Goot, A. J., van Vliet, T., Hamer, R. J. and Boom, R. 
M. (2006) Microstructure formation and rheological behaviour of dough under 
simple shear flow, Journal of Cereal Science, 43, 183-197. 

Pepper, D. and Orchard, A. C. J. (1981) Starch effluent concentration, Starch/Starke, 
33, 271-274. 

Persson, A., Jönsson, A.-S. and Zacchi, G. (2001) Separation of lactic acid-producing 
bacteria from fermentation broth using a ceramic microfiltration membrane 
with constant permeate flow, Biotechnology and Bioengineering, 72, 269-277. 

Peters, M. S. and Timmerhaus, K. D. (1981) Plant Design and Economics for 
Chemical Engineers, McGraw Hill, Singapore. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

394

Pidgeon, E. and Ness, J. N. (2006), Enhancing the performance of a wastewater 
treatment plant procesing wheat starch factory tailings, Popov, V., Kungolos, 
A. G., Brebbia, C. A. and Itoh, H., Waste Management and the Environment 
III, Malta, WitPress. 

Pidgeon, E., Ness, J. N. and Scott, J. A. (2003), The application of membrane 
filtration technology for a wheat starch processing industry, National 
Environment Conference, Brisbane,  

Pidgeon, E. F. and Ness, J. N. (2005), Membrane Filtration of Wheat Starch Solutions 
Using Tubular Ceramic Membranes, Chemeca, Smart solutions - doing more 
with less, Brisbane,  

Platt, S. and Nyström, M. (2007) Cleaning of membranes fouled by proteins to 
evaluate the importance of fully developed flow, Desalination, 208, 19-33. 

Polo, J., Rodríguez, C., Ródenas, J., Morera, S. and Saborido, N. (2007) Use of spray-
dried animal plasma in canned chunk recipes containing excess of added water 
or poultry fat, Animal Feed Science and Technology 133, 309-319. 

Postlethwaite, J., Lamping, S. R., Leach, G. C., Hurwitz, M. F. and Lye, G. J. (2004) 
Flux and transmission characteristics of a vibrating microfiltration system 
operated at high biomass loading, Journal of Membrane Science, 228, 89-101. 

Psoch, C. and Schiewer, S. (2006a) Anti-fouling application of air sparging and 
backflushing for MBR, Journal of Membrane Science, 283, 273-280. 

Psoch, C. and Schiewer, S. (2006b) Dimensionless numbers for the analysis of air 
sparging aimed to reduce fouling in tubular membranes of a membrane 
bioreactor, Desalination, 197 9-22. 

QEPA (1999) Water quality sampling manual: For use in testing for compliance with 
the Environmental Protection Act 1994,  third edition, Queensland 
Environmental Protection Agency, Brisbane. 

QEPA (2005a) Manual for recycled water agreements in Queensland, December 
2005, Agency, E. P., Queensland Government. 

QEPA (2005b) Queensland Water Recycling Guidelines, Agency, E. P., Queensland 
Government. 

Queensland Government (1996) Environmental Protection (Interim Waste) 
Regulation 1996, Reprinted as in force on 4 October 2004 (includes 
commenced amendments up to 2004 SL No. 209), Reprint No. 3A, 
Government, Q., Office of the Queensland Parliamentary Counsel. 

Queensland Government (2005) Environmental Protection (Waste Management) 
Regulation 2000, Reprinted as in force on 25 June 2005, Reprint No. 3, 
Government, Q., Office of the Queensland Parliamentary Counsel. 

Queensland Government (2006a) Environmental Protection (Air) Policy 1997, 
Reprinted as in force on 5 May 2006, Reprint No. 3, Government, Q., 
Queensland Parliamentary Counsel. 

Queensland Government (2006b) Environmental Protection (Noise) Policy 1997, 
Reprinted as in force on 26 May 2006, Reprint No. 3, Queensland 
Government, Queensland Parliamentary Counsel. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

395

Queensland Government (2006c) Environmental Protection (Waste Management) 
Policy 2000, Reprinted as in force on 5 May 2006, Reprint No. 3, 
Government, Q., Office of the Queensland Parliamentary Counsel. 

Queensland Government (2007a) Environmental Protection (Water) Policy 1997, 
Reprinted as in force on 20 July 2007, Reprint No. 3A, Queensland 
Government, Queensland Parliamentary Counsel. 

Queensland Government (2007b) Environmental Protection Act 1994, Reprinted as in 
force on 28 February 2007, Reprint No. 7B, Queensland Parliamentary 
Counsel. 

Queensland Government (2007c) Environmental Protection Regulation 1998, 
Reprinted as in force on 1 July 2007, Reprint No. 6B, Government, Q., 
Queensland Parliamentary Counsel. 

QWC (2006a) Water Efficiency Management Plan (WEMP): Guideline A - Business 
& Other Non-Residential Guidelines, Queensland Water Commission, 
hhttttpp::////wwwwww..qqwwcc..qqlldd..ggoovv..aauu//mmyyffiilleess//uuppllooaaddss//wweemmpp//GGuuiiddeelliinnee__AA__117711110066..ppddff, 
08 November. 

QWC (2006b) Water Efficiency Management Plan (WEMP): Guideline B - Water 
Efficiency Assessor Guidelines, Queensland Water Commission, 
hhttttpp::////wwwwww..qqwwcc..qqlldd..ggoovv..aauu//mmyyffiilleess//uuppllooaaddss//wweemmpp//GGuuiiddeelliinnee__BB__117711110066..ppddff, 
08 November. 

QWC (2006c) Water Efficiency Management Plan (WEMP): Guideline C - Water 
Service Provider Guideline, Queensland Water Commission, 
hhttttpp::////wwwwww..qqwwcc..qqlldd..ggoovv..aauu//mmyyffiilleess//uuppllooaaddss//wweemmpp//GGuuiiddeelliinnee__CC__117711110066..ppddff, 
08 November. 

QWC (undated) Water use in the food processing industry, Queensland Water 
Commission, , 
hhttttpp::////wwwwww..qqwwcc..qqlldd..ggoovv..aauu//mmyyffiilleess//uuppllooaaddss//wweemmpp//FFoooodd__pprroocceessssiinngg__115511110066..
ppddff, 8 November  

Radcliffe, J. C. (2004), Water Recycling in Australia: A review undertaken by the 
Australian Academy of Technological Sciences and Engineering, Australian 
Academy of Technological Sciences and Engineering, Parkville Victoria. 

Rakszegi, M., Pastori, G., Jones, H. D., Békés, F., Butow, B., Láng, L., Bedo, Z. and 
Shewry, P. R. (2007) Technological quality of field grown transgenic lines of 
commercial wheat cultivars expressing the 1Ax1 HMW glutenin subunit gene, 
Journal of Cereal Science, In Press, Corrected Proof,  

Ram, S., Dawar, V., Singh, R. P. and Shoran, J. (2005) Application of solvent 
retention capacity tests for the prediction of mixing properties of wheat flour, 
Journal of Cereal Science, 42, 261-266. 

Randall, T. L. (1994), Case studies on caustic sulfide wastewater wet oxidation 
treatment, Hazardous & Industrial Wastes, 26th Mid Atlantic Industrial Waste 
Conference, Newark, DE, Technomic. 

Rausch, K. D. (2002) Front end to backpipe: Membrane technology in the starch 
processing industry, Starch/Starke, 54, 273-284. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

396

Redgwell, R. J., de Michieli, J. H., Fischer, M., Reymond, S., Nicolas, P. and Sievert, 
D. (2001) Xylanase Induced Changes to Water- and Alkali-Extractable 
Arabinoxylans in Wheat Flour: Their Role in Lowering Batter Viscosity, 
Journal of Cereal Science, 33 83-96. 

Ribeiro, A., Bei, N., Gonçalves, L., Petrus, J. and Viotto, L. (2008) The optimisation 
of soybean oil degumming on a pilot plant scale using a ceramic membrane, 
Journal of Food Engineering, 87, 514-521. 

Robbins, B. J. and Field, R. W. (1997) Defining water flux in electro-membrane 
processes, Journal of Membrane Science, 129, 271-276. 

Roman-Gutierreza, A., Sabathierb, J., Guilberta, S., Galetb, L. and Cuq, B. (2003) 
Characterization of the surface hydration properties of wheat flours and flour 
components by the measurement of contact angle, Powder Technology, 129, 
37- 45. 

Roy, S., Gennadios, A., Weller, C. L. and Testin, R. F. (2000) Water vapor transport 
parameters of a cast wheat gluten film, Industrial Crops and Products, 11, 43-
50. 

Rynne, F. and Dart, P. (1998), Microbial health hazards associated with effluent 
reuse, research project, Urban Water Research Association of Australia, 
Brisbane. 

Saddoud, A., Hassaï, I. and Sayadi, S. (2006) Anaerobic membrane reactor with phase 
separation for the treatment of cheese whey, Bioresource Technology, In 
Press, Corrected Proof, Available online 13 October 2006,  

Saddoud, A., Hassaï, I. and Sayadi, S. (2007) Anaerobic membrane reactor with phase 
separation for the treatment of cheese whey, Bioresource Technology, 98, 
2102-2108. 

Saddoud, A. and Sayadi, S. (2007) Application of acidogenic fixed-bed reactor prior 
to anaerobic membrane bioreactor for sustainable slaughterhouse wastewater 
treatment, Journal of Hazardous Materials, 149 700-706. 

Salladini, A., Prisciandaro, M. and Barba, D. (2007) Ultrafiltration of biologically 
treated wastewater by using backflushing, Desalination, 207, 24-34. 

Salvador, A., Sanz, T. and Fiszman, S. M. (2006) Dynamic rheological characteristics 
of wheat flour–water doughs. Effect of adding NaCl, sucrose and yeast, Food 
Hydrocolloids, 20, 780-786. 

Sánchez-Alonso, I., Solas, M. T. and Borderías, A. J. (2007) Technological 
implications of addition of wheat dietary fibre to giant squid (Dosidicus gigas) 
surimi gels, Journal of Food Engineering, 81, 404-411. 

Sandhu, K., Singh, N. and Lim, S.-T. (2007) A comparison of native and acid thinned 
normal and waxy corn starches: Physicochemical, thermal, morphological and 
pasting properties, Food Science and Technology, 40, 1527-1536. 

Santos, A., Bedrikovetsky, P. and Fontoura, S. (2008) Analytical micro model for size 
exclusion: Pore blocking and permeability reduction, Journal of Membrane 
Science, 308, 115-127. 

Saulnier, L., Andersson, R. and Åman, P. (1997) A study of the polysaccharide 
components in gluten, Journal of Cereal Science, 25, 121-127. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

397

Savelski, M. and Bagajewicz, M. (2000) On the optimality conditions of water 
utilization systems in process plants with single contaminants, Chemical 
Engineering Science, 55, 5035-5048. 

Savelski, M. J. and Bagajewicz, M. J. (2001) Algorithmic procedure to design water 
utilization systems featuring a single contaminant in process plants, Chemical 
Engineering Science, 56, 1897-1911. 

Sayaslan, A. (2004) Wet-milling of wheat flour: industrial processes and small-scale 
test methods, Lebensmittel-Wissenschaft und-Technologie, 37, 499-515. 

Schaefer, J. (2001) Reliable water supply by reusing wastewater after membrane 
treatment, Desalination, 138, 91. 

Schafer, A. (2001) Natural Organics Removal Using Membranes, Technomic 
Publishing Company, Inc., Pennsylvania. 

Schäfer, A. I., Fane, A. G. and Waite, T. D. (2001) Cost factors and chemical 
pretreatment effects in the membrane filtration of waters containing natural 
organic matter, Water Research, 35, 1509-1517. 

Schurer, F., Kieffer, R., Wieser, H. and Koehler, P. (2007) Effect of hydrostatic 
pressure and temperature on the chemical and functional properties of wheat 
gluten II. Studies on the influence of additives, Journal of Cereal Science, 46, 
39-48. 

Scott, J. A. and Smith, K. L. (1997) A bioreactor coupled to a membrane to provide 
aeration and filtration in ice-cream factory wastewater remediation, Water 
Research, 31, 69-74. 

Scott, K. (1995) Handbook of Industrial Membranes, First edition, Elsevier Science, 
Oxford. 

Selçuk, S. and Lamanna, A. J. (2007) Feasibility investigation of oriented straw cable 
cement composites, Composites Part A: Applied Science and Manufacturing, 
38, 1965-1974. 

Serena, A. and Knudsen, K. E. B. (2007) Chemical and physicochemical 
characterisation of co-products from the vegetable food and agro industries, 
Animal Feed Science and Technology, 139 109-124. 

Sethi, S. and Wiesner, M. R. (1995) Performance and cost modeling of ultrafiltration, 
Journal of Environmental Engineering, 874-883. 

Sethi, S. and Wiesner, M. R. (1997) Modeling of transient permeate flux in cross-flow 
membrane filtration incorporating multiple particle transport mechanisms, 
Journal of Membrane Science, 136, 191-205. 

Seyfried, C. F. and Austermann-Haun, U. (1990) Large-scale anaerobic/aerobic 
treatment plants for wastewaters from a molasses distillery, a pectin factory, 
and starch factories, Water Science and Technology, 22, 353-360. 

Sharp, M. M. and Escobar, I. C. (2006) Effects of dynamic or secondary-layer 
coagulation on ultrafiltration, Desalination, 188, 239-249. 

Shewry, P. R. and Tatham, A. S. (1997) Disulphide Bonds in Wheat Gluten Proteins, 
Journal of Cereal Science, 25, 207-227. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

398

Shi, W. and Benjamin, M. M. (2008) Membrane Interactions with NOM and an 
Adsorbent in a Vibratory Shear Enhanced Filtration Process (VSEP) System, 
Journal of Membrane Science, Accepted Manuscript,  

Shin, H.-S. and Kang, S.-T. (2003) Characteristics and fates of soluble microbial 
products in ceramic membrane bioreactor at various sludge retention times, 
Water Research, 37, 121-127. 

Shu, L., Xing, W. and Xu, N. (2007) Effect of Ultrasound on the Treatment of 
Emulsification Wastewater by Ceramic Membranes, Chinese Journal of 
Chemical Engineering, 15, 855-860. 

Shukla, R., Tandon, R., Nguyen, M. and Cheryan, M. (2000) Microfiltration of starch 
suspensions using a tubular stainless steel membrane, Membrane Technology, 
2000, 5-8. 

Siegert, I. and Banks, C. (2005) The effect of volatile fatty acid additions on the 
anaerobic digestion of cellulose and glucose in batch reactors, Process 
Biochemistry, 40, 3412-3418. 

Singh, N. and Cheryan, M. (1997) Fouling of a ceramic microfiltration membrane by 
corn starch hydrolysate, Journal of Membrane Science, 135, 195-202. 

Singh, N. and Cheryan, M. (1998) Process design and economic analysis of a ceramic 
membrane system for microfiltration of corn starch hydrolysate, Journal of 
Food Engineering, 38, 57-67. 

Singh, N., Kaur, L., Sandhu, K., Kaur, J. and Nishinari, K. (2006) Relationships 
between physicochemical, morphological, thermal, rheological properties of 
rice starches, Food Hydrocolloids, 20, 532-542. 

Smeal, C. (1998) Coal Dust Suppression, Interoffice Memo, Weston Bioproducts, 
Brisbane. 

Smolders, K. and Franken, A. C. M. (1989) Terminology for Membrane Distillation, 
Desalination, 72, 249-262. 

Sondhi, R. and Bhave, R. (2001) Role of backpulsing in fouling minimization in 
crossflow filtration with ceramic membranes, Journal of Membrane Science, 
186, 41-52. 

Song, Y., Wang, Z. and Zheng, Q. (2008) Equibiaxial extensional deformation and 
stress relaxation of glycerol plasticized wheat gluten at different 
concentrations, Food Hydrocolloids, 22 414-420. 

Sørensen, H. R., Pedersen, S. and Meyer, A. S. (2007) Synergistic enzyme 
mechanisms and effects of sequential enzyme additions on degradation of 
water insoluble wheat arabinoxylan, Enzyme and Microbial Technology, 40, 
908-918. 

Sridang, P. C., Pottier, A., Wisniewski, C. and Grasmick, A. (2007) Performance and 
microbial surveying in submerged membrane bioreactor for seafood 
processing wastewater treatment, Journal of Membrane Science, Article in 
press,  

Srijaroonrat, P., Julien, E. and Aurelle, Y. (1999) Unstable secondary oil/water 
emulsion treatment using ultrafiltration: fouling control by backfushing, 
Journal of Membrane Science, 159, 11-20. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

399

Standards Australia and Standards New Zealand (1996) Australian/New Zealand 
Standard: Paints and related materials - Methods of test.  Method 214.0: 
Rheological properties - Guide to test methods, Standards Australia/Standards 
New Zealand,  

Stone, L. J. (2005) Limitations of cleaner production programmes as organisational 
change agents. II. Leadership, support, communication, involvement and 
programme design, Journal of Cleaner Production, In Press, Corrected Proof,  

Storebakken, T., Shearer, K. D., Baeverfjord, G., Nielsen, B. G., Åsgård, T., Scott, T. 
and De Laporte, A. (2000) Digestibility of macronutrients, energy and amino 
acids, absorption of elements and absence of intestinal enteritis in Atlantic 
salmon, Salmo salar, fed diets with wheat gluten., Aquaculture, 184, 115-132. 

Strahm, A., Amado, R. and Neukom, H. (1981) Hydroxyproline-galactoside as a 
protein-polysaccharide linkage in a water soluble arabinogalactan-peptide 
from wheat endosperm, Phytochemistry, 20, 1061-1063. 

Stumpe, M., Redeker, B. and Werner, U. (1993) The use of electrostatic interactions 
to improve the backflushing effect in crossflow microfiltration, Filtration & 
Separation, 30, 331-335. 

Sun, S., Song, Y. and Zheng, Q. (2007) pH-induced rheological changes for semi-
dilute solutions of wheat gliadins, Food Hydrocolloids, In Press, Accepted 
Manuscript,  

Sutton, P. M. (1986) Innovative biological systems for anaerobic treatment of grain 
and food processing wastewaters, Starch/Starke, 38, 314-318. 

Tanaka, T., Usui, K. and Nakanishi, K. (1998) Formation of the gel layer of polymers 
and its effect on the permeation flux in crossflow filtration of 
 Corynebacterium glutamicum broth, Separation Science and 
Technology, 33, 707-722. 

Tang, M. C. and Copeland, L. (2007) Analysis of complexes between lipids and 
wheat starch, Carbohydrate Polymers, 67 80-85. 

Taylor, B. (2005) Encouraging industry to assess and implement cleaner production 
measures, Journal of Cleaner Production, In Press, Corrected Proof,  

Taylor, J. S. and Jacobs, E. P. (1996) In Water Treatment Membrane Processes(Eds, 
Mallevialle, J., Odendaal, P. E. and Wiesner, M. R.) McGraw-Hill, Sydney, 
pp. 9.1-9.70. 

Tengklint, A. (2001), Membranes in water and wastewater treatment: An 
environmentally sound approach, Master of Engineering Science in 
Environmental Engineering, Faculty of Environmental Science, Griffith 
University, Nathan.  

Tester, R. F. (1997) In Starch: structure and functionality(Eds, Frazier, P. J., 
Richmond, P. and Donald, A. M.) The Royal Society of Chemistry, 
Cambridge, pp. 163-171. 

Thebaudin, J. Y., Lefebvre, A. C. and Doublier, J. L. (1998) Rheology of Starch 
Pastes from Starches of Different Origins: Applications to Starch-based 
Sauces, Lebensm.-Wiss. u.-Technol., 31, 354–360  



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

400

Toräng, A., Jönsson, A.-S. and Zacchi, G. (1999) Separation of cells and proteins 
from fermentation broth in a shear-enhanced cross-flow ultrafiltration module 
as the first step in the refinement of lactic acid, Applied Biochemistry and 
Biotechnology, 76, 143-157. 

Torbica, A., Antov, M., Mastilovic, J. and Knezevic, D. (2007) The influence of 
changes in gluten complex structure on technological quality of wheat 
(Triticum aestivum L.), Food Research International, xxx in press, corrected 
proof, xxx-xxx. 

Toussaint, G., Ding, L. H. and Jaffrin, M. Y. (2000) Recovery of -agarase enzyme 
from fermentation broths by membrane crossflow filtration, Separation 
Science and Technology, 35, 795-809. 

Trussell, R. S., Merlo, R. P., Hermanowicz, S. W. and Jenkins, D. (2007) Influence of 
mixed liquor properties and aeration intensity on membrane fouling in a 
submerged membrane bioreactor at high mixed liquor suspended solids 
concentrations, Water Research, 41, 947-958. 

Tsapiuk, E. A. (1996) Ultrafiltration separation of aqueous solutions of poly(ethylene 
glycol)s on the dynamic membrane formed by gelatin, Journal of Membrane 
Science, 116, 17-29. 

Tu, S.-C., Ravindran, V. and Pirbazari, M. (2005) A pore diffusion transport model 
for forecasting the performance of membrane processes, Journal of Membrane 
Science, 265, 29-50. 

Turner, W. (1997) NSW yield calculation before starch production closure/tailend 
stream utilisation, Memorandum, Weston Bioproducts. 

Unnikrishnan, S. and Hegde, D. S. (2005) An analysis of cleaner production and its 
impact on health hazards in the workplace, Environment International, In 
Press, Corrected Proof,  

Van den Bulcka, K., Swennena, K., Loosvelda, A. A., Courtina, C. M., Brijsa, K., 
Proostb, P., Van Dammeb, J., Van Campenhoutc, S., Mortd, A. and Delcoura, 
J. A. (2005) Isolation of cereal arabinogalactan-peptides and structural 
comparison of their carbohydrate and peptide moieties, Journal of Cereal 
Science, 41 59-67. 

Van Der Borght, A., Goesaert, H., Veraverbeke, W. S. and Delcour, J. A. (2005) 
Fractionation of wheat and wheat flour into starch and gluten: overview of the 
main processes and the factors involved, Journal of Cereal Science, 41, 221-
237. 

van Hullebush, E. D., Gieteling, J., Van Daele, W., Defracq, J. and Lens, P. N. L. 
(2007) Effect of sulfate and iron on physico-chemical characteristics of 
anaerobic granular sludge, Biochemical Engineering Journal, 33, 168-177. 

Van Hung, P., Maeda, T., Miskelly, D., Tsumori, R. and Morita, N. (2008) 
Physicochemical characteristics and fine structure of high-amylose wheat 
starches isolated from Australian wheat cultivars, Carbohydrate Polymers, 71, 
656-663. 

Vance, P. A. (1999), Design development and testing o f a cross-flow membrane rig 
to compare permeate flux at varying temperature, cross-flow and trans-



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

401

membrane pressure of wheat/starch factory wastewater, Honours Thesis 
(B.Eng.), School of Environmental Engineering, Griffith University, Nathan.  

Vatai, G. N., Krstic, D. M., Höflinger, W., Koris, A. K. and Tekic, M. N. (2007) 
Combining air sparging and the use of a static mixer in cross-flow 
ultrafiltration of oil/water emulsion, Desalination, 204 255-264. 

Vela, M., Bergantiños-Rodríguez, E., Blanco, S. and García, J. (2008a) Influence of 
feed concentration on the accuracy of permeate flux decline prediction in 
ultrafiltration, Desalination, 221, 383-389. 

Vela, M., Blanco, S., García, J. and Bergantiños-Rodríguez, E. (2008b) Permeate flux 
decline prediction in the ultrafiltration of macromolecules with empirical 
estimation of the gel layer concentration, Desalination, 221, 390-394. 

Verberk, J. Q. J. C. and van Dijk, J. C. (2006) Air sparging in capillary nanofiltration, 
Journal of Membrane Science, 284 339-351. 

Vermeylena, R., Goderisb, B., Reynaersb, H. and Delcoura, J. A. (2005) 
Gelatinisation related structural aspects of small and large wheat starch 
granules, Carbohydrate Polymers, 62 (2005) 170-181. 

Vigneswaran, S., Jegatheesan, V. and Visvanathan, C. (1999) Industrial waste 
minimization initiatives in Thailand: concepts , examples and pilot scale trials, 
Journal of Cleaner Production, unknown, 43-47. 

Visvanathan, C., Yang, B.-S., Muttamara, S. and Maythanukhraw, R. (1997) 
Application of air backflushing technique in membrane bioreactor, Water 
Science and Technology, 36, 259-266. 

Voolapalli, R. K. and Stuckey, D. C. (2001) Hydrogen production in anaerobic 
reactors during shock loads - influence of formate production and H2 Kinetics, 
Water Research, 35, 1831-1841. 

Vourch, M., Balannec, B., Chaufer, B. and Dorange, G. (2008) Treatment of dairy 
industry wastewater by reverse osmosis for water reuse, Desalination, 219, 
190-202. 

Vyas, H. K., Bennett, R. J. and Marshall, A. D. (2000a) Influence of feed properties 
on membrane fouling in crossflow microfiltration of particulate suspensions, 
International Dairy Journal, 10, 855-861. 

Vyas, H. K., Bennett, R. J. and Marshall, A. D. (2000b) Influence of operating 
conditions on membrane fouling in crossflow microfiltration of particulate 
suspensions, International Dairy Journal, 10, 477-487. 

Vyas, H. K., Bennett, R. J. and Marshall, A. D. (2002) Performance of crossflow 
microfiltration during constant transmembrane pressure and constant flux 
operations, International Dairy Journal, 12, 473-479. 

Wang, B.-J., Wei, T.-C. and Yu, Z.-R. (2005) Effect of operating temperature on 
component distribution of West Indian cherry juice in a microfiltration system, 
LWT - Food Science and Technology, 38, 683-689. 

Wang, J., Zhao, M., Yang, X. and Jiang, Y. (2006) Improvement on functional 
properties of wheat gluten by enzymatic hydrolysis and ultrafiltration, Journal 
of Cereal Science, 44, 93-100. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

402

Wang, Q., Kuninobu, M., Ogawa, H. I. and Kato, Y. (1999) Degradation of volatile 
fatty acids in highly efficient anaerobic digestion, Biomass and Bioenergy, 16, 
407-416. 

WBP (1983) WBP MF Data Sheets for experiments undertaken 2-17 February 1983, 
Experimental Data, Weston Bioproducts. 

WBP (1997) Gums and Pentosans Update, Memorandum, Weston Bioproducts. 

WBP (1999) Tail End Streams: Stockfeed, Company Memo, Weston Bioproducts. 

Wenten, I. G. (1995) Mechanisms and control of fouling in crossflow microfiltration, 
Filtration & Separation, 32, 252-253. 

Whistler, R. L., Bemiller, J. N. and Paschall, E. F. (Eds.) (1984) Starch: chemistry 
and technology. 

Wieser, H. (2007) Chemistry of gluten proteins, Food Microbiology, 24, 115-119. 

Wieser, H., Mödl, A., Seilmeier, W. and Belitz, H. D. (1987) High-performance liquid 
chromatography of gliadins from different wheat varieties: amino acid 
composition and N-terminal amino acid sequence of components, Zeitschrift 
Für Lebensmittel-Untersuchung und Forschung, 185, 371-378. 

Williams, P., Sobering, D. and Antoniszyn, J. (1998) Protein Testing Methods at the 
Canadian Grain Commission, Canadian Grain Commission, 
hhttttpp::////wwwwww..ggrraaiinnssccaannaaddaa..ggcc..ccaa//PPUUBBSS//ccoonnffppaappeerr//WWiilllliiaammss//PPrrootteeiinnOOcctt9988//pprrootteeii
nn__oocctt__9988..ppddff, 18 December 2007. 

Wisniewski, C. (2007) Membrane bioreactor for water reuse, Desalination, 203, 15-
19. 

Wollerdorfer, M. and Bader, H. (1998) Influence of natural fibres on the mechanical 
properties of biodegradable polymers, Industrial Crops and Products, 8, 105-
112. 

Woychick, J. H., Boundy, J. A. and Dimler, R. A. (1961) Srarch gel electrophoresis of 
wheat gluten proteins with concentrated urea, Archives Of Biochemistry And 
Biophysics, 94, 477-482. 

Wruck, D. (2000) Advice on sampling procedures and analysis, Pidgeon, E., 
Brisbane. 

Wu, T. Y., Mohammad, A. W., Jahim, J. M. and Anuar, N. (2007) Palm oil mill 
effluent (POME) treatment and bioresources recovery using ultrafiltration 
membrane:  Effect of pressure on membrane fouling, Biochemical 
Engineering Journal, 35, 309-317. 

Xu, J., Bietz, J. A. and Carriere, C. J. (2007) Viscoelastic properties of wheat gliadin 
and glutenin suspensions, Food Chemistry 101, 1025-1030. 

Yanagi, C., Sato, M. and Takahara, Y. (1994) Treatment of wheat starch waste water 
by a membrane combined two phase methane fermentation system, 
Desalination, 98, 161-170. 

Ye, X. P., Julson, J., Kuo, M., Womac, A. and Myers, D. (2007) Properties of medium 
density fiberboards made from renewable biomass, Bioresource Technology, 
98, 1077-1084. 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

403

Yeoh, B. G. (1997) Abstract - Two-phase anaerobic treatment of can-molasses 
alcohol stillage, Water Science and Technology, 36, 441-448. 

Yezza, A., Tyagi, R. D., Valero, J. R. and Surampalli, R. Y. (2006) Bioconversion of 
industrial wastewater and wastewater sludge into Bacillus thuringiensis based 
biopesticides in pilot fermentor, Bioresource Technology, 97, 1850-1857. 

Yoda, M. and Nishimura, S. (1997) Controlling granular sludge floatation in UASB 
reactors, Water Science and Technology, 36, 165-173. 

Yu, H. Q. and Fang, H. H. P. (2003) Acidogenesis of gelatin-rich wastewater in an 
upflow anaerobic reactor: influence of pH and temperature, Water Research, 
37, 55-66. 

Yuan, Y., Zhang, L., Dai, Y. and Yu, J. (2007) Physicochemical properties of starch 
obtained from Dioscorea nipponica Makino comparison with other tuber 
starches, Journal of Food Engineering, 82, 436-442. 

Zaldivar, J., Roca, C., Le Foll, C., Hahn-Hagerdal, B. and Olsson, L. (2005) Ethanolic 
fermentation of acid pre-treated starch industry effluents by recombinant 
Saccharomyces cerevisiae strains, Bioresource Technology, 96, 1670-1676. 

Zar, J. H. (1984) Biostatistical Analysis, Second Edition, Prentice Hall, New Jersey. 

Zbontar, L. and Glavic, P. (2000) Total site: wastewater minimization:  Wastewater 
reuse and regeneration reuse, Resources, Conservation and Recycling, 30, 
261-275. 

Zeevalkink, J. A. and Jans, A. J. M. (1986) Anaerobic Treatment of Starch 
Wastewater: Long-term experiments and prospects, Starch/Stärke, 38, 243-
246. 

Zhang, G., Ji, S., Gaoa, X. and Liu, Z. (2008) Adsorptive fouling of extracellular 
polymeric substances with polymeric ultrafiltration membranes Journal of 
Membrane Science, 309 28-35. 

Zhang, L.-M. and Chen, D.-Q. (2002) An investigation of adsorption of lead(II) and 
copper(II) ions by water-insoluble starch graft copolymers, Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 205, 231-236. 

Zhao, Y., Tan, Y., Wong, F.-S., Fane, A. G. and Xu, N. (2006) Formation of 
Mg(OH)2 dynamic membranes for oily water separation: effects of operating 
conditions, Desalination, 191, 344-350. 

Zhou, G.-M. and Fang, H. H. P. (1998) Competition between methanogenesis and 
sulfidogenesis in anaerobic wastewater treatment, Water Science and 
Technology, 38, 317-324. 

Zondervan, E. and Roffel, B. (2007) Evaluation of different cleaning agents used for 
cleaning ultra filtration membranes fouled by surface water, Journal of 
Membrane Science, 304, 40-49. 

Zouboulis, A. I. and Petala, M. D. (2008) Performance of VSEP vibratory membrane 
filtration system during the treatment of landfill leachates, Desalination, 222 
165-175. 

 



The application of crossflow membrane filtration technology to remediate wheat starch processing wastewater for reuse 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

404

11. APPENDICES 

Appendix A: Wastewater Characterisation Spreadsheet and Data Examples 

Appendix B: Water Usage Data Parameters Analysed 

Appendix C: Process Flow Diagram for Starch Factory 

Appendix D: Malvern Mastersizer Reports 

Appendix E: IC Loading Rate Calculations for Various Influent COD 

Concentration and Flow Rates 

Appendix F: Legislative Framework 

Appendix G: Summary of Drinking Water Guideline Values 

Appendix H: Water Recycling Project Flow Chart 

Appendix I: Qualitative Risk Analysis and Ranking Tables 

Appendix J: Critical Control Point Determinations  

Appendix K: Class A+ Recycled Water Characteristics 

Appendix L: Class A, B, C & D Recycled Water Characteristics 

 

 



Appendix A: Water Usage Data Parameters Analysed  

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

405

DAY  MON TUE WED 
THU
R FRI MON TUE WED THU FRI MON TUE WED THU FRI 

DATE  

1-
Mar-
99 

2-
Mar-
99 

3-Mar-
99 

4-
Mar-
99 

5-
Mar-
99 

12-
Apr-
99 

13-
Apr-
99 

14-
Apr-
99 

15-
Apr-
99 

16-
Apr-
99 

10-
May-
99 

11-
May-
99 

12-
May-
99 

13-
May-
99 

14-
May-
99 

PREACIDIFICATION
                               
COD total (mg/L) 9370 7340 11660 11330 11760 17380 12580 12660 12720 11140 11240 8920 11300 10720 14320 
VFA (meq/L) 8.2 7 13 16.6 13.8 14.8 18.9 16.7 17.9 16.6 9 14.1 19.4 17.2 21.1 
Alkalinity (meq/L) -0.1 0 0 0 0 0 0 -0.1 0 0 -0.1 0 0 0 0 
pH 3.11 4.33 2.94 3.26 3.54 2.92 3.93 3.59 3.99 4.59 3.15 3.89 3.65 3.78 3.56 

Temperature (oC) 32.4 31.4 31.9 33.5 30.8 31.1 30.5 31.1 29.5 31.2 29.1 28 28.3 27.9 27.9 
SS (mg/L)   824 1896 1616 2012 5256 2624 3016 2916   1016 824 1704 1208 3020 
SET. SOL. 60 min 
(mL)   55 70 50 16 150 80 140 200 200 125 125 150 40 200 

MIX TANK                               
VFA (meq/L) 12.2 9 20.3 26 23.7 30.8 27.4 31.2 30.9 30.7 28.3 23.6 28.5 28.5 40.7 
Alkalinity (meq/L) 18 12.5 16.7 22.1 38.6 5.6 8.9 7.5 9.6 17.9 7 32.7 14.4 5 21.7 
pH 6.36 6.3 6.29 6.43 6.82 6.33 6.22 6.26 6.46 6.65 6.82 6.99 6.77 6.89 7.14 

Temperature (oC) 30.3 30.9 31.9 33.5 32.5 30.2 29.4 29.8 29.2 29.8 27.3 26.5 27.5 27.6 28 

Mix Tank feed (m3/h) 16.7 18.1 17.3   4.5 14.5   18.4 15.3 18.5 16.3 3.3 17 19.1 15.5 

IC REACTOR 
EFFLUENT                               
COD total (mg/L) 3770 2690 5010 4130 5740 8060 4860 5640 5140 5168 6240 3620 6460 5260 8340 
VFA (meq/L) 5.5 4.9 5.6 5.9 7.2 25.1 21.2 27.5 28.9 28.7 28.1 16.4 28.3 29 43.7 
Alkalinity (meq/L) 38.2 26.6 40.7 51.2 59.6 10.1 17.8 20.6 23.2 26.8 28 48.2 29.6 22.4 28 
pH (sample box 
display) 6.9 6.7 7 6.1 7 6.5 6.5 6.6 6.7 6.7 6.7 6.9 7.1 6.7 6.7 

Temperature (oC) 
(sample box display) 31.1 31.3 32.1 30.7 33.4 31.3 30.1 30.7 31 30.9 28.5 27.7 29 29.1 29.5 
SS (mg/L) 1920 1392 2672 2060 2772 3904 2036 1844 1616   2996 1580 2020 1848 3132 
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SET. SOL. I min (mL)   0 0 1 0.5 0 0 0 0 0 0 0 0 0 0 
SET. SOL. 60 min 
(mL) 125 60 50 120 150 50 80 90 100 90 200 100 125 150 125 
appearance of set sols                               
floating material (mL)                               

IC Reactor feed (m3/h)                               
Recycle Rate (%) 200 200 200 200 200 250   250 50 150 150 250 100 100 100 

AERATION TANK 
(AE4)                               
COD total (mg/L) 3390 2090 4410 3770 11000 8180 4740 5100 5640 4620 6360 4320 5380 5360   
VFA (meq/L) 7.2 6 7.5 7.2 16.6 22.7 21.4 29.6 29.3 27.1 24.8 21.7 25.5 28 45.1 
Alkalinity (meq/L) 33.3 28.8 38.7 48.6 57.3 12.9 21.7 18.5 23.1 28.5 28 38.4 36.7 21.5 23.6 
pH 7.1 7 7.1 6.6 7.6 6.6 7 6.9 6.7 7.1 6.9 7.2 7.3 7.1 6.9 

Temperature (oC) 31.2 31.3 32.1 33.4 32.3 31 29.5 30.9 29.4 31.1 29.1 27.6 28.9 29.3 29.6 
SS (mg/L) 1776 1028 1800 1504 7560 2572 2136 1760 1568   3204 1688 1824 1956 2816 

SOLIDS %                               
Flume 0 0 0 0.35 0.4 0.05 0.64 0.35 0.24 0.29 0.24 0.44 0.45 0.2 0.5 
QX EFF. 0.1 0.15 0.2 1.04   0.35 0.44 0.65 0.34 0.4 0.49 0.05 0.45 0.44 0.7 
SD4 0.7 0.25 0.4 0   1.43 0.68 0.9 0.55 0 0.1 0.24 0.44 0.35 0.54 
PA Bottom     16.55 13.16 12.56 10.6 14.38 13.68 12.2 12.55 10.7 9.23 12.13   13.04 

BIOGAS                               

Flow (m3/h) 47.9 43.9 56.3   39.8 43.9   44.1 40.9 44.5 47.3 29.2 35.6 36.6 33.3 

Flow (m3/d) 1149.6 1053.6 1351.2   955.2 1053.6   1058.4 981.6 1068 1135.2 700.8 854.4 878.4 799.2 

FLUME/Eff to sewer                               
COD (mg/L)                               
SS (mg/L) 3392 1096 2260 1536 1832 2112 4116 2088 1620   564 1956 1660 2140 2476 

Effluent Meter (m3) 
32548
0 

32594
2 

326445
0   

32729
3 

34416
7 

34475
7 

34536
5 

34593
0 

34628
0 

35595
0 

35649
1 

35686
4 

35739
1 

35790
8 

Water Meter (m3) 
24110
2 

24184
0 242469   

24361
7 

26431
6 

26491
1 

26554
6 

26624
1 

26689
9 

28106
1   

28236
3 

28306
9 

28369
5 
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Time of meter reading 
10:13 
AM 

10:40 
AM 

11:00 
AM   

10:30 
AM 

9:45 
AM 

9:30 
AM 

9:30 
AM 

9:50 
AM 

9:00 
AM 

9:00 
AM 

9:00 
AM 

9:10 
AM 

9:30 
AM 

9:00 
AM 

CHEMICALS                               
Flour rate (kg/min)           59 61.7 62 60 62 61   51     
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 Date 
 Day 
 Webtech (hours)_night 
 Merchen feeder (hours)_night 
 Webtech (hours)_day 
 Merchen feeder (hours)_day 
 Webtech (hours)_afternoon 
 Merchant feeder 

(hours)_afternoon 
 Webtech (hours)_total 
 Merchen feeder (hours)_total 
 Webtech & Merchen (hours) 
 W Flour rate (kg/min)_night 
 M Flour rate (kg/min)_night 
 W Flour rate (kg/min)_day 
 M Flour rate (kg/min)_day 
 W Flour rate 

(kg/min)_afternoon 
 M Flour rate 

(kg/min)_afternoon 
 W Flour rate (kg/min)_dailyavg 
 M Flour rate (kg/min)_dailyavg 
 Flour (kg dsb)_night 
 Flour (kg dsb)_day 
 Flour (kg dsb)_afternoon 
 Daily flour (kg dsb) 
 Foreman_Night 
 Foreman_Day 

 Foreman_Afternoon 
 TC_505_Night 
 TC_505_Day 
 TC_505_Afternoon 
 TC_505_Total 
 GLS_Night 
 GLS_Day 
 GLS_Afternoon 
 GLS_Total 
 Spray Tower_Night 
 Spray Tower_Day 
 Spray Tower_Afternoon 
 Spray Tower_Total 
 Glucose_Night 
 Glucose_Day 
 Glucose_Afternoon 
 Glucose_Total 
 T15 Truck_Night 
 T15 Truck_Day 
 T15 Truck_Afternoon 
 T15 Truck_Total 
 Unicorr Mix Area_Night 
 Unicorr Mix Area_Day 
 Unicorr Mix Area_Afternoon 
 Unicorr Mix Area_Total 
 Gluten washing_Night 
 Gluten washing_Day 
 Gluten washing_Afternoon 

 Gluten washing_Total 
 SB80_Night 
 SB80_Day 
 SB80_Afternoon 
 SB80_Total 
 TX_Night 
 TX_Day 
 TX_Afternoon 
 TX_Total 
 Larox Scrubber & Drum 

Filter_Night 
 Larox Scrubber & Drum 

Filter_Day 
 Larox Scrubber & Drum 

Filter_Afternoon 
 Larox Scrubber & Drum 

Filter_Total 
 Scrubber_Night 
 Scrubber_Day 
 Scrubber_Afternoon 
 Scrubber_Total 
 Process Water Tank_Night 
 Process Water Tank_Day 
 Process Water Tank_Afternoon 
 Process Water Tank_Total 
 Drum Filter Water_Night 
 Drum Filter Water_Day 
 Drum Filter Water_Afternoon 
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 Drum Filter Water_Total 
 Total Metered_Night 
 Total Metered_Day 
 Total Metered_Afternoon 
 Total Metered_Total 
 Unmetered_Night 
 Unmetered_Day 
 Unmetered_Afternoon 
 Unmetered_Total 
 Mag Flow_Night 
 Mag Flow_Day 
 Mag Flow_Afternoon 
 Mag Flow_Total 
 Discharge limit (kL/day) 
 Main_Night 
 Main_Day 
 Main_Afternoon 
 Main_Total 
 Hughes’ Farm (kL) 
 Loads to Hughes’ Farm 
 Transport Costs_Hughes' 
 COD (mg/L) 
 Equivalent BOD quality charge 

($/kg) 
 SS (mg/L) 
 SS quality charge ($/kg) 
 Total quality charge ($/kL) 

 Total quality and quantity 
Magflow discharge costs ($) 

 Transport + Magflow discharge 
costs 

 Metered mains water/tonne 
flour-night 

 Metered mains water/tonne 
flour-day 

 Metered mains water/tonne 
flour-afternoon 

 Metered mains water/tonne 
flour-total 

 Unmetered mains water/tonne 
flour-night 

 Unmetered mains water/tonne 
flour-day 

 Unmetered mains water/tonne 
flour-afternoon 

 Unmetered mains water/tonne 
flour-total 

 Total (unmetered + metered) 
mains water/tonne flour-night 

 Total (unmetered + metered) 
mains water/tonne flour-day 

 Total (unmetered + metered) 
mains water/tonne flour-
afternoon 

 Total (unmetered + metered) 
mains water/tonne flour-total 
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Figure 81: Process flow diagram for starch factory 
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Figure 82: Particle size distribution of QXE, 0.1-80 µm 
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Figure 83: Particle size distribution of QXE, 0.2-600 µm 
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Figure 84: Particle size distribution of IC effluent sample using Malvern Mastersizer 
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A number of calculations were undertaken to determine IC COD loading rates for a 

range of influent COD concentration rates and mix tank feed rates.  Tabulations are 

provided for when influent COD concentration rates equalled 10,000 mg/L (Table 

140), 15,000 mg/L (Table 141), 20,000 mg/L (Table 142), and 50,000 mg/L (Table 

143), all with a range of mix tank feed rates between 4 m3/h and 30 m3/h.  The 

resultant COD loading to IC rates are shaded grey.   

Table 140: Predicted COD loading rates when COD concentration = 10,000 mg/L 

COD Conc. 
(mg/L) 

COD Conc. 
(kg/m3) 

Mix Tank Feed 
Rate (m3/hr) 

Mix Tank Feed 
Rate (m3/d) 

COD Conc. 
(kg/d) 

COD Loading 
to IC (t/d) 

10000 10 4 96 960 1.0 

10000 10 6 144 1440 1.4 

10000 10 8 192 1920 1.9 

10000 10 10 240 2400 2.4 

10000 10 12 288 2880 2.9 

10000 10 14 336 3360 3.4 

10000 10 16 384 3840 3.8 

10000 10 18 432 4320 4.3 

10000 10 20 480 4800 4.8 

10000 10 25 600 6000 6.0 

10000 10 30 720 7200 7.2 

Table 141:  Predicted COD loading rates when COD concentration = 15,000 mg/L 

COD Conc. 
(mg/L) 

COD Conc. 
(kg/m3) 

Mix Tank Feed 
Rate (m3/hr) 

Mix Tank Feed 
Rate (m3/d) 

COD Conc. 
(kg/d) 

COD Loading 
to IC (t/d) 

15000 15 4 96 1440 1.4 

15000 15 6 144 2160 2.2 

15000 15 8 192 2880 2.9 

15000 15 10 240 3600 3.6 

15000 15 12 288 4320 4.3 

15000 15 14 336 5040 5.0 

15000 15 16 384 5760 5.8 

15000 15 18 432 6480 6.5 

15000 15 20 480 7200 7.2 

15000 15 25 600 9000 9.0 

15000 15 30 720 10800 10.8 
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Table 142: Predicted COD loading rates when COD concentration = 20,000 mg/L 

COD Conc. 
(mg/L) 

COD Conc. 
(kg/m3) 

Mix Tank Feed 
Rate (m3/hr) 

Mix Tank Feed 
Rate (m3/d) 

COD Conc. 
(kg/d) 

COD Loading 
to IC (t/d) 

20000 20 4 96 1920 1.9 

20000 20 6 144 2880 2.9 

20000 20 8 192 3840 3.8 

20000 20 10 240 4800 4.8 

20000 20 12 288 5760 5.8 

20000 20 14 336 6720 6.7 

20000 20 16 384 7680 7.7 

20000 20 18 432 8640 8.6 

20000 20 20 480 9600 9.6 

20000 20 25 600 12000 12.0 

20000 20 30 720 14400 14.4 

Table 143: Predicted COD loading rates when COD concentration = 50,000 mg/L 

COD Conc. 
(mg/L) 

COD Conc. 
(kg/m3) 

Mix Tank Feed 
Rate (m3/hr) 

Mix Tank Feed 
Rate (m3/d) 

COD Conc. 
(kg/d) 

COD Loading 
to IC (t/d) 

50000 50 4 96 4800 4.8 

50000 50 6 144 7200 7.2 

50000 50 8 192 9600 9.6 

50000 50 10 240 12000 12.0 

50000 50 12 288 14400 14.4 

50000 50 14 336 16800 16.8 

50000 50 16 384 19200 19.2 

50000 50 18 432 21600 21.6 

50000 50 20 480 24000 24.0 

50000 50 25 600 30000 30.0 

50000 50 30 720 36000 36.0 
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Legislation and guidelines potentially relevant to the various activities related to water 

recycling and reuse options for a food processing manufacturer, were investigated.  

McGrath (2006) provides a synopsis of the environmental legal system in 

Queensland, with consideration given to International Law, Commonwealth Law, 

Queensland Law and Common Law, however, water recycling laws and guidelines 

were not covered.  An excellent overview of the legislation relevant to water recycling 

is provided within the Queensland Water Recycling Guidelines (QWRG) 2005, 

including Commonwealth, State, Local and Common Laws.  These and other sources 

have been utilised to capture all relevant legislation that pertains to the various options 

for the company to reduce productivity constraints.  

COMMONWEALTH LEGISLATION AND GUIDELINES 

Environment Protection and Biodiversity Conservation Act 1999 

The principle environmental based Act and subordinate legislation at the 

Commonwealth level are the Environment Protection and Biodiversity Conservation 

Act 1999 (EPBC Act 1999) (Commonwealth of Australia, 2007a) and the 

Environment Protection and Biodiversity Conservation Regulations 2000 (EPBC 

Regulations 2000) (Commonwealth of Australia, 2007b).  This Act is not applicable 

to this project, as the surrounding environment is not formally recognised as having 

World Heritage or National Heritage values and no activities are expected to have 

significant impacts on a World Heritage or National Heritage place.  Further, the 

activities do not relate to any of the ‘Matters of national environmental significance’ 

in the EPBC Regulations 2000, listed as nuclear action, nuclear activity level and 

large-scale disposal facility of radioactive material.   

The Environmental Reform (Consequential Provisions) Act 1999 enables Acts to be 

repealed and amended and to provide the consequential provisions for the enactment 

of the EPBC Act 1999 without affecting the operation of that Act.  As the EPBC Act 

1999 does not apply to this food manufacturing situation, neither does the 

Environmental Reform (Consequential Provisions) Act 1999  
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Trade Practices Act 

The QWRG 2005 also lists the Commonwealth Trade Practices Act 1974 as relevant 

to the commercial supply of recycled water in “…that a corporation shall not engage 

in conduct that is misleading or deceptive or is likely to mislead or deceive”.  The 

Queensland Fair Trading Act 1989 represents the same issues at the State level. 

National Sewerage Acts 

The Sewerage Agreements Act 1973 and the Sewerage Agreements Act 1974 are not 

applicable to this type of research as the Acts relate to financial agreements between 

federal and state governments on the topic of sewerage works.   

National Environment Protection Measures  

The National Environment Protection Council Act 1994 was designed to facilitate “the 

establishment of a National Environment Protection Council (NEPC), and for related 

purposes” (Commonwealth of Australia, 1994).  The Environment Protection and 

Heritage Council (EPHC) was later formed incorporating NEPC business into this 

structure extending Council boundaries to include historic and Indigenous heritage 

issues (Parliament of Australia, 2006).   

The National Environment Protection Measures (Implementation) Act 1998 was 

enacted “…to provide for the implementation of National Environment Protection 

Measures (NEPMs)…” by Commonwealth authorities.  A NEPM can represent either 

guidelines, standards, goals or protocols (EPHC, 2006).  NEPMs produced include 

Ambient Air Quality, Ambient Air Quality – Particles Standard PM2.5, National 

Pollutant Inventory, Movement of Controlled Waste, Used Packaging Materials, 

Assessment of Site Contamination, Diesel Vehicle Emissions and Air Toxics.   

The Assessment of Site Contamination NEPM is of relevance and then, only for 

Option 1 involving the irrigation of the golf course with final treated effluent.  This 

measure was designed to establish a consistent approach to assessing environmental 

impacts and to provide adequate protection for environmental and human health 

(EPHC, 1999).  It provides the principles and processes to achieve the desired 

environmental outcomes and preliminary investigations are expected to include, data 

quality objectives, site history, proposed use details, local geology and hydrogeology , 

a detailed site inspection and a soil and groundwater sampling program.  Schedule 1 
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contains an excellent site assessment process schematic and in Schedule 2, ten 

separate guidelines are presented, as follows: 

 B(1) Guideline on Investigation Levels for Soil and Groundwater 

 B(2) Guideline on Data Collection, Sample Design and Reporting 

 B(3) Guideline on Laboratory Analysis of Potentially Contaminated Soils 

 B(4) Guideline on  Health Risk Assessment Methodology 

 B(5) Guideline on Ecological Risk Assessment 

 B(6) Guideline on Risk Based Assessment of Groundwater Contamination 

 B(7)  

o Schedule B(7A) Guideline on Health-Based Investigation Levels 

o Schedule B(7B) Guidelines on Exposure Scenarios and Exposure 

Settings 

 B(8) Guideline on Community Consultation and Risk Communication 

 B(9) Guideline on Protection of Health and the Environment During the 

Assessment of Site Contamination 

 B(10) Guideline on Competencies and Acceptance of Environmental Auditors 

and Related Professionals 

Council of Australian Governments 

A major change in Commonwealth-State working relationships was achieved with the 

development and establishment of the Council of Australian Governments (COAG) in 

1992.  Members of the COAG include the “…Prime Minister, State Premiers, 

Territory Chief Ministers and the President of the Australian Local Government 

Association (ALGA)” (COAG, 2005).  The COAG is chaired by the Prime Minister 

and the Secretariat is located within the Department of the Prime Minister and Cabinet 

(COAG, 2005).  Its role “…is to initiate, develop and monitor the implementation of 

policy reforms that are of national significance and which require cooperative action 

by Australian governments…” including, but not limited to, issues arising from 

Ministerial Council deliberations (COAG, 2005).  

A compendium was produced by the COAG presenting the broad guidelines and 

protocols, the details for heads of government meetings and a full list 

Commonwealth-State Ministerial Councils and Fora (COAG, 2006a).  The role of 



Appendix F: Legislative Framework 

Elaine Pidgeon 
PhD Dissertation 
School of Engineering, Griffith University 

419

Ministerial Councils is to “…develop policy reforms for consideration by COAG, and 

oversee the implementation of policy reforms agreed by COAG” (COAG, 2006b). 

Natural Resource Management Ministerial Council 

The Natural Resource Management Ministerial Council (NRMMC) “…is the peak 

government forum for consultation, coordination and, where appropriate, integration 

of action by governments on natural resource management issues” (NRMMC, 2005).  

This Council signifies the amalgamation of previous ministerial councils including the 

Agricultural and Resource Management Council of Australia and New Zealand 

(ARMCANZ), the Australia New Zealand Environment and Conservation Council 

(ANZECC) and the Ministerial Council on Forestry, Fisheries and Aquaculture 

(MCFFA) (Natural Resource Management Ministerial Council (NRMMC), 2005).  

For background to the formation, changes and amalgamations of Ministerial Councils 

relating to natural resources since 1934, refer to the NRMMC and Primary Industries 

Ministerial Council (PIMC) website (NRMMC and PIMC, 2005). 

National Water Quality Management Strategy 

The National Water Quality Management Strategy (NWQMS) rests within the COAG 

Water Reform Framework, operates under the NRMMC and aims to “…achieve 

sustainable use of the nation's water resources by protecting and enhancing their 

quality while maintaining economic and social development”.  NWQMS have now 

more than 21 recommended guidelines related to water cycle management issues, 

which are accessible from the Australian Department of Environment and Water 

Resources website  (Commonwealth of Australia, 2007c).  These guidelines are 

released by NRMMC “…and, in some cases, in collaboration with the National 

Health and Medical Research Council (NHMRC) and the Australian Health Ministers 

Conference”.  Guidelines considered relevant to different aspects of this research 

project and which are released by the NRMMC include: 

 Australian and New Zealand guidelines for fresh and marine water quality - 

2000  

 Australian drinking water guidelines - 2004 

 Australian guidelines for water quality monitoring and reporting - 2000 

 Australian Guidelines for Water Recycling: Managing Health and 

Environmental Risks (Phase1) – 2006 
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 Australian Guidelines for Water Recycling: Managing Health and 

Environmental Risks (Phase 2): Augmentation of Drinking Water Supplies – 

Draft for Public Comment July 2007  

Australian and New Zealand Guidelines for Fresh and Marine Water Quality – 

Irrigation Water Quality  

From the Australian and New Zealand guidelines for fresh and marine water quality 

(ANZECC and ARMCANZ, 2000), aspects of this project which would use specific 

sections of these guidelines are related to irrigation of the golf course.  Within Chapter 

4 in Section 4.2, Water quality for irrigation and general water use, trigger values are 

provided for irrigation water quality.  These trigger values represent “…below which 

there should be minimal risk of adverse effects” (ANZECC and ARMCANZ, 2000).  

The key issues concerning irrigation water quality include the effects on soil, plants 

and water resources, as well as associated factors, as presented verbatim in Table 144 

(ANZECC and ARMCANZ, 2000).   

Table 144: Key issues for irrigation water quality 

Aspect Key Issues 
Soil Soil Root zone salinity 

Soil structural stability 
Build-up of contaminants in soil 
Release of contaminants from soil to crops & pastures 

Plants Yield 
Salt tolerance 
Specific ion tolerance 
Foliar injury 
Uptake of toxicants in produce for human consumption 
Contamination by pathogens 

Water resources Deep drainage & leaching below root zone 
Movement of salts, nutrients & contaminants to groundwaters & surface 
waters 

Important associated 
factors 

Quantity and seasonality of rainfall 
Soil properties 
Crop and pasture species and management options 
Land type 
Groundwater depth and quality 

From the ANZECC and ARMCANZ Guidelines (2000), further tables are presented 

providing trigger values from these same guidelines for biological parameters (Table 

145), salinity and sodicity (Table 146) and major ions (Table 147). 
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Table 145: Biological parameters of interest for agriculture irrigation water quality  

Biological Parameter  Water quality for irrigation use 
Algae No guideline value for algae in irrigation waters is recommended, 

however, excessive algal growth may indicate nutrient pollution of the 
water supply.  May experience blockage of distribution and irrigation 
equipment with excessive algal growth. 

Cyanobacteria (blue-green 
algae) 

No guidelines from cyanobacteria in irrigation waters are recommended 
at this time 

Human and animal 
pathogens 

Irrigation waters should contain 
 <10 thermotolerant (faecal) coliforms per 100 mL when used 
directly on flood crops that are consumed raw or unprocessed,  
 <1000 thermotolerant coliforms per 100 mL when used on crops not 
in direct contact with water, or on crops that are cooked or processed 
prior to consumption. 
  A range of pastoral related grazing applications and restricted 
access turf growing. 

Plant pathogens No trigger values for plant pathogens in irrigation waters are 
recommended at this time. As a general precaution, disinfestation 
treatment is advisable for water that contains plant pathogens and is to 
be used for irrigating potentially susceptible plants. 

Table 146: Trigger values for salinity and sodicity in irrigation waters  

Irrigation salinity and 
sodicity  

Water quality for irrigation use 

Salinity & sodicity Dependent on a number of interactive factors including irrigation water 
quality, soil properties, plant salt tolerance, climate, landscape 
(including geological and hydrological features), water and soil 
management 

EC of irrigation water 
(dS/m) 

Value   Water salinity rating       Plant suitability 
<0.65          very low          sensitive crops 
0.65-1.3      low                  moderately sensitive crops 
1.3-2.9        medium           moderately tolerant crops 
2.9-5.2        high                 tolerant crops 
5.2-8.1        very high         very tolerant crops 
>8.1            extreme           generally too saline 

Table 147: Trigger values for major ions in irrigation water  

Major Ions  Water quality for irrigation use 
Bicarbonate No guideline is recommended 
Chloride (mg/L) causing 
foliar injury in crops 

<175     sensitive 
175-350    moderately sensitive 
350-700 moderately tolerant 
>700 tolerant  

Chloride (mg/L) increasing 
risk of cadmium uptake by 
crops 

Chloride in irrigation water can form complexes with cadmium in soil 
creating a risk of increasing cadmium concentrations in crops 
0-350 low risk 
350-750 medium 
350-751 >750 high 

Sodium (mg/L) causing 
foliar injury in crops 

<115 sensitive 
115-230 moderately sensitive 
230-460 moderately tolerant 
>460 tolerant 

As irrigation water is applied to soils, the bioavailability of contaminant may be less 

than the solution phase concentration.  Hence, guideline values have been defined for 
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irrigation water quality and contaminant concentration in soil as presented in Table 

148.  Irrigation water qualities are defined as desirable contaminant concentration 

(DCC) and acceptable contaminant concentration (ACC).  The DCC and the ACC are 

the maximum concentrations (mg/L) of contaminant in irrigation water that can be 

tolerated assuming 100 years and 20 years of irrigation respectively.  Soil contaminant 

concentration is defined as the cumulative contaminant loading limit (CCL), which is 

the maximum contaminant loading in soil defined in gravimetric units (kg/ha) and 

indicates the cumulative amount of contaminant added, above which site-specific risk 

assessment is recommended if irrigation and contaminant addition is continued. 

Table 148: Trigger values for metals and metalloids in irrigation water  

Element Soil CCL 
(kg/ha) 

Irrigation water DCC 
(long term use 100 
yrs) 
(mg/L) 

Irrigation water ACC 
(short term use 20 
yrs) 
(mg/L) 

Al ND 5 20 
As  20 0.1 2.0 
Be ND 0.1 0.5 
B ND 0.5  
Cd 2 0.01 0.05 
Cr (VI) ND 0.1 1 
Co ND 0.05 0.1 
Cu 140 0.2 5 
F ND 1 4 
Fe ND 0.2 10 
Pb 260 5 2 
Li ND 2.5 (0.075 citrus crops) 2.5 (0.075 citrus crops) 
Mn ND 0.2 10 
Hg 2 0.002 0.002 
Mo ND 0.01 0.05 
Ni 85 0.2 2 
Se 10 0.02 0.05 
U ND 0.01 0.1 
V ND 0.1 0.5 
Zn 300 2 5 

ND = not determined, insufficient background data to calculate CCL 

Trigger values for nitrogen and phosphorus levels in irrigation water are presented in 

Table 149 (ANZECC and ARMCANZ, 2000). 
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Table 149: Trigger values for N and P in irrigation waters  

Element Irrigation water DCC 
(long term use 100 yrs) 
(mg/L) 

Irrigation water ACC 
(short term use 20 yrs) 
(mg/L) 

N 5 15 
P 0.05 ND 

ND = not determined, insufficient data to calculate.  CCL for nitrogen and phosphorous are not relevant, since both 
are major plant nutrients. 

Guidelines for a range of herbicides are provided in the water quality guidelines 

(ANZECC and ARMCANZ, 2000), however, this parameter was not analysed in the 

samples collected during this project due to budget constraints.   

Australian Drinking Water Guidelines 

The Australian Drinking Water Guidelines (ADWG) would need to be consulted to 

determine acceptable criteria for water quality if remediated water was recycled back 

through the processing plant.  The definition of drinking water is “…water intended 

primarily for human consumption, either directly, as supplied from the tap, or 

indirectly, in beverages, ice or foods prepared with water” (NHMRC and NRMMC, 

2004).  Unfortunately, financial constraints for this project prevented samples being 

analysed for the many parameters involved for drinking water quality.   

According to the ADWG, there are six fundamental principles which should be 

followed and these, presented as verbatim are: 

1. The greatest risks to consumers of drinking water are pathogenic 

microorganisms.  Protection of water sources and treatment are of paramount 

importance and must never be compromised. 

2. The drinking water system must have, and continuously maintain, robust 

multiple barriers appropriate to the level of potential contamination facing the 

raw water supply. 

3. Any sudden or extreme change in water quality, flow or environmental 

conditions (e.g. extreme rainfall or flooding) should arouse suspicion that 

drinking water might become contaminated. 

4. System operators must be able to respond quickly and effectively to adverse 

monitoring signals. 

5. System operators must maintain a personal sense of responsibility and 

dedication to providing consumers with safe water, and should never ignore a 

consumer complaint about water quality. 
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6. Ensuring drinking water safety and quality requires the application of a 

considered risk management approach. 

The ADWG covers five areas these being the management of drinking water quality, 

water characteristics, monitoring quality, disinfection and sampling information 

sheets as well as fact sheets on water quality characteristics.  Fact sheets are presented 

for a range of microorganisms including bacteria, protozoa, toxic algae and viruses.  

In addition, fact sheets are presented for a range of physical and chemical 

characteristics as well as drinking water treatment chemicals.  The actual guideline 

values are presented in Section 10.8 of the ADWG and these have been included as 

Appendix G of this report.  

Australian Guidelines for Water Recycling 

The Australian Academy of Technological Sciences and Engineering (ATSE) 

reported on the development of and the issues for water recycling in Australia in a 

document titled Water Recycling in Australia by Radcliffe (Radcliffe, 2004).  

Radcliffe (2004) scoped ‘additional water resources’ as stormwater, recycled water, 

and rain water.  Further, Radcliffe (2007) suggested that the National Guidelines on 

Water Recycling should be based on Hazard Analysis and Critical Control Point 

(HACCP) principles and appropriate for recycled water use management in the urban 

domestic environment.  The Australian Guidelines for Water Recycling (AGWR) has 

been developed since Radcliffe recommended that recycled water be included into the 

national water policies.   

As stated in section 0, the AGWR were released by the NRMMC as part of the 

National Water Quality Management Strategy and were produced as two phases in 

2006 and 2007.  These guidelines are irrelevant to the current project as they 

specifically refer to recycled water that is derived from sewage and greywater 

(Phase 1) and treated sewage and stormwater (Phase 2). 

STATE AND LOCAL LEGISLATION AND GUIDELINES 

Environmental Protection Act 1994 

The Environmental Protection Act 1994 (EP Act 1994) is the overarching 

environmental legislation in Queensland, which combines the need for environment 

protection with ecologically sustainable development (Queensland Government, 

2007b).  Chapter 7 Environmental Management is important for establishing 
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environmental duties, environmental management plans and providing information on 

the application processing stages.  Section 369 and two of the nine clauses in Section 

369A in Part 7 Special provisions about waste management are thought to be relevant 

to this project.  These Sections of the Act indicate that waste management works 

requires a development approval under Section 369A and that relevant conditions may 

be imposed from local government.   

369 Restrictions on performing waste management works 

(1) A person must not, for fee or reward, perform waste management works in 

a local government’s area unless the works— 

(a) are performed— 

(i) by or for the local government; or 

(ii) under an approval, under section 369A, from the local 

government to perform the works; or 

(iii) under a development approval; or 

(b) are an environmentally relevant activity. 

Maximum penalty—100 penalty units. 

(2) However, subsection (1)(b) does not apply if the activity is waste transport. 

 

369A Obtaining approval to perform waste management works 

(1) A person may apply to a local government for approval to perform waste 

management works in its area. 

(6) The local government may impose relevant conditions on the approval it 

considers are necessary or desirable. 

A range of environmental protection policies and regulations have been made under 

the provisions of the EPA 1994, including:  

 Environmental Protection Regulation 1998 

 Environmental Protection (Water) Policy 1997 

 Environmental Protection (Air) Policy 1997 

 Environmental Protection (Noise) Policy 1997 

 Environmental Protection (Interim Waste) Regulation 1996 

 Environmental Protection (Waste Management) Regulation 2000 

 Environmental Protection (Waste Management) Policy 2000 
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Environmental Protection Regulation 1998 

The Environmental Protection Regulation 1998 (EPR 1998) (Queensland 

Government, 2007c) regulates such things as environmental impact statements, 

environmentally relevant activities and environmental nuisance.  It also gives effect to 

and enforces compliance with some NEPMs such as the National Pollutant Inventory 

Measure and the Used Packaging Materials Measure.   

Environmentally relevant activities are listed as either Level 1 or Level 2 activities in 

Schedule 1 and Section 39 of the Regulation indicates which activities have had the 

responsibility of administration and enforcement devolved to local government.  

However, if there is another activity being carried out at the same place; which is not 

devolved to local government, then neither of the activities will be devolved to local 

government control.  With respect to this project, the following environmentally 

relevant activity (ERA) classifications could be applied to components of the 

wastewater treatment options:  

 Schedule 1, Item 81 Recycling or reprocessing regulated waste:  This could be 

applied to the water component of the liquescent waste after remediation as a 

Level 1 ERA.  It would not apply to the solids component of the waste 

recycled or reprocessed if it were used to produce saleable products such as 

pet, stock or aquaculture food (Item 47) or as a soil conditioner (Item 53). An 

ERA under Item 47 is one of those listed as potentially devolved to local 

government in Section 39.  The annual prescribed fee is $2 280.00.   

 Schedule 1, Item 84 Regulated waste storage:  This could be applied to the 

water component of the liquescent waste after remediation as a Level 1 ERA 

like Item 81.  However, it does not apply to waste stored “(i) on a farm for use 

as a soil conditioner or fertiliser in carrying out an agricultural activity”; or 

wastes stored for “(iv) recycling, reprocessing or reconditioning under items 

…81”.  The annual prescribed fee is $2 000.00.   

Schedule 6 lists the application fees for registration certificates and development 

approvals as $222.60/year for one or more activities, other than continuing 

registrations and $54.30/year for continuing registrations.  The annual fee for 

registration certificate is that prescribed in Schedule 1 for the particular activity which 

in this case is $2,280 for recycling or reprocessing regulated waste.   
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Schedule 7 is a list of ‘Regulated wastes’.  Two waste types on the list are relevant to 

this project including ‘food processing waste’ and ‘filter backwash waters’.   

Environmental Protection (Water) Policy 1997 

The Environmental Protection (Water) Policy 1997 (EPWP 1997) (Queensland 

Government, 2007a) aims to protect Queensland waters by providing the framework 

to identify and establish environmental values, water quality guidelines, equitable and 

efficient resource use and community consultation requirements.  Many sections 

within Part 5 Management of activities relate to this research project. 

Section 15, Waste management evaluation procedure applies because “…an 

administering authority is making an environmental management decision about an 

activity that may affect a water”.  It also presents a waste management evaluation 

procedure which follows the process of evaluation and implementation for waste 

prevention, waste water treatment and recycling options, disposal to land, sewer, 

surface water and ground water options.   

Section 16, Waste water recycling indicates that: 

(2) The administering authority must consider: 

a) the water quality objectives for waters affected by the 

recycling; and  

b) the maintenance of acceptable health risks 

The water quality objectives (WQO) and the maintenance of acceptable health risks 

depends on the intended use of the recycled waste water.  If the water was to replace 

potable water at the processing front end, then the Australian Drinking Water 

Guidelines 2004 (ADWG 2004) would apply.  Alternatively, if the remediated 

wastewater was recycled as irrigation water for the golf course, then the local WQO 

for the environmental value of aquatic ecosystem would apply, as listed in the Oxley 

Creek Environmental Values and Water Quality Objectives (OCEV&WQO) (EPA, 

2007).  WQOs as they relate to environmental values (EVs) and the legislative 

framework within which they sit, will be further discussed in later paragraphs. 

Section 17, Waste water releases on land, applies because an administering authority 

has to make a decision regarding waste water releases to land, whilst considering 

existing water quality and stated water quality objectives for the potentially affected 

water.  Other factors considered by the administering authority include land 
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availability, wet weather storage, cumulative effects, soil and plant protection needs, 

acceptable health risks, “applicable code of practice approved under section 548 of 

the Act” and protection of environmental values.  

Section 26 and Section 27 deal with monitoring of particular releases and impact 

monitoring respectively.  In accordance with Section 26, the administering authority 

would be making a decision to release waste water on land or to water and therefore 

would consider monitoring requirements, wastewater variability, monitoring 

protocols, and the reasonable and practicable use of continuous monitoring 

equipment.  Section 27 indicates that the administering authority would consider 

impact monitoring requirements and monitoring protocols.  The indicators used and 

the frequency of monitoring are dependent upon the type of activity, risk of harm to 

environmental values, water quality objectives and any other site specific factor.  

Sections 41, 42 and 43 cover the areas of trade waste management, stormwater 

management and water conservation respectively.  According to Section 41, the local 

government must develop and implement a trade waste management environmental 

plan that includes prevention, recycling and treatment of wastes prior to release to 

sewer.  Section 42 indicates that the local government must develop and implement an 

urban stormwater management environmental plan that considers water quality 

objectives for potentially affected waters by minimising contamination and 

maximizing ground infiltration whilst having regard for the community and 

improving previously degraded areas.  The plan should be integrated with catchment 

and land-use planning.  Section 43 indicates that the local government must develop 

and implement a water conservation environmental plan and improve water use 

efficiencies.  Clause (3)(c) is of particular importance to this project, as it states that 

the local government must consider “ways of reducing water usage in industrial 

processes…”. 

Local Environmental Values and Water Quality Objectives  

Schedule 1 of the EPP Water 1997 contains a list of available documents 

Environmental Values and Water Quality Objectives (EV&WQO) which have been 

prepared by the Environmental Protection Agency (EPA) in accordance with 

provisions of the EPP Water 1997.  Provided are the titles of the documents and basin 

numerical descriptor for each named water body.  The particular document of most 
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relevance for this project is listed in the EPP Water 1997 as Oxley Creek, including all 

tributaries of the creek, part of basin 143, Oxley Creek Environmental Values and 

Water Quality Objectives, published by the department in March 2007.  The Oxley 

Creek Environmental Values and Water Quality Objectives (OCEV&WQO) is 

available online (EPA, 2007). 

Environmental values (EVs) and Water Quality Objectives (WQO) for Stable Swamp 

Creek and Rocky Waterholes Creek are listed in the OCEV&WQO.(EPA, 2007)  

These creeks are in the vicinity of the golf course where it was proposed that the WBP 

microfiltered effluent could be used to irrigate the golf greens:  The EVs identified for 

these creeks are ‘aquatic ecosystems’, ‘secondary recreation’, ‘visual recreation’ and 

‘cultural and spiritual values’.  For all identified EVs, the most stringent Water 

Quality Objective (WQO) is applied (EPA, 2007) and in this case it is ‘aquatic 

ecosystem’. 

WQO would not apply to this development if the remediated water intended for 

irrigation purposes was stored in a dam built for this purpose as in EPP Water 1997, 

Part 4, Section 11 (3) (c) it states that WQO do not apply to “waste water in a storage 

including, for example, a sewage lagoon, mine tailings dam, irrigation tailwater dam 

and piggery or dairy waste water pond…”.  The example given of ‘irrigation tailwater 

dam’ in the EPP Water 1997 could potentially be applied to this project.   

If it was so deemed that the local WQO should be applied, then the most stringent 

WQOs are those to protect the aquatic ecosystem EV which includes physico-

chemical parameters, toxicants in water, litter/gross pollutants and riparian vegetation 

and habitat.  These are listed in the OCEV&WQO (EPA, 2007) for ‘Lowland 

freshwater’ and a ‘slightly to moderately disturbed (level 2)’aquatic ecosystem and 

are repeated as verbatim in Table 150.  Also advised within the OCEV&WQO is to 

consult the Australian and New Zealand guidelines for fresh and marine water quality 

2000 (AWQG) (ANZECC and ARMCANZ, 2000) in sections 3.4 and 3.5 for 

toxicants in water and sediments respectively.  According to OCEV&WQO.(EPA, 

2007), “Aquatic ecosystem WQOs for waters within Brisbane City Council area are 

largely based on Council’s Guideline on Identifying and Applying Water Quality 

Objectives in Brisbane City (2000)” which is published by Brisbane City Council 

(BCC) (EPA, 2007). 
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Table 150: WQO to protect aquatic ecosystem EV for lowland freshwater and slightly to 

moderately disturbed (Level 2) aquatic ecosystem within the Oxley Creek area 

Physico-chemical 
 pH - 6.5-8.5 
 Dissolved oxygen - 80-105 percent saturation 
 Organic matter – NR1 
 Total phosphorus - 70 µg/L 
 Total nitrogen - 650 µg/L 
 Chlorophyll-a - 8 µg/L 
 Turbidity - 20NTU 
 Secchi depth - >2 m 
 Suspended Solids 

o 15 mg/L for combined wet and dry periods 
o 90%ile <100 mg/L for wet weather periods 

Toxicants in water 
 Total aluminum - 5 µg/L if pH <6.5 or 100 µg/L if pH >6.5 
 Total iron - 300-1000 µg/L (depending upon hardness) 
 Total arsenic - 50 µg/L 
 Total cadmium - 0.2 to 2 µg/L 
 Total chromium - 10 µg/L 
 Total copper - 2 to 5 µg/L 
 Total nickel - 15 to 150 µg/L 
 Total lead - 1 to 5 µg/L 
 Total zinc - 5-50 µg/L 
 TPH - NR1 
 Oils and grease - no visible films or odour 
 PAH - <3 mg/L 
 Total chlorine - 0.03 mg/L 

Litter/gross pollutants - No anthropogenic (man-mde) material greater than 5 mm in any dimension 
Riparian vegetation and habitat - Protect and restore consistent with Brisbane City Council policy and 
plans (see Council’s City Plan) 
1. NR: No WQO can be recommended at this stage.  

The Guideline on Identifying and Applying Water Quality Objectives in Brisbane 

City, Version 1-  March 2000 (BCC, 2000) also contains Best Practice Discharge 

Guidelines.  Water Quality Management Guidelines is presented as Part C of the 

Subdivision and Development Guidelines, 2000 edition, which were made under 

Brisbane City Plan 2000. 

Environmental Protection (Air) Policy 1997 

The Environmental Protection (Air) Policy 1997 (Queensland Government, 2006a) 

protects the environmental values of the air environment and amongst other factors it 

defines an “unreasonable release, as the release of odours, dust, smoke or other 

atmospheric contaminants which (a) causes unlawful environmental harm and (b) is 

unreasonable having regard to” contaminant characteristics and other factors. From 

the Air Policy Schedule 1, it is expected that the relevant activities associated with 

options for the food manufacturer relate to gaseous and odourous compounds such as 
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carbon monoxide and hydrogen sulfide which have a respective air quality goals 

(maximums) at 10 mg/m3 (8ppm) for an averaging time of 8 hours, and 150 mg/m3 

(0.099 ppm) averaged over 24hrs.  Given that it is food manufacturing waste water, it 

is expected that traces of organic matter would persist in the microfiltered water and 

this would be subject to further biological degradation during storage and use.  Due to 

degradation, an odour might present itself which could be classified as an 

unreasonable release.  For wastewater microfiltered post anaerobic treatment it would 

be expected that soluble microbial products would also persist in the final 

microfiltered wastewater.  

Environmental Protection (Noise) Policy 1997 

The Environmental Protection (Noise) Policy 1997 (Queensland Government, 2006b) 

applies to Queensland’s acoustic environment.  It identifies environmental values and 

the acoustic quality objective as well as provides a framework to protect the acoustic 

environment, develop noise management programs, consumer information and for 

noise assessments.  The acoustic quality objective is defined as “…achieving an 

ambient level of 55dB(A) or less for most of Queensland’s population living in 

residential areas …measured over 24 hours as the long-term Leq outside a dwelling in 

the area” (Section 11).  A noise assessment may be required as part of the 

development approval process outlined in Section 27, however it is not anticipated 

that this would be an issue for this area given the ‘industrial’ zoning.  

Environmental Protection (Interim Waste) Regulation 1996 

The Environmental Protection (Interim Waste) Regulation 1996 (Queensland 

Government, 1996) provides the framework for waste management and sanitary 

conveniences with the local government given the authority to superintend and 

execute the intention of the regulation.  For this project, Part 2 Waste Management is 

the most relevant.   

The Regulations classify industrial waste in Section 12, and accordingly, the project 

waste water could be classified as liquescent, putrescible or objectionable industrial 

waste according to the definitions as pasted below:  

(b) liquescent industrial waste—being industrial waste of a liquid or 

semiliquid nature or sludge containing full moisture, and includes grease, 

sludge or other wastes removed from any interceptor; 
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(d) putrescible industrial waste—being industrial waste consisting mainly of 

plant or animal residues and which undergoes degradation by bacterial 

action; 

(e) objectionable industrial waste—being industrial waste that has an 

objectionable odour. 

Because of the wastewater classification potential, Section 22, Information to be 

provided to local governments—industrial waste, is applicable for the delivery 

(Clause (1)) and the generation (Clause (2)) of these types of wastewater.  Clause (1) 

refers to the delivery of “…any hazardous, putrescible, objectionable, or liquescent 

industrial waste…” to a range of waste recycling, storage, treatment and disposal 

facilities and the need to provide details to local government.  Clause (2) stipulates 

that when “…generating any hazardous, putrescible, objectionable or liquescent 

industrial waste at any premises…”, the person responsible shall provide details to 

local government regarding waste location, classification, composition, quantities 

generated and waste disposal methods.   

Environmental Protection (Waste Management) Regulation 2000 

The Environmental Protection (Waste Management) Regulation 2000 (Queensland 

Government, 2005) was developed to protect the environment by minimising waste 

related impacts to the environment and human health by “(b) establishing an 

integrated framework for minimising and managing waste under the principles of 

ecologically sustainable development”.  It does not apply to contaminant releases to 

sewerage or stormwater systems.  Sections potentially related to this project are 

presented further. 

Section 11 defines ‘waste facility’ as “…a facility, for the recycling, reprocessing, 

treatment, storage, incineration, conversion to energy or disposal of waste”. 

Section 17 relates to the transportation of regulated waste “…of a type stated in 

schedule 1 (trackable waste)”.  From the types of regulated waste listed in Schedule 1, 

the most relevant to the wheat starch manufacturing process could include ‘liquid 

food processing waste’ with a Waste Code of K200.  However, there are a number of 

categories for which waste transportation issues do not apply and of interest for the 

food manufacturing company were: “(b) the transportation of trackable waste in a 

pipeline”; “(g) the transportation of trackable waste to a place for use as stock food; 
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and (h) the transportation of trackable waste to a farm for use as a soil conditioner or 

fertilizer”. 

Responsibilities for the waste generator, transporter and receiver are set out in Section 

23, 24 and 25 respectively.  Section 26 deals with situations where the waste handler 

is acting in more than one capacity, for example where the waste generator and 

transporter or transporter and receiver are the same person.  Records have to be kept 

for at least five years and provided to the relevant parties and the administering 

authority in the prescribed way.   

Section 66B provides application instructions for approval of a resource.  

Requirements include descriptive information on the physical and environmentally 

significant characteristics of the resource.  Details are required on the 

“…transportation, storage, re-use, recycling, energy recovery, reprocessing or other 

use…” of the resource as well as on the benefits, end products, quantities of the 

resource used and a waste minimisation and management plan.  The proposed 

measures to minimise any level of environmental harm or environmental nuisance are 

required to be stated.  

Schedule 6 contains disposal and treatment codes for waste tracking.  The disposal 

codes are listed only for processes that “…do not allow the possibility of resource 

recovery, recycling, reclamation, direct re-use or an alternative use of the waste” and 

therefore, are not applicable to this project.  Treatment codes, on the other hand, 

“…allow the possibility of resource recovery, recycling, reclamation, direct re-use or 

an alternative use of the waste”.  Accordingly, treatment codes applicable to this 

project could potentially include:  

 Recycling or reclaiming a substance, other than a substance mentioned in 

items R6 to R8, if it is— 

o • an organic substance used as a solvent . . . . . . . R2 

o • an organic substance not used as a solvent . . . . R3 

 Using a residual trackable waste obtained from treatment in another way 

mentioned in this part . .                                            . . . . R11 

 Storage before treatment in another way mentioned in this part . . . . . . 

R13 
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Schedule 7 presents the waste origin codes for waste tracking and in accordance with 

these codes the project ‘wastes’ would be classified as C217 (other food 

manufacturing).   

Environmental Protection (Waste Management) Policy 2000 

The Environmental Protection (Waste Management) Policy 2000 (Queensland 

Government, 2006c) identifies environmental values, provides the framework, aligns 

waste management with ESD, encourages waste minimization, resource use 

efficiency, continuous improvement and the preparation of waste management 

programs.  Environmental values enhanced or protected under this policy are listed in 

Section 7 as: 

(a) the life, health and wellbeing of people; and 

(b) the diversity of ecological processes and associated ecosystems; and 

(c) land use capability, having regard to economic considerations. 

In Section 8 (2), the hierarchy and principles of waste management are relevant to: 

(a) the making of certain environmental management decisions concerning waste; 

and 

(b) the preparation of a waste management program as 

(i) a development condition of a development approval; or 

(ii) a condition of an environmental authority; and 

(c) the preparation of an industry waste reduction program; and 

(d) government waste management planning. 

The recommended waste management hierarchy, listed in order of preference in 

Section 10 of the policy, includes waste avoidance, waste re-use, waste recycling, 

energy recovery from waste and waste disposal.  These terms are further defined in 

Schedule 1.  This hierarchy provides the framework for prioritising waste 

management practices and achieving optimal environmental outcomes.   

In section 15 (2), a cleaner production program is defined as “…a program to identify 

and implement ways of improving a production process so that the process— 

(a) uses less energy, water or another input; or 

(b) generates less waste; or 

(c) generates waste that is less environmentally harmful. 
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Section 16 and Section 17 respectively deals with the transporting of and receiving 

wastes.  The administering authority will consider waste type, storage tanks and 

equipment, waste sampling, monitoring and reporting requirements, emergency 

response planning and transportation record keeping. 

Section 18 to Section 21 covers Waste Management Programs and Section 22 to 

Section 24 specifically deal with Industry Waste Reduction Programs.  A waste 

management program may be an imposed condition by the administering authority on 

a development approval.  An industry waste reduction program can be prepared by an 

industry member or acting entity for the purpose of minimising generated wastes in a 

cost effective and responsible manner for the industry. 

Water Act 2000 

The Water Act 2000 focuses on sustainability and efficiency in the use of water and 

aims to establish “…a system for the planning, allocation and use of water” using 

ecologically sustainable development (ESD) principles whilst achieving reliable 

reductions in water demand.  However, this Act is not legally binding for “…(a) the 

operation of the State Development and Public Works Organisation Act 1971; or (b) 

the powers of the coordinator-general under the State Development and Public Works 

Organisation Act 1971”.  As stated in the Water Act 2000, Section 19 Rights in all 

water vests in State - “All rights to the use, flow and control of all water in 

Queensland are vested in the State”.  ‘Water’ in the Water Act 2000 focuses on water 

in a watercourse, lake or spring and this can only be taken without an entitlement 

under authorization where there is an emergency situation, for stock and domestic 

purposes and for camping purposes.  However, this research project was dissimilar 

from the typical demand and supply alternatives put forward in the Water Act 2000.  

The supply of water is administered by registered ‘Service Providers’ in the Water 

Act 2000, and under Section 370, persons who can register include:  

(a) each local government that owns infrastructure for supplying water or 

sewerage services; 

(b) each water authority that owns infrastructure for supplying water or 

sewerage services; 

(c) each person who is— 
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(i) the legal owner of 1 or more elements of infrastructure for 

supplying water or sewerage services for which a charge is intended to 

be made; 

or 

(ii) if a person is nominated in a regulation as a related entity of a 

person mentioned in subparagraph (i)—the person nominated 

Under the definition in the Water Act, Section 370, Clause (c), it could be argued that 

a company supplying large volumes of water to a nearby golf course on a daily basis 

would most likely become a ‘water service provider’.  Consequently, the intending 

service provider would be subject to legislation relating to that role including:  

 Registering as a service provider in accordance with Section 371, Water Act 

2000 and maintain that registration once completed.  

 Requesting from the customer in accordance with Section 400-01, Water Act 

2000, a water efficiency management plan which would outline the customer’s 

existing water sources and uses as well as the expected savings, efficiencies 

and time frames for plan implementation.  

 In accordance with Section 404 (3), provide to the chief executive “(a) an 

approved water efficiency management plan; or (b) information about a plan 

that has not yet been approved; or (c) a report summarising progress by the 

water service provider’s customers in achieving water savings and 

efficiencies”. 

Service provider obligations are set out within Chapter 3 Infrastructure and Service, 

Part 3 of the Water Act 2000.  Sections 408-414 all deal with the preparation and 

maintenance of a strategic asset management plan.  This is then followed by the need 

for System leakage management plans, Audit reports and reviews, customer service 

standards, drought management plans, an annual report for the regulator, and other 

requirements.  The legislative requirements of a service provider in the Water Act 

2000 are not to be taken lightly as they would require an investment of time and 

money to comply with the obligations associated with the provision of infrastructure 

and service.   

The Water Regulation 2002 is the subordinate legislation made under the Water Act 

2000 and deals with the business of allocation and implementation of water rights.  
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Queensland Water Recycling Guidelines 2005 

The Queensland Water Recycling Guidelines (QWRG) (QEPA, 2005b) replace the 

Interim Guidelines for Reuse or Disposal of Reclaimed Wastewater in Queensland, 

April 1996 and both are specifically tailored for recycling effluent from sewage 

treatment plants and water mining from sewers.  At the National level, Guidelines for 

Sewage Systems, Use of Reclaimed Water November 2000, and the Australian 

Guidelines for Water Recycling: Managing Health and Environmental Risks (Phase 

2) Augmentation of drinking Water Supplies also refer to recycled municipal effluent.  

It is difficult to provide guidelines for industrial wastewater as characteristics and 

potential end uses of the water can be highly variable (QEPA, 2005b).  However, the 

risk management approach presented in QWRG can be applied to the industrial 

context for effluent reuse and recycle options (QEPA, 2005b). 

The regulatory and formal requirements (for the recycle of municipal effluent) are 

presented in Section 2 of the QWRG whereby relevant State, Local and 

Commonwealth Laws are briefly discussed along with common law and 

Environmental Impact Assessment.  State laws are listed as Environmental Protection 

Act 1994, Integrated Planning Act 1997, Water Act 2000, Plumbing and Drainage Act 

2002, Health Act 1937, Food Act 1981 and Workplace Health and Safety Act 1995.  

Local laws and local planning schemes should be checked as all local governments 

have to prepare and implement a planning scheme under the Integrated Planning Act 

1997.  Commonwealth laws listed include Commonwealth Environment Protection 

and Biodiversity Conservation Act 1999 and Commonwealth Trade Practices Act 

1974.  Under common law, “…suppliers and users of recycled water could be liable 

for injuries or damages caused by their negligence in producing , storing , delivering 

or using recycled water” (QEPA, 2005b).  The environmental impact assessment 

section presents information on the statutory assessment process which would be 

triggered for the following proposals: 

 significant projects declared under the State Development and Public Works 

Organisation Act 1971 (SD&PWO Act) 

 projects that include establishment of an ERA on the site (e.g. a new STP with 

a peak design capacity of 21 or more EP) 

 projects in local government areas where environmental impact assessment 

measures are incorporated into the local government planning scheme. These 
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may also include guidelines on impact assessment specific to industries and 

features in the local government area 

 any other project that involves assessable or self-assessable development as 

specified in Schedule 8 of the Integrated Planning Act (IPA). 

If the project was deemed to be an ‘assessable development’ under the IPA, the 

Integrated Development Assessment System (IDAS) is the application process 

followed, and according to the QWRG (QEPA, 2005b): 

Under IDAS, the application may be code assessable or 
impact assessable. However, the application would only 
be impact assessable if the local planning scheme made it 
so.  

The QWRG presents a flow chart (see Appendix H) for developing a water recycling 

project.  This flow chart describes the planning process which includes the selection 

of potential sites, water quality, treatment and users as well as EPA meeting and 

stakeholder engagement requirements.  Upon stakeholder support verification, the 

detailed design can be developed as well as water management plans and recycled 

water agreements.  Finally, the recycled water scheme can be implemented with the 

feedback loop providing ongoing support and information for the supplier, user and 

community.   

The QWRG also presents information on the key concepts and the screening level risk 

assessment process which can influence the project design and Recycled Water 

Management Plan (RWMP).  Key concepts include hazard, hazardous event, 

likelihood, severity, exposure and risk.  Screening level risk assessment involves 

hazard identification, exposure assessment, dose-response assessment, risk 

characterisation and prioritisation and risk communication.  The design of the water 

recycling project is influenced by the initial assessment results and these also assist in 

the preparation of a project specific Recycled Water Management Plan (RWMP) 

(QEPA, 2005b).   

The sequential steps for developing a RWMP, as extracted from QWRG, are: 

1. Assemble the risk management team 

2. Describe the treatment system, uses, recycled water quality and routes of 

exposure 

3. Identify hazards and assess risks 
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4. Determine critical control points, quality control points and control 

measures 

5. Establish critical limits for each control measure 

6. Establish monitoring, validation and verification programs 

7. Prepare management procedures and corrective actions 

8. Establish documentation, record keeping, reporting and communications 

9. Develop supporting programs 

10. Audit and review the plan 

Section 4.3 of the QWRG addresses the hazard identification and risk assessment 

processes in detail proposing four steps.  The type and source of potentially hazardous 

contaminants are identified, potential hazardous exposure related events are also 

identified and the risks are then determined and ranked.  Qualitative measures for 

determining the potential impacts of water recycling, the likelihood of occurrence and 

the resultant risk analysis matrix are presented as Appendix I, as extracted from 

QWRG.   

Sections 4.4 and 4.5 of the QWRG refer to the determination of critical and quality 

control points, control measures and critical limits for each control measure.  A 

schematic of the process for determining critical control points is presented as 

Appendix J as extracted from QWRG.  Examples provided for potentially qualifying 

‘critical control points’ in an advanced water recycling plant included turbidity (when 

ultraviolet radiation (UV) used as the disinfectant), disinfection residual and cross-

connection control in dual reticulation systems.  Examples of ‘quality control points’ 

provided include “…trade waste agreements or runoff control from a recycled water 

irrigation site” (QEPA, 2005b). 

Section 4.6 details the requirements for monitoring, validation and verification 

programs.  Monitoring programs are used to establish baseline conditions, validate 

technology and management systems, and to verify compliance with critical limits 

and development approval conditions.  Monitoring should be done within the 

framework of quality assurance (QA)/quality control (QC) where: 

QC is the implementation of procedures to maximise the 
integrity of monitoring data and includes procedures for 
proper collection, handling and storage of samples, 
replicate sampling, inspection and calibration of 
equipment, analysis of blank or spiked samples, and use 
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of standards or reference materials. QA is the 
implementation of checks on the success of the QC and 
includes management activities, training, validation of 
data, and auditing of laboratory and data analysis and 
management  

Sections 4.7 to 4.10 presents other requirements, such as management procedures, 

corrective actions, documentation, record keeping, reporting and communications, 

supporting program development and the review and audit process.  The remainder of 

the QWRG contains topics relevant to this research proposal, however, these, like all 

other sections, are written from the perspective that it is recycled municipal effluents 

containing faecal residues, and hence some of the material provided is irrelevant.   

Section 5 relates to health and environmental issues for recycled water quality, 

however, it only relates to biological agents and chemical toxicants found in sewage 

which are of concern.  Therefore, this area is of limited relevance to a non-sewage 

effluent being recycled on-site or externally by a food manufacturing industry.  

Section 6 presents Treatment options and water quality specifications for recycled 

water and like the other sections, this relates to the treatment of sewage.  Within this 

scope, it provides an overview of: conventional sewage treatment, advanced 

technologies, disinfection options, recommended water quality characteristics, 

pathogen reduction and recycled water classes.   

Classes of recycled water include A+, A, B, C and D.  The characteristics of these 

water classes, as extracted from the QWRG 2005, are provided in Appendix K and 

Appendix L.  Class A+ is the best recycled water quality which is suitable for use in 

toilets, gardens, car washing and the like as well as for irrigation of field crops eaten 

raw.  When used for irrigation, trigger values for irrigation waters in Chapter 4 of the 

Australian and New Zealand Guidelines for Fresh and Marine Water Quality 

(ANZECC and ARMCANZ, 2000) must be complied with.   

For A+ class recycled water, microbiological criteria are presented for the median and 

the 95 percentile for four parameters including E. coli, Clostridium perfringens, F-

RNA bacteriophage and Somatic coliphage.  However, only median E. coli values are 

assessed for other recycled water classes.  A+ class water criteria is <1 cfu/100mL 

whilst each class increases by a factor of ten sequentially with A class water having 

<10, B class < 100 and so on.   
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A+ class recycled water is also assessed by a range of physical and chemical criteria 

including turbidity, free chlorine residual levels, pH, salinity and other criteria as 

identified during risk assessment process which poses a risk to human health, soil or 

crops.  With the exception of free chlorine residuals, the other classes of water are 

also assessed on these parameters as well as being assessed for median BOD5 and SS 

levels.   

A+ class recycled water requires that compliance with the standard be validated with 

20 sampling events and three replicate samples prior to product deliver y to 

customers.  The water quality is further verified by weekly sampling for the first year 

and monthly thereafter using three replicate samples.  In accordance with the 

Recycled Water Management Plan (RWMP), all non-conformances must be reported 

to Queensland Health.   

Section 7 deals with the supply and use of recycled water and covers areas for 

consideration such as the protection and maintenance of storage and distribution 

systems as well as the requirements for dual water supply systems and irrigation 

systems.  A range of potential uses are presented, such as non-potable industrial uses, 

fire fighting purposes, drinking water supply supplementation, and for water features 

and habitat requirements.  

Section 8 provides ‘sample hazard control tables’ for recycled water collection, 

treatment, storage and use.  Although targeting typical municipal effluents as the 

starting material for recycled water, these hazards provide a cue for checking potential 

hazards against the specific project situation.  

Guidelines for Assessing Human Health Risks from Environmental Hazards 

The QWRG indicates that comprehensive national guidelines Guidelines for 

Assessing Human Health Risks from Environmental Hazards, (Commonwealth of 

Australia, 2002) as published by the Commonwealth Department of Health and 

Aging, are applicable to environmental health hazards, including recycled water 

projects.  

Manual for Recycled Water Agreements in Queensland 2005 

The Manual for recycled water agreements in Queensland 2005 (QEPA, 2005a) is not 

a legal document and was developed in response to requests for information on issues 

relating to the contractual supply and use of recycled water.  It presents a Model 
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recycled water agreement which can be used as a starting template and customised 

according to the specific project requirements.  Both the Manual for recycled water 

agreements in Queensland and the Model recycled water agreement should be read in 

conjunction with the QWRG (QEPA, 2005a). 

The manual primarily addresses water recycling from municipal effluents for 

irrigation of golf courses and agricultural areas.  It states that there is currently 

insufficient data (ID) to determine industrial wastewater and stormwater recycling 

rates and acknowledges that industrial internal recycling of on-site wastewater 

streams is increasing.  It also discusses the industrial use of recycled water derived 

from municipal STP effluent.  Examples provided are for non-potable uses of STP 

recycled water as process water for BP Oil Refinery as well as in aluminium smelting 

and power generation plants.  No examples of in-house recycling of non-sewage 

effluents within industry are provided.  

The manual provides guidance on setting the recycled water price and presents 

different pricing systems, price paths, negotiations and billing systems for 

consideration.  It provides a prompt on other fees and charges that might be 

considered individually such as pumping, monitoring, analytical and infrastructure 

maintenance costs.  In addition, the goods and services tax (GST) is reported as 

generally not applied to the supply of recycled water, however the supplier is advised 

to obtain accounting or legal advice for the specific water recycling scheme as some 

items of infrastructure are GST exempt whilst others are not.   

Section 8 deals with recycled water quantity.  Water quantities supplied can be 

affected by various factors such as total volume outputs (availability of recycled 

water), seasonal demand variations due to high rainfall, daily demand patterns and 

operational constraints such as flow rate or pressure requirements.  Given that all 

factors can not be controlled, the manual recommends that the supplier avoid absolute 

supply obligations and advises that usually “…the supplier undertakes to use ‘best 

endeavours’ or ‘reasonable endeavours’ to provide the quantity and levels of service 

specified in the agreement” (QEPA, 2005a).   

Section 9 relates to water quality and this is deemed as the key issue in water 

recycling agreements as it “…has a significant bearing on the health and 

environmental risks involved in the scheme and management of these risks”.  Project 
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sustainability will depend on water quality factors such as salt and nutrient levels or 

other characteristics that may impact on infrastructure and storage related quality 

stability.  These characteristics can also influence water price setting and determine 

whether obligations related to consumer protection, workplace health and safety 

legislation and common law are met.   

Within Section 9, an overview of some of the relevant sections from the 

Commonwealth Trade Practices Act 1974 and the Queensland Fair Trading Act 1989 

is presented as background information as it potentially relates to recycled water 

quality.  According to the Manual, the main areas of relevance include those that refer 

to: 

 Misleading or deceptive conduct and false or misleading representations; 

 Implied conditions and warranties in contracts of sale; and 

 Product liability. 

Silence could be considered ‘misleading conduct’ if the consumer reasonably 

expected to have been informed of such details and a seller cannot modify, exclude or 

restrict a consumers rights to various conditions and warranties, as set out in the Trade 

Practices Act 1974.  Recycled water should be of ‘merchantable quality’, be suitable 

for the intended purpose and meet the description of goods supplied.  If stated 

contractual conditions are not met, the customer is entitled to cancel the contract, 

obtain a refund and seek compensation for loss and damages.  Tips for suppliers 

negotiating a recycled water management agreement are supplied in the Section 9.1.2 

which would be invaluable for an industrial company considering supplying recycled 

water to a third party, as extracted examples demonstrate: 

Require the customer’s formal agreement to only use the 
recycled water for the specific use that you have 
discussed and agreed upon as being a suitable use for the 
recycled water.  

Do not make statements such as: ‘no responsibility for 
loss or damage’. Seek legal advice regarding the 
application of the implied conditions and warranties to 
recycled water agreements and the extent to which 
liability can be limited. 

Recycled water quality requirements depend on the intended end-use, characteristics 

of the site where end use will occur and risk factors.  The types of uses for the five 

classes of recycled water, as previously presented, are shown in Table 151.  
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According to this criteria, none of these classes of recycled water would be ‘safe’ to 

be used in a food processing plant where it would come into direct contact with a 

product that would later involve human consumption.  However, the QWRG 2005 is 

written from the perspective that the starting material for the recycled water is 

municipal effluent containing faecal and other unknown contaminants.  The recycled 

water class required for ‘irrigating public open space and golf courses’ – ‘above 

ground open space irrigation, uncontrolled access’ is listed as ‘A’ class with 

continuous monitoring of turbidity and disinfection as well as weekly tests on E. coli 

and pH (QEPA, 2005b).   

Table 151: Five classes of recycled water (QWRG, 2005) 

Class of Recycled 
Water  

Description  

Class A+ No pathogens should be detectable. Safe for many uses other than those involving 
human consumption. 

Class A  Very low levels of microbiological indicators. Safe for most end uses, including those 
that could involve occasional human contact. 

Class B and Class 
C 

Only to be used with appropriate control measures in place.  

Class D recycled 
water  

Has the lowest microbiological quality with very limited number of recommended 
uses. 

Guidelines for Industrial Recycling of Non-Municipal, Non-Faecal Contaminated 

Effluents 

Generally, there has been a lack of attention to the development of guidelines and 

legislation relating to industrial recycling of non-municipal, non-faecal contaminated 

effluents either on or off site.  All recycling guidelines refer to the recycling of 

municipal, faecal contaminated effluents for non-potable end uses.  On-site or ‘in-

plant’ direct recycling of ‘effluents’ for a food manufacturing plant might be 

classified as only a process change and therefore, not subject to the legislative 

requirements, provided that the quality of the goods were not affected.  However, off-

site or external disposal of treated effluents to a third party for the purpose of 

irrigating the golf course requires relevant approvals and the supplier of the recycled 

water is subject to many pieces of legislation and guidelines during the planning, 

commissioning, construction and operational phases.  

Although not really a guideline, the Queensland Water Commission (QWC) have a 

document titled Water Use in the Food Processing Industry published on the web 
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(QWC, undated).  Included in this document are tables of water saving opportunities 

for various activities with implemented case studies presented as examples.  There are 

also tables containing information and links to other resources, however, many links 

provided were no longer valid.   

The QWC introduced water level restriction for business, industry and other non-

residential users on 10 April 2007 (BCC, undated) whereby long-term water savings 

had to be achieved via Water Efficiency Management Plans (WEMPs) for companies 

using in excess of 10ML water/year (minimum category).  WEMP Guidelines are 

available as links from the Queensland Water Commission website (QWC, 2006c; 

QWC, 2006a; QWC, 2006b).  A WEMP is comprised of a management review, audit, 

performance assessment, identification of relevant actions and the creation of a 

WEMP action plan (QWC, 2006b). 
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