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ABSTRACT  
Disinfectants used in drinking water treatments can react with natural organic matter (NOM) 

and halides to form potentially toxic disinfection by-products (DBPs). Brominated and 

iodinated DBPs are often more toxic than their chlorinated analogues, and these may be formed 

in disinfected waters in which these halides are present (eg, salinity-impacted waters). One of 

the most effective approaches to control potentially toxic DBP formation is to reduce DBP 

precursors prior to disinfection.  The main aim of this research was to develop an understanding 

of the occurrence and minimisation of DBPs after various treatment strategies under conditions 

that are particularly relevant to Southeast Queensland (SEQ) drinking water quality issues. This 

project examines the effect of bench scale enhanced coagulation (EC) and EC with secondary 

MIEX®, powdered activated carbon (PAC), granular activated carbon (GAC) or 0.1% silver 

impregnated activated carbon (SIAC) treatment on precursor removal and DBP formation using 

synthetic model waters.  

 

Experiments with standard Suwannee River NOM showed that: EC followed by GAC or SIAC 

were the most effective NOM removal treatments, giving greater dissolved organic carbon 

(DOC) removals than EC alone, EC/MIEX®, or EC/PAC. EC and EC combined with PAC had 

no capacity to adsorb halides. GAC and MIEX® had a moderate affinity for halide ions, 

however removal efficacy was reduced in the presence of competing ions. SIAC exhibited 

excellent halide removal capacity irrespective of competing ions and water characteristics.  The 

speciation of DBPs varied greatly across treatments due to differing DOC and bromide removal 

capacity of treatments, and subsequent changes to the Br-:DOC ratio favouring the formation of 

brominated over chlorinated DBPs when bromide removal was poor. While the formation of 

chlorinated DBPs was effectively mitigated by all of the treatment methods studied, highly-

brominated DBPs increased after all treatments, except for EC/SIAC, upon chlorination.  

In addition, bench-scale treatment experiments were conducted using three local three SEQ 

NOM isolates, namely; Tingalpa Reservoir, Brisbane River and Advancetown Lake. The initial 
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SCD72 and SDBPfp of the NOM isolates decreased in the order: Advancetown Lake> Tingalpa 

Reservoir > Brisbane River >Suwannee River. The order of reactivity between of isolates 

changed after each treatment, indicating varying physicochemical characteristics of isolates led 

to varying treatment effectiveness and consequential reactivity and DBP formation after 

disinfection.  

Using the dataset obtained from the Suwannee River bench-scale investigations, predictive 

models suitable for high Br-DBP forming waters were developed and validated. The modelled 

results revealed that increasing alkalinity and increasing Br-:DOC ratio were associated with 

increasing bromination of THMs and DHANs. Additionally, Parallel Factor Analysis 

(PARAFAC) was used to model excitation-emission matrix (EEM) spectra into specific 

components. Regression analysis of a humic-like fluorophore component showed strong 

relationships to individual DBP compounds and NOM concentrations after various treatment 

strategies. However, the fluorescence-PARAFAC approach was only marginally stronger 

predictor of DBP formation than UV254. 

 

Considering the greater toxicity of brominated DBPs compared to their chlorinated 

counterparts, DOC lowering treatments that do not also remove bromide may create optimal 

conditions for brominated DBP formation in waters with bromide present, increasing the risk to 

public health.  The results of this research suggest that halide concentrations should be 

considered when determining optimal treatment strategies for drinking water sources, and halide 

removal techniques should be employed when halide concentrations and water conditions in 

drinking water sources favour brominated DBP formation, to ensure the risk to public health is 

minimised. 
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1 INTRODUCTION 
1.1 Background 

Disinfection of drinking water supplies is one of the greatest public health accomplishments of 

the last century for the prevention of waterborne diseases [1]. Most surface waters in Australia 

would be non-potable without some form of disinfection process to provide inactivation of 

pathogenic microorganisms, and prevent microbial recontamination throughout the distribution 

system. However, disinfection processes used in drinking water treatment (chlorination, 

chloramination, chlorine dioxide, ozonation, ultra-violet (UV), and UV/H2O2) can lead to the 

formation of potentially toxic disinfection by-products (DBPs) [2, 3]. Epidemiological studies 

have suggested that DBPs are associated with specific forms of cancer, as well as reproductive 

and developmental health effects after long-term exposure [2]. 

 

DBPs are formed as a result of reaction of organic and inorganic DBP precursors with 

disinfectants and are dependent on several factors, including residence time, temperature, pH, 

disinfectant type and dosage, precursor concentration and composition [4-7].  Since their 

discovery, over 600 hundred individual DBPs have been identified, many of which are 

halogenated [2, 8].  The presence of bromide (Br−) and iodide (I−) in source waters can result in 

the formation of brominated and/or iodinated DBPs upon exposure to natural organic matter 

(NOM) and disinfectant, which are often more toxic than their chlorinated analogues [2, 8-11]. 

Australian drinking water sources can contain high concentrations of bromide and iodide [12], 

which may increase the formation of brominated and iodinated DBPs and thus toxicity, 

depending on the treatment and disinfection strategy applied [8, 13]. 
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To minimise public exposure to DBPs while maintaining adequate disinfection to control 

pathogens, the World Health Organisation (WHO) and many individual countries have 

introduced drinking water guidelines and standards [14-16]. Disinfected water systems are 

regulated in Australia under the Australian Drinking Water Guidelines (ADWG) [17], but 

despite the large number of identified DBPs, only 12 DBPs (4 trihalomethanes (THMs), 3 

haloacetic acids, trichloroacetaldehyde, cyanogen chloride, 2,4,6-trichlorophenol, 

formaldehyde, bromate, chlorite and N-nitrosodimethylamine (NDMA)) are currently regulated. 

Regulated DBPs only capture a small proportion of all by-products and may miss emerging 

DBPs, many of which are brominated and iodinated.  Recent research has identified several 

emerging classes of DBPs that are more toxic than those that are currently regulated [18]. Thus, 

the formation and control of the regulated DBPs is not necessarily a reliable indicator of the 

formation and control of emerging DBPs or the potential toxicity of finished drinking waters.  

 

Strategies for DBPs minimisation vary, but can be classified into three categories; DBPs 

precursor removal (halides and NOM), optimising disinfection to minimise DBP formation, and 

DBP removal prior to water distribution [19]. One advantage that DBP precursor removal has 

over other DBP minimisation strategies is that it non-specifically minimises all DBPs, both 

regulated and emerging. Conventional water treatment processes of coagulation, flocculation, 

clarification, and filtration are the most common treatment approaches used to remove NOM 

and control DBPs formation [20, 21]. Previous research found no reduction in THM formation 

potential of a high bromide Queensland surface water treated with lime softening followed by 

coagulation, prior to chlorine disinfection [22].  While both dissolved organic carbon and 

dissolved organic nitrogen were reduced by coagulation, the increase in total THM formation 

potential (due to increased brominated THMs concentrations) showed the inability of 

coagulation techniques to remove halides, and the difficulty in removing the low molecular 

weight organic matter fraction by conventional coagulation in Queensland.  This illustrates the 

need to investigate alternative drinking water treatment methods that are more effective at 

removing halides and low molecular weight organic matter. By understanding the specific 
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chemical nature of the NOM and halides responsible for DBP formation in response to drinking 

water treatments, a more targeted approach to the removal of these DBP precursors becomes 

possible.  

The significance of this study is in the development of an understanding of how the 

interrelationships between NOM, bromide and mineral alkalinity impact on DBPs formation 

upon disinfection, and how adsorptive methods and enhanced coagulation can be best utilised to 

control DBPs while producing safe drinking water. This project has a particular focus on 

brominated DBPs, since these are not well understood in the SEQ context and are potentially 

more toxic than their chlorinated analogues. This project aims to use targeted strategies for the 

removal of NOM and halide DBP precursors from source waters prior to disinfection. These 

treatment strategies are hypothesised to enable lower concentrations of disinfectants to be used, 

as well as lowering the formation of many DBP species. This is in the interests of the continued 

protection of public health, in the provision of safe drinking water. 

1.2 Research aims and objectives  

This project aimed to develop an understanding of the occurrence and minimisation of regulated 

and emerging disinfection by-products (DBPs) in drinking water in Southeast Queensland 

(SEQ). The specific objectives were: 

• Understand the relationship between the NOM: halide ratio and specific DBPs 

formation under conditions relevant to SEQ drinking waters  

o Formulate predictive DBP models suitable for high Br-DBP forming waters  

• Evaluation of different strategies aimed at lowering organic and halide DBP precursors 

from water, and examining the effect of these removal strategies on DBP formation 

o Evaluate targeted strategies, including enhanced coagulation, activated carbons 

and MIEX® resin, for the removal of NOM relevant to DBP formation 
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o Investigate novel strategies for removing halide (bromide and iodide) 

precursors, such as silver impregnated activated carbon and MIEX® resin, from 

source waters prior to disinfection 

o Evaluate the use of a PARAFAC component model to identify DBP precursors 

in the EEM spectra and predict DBP formation after various treatment 

strategies 

• Isolation and characterisation of natural organic matter (NOM) of several SEQ source 

waters (Tingalpa Reservoir, Brisbane River and Advancetown Lake)  

o Investigate the effect of NOM source on reactivity and DBP formation  

o Evaluate the effect of NOM source on the effectiveness of different strategies of 

precursor removal and DBP formation 

1.3 Thesis structure  

The work presented in this thesis forms part of Urban Water Security Research Alliance 

(UWSRA) tailored collaboration investigating the ‘Assessment of Regulated and Emerging 

Disinfection By-Products in South East Queensland Drinking Water’. This dissertation contains 

seven papers that are in various stages of preparation or publication. These papers are presented 

as Chapters 2 through to 6.  Chapter 2, published in Journal of Environmental Management in 

2012, is entitled “Strategies for the removal of halides from drinking water sources, and their 

applicability in disinfection by-product minimisation: A critical review”.  This chapter presents 

a critical review of the existing literature on bromide and iodide removal strategies from 

drinking water sources, with focus on the reduction of brominated and iodinated DBPs. Halide 

removal techniques have been compared, and areas for future research have been identified. 

After consultation with industry partners on the conclusions of the review, it was decided to 

investigate: enhanced coagulation (EC), powdered activated carbon (PAC), granular activated 

carbon (GAC), silver impregnated activated carbon (SIAC) and Magnetic Ion-EXchange 

(MIEX®) resin as alternatives to conventional drinking water treatments for DBP mitigation. 

Adsorptive technologies were chosen for investigation because of cost effectiveness and 
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simplicity of design, application and operation.  Although membrane and electrochemical 

technologies had higher bromide and iodide removal capacity than adsorptive technologies, they 

were economically unfeasible. 

 

Chapter 3 investigates the removal of Suwannee River NOM by enhanced coagulation (EC), 

powered activated carbon (PAC) and Magnetic Ion-EXchange (MIEX®) resin.  The first paper 

evaluates the effect of variable NOM and bromide concentration in synthetic waters on the 

formation of DBPs, both before treatment, after EC and after a sequential treatment combining 

EC with PAC. This paper was presented at OzWater 2012 and published in Proceedings 

OzWater Conference 2012, Australian Water Association, presented at OzWater, Sydney, 8 - 10 

May 2012: Watson, K., Farré, M.J. and Knight, N., 2012, “Disinfection by-product (DBP) 

precursor removal: powdered activated carbon (PAC) treatment and its effect on DBP 

speciation”. The second paper is also based on Suwannee River NOM synthetic waters samples, 

although the main focus of this paper is the effect of variable alkalinity, halide and dissolved 

organic carbon (DOC) concentrations on the removal of DOC, bromide and iodide and the 

consequential formation and speciation of DBPs after treatment with EC followed by MIEX® 

resin or PAC. This paper has been accepted for publication in Water Research: Watson, K., 

Farré, M.J. and Knight, N. “Enhanced coagulation with powdered activated carbon or MIEX® 

secondary treatment: a comparison of disinfection by-product formation and precursor 

removal”.  Supporting information for Chapter 3 is presented in Appendix 1.  

 

Chapter 4 looks at the removal of NOM and bromide by enhanced EC and silver impregnated 

activated carbon (SIAC). This paper examines the impact of varying NOM and bromide 

composition on DBP formation and speciation when treated with EC and secondary SIAC 

treatment. This paper has been prepared for publication: Watson, K., Farré, M.J. and Knight, N. 

“Organic and inorganic disinfection by-product precursor removal using a silver-impregnated 
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activated carbon: impact on disinfection by-product formation”. Supporting information for 

Chapter 4 is presented in Appendix 2. 

 

Chapter 5 looks at predictive modelling for DBP formation. The first paper examines a matrix 

of synthetic water samples designed to include conditions that favour brominated DBP (Br-

DBP) formation, in order to provide predictive models suitable for high Br-DBP forming 

waters. This paper was published in Environmental Science and Pollution Research: Watson, 

K., Farré, M.J., Birt, J., McGree, J. and Knight, N. “Predictive models for water sources with 

high susceptibility for bromine-containing disinfection by-product formation: implications for 

water treatment”, 2014.  The second paper looks at the use of parallel factor analysis 

(PARAFAC) to investigate the organic matter and DBP formation characteristics of synthetic 

waters after treatment. This paper has been prepared for publication: Watson, K., Farré, M.J., 

Leusch, F.D.L. and Knight, N. “Using fluorescence-parallel factor analysis for assessing 

disinfection by-product formation and natural organic matter removal efficiency in secondary 

treated synthetic drinking waters”. Supporting information for Chapter 5 is presented in 

Appendix 3 and 4. 

 

Chapter 6 compares the effect of selected treatments on NOM isolates from different 

hemispheres with regard to DBP reactivity, which may lead to better understanding of the 

impact of NOM source on water treatment.  This paper has been prepared for publication: 

Watson, K., Farré, M.J. and Knight, N. “Comparing three Australian natural organic matter 

isolates to the Suwannee river standard: reactivity, disinfection by-product yield and response to 

drinking water treatments.”. Supporting information for Chapter 6 is presented in Appendix 5. 

 

Chapter 7 is a summary of conclusions drawn from the combined findings of all research that 

has been or will be published in separate journal articles, in relation to the dissertation’s aims 

and objectives. Findings are integrated into a unified framework for understanding the impact of 
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EC, PAC, MIEX®, GAC and SIAC treatments on the removal of NOM and bromide, and 

consequential formation and speciation of DBPs from drinking water.  
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2.2 Abstract  
The presence of bromide (Br-) and iodide (I-) in source waters leads to the formation of brominated 

and iodinated disinfection by-products (DBPs), which are often more toxic than their chlorinated 

analogues. The increasing scarcity of water resources in Australia is leading to use of impaired and 

alternative water supplies with high bromide and iodide levels, which may result in the production of 

more brominated and iodinated DBPs. This review aims to provide a summary of research into 

bromide and iodide removal from drinking water sources. Bromide and iodide removal techniques 

have been broadly classified into three categories, namely; membrane, electrochemical and adsorptive 

techniques. Reverse osmosis, nanofiltration and electrodialysis membrane techniques are reviewed. 

The electrochemical techniques discussed are electrolysis, capacitive deionization and membrane 

capacitive deionization. Studies on bromide and iodide removal using adsorptive techniques 

including; layered double hydroxides, impregnated activated carbons, carbon aerogels, ion exchange 

resins, aluminium coagulation and soils are also assessed. Halide removal techniques have been 

compared, and areas for future research have been identified. 

2.3 Background  
 

Disinfection of drinking water supplies is one of the greatest public health accomplishments of the last 

century for the prevention of waterborne diseases. However, disinfection processes used in drinking 

water treatment (chlorination, chloramination, chlorine dioxide, ozonation, ultra-violet (UV), and 

UV/H2O2) can lead to the formation of potentially toxic disinfection by-products (DBPs) [1, 2]. Since 

their discovery, several hundred individual DBPs compounds have been identified, many of which are 

halogenated [2, 3]. The presence of bromide (Br-) and iodide (I-) in source waters can result in the 

formation of brominated and/or iodinated DBPs upon exposure to natural organic matter (NOM) and 

disinfectant, which are often more toxic than their chlorinated analogues [2-6]. Both natural 

processes, including seawater intrusion and dissolution of geologic sources, and anthropogenic 

activities, such as seawater desalination, generation of mining tailings, chemical production, 

production of sewage and industrial effluents, may contribute to bromide concentrations in drinking 
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water sources [2-4, 7]. Similarly, seawater intrusion, seawater desalination and dissolution of geologic 

sources contribute to iodide concentrations in drinking water sources [3, 8, 9], although biological 

activity of microorganisms and marine algae can contribute to iodide removal from water sources 

through specific metabolic processes [10]. Table 1 shows typical bromide and iodide concentrations 

in different source waters. 

Table 1:  Examples of levels of bromide and iodide in different source waters. 

 Bromide (µg/L) Iodide (µg/L) 

Seawater 65000 [11] 35.8 – 51.1 [12] 

Desalinated seawater 650 [13, 14] <4 [12] 

US rivers (median) 

US ground water 

35 [15] 

16 [16] 

0.5-212  [17] 

30 [18] 

 

Current drinking water treatment schemes are challenged to effectively remove ambient bromide and 

iodide before final disinfection, in order to produce acceptable levels of bromate [19], when using 

ozone or advanced oxidation processes [20], and brominated/iodinated DBPs when disinfecting with 

chlorine or chloramines [9, 21, 22]. 

It is well known that bromide and iodide present in water may react differently with different 

disinfectants [23-26]. The kinetic rate constants of bromide and iodide with chlorine and chloramine 

in the formation of HOBr and HOI, respectively, are shown (Table 2).  

Table 2:  Rate constants for bromide and iodide oxidation by common disinfectants. 

 Chlorine Monochloramine 

Br- ⇋ HOBr 1.5 x 103 M-1s-1 [24] 0.014 M-1s-1 [26] 

I- ⇋ HOI 4.3 x 108 M-1s-1 [25] 2.4 x 1010 x [H+] M-2s-1 [23] 

 

The reaction of bromide with free chlorine is five orders of magnitude faster than with chloramine 

[26]. On the other hand both disinfectants react relatively quickly with iodide ion [23, 25]. HOBr, 

formed from bromide, may then react with NOM and generate bromine-containing DBPs. In the 

presence of excess free chlorine, HOI is largely oxidized to iodate (IO3
-), the desired sink for iodide, 
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but in the presence of chloramines HOI is relatively stable, as shown by the relevant rate constants 

(Table 3) [27]. Therefore, in the presence of chloramines, HOI will react with certain organic 

precursors producing iodine substitution and the generation of iodinated analogues of many of the 

chlorine- and bromine-containing DBPs.  

Table 3:  Rate constants of HOI and HOBr reaction with common disinfectants. 

 Chlorine Monochloramine 

HOBr 2.95 x 103 M-1s-1 [28] 2.86 x 105 M-1s-1 [29] 

HOI 52 M-1s-1 [27] <2.0 x 10-2 M-1s-1 [27]       

 

Although some brominated DBPs are regulated in the Australian Drinking Water Guidelines [30] (in 

particular; bromate, bromodichloromethane, dibromochloromethane and bromoform) the highly 

variable nature of NOM and its reactivity with different disinfectants means that there may be many 

other brominated and/or iodinated DBPs species formed in any given treated water in which these 

halides are present. Strategies for DBP minimisation vary, but can be broadly classified into three 

categories; DBPs precursor removal (halides and NOM), optimising disinfection to minimise DBPs 

formation, and DBPs removal prior to water distribution (for example, air-stripping of volatile DBPs 

such as THMs) [31]. One advantage that DBPs precursor removal has over other DBPs minimisation 

strategies is that it is not specific to removing/lowering a particular suite of DBPs, it can broadly 

minimise all DBPs, both known and unknown, potentially creating greater trust in the quality of the 

water produced. All disinfection methods produce their own suite of DBPs, however, minimising the 

precursors available for this to occur is applicable regardless of disinfection method employed. As 

water regulation becomes increasingly stringent and salinity impacted water sources are increasingly 

utilised, there may be a need for effective bromide and iodide removal to control the formation of 

emerging DBPs. 
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2.4 Techniques for halide removal from water  
The objective of bromide and iodide removal is to control the formation of brominated and/or 

iodinated DBPs (both organic and inorganic). Bromide and iodide removal techniques can be broadly 

classified into three categories, namely; membrane, electrochemical and adsorptive techniques.  

2.4.1 Membrane techniques  
Over the past 50 years, membrane technologies have become a distinguished separation technology 

with significant commercial applications in the water industry. With increasing water demands and 

diminishing water supplies due to escalating populations, environmental degradation and climate 

change, membrane technologies are being employed to produce high quality potable water from 

impaired and alternative water supplies. Membrane techniques comprising reverse osmosis (RO), 

nanofiltration (NF), ion exchange membranes, electrodialysis (ED) and electrodialysis reversal (EDR) 

are discussed in the following sections. 

2.4.1.1 Reverse osmosis  
RO is a process whereby water is forced through a semi-permeable membrane under pressure to 

remove organic contaminants and salts, producing purified water (Figure 1). There are 2 main types of 

RO membranes; cellulose acetate and more recently thin-film composite membranes, each with 

differing water flux, rejection and physiochemical characteristics [32]. Most commercially successful 

RO membranes are thin-film composites with a top ultra-thin active filtration layer that consists most 

commonly of cross-linked polyamide (50-200 nm) but other polymers such as piperazine and others 

are employed as well. This thin layer is backed by an intermediate porous polysulfone support and a 

grid of polyester fibres to provide the desired mechanical stability [33]. Some membranes also have a 

surface coating that yields a more hydrophilic, neutral and fouling-resistant surface [33-36]. The 

active layer of RO membranes is the main barrier against the permeation of salt and contaminants 

which results from a combination of equilibrium partitioning at the water/active layer interfaces, and 

diffusive and advective transport [33, 36-40].  
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Figure 1: Schematic of the RO process. Note that while this illustrates the desalination 

process, other contaminants present in water including NOM and small organic molecules can 

also be rejected by RO membranes. 

 

The broad spectrum of solute rejection of RO membranes allows the utilisation of seawater, brackish 

water and reclaimed water as alternative potable water sources [41, 42]. A comprehensive review of 

the early history of RO membrane development is available [43]. Recent developments in drinking 

water treatment applications of RO have been discussed by many including Greenlee et al. [44], 

Fritzmann et al. [45], Pearce et al. [46], Veza [47], Antrim et al. [48], Koutsakos and Moxey [49], 

Redondo and Lomax [50, 51], Wolf et al. [52], Vial et al. [53] and Laborde et al. [54].  

RO membranes typically have a salt rejection of 98-99%, although several recently developed 

membranes can achieve 99.7-99.8% salt rejection under standard conditions [42, 45, 55-61]. The 

current body of literature indicates that RO membranes reject monovalent halide ions to differing 

degrees (Table 4). The rejection of ionic solutes by RO membranes has been observed to follow the 

Hofmeister series, that is, rejection increases with increasing hydrated radius (Table 5). Ions with high 
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hydration energy (determined by its hydrated radius and charge density) are better rejected due to 

their low partition coefficient with the hydrophilic membrane [62, 63]. The halide rejection occurs in 

the following sequence: F > Cl > Br > I. This is identical to the order of decreasing hydration energy 

and decreasing hydrated radius of the ions.   

A study by Magara et al. [14] investigating bromide removal from seawater using RO with spiral 

modules of aromatic polyamide, achieved over 99% bromide rejection (Table 4). Similarly, several 

other studies of RO have found high bromide rejection, ranging from 93-99.3%, depending on the 

membrane used, and operating conditions [64-67]. Khan et al. found that RO membranes display a 

high rejection of iodide ions (71-90%) [66]. RO can reject over 89% of the total iodide from seawater 

[12]. The viability of several RO membranes in treating oilfield-produced brackish water for water 

reuse and iodide recovery has been investigated [68, 69]. The aromatic polyamide membranes were 

ranked according to the rejection of iodide as: Koch TFC-HR (92%) > Toray TMG-10 (87%) > Koch 

TFC-ULP (82%) > Dow/Filmtec XLE (80%). Furthermore, Koch TFC-HR, Koch TFC-ULP and 

Toray TMG-10 membranes rejected between 98 and 100% of both chloride and bromide ions [68]. 

Dow/Filmtec FT-30 membranes achieved 99.55% rejection of bromide at 2 MPa and 99.50% 

rejection of iodide at 5 MPa [70]. 

 

 

In Tables 4-21 experimental water sources are classified as natural water (N), synthetic water (S), 

wastewater (WW), seawater (SW) and oilfield brines (OB).  Natural water refers to unaltered surface 

waters, while synthetic water refers to laboratory water spiked with analytes.  
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Table 4:  Bromide and iodide rejection capacity for a number of RO membrane types. *Water type – N = Natural water, SW = seawater, WW 

= wastewater, OB = oilfield brines. ‘–‘ = data not available 

  Initial anion 
concentration 

  Rejection capacity      

Membrane Type Br- 

(mg/L) 

I- 

(mg/L) 

Competing 
anions present 

Water 
type* 

Br- (%) I- (%) Pressure 
(kPa) 

Flow rate 
(L/min) 

pH Temp (ºC) Reference 

SWC4+ Composite 
Polyamide 

71 

 

- Y N, SW 99.8 - 6480 63.2 

 

7.9 20 [64] 

SWC5 Composite 
Polyamide 

64.4 

 

- Y N, SW 99.34 - 5065 11933 8.0 25.1 [64] 

SWC6 Composite 
Polyamide 

64.4 

 

- Y N, SW 99.34 - 5065 11933 8.0 25.1 [64] 

SWC4+b Composite 
Polyamide 

71 

 

- Y N, SW 99.8 - 6480 63.2 

 

7.9 20 [64] 

SWC6 Composite 
Polyamide 

64.4 

 

- Y N, SW NS - 5065 

 

11933 8.0 25.1 [64] 

Trisep X-20® Composite 
polyamide 

>0.160 - Y N, WW ~ 90% - - 60 –90 - - [66] 

Multiple  
tested 

NS - 0.0358 - 
0.0511 

Y N, SW - 89 - - 7.1-7.6 26.1-38.5 [12] 

TFC-HR TFC® 
polyamide 

51.3 

 

49.9 

 

Y N, OB 90.7 92 558.8 0.5 6 11±1 [68] 

TMG-10 Cross Linked 
Fully 
Aromatic 

51.3 

 

49.9 

 

Y N, OB 100 87 558.8 0.5 6 11±1 [68] 
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Polamide 
Composite 

TFC-ULP Proprietary 
TFC® 
polyamide 

51.3 

 

49.9 

 

Y N, OB 100 82 558.8 0.5 6 11±1 [68] 

XLE Polyamide 
Thin-Film 
Composite 
(TFC) 

51.3 

 

49.9 

 

Y N, OB - 80 558.8 0.5 6 11±1 [68] 

FT30 polyamide 
membrane 

3995 6345 N SW 99.6 99.4 2000 - 6.8 25 [70] 
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Table 5:  Physical characteristics of the halide ions. 

Halide Atomic 
weight  

Electronegativity  
(Pauling scale) 

Molar hydration 
enthalpies 

(kcal/mol) [71] 

Non-hydrated radius 
(Å) [72]  

 Hydrated radius (Å) 
[72]  

F- 18.99 3.98 -98 1.16 3.52 

Cl- 35.45 3.16 -79 1.81 3.32 

Br- 79.90 2.96  -71 1.95 3.30 

I- 126.90 2.66  -62 2.16 3.31 

 

RO is a proven technology for the removal of an extensive range of contaminants, and this was the 

most effective bromide and iodide removal technique of all investigated. Importantly, this technique 

can remove both organic and inorganic DBP precursors simultaneously making it invaluable in DBP 

minimisation. However, RO remains relatively expensive, requires extensive pre-treatment, has high 

energy consumption due to high operating pressures, and is susceptible to scaling, as well as 

presenting brine disposal difficulties. The capital and operational expenses of RO as well as the 

disposal of the generated concentrate currently restricts the widespread application of this technique in 

drinking water treatment plants.   

2.4.1.2 Nanofiltration  
NF is a pressure driven membrane process, which is an intermediate between RO (non-porous 

diffusion) and ultrafiltration (porous-sieving) membrane processes, and exhibits features of both [73].  

Compared to RO, NF generally runs at somewhat lower pressures, thereby reducing energy costs. It 

also has less resistance to the flow of both solvents and solutes [74-76]. Although there are many 

types of membranes, most applications of NF use polyamide thin-film composite membranes in a 

spiral wound configuration [42]. Like RO membranes, most NF membranes are charged, thus 

electrostatic interactions also influence the transport and selective rejection behaviour of NF 

membranes [73].  Consequently, depending on the molecular weight cut-off of the membrane, many 

NF membranes can effectively separate both NOM, small organic molecules (such as pesticides, 

pharmaceuticals and endocrine disrupting compounds) [77-85] and salts from water. Salts rejected 
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include bromide and iodide ions, although in general, polyvalent ions may be more easily retained 

than monovalent ions [86-90]. 

Harrison et al. [91] investigated the ion rejection of two commercial NF membranes (NF-90 and NE-

90) in a seawater desalination application (Table 6). The NF-90 membrane achieved 94-96% bromide 

rejection and 84-91% iodide rejection. Similarly, NE-90 membrane accomplished 94-97% bromide 

rejection and nearly 90% iodide rejection. The authors found that salt rejection generally increased 

with pressure, until their maximum rejection threshold was reached, beyond which, rejection started 

to decline with increasing pressure. This is to be expected and holds for all RO and NF membranes 

[55]. A maximum rejection threshold for bromide and iodide was observed at 3.4 and 2.0 MPa, 

respectively. Anion rejection was not significantly affected by water temperature under the conditions 

tested.
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Table 6:  Bromide and iodide rejection capacity for a number of NF membrane types. *Water type – N = Natural water, S = synthetic.‘–‘ = 

data not available.  

  Initial anion 
concentration 

  Rejection capacity      

Membrane Type Br- 
(mg/L) 

I-  

(mg/L) 

Competing 
anions present 

Water type*  Br- (%) I- (%) Pressure 
(kPa) 

Flow rate 
(L/min)  

pH Temp 
°C 

Reference 

NF-90 

(200 Da) 

Polyamide 

TFC 

1030  1 Yes S 94-96 84-91 4000 1 7.8 - 
9.8 

20 [91] 

NE-90 

(200 Da) 

Polyamide 

TFC 

1030 1 Yes S 94-97 ~90 4000 1 7.8 - 
9.8 

20 [91] 

NF70-2540 

(180 Da) 

Polyamide 

TFC 

- 719.5 No S - 80 1200 - - - [92] 

NF45- 2540 

(200 Da) 

Polyamide - 2538 No S - 56.785 NS 1.16 - 20 [63] 

NF45-2540 

(200 Da) 

Polyamide - 2538 No S  - 56.785 NS 1.16 6 20 [93] 

NF-70 

(200 Da) 

TFC  polyamide 
film active surface 

79.9 - No S >93 - 2000 1.16 6.8 25 [70] 

NF-90 

(200 Da) 

Polyamide 

TFC 

51.3 49.9 Yes N 80 78.3 1241 - 1275  0.5 6 25 [68] 

TFC-S 

(200 Da) 

Polyamide 

TFC 

51.3  49.9 Yes N - 69.5 1241 - 1275  0.5 6 25  [68] 

ESNA 

(200 Da) 

Polyamide 

TFC 

51.3 49.9 Yes N - 55.6 1241 - 1275  0.5 6 25 [68] 
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Lhassani et al. [92] investigated the selective demineralization of water by NF with particular 

emphasis on monovalent anions. Ions are transferred across nanofiltration membranes by a balance of 

two mechanisms; convection (physical parameters) and solubilisation–diffusion (chemical 

parameters) [92]. At high pressure convection predominates over diffusion, increasing the retention of 

larger ions, while diffusion dominates at low pressure, lowering the retention of larger ions.  Iodide 

retention is greatly influenced by pressure because the transfer of this ion across nanofiltration 

membranes is mainly due to convection rather than diffusion [92].  The study achieved a maximum 

rejection of iodide (80%) with NF70 membrane at a pressure of 1200 kPa. Although the membrane 

selectivity favoured chloride over iodide ion, it was demonstrated that this can be reversed at 

pressures over 800 kPa, thus showing that operating conditions can be adjusted to selectively remove 

individual ions of the same valence [92]. Pontie et al. [63] and Diawara et al. [93] demonstrated that 

tight NF membrane NF-45 can selectively separate monovalent halides, following the Hofmeister 

series of halide ions: F> Cl> I.   The membrane reflection coefficient and solute permeability were 

observed to be correlated with the hydration energy of halide ions. Tight NF-45 membrane was shown 

to have mass transfer properties similar to RO membranes. 

NF membranes with a molecular weight cut off of 150-300 Da have been observed to reject up to 

50% of bromide and bromate from low-turbidity source waters [15]. Prados-Ramirez et al. [94] saw a 

63% rejection of bromide upon conducting NF on bromide-spiked river water. Pontié et al. [70] found 

NF-70 membranes reject approximately 94% of bromide at a pressure of 1.5 MPa. The study 

demonstrated that halide ions are transferred across NF membranes by two mechanisms; convective 

and solubilisation-diffusion. Pontié et al. [70] also demonstrated that under low pressure, retention of 

halide ions follow the Hofmeister series, however under high pressure, chloride and bromide order is 

inverted. Drewes et al. [68] investigated the salt and iodide rejection from oilfield-produced brackish 

water utilising three NF membranes: NF-90 (Dow/Filmtec), TFC-S (Koch) and ESNA 

(Hydranautics).  The membranes were ranked according to the rejection of iodide, as: NF-90 (78%) > 

TFC-S (69%) > ESNA (55%). The NF-90 membrane rejected over 80% of both chloride and bromide 

[68]. In contrast, Listiarini et al. [95] and Chellam and Krasner [96, 97] found that NF was inefficient 
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for bromide removal, however, the operating conditions investigated, including pressure, permeate 

flux, anion concentrations and water type, varied significantly from those used for successful 

applications of NF for bromide removal. 

When compared to RO, NF has slightly lower capital costs, significantly lower operational costs due 

to lower operating pressures, can be operated at a higher water recovery, which means a smaller waste 

concentrate stream, while achieving comparable bromide and iodide removals [91]. Due to these 

advantages, the application of NF has increased, especially in industrial applications and drinking 

water treatment. This membrane technique still experiences (although to a lesser extent) the same 

limitations as RO.  NF requires extensive pre-treatment, has medium to high energy consumption, and 

is susceptible to scaling and brine disposal difficulties. Again, like RO, NF has the advantage of 

having capacity to remove both organic (NOM) and inorganic (halide) DBP precursors 

simultaneously. 

2.4.1.3 Electrodialysis and electrodialysis reversal 
The ED process uses a driving force of direct current (DC) to transfer ionic species through cell pairs 

of oppositely charged membranes, allowing their separation from the source water (Figure 2) [7, 98]. 

The degree of salt removal is directly proportional to the current and inversely proportional to the 

flow rate through each cell pair [99]. Thus, hydraulic and electrical staging are used to achieve the 

desired salt removal.  The hydraulic and electrical staging in the membrane stack array configuration 

used in ED water treatment systems is determined by the source water quality and the level of water 

quality required [7]. Membranes are composed of a polymer matrix with charged groups attached, 

with pores that allow ions to permeate. EDR is a modification of the ED process, where electrode 

polarity is periodically reversed during the treatment process to reduce scaling and clean membrane 

surfaces [7, 98]. EDR has been successfully used for desalination, waste treatment, treatment of boiler 

feed and process water, and hardness removal, providing a reliable and economical alternative to RO 

of brackish waters [100, 101].  The EDR process is used as a ‘finishing’ treatment for desalting 

brackish water with TDS concentrations of up to 4000 mg/L. After 4000 mg/L the energy costs 
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dramatically increase, reducing its competitiveness with other membrane techniques such as RO 

[102]. The halide rejection of ED and EDR has been summarised (Table 7).  

 

Figure 2: Schematic of the ED process (example using NaCl solution):  + = anion exchange 

membrane, permeable to anions; - = cation exchange membranes, permeable to cations.   
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Table 7:  Parameters and halide rejection capacity for ED/EDR techniques. *Water type – N = Natural water, S= synthetic. ‘–‘ = data not 

available 

   Initial Anion 
Concentration 

  Halide Rejection 
Capacity 

      

Exposure 
Time (h) 

No. of 
Cell 
Pairs 

Membrane 
Type 

Br- 

(mg/L) 

I- (g/L) Competing 
anions present 

Water 
type*  

Br-  

(%) 

I-  

(%) 

Current 

(V) 

Flow rate 
(L/min) 

Water 
recovery 
(%)  

pH Temp 
(°C) 

Reference 

0.5-1 600  Mark III to 
Mark IV type 

0.5–1.2  - Yes N 75-80 - - 138000 90-94 6.5-
7.3 

25 [103] 

- 250 AR204-SZRA 
and CR67-
HMR   

0.185 - Yes N 72 - 180-190 233.3 92-93 7.6 25 [100] 

12 2 DE81 - 1.2 -
12.7  

No S - 92–97 - - - - 25 [104] 
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Recently, Valero and Arbós [103] conducted a 28 month pilot plant study of EDR, as well as a study 

of the implementation of EDR in Llobregat’s desalination drinking water treatment plant (DWTP) in 

Barcelona, Spain. The pilot plant study utilised the same source water as is treated at Llobregat’s 

DWTP. Anthropogenic activities severely impact the quality of this source water, which consequently 

has substantial concentrations of salts, NOM and micropollutants, causing elevated concentrations of 

DBPs during the drinking water treatment process (160 ± 40 µg/L tTHMs formation potential (tTHM-

FP); sum of TCM, BDCM, DBCM and TBM). EDR was incorporated into the water treatment system 

after GAC treatment, in both pilot and full-scale studies. On average the pilot study achieved over 

75% bromide, 60% chloride, 65% electrical conductivity (EC), 58% total alkalinity (TAC), 30% 

TOC, 75% NO3
−, 70% SO4

2−, 80% Ca2+, 70% K+ and 80% Mg2+ reduction, while maintaining over 

90% water recovery. The improved chemical quality of the water resulted in a decrease in tTHM-FP 

to 64 ± 60 µg/L, which was below the regulated concentration of 100 µg/L. During the trial the 

systems’ performance was highly robust and reliable with no operational problems experienced [103]. 

Llobregat’s DWTP (with full-scale application of EDR) has the capacity to produce an average of 

200,000 m3/day, making it the world's largest desalination plant using this technology. The plant 

obtained water quality parameters and THM-FP consistent with the pilot study values. Optimisation 

of the plant achieved a maximum of 80% bromide and 80% EC reduction, while maintaining over 

94% water recovery.  Furthermore, Valero and Arbós showed EDR treatment allows the control of 

THM speciation as a result of Br- removal, resulting in a reduction of brominated species in favour of 

chlorinated species. 

Van der Hoek  et al. [100] investigated the possibilities of applying EDR as an alternative for RO 

filtration in three integrated membrane systems (IMS) that use ozone for disinfection.  The IMS-1 

system used pre-treated (coagulation/sedimentation/filtration) Rhine River water and further treated 

sequentially with ozonation, biologically activated carbon filtration, slow sand filtration and RO; 

IMS-2 treatment was the same as IMS-1, however the RO step was replaced with an EDR step; IMS-3 

took pre-treated Rhine River water then treated sequentially with EDR, ozonation, biologically 

activated carbon filtration and slow sand filtration. IMS-1 and IMS-3 were able to achieve compliance 
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with bromate regulation; however, IMS-2 could not because ozonation preceded EDR treatment. 

IMS-3 reduced bromide concentrations by 72% (prior to the disinfection step), thus reducing bromate 

formation to 5 µg/L after ozonation [100], in compliance with the European Union drinking water 

standard [105]. The authors found IMS-3 (using EDR) had lower energy and chemical consumption 

and thus lower operational costs when compared to IMS-1 (using RO) however, RO provided a dual 

barrier for disinfection and removal of organic compounds such as NOM and pesticides, which is an 

advantage over the EDR process [100]. EDR membranes AR204-SZRA (anion) and CR67-HMR 

(cation) both manufactured by Ionics were used in this study.   

 

Permselectivity of ions is determined by ion exchange selectivity and mobility selectivity (steric and 

membrane density effects) with a membrane [106].  Generally, ions with higher valence and a smaller 

hydrated radius have a higher permeability in an ion exchange membrane than ions with lower 

valence and larger hydrated radius. Hann et al. [107] found the permselectivity counterion exchange 

sequence of an anion-exchange membrane containing quaternary ammonium groups as fixed charges 

was: I- > NO3
- > Br- > Cl- >SO4

2- > F-.   Sata and colleagues have also conducted several studies on the 

effect of hydrophilicity of anion-exchange membranes on the permselectivity of specific anions in ED 

[108-111]. The group showed that permselectivity of specific anions is mainly dependent on the 

balance between hydration energy of anions with hydrophilicity of the membranes. Specifically, the 

more hydrophobic membranes have a higher permselectivity for less hydrated (higher hydration 

energy) ions. In keeping with this, increasing hydrophobicity of the strongly basic anion-exchange 

membrane enhanced the permeation of bromide and iodide, while decreasing the permeation of 

fluoride ions. As expected, increasing the hydrophilicity of the membranes reversed this trend. 

Inoue et al. has carried out several investigations into the removal of radioactive iodide ion (125I) from 

wastes using ED with anion-exchange paper membranes [104, 112-116]. These membranes were 

found to be electroconductively more permeable to iodide than to chloride ions, allowing iodide to be 

concentrated from the feed stream [104]. In a further project, covalent linking of glucose and urea to 

membranes was reported to increase the membrane/solution distribution of iodide, however the 
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diffusion process of iodide within the membrane was not significantly altered, relative to the 

unmodified membrane [113].  Inoue et al. also worked on membrane separation control using three 

different anion-exchange groups bound to a pulp/cellulose fibre matrix: 

trimethylhydroxypropylamino, diethylaminoethyl and 50% saturated quaternary diethylaminoethyl 

[114]. It was observed that the membrane permeability for iodide was higher than chloride in all three 

cases. Notably, trimethylhydroxypropylamino groups improved the iodide diffusion process, whereas 

50% quaternary diethylaminoethyl groups improved the iodide solution/membrane distribution 

process. High iodide permselectivity was achieved in membranes with the 

trimethylhydroxypropylamino quaternary amine anion-exchange group, due to electrostatic effects 

[115, 116].  

2.4.1.4 Relative advantages and disadvantages of the membrane techniques 
The ED/EDR processes are not commonly used in drinking water treatment plants although examples 

of successful implementation do exist [103, 117]. The main advantages of ED compared to other 

membrane techniques are; minimal pre-treatment of feed water is required, higher water recovery can 

be achieved than for RO, although process recoveries for EDR should be similar to NF [7]. EDR 

membrane life would be expected to be higher than RO membrane life (7-10 years for EDR 

membranes versus 5-7 years for RO membranes) [7].  EDR has several technical and economic 

limitations, including high energy consumption and high capital cost [118]. ED/EDR has the potential 

to be widely applied to brackish and anthropogenically-impacted waters to enable the utilisation of 

alternative sources of water, however, more research is needed in the membrane development and in 

the optimization of ED/EDR for large scale drinking water treatment plants. A limitation of ED/EDR 

processes is that unlike RO and NF, they do not remove neutral, organic DBP precursors, they 

exclusively remove ionic species, i.e., hardness, halides, and other salts. Therefore, the use of this 

technology without an additional organic matter removal step may decrease the level of 

bromination/iodination of organic DBP precursors during disinfection, but may not decrease the total 

concentration of DBPs (e.g. tTHMs) formed. Furthermore, ED and EDR do not provide any 
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disinfection, unlike NF and RO, however, these techniques can be used in the presence of a chlorine 

residual, thereby enabling disinfection and reducing biological fouling of membranes.  

2.4.2 Electrochemical techniques  
Electrochemical techniques have been successfully used to remove contaminants from various 

industrial wastewaters and environmental waters [119, 120]. Electrochemical techniques comprising 

electrolysis and capacitive deionization (CDI) are briefly discussed in the following sections. 

2.4.2.1 Electrolysis 
Electrolysis is a process that uses the passage of an electric current through a solution to induce 

chemical decomposition [121]. Historically, electrolysis processes have been used to produce bromine 

from brines containing bromide [122-124].  Kimbrough and Suffet [122] examined the feasibility of 

using electrolysis to remove bromide from drinking water sources (Table 8). Carbon rod cathodes and 

dimensionally stable anodes (DSA) were used in the electrolysis cell. Electrolysis of raw water 

oxidised bromide to a mixture of hypobromite, hypobromous acid and bromine gas. Degassing this 

solution with carbon dioxide caused a decrease in the solution pH, driving the conversion of 

hypobromite to hypobromous acid, which was then volatilised, along with bromine gas, leading to a 

decrease in the solution concentration of bromide. The rate of bromide removal is dependent on the 

applied current and effectiveness of air stripping. Upon chlorination the electrolysed water produced 

lower THMs concentrations and decreased the proportion of brominated THMs formed. The authors 

suggest that the removal of bromide should also reduce the formation of other brominated DBPs. 
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Table 8:  Parameters and bromide oxidation capacity of electrolysis methods (note iodide was not included in these studies). *Water type – N = 

Natural water, S= synthetic. ‘–‘ = data not available. 

  

 

 

 

Br- (mg/L) Competing anions 
present 

Water type* Br- oxidation 
capacity (%) 

Flow rate 

(L/min) 

Contact time (s) Current pH Temp 
(°C) 

Reference 

0.200 Yes N >99 0.420 240  700 mA  - - [122] 

0.461 Yes S 79 - 39 14 mA/in2 ~7.5 - [125] 
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An electrolytic process that combines disinfection with the removal of bromide from raw water was 

patented by Bo [125].  Electrolysis cells used silver cathodes and DSA arranged in parallel fashion. 

During electrolysis chloride was oxidised to chlorine gas, providing disinfection, while bromide ions 

were oxidised to bromine gas which volatilised without requiring stripping. High bromide removal 

efficiency is achieved due to the high silver conductivity and large electrode surface contact area 

coupled with several passes of the solution through the electrolysis cell. The effectiveness of this 

process is dependent upon the chloride:bromide ratio, the magnitude of the electrical current, ionic 

strength of the water, distance between electrodes, water residence time in the cell and electrode 

material. Bromide removal efficiency decreased with lower influent bromide concentrations. At low 

bromide concentrations (<125 µg/L) the process achieved between 48%-62% removal, but at high 

bromide (>200 µg/L) concentrations bromide removal increases to between 47%-79%. Brominated 

THMs concentrations (generated by THM-FP)) were reduced by 27% after the initial bromide 

concentration was reduced from 461 µg/L to 48 µg/L during the treatment. This reduction in Br-

THMs may be expected to be greater, given the excellent bromide removal reported, however, the 

authors report losing chlorine residual during the THM-FP of the high bromide sample, so they may 

not have formed a maximum of Br-THMs during the experiment. After electrolysis treatment the 

proportion of Br-THMs remained the same as raw water. Additionally, several electrolysis processes 

that remove bromide by producing bromine gas from different aqueous sources, including brines, 

bittern and waste effluents have been patented [126-135].   

Although electrolysis has been shown to remove bromide reasonably on a small scale the feasibility of 

large scale application to drinking water treatment has not been assessed. Further development of 

electrodes would be required as part of working toward larger scale treatment. 

2.4.2.2 Capacitive deionization 
CDI is a recently developed electrolysis technology for removing ionic species from aqueous 

solutions using porous activated or aerogel carbon electrodes (Figure 3) [136, 137]. The deionisation 

process occurs by an induced electrical potential difference across an aqueous solution, which flows 

in between oppositely charged porous electrodes. As a result of the applied electrical potential, ions 
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are adsorbed in the electrodes, deionising the product stream [138]. Although CDI technology is in its 

infancy, it has the potential to develop into a feasible low-cost alternative to membrane and thermal 

desalinisation of brackish waters (Table 9) [139-141]. The CDI process operates at ambient conditions 

of temperature and pressure, requires minimum pre-treatment, does not require chemicals for scaling 

control or chemical cleaning, has low voltage requirements and a low fouling/scaling potential [139]. 

The adsorption capacity of carbon aerogels is dependent upon the surface characteristics of the 

electrodes, including; surface area, size and microstructure of pores, electrical conductivity, chemical 

composition and electrical double-layer capacity [136, 137, 142]. Halides are usually removed from 

solution by electrostatic attraction within the electrode, whereas large polyvalent oxyanions, heavy 

metals, and colloidal impurities can be removed by means of chemi/physisorption, electrodeposition, 

electrophoresis, double-layer charging and possibly faradaic reactions, as well as simple electrostatic 

interactions [142, 143]. Electrode polarity is reversed after saturation to regenerate carbon aerogel 

electrodes [140, 141, 144].  

 

 

 

 

 

 

 

 

Figure 3: Schematic showing the capacitive deionisation (CDI) process. 
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Table 9:  Parameters and halide removal capacity from CDI studies. *Water type – N = Natural water, S= synthetic. ‘–‘ = data not available.# 

Percent removals not available. 

Initial Anion 
Concentration 

  Halide Removal Capacity      

Br- (mg/L) I- (mg/L) Competing anions 
present 

Water type* Br- I- Flow rate 
(mL/min) 

Current 
(V) 

pH Temp 
(°C) 

Reference 

399.5 - No S 0.13 to 0.18 mmol/g# - 100  1.4  7 - [136] 

79.9 126.9 No S 0.059 mmol/g# 0.063 
mmol/g# 

10  1.2 - 25 [137]  

191.8 304.56 No S 0.108 mmol/g# 0.154 
mmol/g# 

10  1.2 - 25 [137]  

50.3 49.5 No S 50% 

 

69.7% 

 

250  1.3  23 [139] 

~75 ~30 Yes N 62.5% 77% 560  1.3 7.5-9.1 23 [139] 

0.36 - Yes S 86.11% - 50 1.3 - - [140] 
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Gabelich et al. [136] and Ying et al. [137] report that an ion’s hydrated radius may  regulate the ionic 

species’ sorption capacity into carbon aerogel electrodes.  Monovalent ions with smaller hydrated 

radii were preferentially removed from solution over multivalent ions. Additionally, counterion 

valency appears to have a strong influence on an individual ion’s sorption capacity [136]. 

Experiments conducted with natural waters showed the sorption capacity of carbon aerogels was 

significantly lower when a high concentration of NOM was present. The authors suggest pre-

treatment for NOM removal would increase effectiveness of CDI in treating natural waters [136]. CDI 

was found to increase in total capacity for anion removal in the order of Cl− <Br−< I−, thus this 

technique could be used most effectively to selectively recover iodide from solutions [137]. Ying et 

al. [137] theorised this effect was due to iodide ions having a partial charge-transfer coefficient larger 

than bromide and chloride ions. The adsorption capacity of the carbon aerogel electrodes was shown 

to increase with increasing solution concentration of ionic species, voltage, and surface area of the 

electrodes. Due to its selectivity, this technique has the potential (with further development) to be 

applied in the removal of halides from drinking water sources.  

Welgemoed and Schutte [140] developed an industrial CDI bench scale prototype (MK-8A) and 

evaluated the module’s performance for coal-bed methane brackish water desalination. The module 

achieved high ionic species reduction in artificial brackish water, reducing the feed stream 

conductivity from 1000 µS/cm to 23.4 µS/cm at a flow rate of 50 mL/min.  Interestingly, in the 

artificial system bromide had the highest reduction percent of all ions monitored (86.11%). The 

prototype was then tested on naturally occurring brackish water from the natural gas industry in 

Wyoming, USA. It reduced the feed stream conductivity from 2095 µS/cm to <1000 µS/cm at 

approximately 70% water recovery rate.  Rinse brine was recycled, reducing the volume of waste 

brine produced.  Furthermore, the authors compared the costs of RO, EDR and CDI for brackish water 

desalination to a potable water standard. CDI was very cost effective compared to RO for brackish 

water applications (CDI: US$0.11/1000 L, RO: US$0.35/1000 L). CDI could also reduce brackish 

water desalination costs by 70% when compared to existing EDR technologies. A water recovery rate 

of 70% while still retaining quite a high conductivity (2095 µS/cm to <1000 µS/cm) is, however, 
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quite inferior to what could be achieved with RO, i.e. organic precursor removal and disinfection, as 

well as halide removal.   

The viability and ion selectivity of CDI technology in treating brackish water generated during natural 

gas mining for water reuse and iodide recovery has been investigated [139]. CDI testing units used in 

this study were provided by CDT Systems, Inc. The anion sorption capacity of the carbon aerogel (in 

mol/g aerogel) was dependent upon initial ion concentrations in the feed water. That is, the ions 

present in the greatest concentration were adsorbed to a greater extent, following the order Cl- ≥ Br- > 

I-. However, the maximum percentage of removal for these anions followed the opposite trend; I- > 

Br- > Cl-, which the author’s attributed to iodide’s higher partial charge-transfer coefficient compared 

to the other anions, and intermolecular interactions with the carbon-aerogel electrodes, resulting in a 

higher sorption capacity. In concurrence with the findings of Ying et al. [137], bench scale tests 

showed preferential sorption of iodide from brackish water even in the presence of dominant 

coexisting ions. The removal of iodide reached 69% and removal of bromide reached 50% in artificial 

water [139]. During the regeneration phase, 77-107% of sorbed iodide was recovered from the carbon 

aerogels (a recovery >100% was attributed to the desorption of iodide from the previous run). The 

authors found bench scale and pilot scale CDI cells exhibited similar sorption capacities. During the 

pilot study the maximum removals observed were 83% of UV254, 77% of I-, 62% of Br-, 40% of Ca2+, 

40% of alkalinity (as CaCO3), 34% of Mg2+, 18% of Na+ and 16% of Cl-. However, field experiments 

employing a three stage CDI treatment could not meet the water quality standards for reuse due to 

high total dissolved solids (TDS) concentrations. To resolve this issue additional CDI stages were 

applied to simulate a multi-stage desalination treatment. Ten CDI stages were needed to reduce TDS 

to an acceptable level for reuse.  

 

Shiue et al. [145] have enhanced the efficiency of CDI by using spiral wound electrodes (activated 

carbon coated on titanium foil) in combination with online electrolytic ozonation. This allows the 

reduction of uncharged constituents and disinfection of water by ozone, in addition to the removal of 

charged species by CDI. Ozone was produced by low-voltage electrolysis of water. The electricity 
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retrieved at the discharging of CDI operation could be harnessed for use in producing ozone, thus 

increasing energy efficiency.  

CDI technology is a promising alternative for brackish water desalination, although the operational 

performance and sorption capacity of the electrodes may need further development before the 

technology becomes economically feasible [139].  

2.4.2.3 Membrane Capacitive Deionization 
Membrane Capacitive Deionization (MCDI) is a modification of the CDI process, in which ion-

exchange membranes are added onto a CDI system (Figure 4) [146, 147].  Ion-exchange membranes 

are positioned in front of their corresponding charged electrodes.  MCDI has several advantages over 

CDI namely; the membranes inhibit ions from leaving the electrode region, thereby increasing the salt 

removal efficiency of the process, and ion release from the electrode region (during electrode 

regeneration) is more efficient [146]. Both Lee et al. and Li found that MCDI had a higher salt 

removal rate than traditional CDI systems, with 19% and 49% higher rejection found, respectively 

[147, 148].  Although no specific studies on bromide and iodide removal were found using this 

process, MCDI would be expected to produce improved halide removal efficiency to that experienced 

with CDI, and is thus an area of potential future research. 

 

Figure 4: Schematic showing the membrane capacitive deionisation (MCDI) process. 
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2.4.2.4 Relative advantages and disadvantages of the electrochemical techniques 
The CDI and MCDI processes are not currently used in the treatment of drinking water. The CDI 

process is both robust and energy efficient, although MCDI may be expected to be able to remove 

halides with greater efficiency than CDI. With further development CDI has the potential to be 

applied to drinking water, wastewater, boiler water and coal seam gas water deionisation, as well as 

brackish water desalination [138]. Conversely, the potential for large-scale application of electrolysis 

to halide removal during water treatment may be limited, due to difficulties in scaling up the process, 

although this has not yet been explored. Areas in which further development would be expected prior 

to wide-spread use of CDI technology are related to the optimisation of deionisation, commercial 

development of aerogels, full scale application and commercialisation of the technique. 

2.4.3 Adsorption techniques  
Although membrane techniques can successfully reduce bromide and iodide concentrations in water, 

surface sorption methods form a major component of halide reduction research and application 

because of their ease of application and low cost. Recent research has continued to explore the 

development of low cost, effective, bromide and iodide adsorbents. Sorption techniques comprising; 

hydrous oxides, activated carbons, silver-doped activated carbons and carbon aerogels, ion-exchange 

resins, aluminium based adsorbents and soils, are briefly discussed in the following sections. 

2.4.3.1 Hydrous oxides  

2.4.3.1.1 Layered double hydroxides 
Layered double hydroxides (LDHs) (also called hydrotalcite-like compounds (HTCs)) are attracting 

considerable attention for their ability to selectively remove contaminants in aqueous systems [149-

160]. LDHs consist of positivity charged metal hydroxide layers, with interstitially located anions and 

water molecules [157, 161, 162]. They have large surface areas and numerous sites for anion 

exchange, making them ideal ion-exchangers and adsorbents. Additionally, LHDs are produced from 

low-cost precursors that can be easily regenerated [150, 157, 158]. A summary of studies 

investigating halide removal using LDH is reported (Table 10). 
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Table 10: Summary of parameters for halide adsorption studies using LDHs. *Water type – N = Natural water, S= synthetic, WW = waste 

water. ‘–‘ = data not available. #Adsorption coefficient (Kd) reported, percent removals not available.  

 Initial Anion 
Concentration 

   Halide Removal 
Capacity 

     

LDH Type Br-  

(mg/L) 

I- 

(mg/L) 

Water 
type* 

Competing 
anions present  

Br- 

(%) 
I- 

(%) 

Adsorbent 
dose (g/L) 

Time 
(h) 

pH Temp 
°C 

Reference 

Mg–Al-(NO3)  - 342  N, WW Yes - 59 20  4 9.2 25 [163] 

Zn-Al  - 330  S No - 60 - - 7 - [164] 

Mg-Al  100 - S No 27.5 - 1  24 - 30 [165, 166]. 

Mg-Al (molar ratio of 2) - 100  S No - 35 1 - - 30 [165, 166] 

Mg-Al (molar ratio of 3) - 100  S No - 88.4 1 - - 30 [165, 166] 

Mg-Al (molar ratio of 4, 
calcined at 500°C) 

100 100  S No 94 96.1 1 24 - 30 [165, 166] 

Cu6Al2(OH)18 - 1   S Yes - 9600 mL/g#         10 24 - 25 [167] 

Cu6Cr2(OH)18 - 1  S Yes - 4,200 mL/g# 10 24 - 25 [167] 

Cu6Ga2(OH)18 - 1  S Yes - 1,700 mL/g# 10 24 - 25 [167] 

Mg-Fe 0.2 - N Yes 60 - 10 0.16 ~7-8 - [168] 

Mg-Al-Fe 0.2 - N Yes 60 - 10 0.16 ~6.5-7.5 - [168] 

Zn-Al - 1269 S Yes - 14 10 48 6 - [169] 
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Curtius and Kattilparampil [170] studied the application of Mg-Al-Cl LDH for 135I- removal from 

radioactive wastes. It was found that the adsorption of iodide was independent of pH between 3.5 and 

8.5. In the test parameters studied the sorption capacity for iodide decreased with increasing chloride 

concentrations. A Kentjono et al. [163] study using Mg–Al-(NO3) LHD found that the optimum pH 

for iodide removal was 9.0–9.2.  The maximum iodide adsorption capacity achieved was 10.1 mg/g at 

a LDH dose of 20 g/L and pH of 9.2. The optimum pH for iodide adsorption coincides with that of 

boron adsorption, however they do not compete with each other’s adsorption, indicating that this LDH 

could be used to simultaneously remove both boron and iodide. The iodide removal capacity of 

thiosulfate intercalated Zn-Al LDH has been reported by Thomas and Rajamathi [164]. 

Approximately 60% of iodide ions were intercalated in the interstitial layer of the LDH, making it a 

potentially useful treatment for the removal of iodide from drinking waters.  

The Lv group investigated the influence of LDH calcination temperatures and the Mg:Al molar ratio 

on the adsorption of bromide from water by Mg-Al LDHs [165, 166]. The bromide and iodide 

adsorption capacity of calcined LDHs is higher than that of uncalcined LDHs. Adsorption capacity of 

bromide and iodide increased with increasing calcination temperature between 200 oC and 500 oC, 

however it drastically decreased with calcination temperatures from 500 oC to 800 oC. A maximum 

bromide and iodide adsorption capacity of 94.0 mg/g and 96.1 mg/g, respectively, was achieved with 

LHD calcination at 500 oC. It was found that a Mg:Al molar ratio of 4 had the highest capacity to 

remove bromide and iodide from aqueous solution. Additionally, the group found that increasing 

adsorbent concentrations from 0.2 g/L to 1.0 g/L significantly increased bromide removal from 73.4% 

to 91.6%, after which the removal plateaued to a maximum of 94% using 5 g/L [165]. Similarly, 

adsorbent concentrations from 0.2 g/L to 1.0 g/L significantly increased iodide removal from 39.4% 

to 96.5%, after which the removal plateaued to a maximum of 97.6% using 4 g/L [166]. LHDs 

maintained similar bromide removal capacities after five regeneration cycles [165, 166].  

A preliminary study on the effect of layered hydroxides metal composition on iodide sorption was 

conducted by Pless et al. [167]. Uncalcined layered hydroxides containing Cu2+ exhibited the highest 

sorption for iodide, followed by Ni2+ and Co2+. The authors found calcination decreased the sorption 
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of iodide, however calcination temperature was only at 550 oC for 1 to 24 hours and only a limited 

number of layered hydroxides were tested.  

Echigo’s group investigated the removal of bromide from a real water matrix by LDHs to control the 

formation of brominated DBPs in the drinking water treatment process [168]. Two LDHs, Mg-Fe-

LDH (ratio 4:1) and Mg-Al-Fe-LDH (ratio 8:1:1) were compared to a commercially available gel-type 

polystyrene-divinylbenzene quaternary amine anion-exchange resin; Diaion SA10A. An 

approximately 60% reduction in bromide using a real water matrix was achieved using both LDHs, 

whereas an approximately 73% reduction in bromide was achieved with the Dianion resin. Echigo’s 

group results showed LDHs selectivity sequence was HCO3
- >> NO3

- > Br- > SO4
2- and hence LDHs 

were found to be better for bromide removal in water matrices with high sulfate ion and low 

bicarbonate and nitrate concentrations due to their selectively for bromide under these conditions and 

faster ion exchange reactions in comparison to Diaion SA10A. However, in the presence of 

bicarbonate, bromide removal was impaired due to the LDHs preferential adsorption of this anion 

rather than bromide. This may limit the extent to which these LDHs could be used in bromide 

removal from drinking water sources, since they would not be expected to be useful under high 

bicarbonate conditions. Organic carbon (measured as TOC) was not removed by either LDH, 

indicating it was rejected by the ion-sieve effect of the LDHs. This is important since organic carbon 

comprises many DBP precursors, so although bromide may be efficiently removed (in low alkalinity 

conditions), the organic DBP precursors would be expected to remain. The performance of LDHs was 

found to be comparable to Diaion SA10A in terms of the treatment volume and the bromide uptake 

before breakthrough for low alkalinity waters.  The authors conclude that the application of LDH in 

the drinking water treatment process would provide similar performance to organic resins such as 

Dianon SA10A without the potential for secondary contamination.  

A Zn-Al LDH adsorbed approximately 14% of iodide from a deionised solution but almost none from 

a mineralised solution containing 1 mM Cl−, 15 mM SO4
2−, and 5 mM HCO3

- at an initial KI 

concentration of 0.01M at either pH 7 or 10 [169]. Thus, in a multi-ion solution, LDH exhibited 

preferential selectivity for bicarbonate and sulfate over iodide, in agreement with several other studies 
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[169, 171, 172]. The usefulness of LDHs for halide removal from water is therefore dependent on the 

nature of the other anionic species present in solution. 

Despite this limitation, LDHs have been shown to effectively remove bromide and iodide from real 

water matrices. The anion sorption performance of several LHDs was comparable to commercially 

available resins in terms of the treatment volume and anion adsorption before breakthrough. 

Additionally, ion exchange reactions were shown to be faster using LDHs than commercial ion-

exchange resins, and no concerns about secondary contamination when using LDHs have been raised, 

unlike many commercial ion-exchange resins [163-169]. The preferential adsorption of bicarbonate 

over bromide ions, and both sulfate and bicarbonate over iodide ions, for particular LDHs is an 

important limitation, however, further investigation into the large scale application of promising 

LDHs is warranted, given they are a prospective low-cost treatment technology, which has the 

potential for widespread application in drinking water treatment.  

2.4.3.1.2 Sol-gel double hydrous oxide  
In a recent development, the sol–gel method was used to synthesize an inorganic ion exchanger based 

on a double hydrous oxide (Fe2O3·Al2O3·×H2O) [173]. Adsorption behaviour of fluoride, chloride, 

bromide, and bromate ions was investigated by varying experimental parameters including time, pH 

and adsorbent concentrations. The ion exchanger exhibited both cation and anion-exchange capacity, 

which reached values of 1.38 and 1.8 mEq/g, respectively. Adsorption of selected anions was 

observed over the pH range 3 - 8.5, with maximum bromide adsorption occurring at pH < 5. Kinetic 

data on bromide sorption fit a pseudo-second-order model, with a rate coefficient of 0.16 min−1. 

Within the first 10 min of treatment 50% of the bromide ions were adsorbed. The maximum bromide 

sorption capacity achieved was 80 mg/g at bromide concentrations of 200 mg/L (Table 11). 

Investigation into competitive adsorption of Br- and BrO3
- at equal concentrations found that at 

concentrations over 40 mg/L bromide and bromate, competition for adsorption sites favoured 

bromide, whereas for lower concentrations of bromide and bromate, bromate dominated adsorption. A 

number of other novel sol-gel double hydrous oxides have recently been developed, and have been 

shown to have bromide removal capability [174]. 
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Table 11: Summary of halide adsorption studies using sol-gel double hydrous oxides (note, literature on iodide adsorption was not available). 

*Water type –S= synthetic. ‘–‘ = data not available. 

 Initial Anion 
Concentration 

  Halide Removal 
Capacity 

   

Type Br-  

(mg/L) 

Water type* Competing anions 
present 

Br- (%) Adsorbent 
dose (g/L) 

Time (h) pH Temp 

(°C) 

Reference 

Fe2O3·Al2O3·xH2O 120 S Yes 80  2 48 - 22 [173] 

Mg–Al-(3a-1)–NaC 198.2 

198.2 

S 

S 

Yes 

Yes 

75.7 

13.1 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3a-1)–N 198.2 

198.2 

S 

S 

Yes 

Yes 

66.6 

77.7 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3a-1)–KC 198.2 

198.2 

S 

S 

Yes 

Yes 

78.7 

- 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3b)–NaC 198.2 

198.2 

S 

S 

Yes 

Yes 

13.1 

12.1 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3b)–N 198.2 

198.2 

S 

S 

Yes 

Yes 

14.1 

15.1 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3b)–KC 198.2 

198.2 

S 

S 

Yes 

Yes 

13.1 

12.1 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3d-120)–NaC 198.2 

198.2 

S 

S 

Yes 

Yes 

12.1 

11.1 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 

Mg–Al-(3d-160)–N 198.2 S Yes 9 

13.1 

2 

2 

- 4.5 

8.5 

22 

22 

[174] 
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Further investigation into the ion-exchange interactions with organic matter and complex water 

matrices under field conditions is needed before the suitability of these adsorbents for drinking water 

treatment can be evaluated. Further research should also include the development and study of new 

types of sol-gel double hydrous oxides. 

2.4.3.2 Carbon  
Porous carbon materials have been widely used in water treatment to remove various contaminants 

because of their large surface area and high adsorption capacity. Silver-impregnated activated carbons 

(SIAC) have extensive applications in domestic drinking water, beverage and food industry, mineral 

water bottling, and laboratory point-of-use (POU) treatment systems [175, 176].  

2.4.3.2.1 Coal and activated carbon 
Balsley et al. [177] studied the iodide adsorption capacity of lignite and sub-bituminous coal. 

Adsorption of iodide onto coal was found to be highly pH-dependent. Lignite achieved a maximum 

sorption of 34% at pH 3.9, and above that pH iodide adsorption capacity rapidly decreased. In 

contrast, sub-bituminous coal exhibited higher adsorption capacity over a wider pH range, with a 

maximum iodide sorption of 46% at pH 6.2. However, further investigation showed the adsorption 

capacity of coal decreases over time. Kaufhold et al. reported a 13-21% sorption capacity of a Merck 

activated carbon for the removal of iodide, however the high concentrations of iodide studied may 

have impacted on results [169]. Sorption capacity was slightly higher at pH 7 than pH 10. 

Interestingly, investigation into competitive adsorption showed iodide sorption was not affected by 

competing anions. Maes’ group also investigated adsorption of iodide on activated carbon under 

aerobic and anaerobic conditions [178]. Results showed the dissociation constant (Kd) values 

decreased from 2000 mL/g under aerobic conditions to 70 mL/g under anaerobic conditions. Due to 

the well-documented high affinity of iodine towards activated carbon [179-181], the authors 

concluded that iodide removal is facilitated by the oxidation of iodide to iodine by dissolved oxygen, 

which is subsequently adsorbed by the activated carbon.  Hence, the effectiveness of activated carbon 

in iodide removal is dependent on dissolved oxygen concentrations [178]. Some studies on halide 

adsorption using coal and activated carbon have been summarised (Table 12). 
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Table 12: Iodide adsorption capacity of coal and activated carbon (note, studies on bromide adsorption were not available). *Water type –S= 

synthetic. ‘–‘ = data not available. 

 Initial Iodide 
Concentration 

  Iodide Removal 
Capacity 

     

Type I-  

(mg/L) 

Water 
type* 

Competing anions 
present  

I- 

(%) 

Adsorbent 
dose (g/L) 

Time (h) pH Temp °C Reference 

Lignite 1.3  S Yes 34 1-20 24 3.9 25 [177] 

Sub-bituminous coal 1.3 S Yes 46 1-20 24 6.2 25 [177] 

Merck activated 
carbon 

1269 

1269 

S 

S 

No 

No 

15 

13 

10 

10 

48 

48 

7 

10 

- 

- 

[169] 

 1269 

1269 

S 

S 

Yes 

Yes 

21 

15 

10 

10 

48 

48 

7 

10 

- 

- 

[169] 
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Research on halide adsorption of activated carbon has focused mainly on the treatment of radioactive 

129I- wastes. Use of activated carbons in the water industry has been increasing due to increasing 

environmental regulation and its ability to adsorb a wide range of contaminants. Price varies 

depending on demand, quality and cost of production. Although activated carbon is widely used in the 

water industry (primarily for organics removal) this technique is not generally utilised for 

bromide/iodide removal, due to limited efficiency.  

2.4.3.2.2 Silver impregnated activated carbon 
Hoskins et al. [182] investigated two bituminous coal-based silver-impregnated granular activated 

carbons (AgAC) (0.05 and 1.05 wt% Ag) and their unimpregnated counterparts (GAC) in their ability 

to remove iodide from aqueous solutions by a series of batch sorption and leaching experiments. 

Silver impregnation did not significantly alter the texture and pore structure of unimpregnated GAC. 

Interestingly, iodide sorption onto AgAC was independent of pH until silver became saturated with 

iodide, after which iodide sorption increased with decreasing pH, indicating a more positively charged 

surface and less competition from hydroxide ions at lower pH values. The authors concluded iodide 

sorption is initially controlled by precipitation of silver iodide, and subsequent removal occurs as a 

result of adsorption onto the GAC, which is a pH-dependent phenomenon. The 0.05% AgAC sorption 

behaviour closely resembled its unimpregnated GAC, due to the small silver concentration relative to 

total iodide concentration. In contrast, the 1.05% AgAC exhibited noticeably greater iodide sorption 

than the unimpregnated GAC at pH values of 7 and 8, while their performances were comparable at a 

pH of 5 (Table 13).  At a dose of 1 g/L sorbent, at pH 8 with an initial iodide concentration of 425 

µM, approximately 390 µmole/g of I- was sorbed onto the 1.05% AgAC. Several silver impregnated 

activated carbon treatment processes that remove iodide from drinking water have been patented 

[183-185]. 
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Table 13: Summary of studies investigating silver impregnated activated carbons’ halide adsorption capacity. Note, studies specifically on 

bromide adsorption were not available. *Water type –S = synthetic. ‘–‘ = data not available. ^Adsorption in µmol/g was not reported, therefore a 

percent removal shown. 

  Initial Iodide 
concentration 

  Iodide removal capacity   

AgAC Type I- 

(mg/L) 

Water type* Competing anions present  I- 

(µmol/g) 

Adsorbent dose (g/L) Time (days) pH temp Reference 

AgAC  

(1.05 wt % of Ag) 

1.0 – 200.5 

1.0 – 200.5 

1.0 – 200.5 

S 

S 

S 

No 

No 

No 

153.7−143.6 

120.4−103.9 

93.4−83.0 

1  

1 

1 

7  

7 

7 

5 

7 

8 

- 

- 

- 

[182] 

AgAC  

(0.05 wt % of Ag) 

1.0 – 200.5 

1.0 – 200.5 

1.0 – 200.5 

 

S 

S 

S 

No 

No 

No 

50.0−30.7 

8.98−3.82 

3.93-3.10 

1  

1 

1 

7  

7 

7 

5 

7 

8 

- 

- 

- 

[182] 

AgClAC 

(20 wt % of AgCl) 

0.127 S Yes 98 %^ - - - 20 [186] 
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2.4.3.2.3 Silver chloride impregnated activated carbon 
Ho and Kraus demonstrated pre-treatment of activated carbon with silver (20 wt% Ag) and chloride, 

to form a silver chloride impregnated activated carbon (AgClAC), caused a large increase in the 

uptake of iodide, relative to unimpregnated activated carbon [186]. The iodide-chloride concentration 

ratio did not significantly affect the efficiency of iodide adsorption. Long term experiments with 

tracer iodide solutions (10-7 M) passed over small columns (<0.5 cm3) achieved over 98% iodide 

removal after several thousand column volumes of treatment. The authors hypothesized that ion 

exchange of chloride for iodide is due to the differences in solubility between silver chloride and 

silver iodide (Ksp 10-10 and 10-17, respectively). More recently, Karanfil et al. [187] demonstrated that 

in streams of low iodide concentrations AgClAC could be used instead of AgAC to reduce silver 

leaching. Both AgClAC and AgAC (1.05 wt% Ag) exhibited relatively similar iodide sorption, 

independent of pH, however, under acidic conditions silver leaching from AgClAC was significantly 

lower than from AgAC (6% and 50%, respectively).  Experiments conducted using a groundwater 

contaminated with 129I showed similar iodide sorption using both AgAC and AgClAC as adsorbents.  

Silver impregnated activated carbons have widespread applications in domestic drinking water, 

beverage and food industry, mineral water bottling, and laboratories [175]. They provide a means for 

water purification without a large infrastructure burden and are also a safe and effective method of 

controlling/preventing bacterial growth. This technique has the potential for widespread application in 

the drinking water industry, since both NOM and halides may be lowered using this method, thereby 

lowering DBPs formation. However, further development is required in the areas of; effects of 

competing anions, efficiency in complex water matrices, and the optimisation of the technique for 

large scale water treatment plants. Leaching of silver from these materials can be controlled by a 

dedicated silver-impregnation process, therefore ensuring the safety of the product for drinking water 

use. For example, Norit 18x40 AG 1 has a silver content of 0.1% by mass, and a water-extractable 

silver concentration of 0.01 mg/L [188]. Individual commercially available silver-impregnated 

activated carbons will vary in the extent of silver leaching, and information on this is available in the 

specifications for the individual materials.  
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2.4.3.2.4 Silver doped carbon aerogels  
Sánchez-Polo and colleagues have conducted several studies into the effectiveness of silver doped 

activated carbon aerogels for bromide and iodide removal from drinking water [189-192] (Table 14). 

Halide adsorption onto silver-doped carbon aerogels was significantly higher than for activated 

carbon [192]. The maximum adsorption capacity for chloride, bromide, and iodide were 7.32, 3.01, 

and 1.98 µmol/g, respectively, using a silver-doped carbon aerogel with a surface area of 428 ± 30 

(m2/g), characterised by an elevated surface acidity (pH = 4.5 ± 0.1), high concentration of surface 

oxygen (O = 21 ± 1%), and a wide dispersal of Ag+ covering 10 ± 1% of the aerogel surface. The 

initial study showed that an increase in the silver concentration reduced the surface area of the aerogel 

and increased mesopore and macropore volumes. However, halide adsorption capacity increased with 

silver concentrations on the aerogel surface. The adsorption capacity of the adsorbent increased with 

decreasing radius size of the halide ion (adsorption capacity and halide affinity decreased in the order; 

Cl- > Br- > I-), indicating steric hindrance in the sorption of larger ionic radius halides on silver-doped 

aerogels. The presence of chloride and NOM reduces the efficiency of silver-doped aerogels in 

removing bromide and iodide from aqueous solution. High concentrations of chloride (40 mg/L) 

reduced the adsorption capacity of bromide and iodide to 36% and 33%, respectively, from 3.01 and 

1.98 µmol/g in the absence of chloride to 1.91 and 1.33 µmol/g in the presence of chloride. 



	   	   	   	   	  	   49	  

Table 14: Halide adsorption by silver doped carbon aerogels under specific conditions. *Water type –S= synthetic. 

 Initial Anion 
Concentration 

  Halide Removal 
Capacity 

     

Type Br-  

(mg/L) 

I- 

(mg/L) 

Water 
type* 

Competing 
anions present 

Br- 

(µmol/g) 
I- 

(µmol/g) 
Adsorbent 
dose (g/L) 

pH Flow rate 
(mL/min) 

Temp 
(°C) 

Reference 

Silver-doped 
aerogels 

0.15 0.15 S Yes 3.01   1.98  3 6.5- 7 1.5 25 [189-192] 

Carbonized silver-
doped aerogels 

0.15 0.15 S No 4.68 3.71 3 7 1.5 25 [189-192] 

Activated silver-
doped aerogels 

0.15 0.15 S No 5.78 5.03 3 7 1.5 25 [189-192] 



	  50	  

The affects of carbonization and activation of silver-doped aerogels on bromide and iodide removal 

has also been studied [190]. Carbonization is the process of converting carbonaceous materials to pure 

carbon through pyrolysis.  Carbonized material is then “activated” by exposing it to oxidizing 

atmospheres, usually steam or carbon dioxide at high temperatures. Carbonization and activation of 

silver-doped aerogels increased the surface area, and mesopore and macropore volumes slightly 

decreased. Carbonization and activation treatments significantly increased the aerogel’s adsorption 

capacity for bromide and iodide, because of increased microporosity as well as electrostatic 

interactions. Activation treated aerogels increased bromide and iodide sorption capacity by 92% and 

154%, respectively, compared to the untreated silver aerogel. Although carbonization and activation 

treated aerogels exhibited higher adsorption capacity than the untreated silver-aerogel, all adsorption 

capacities were considerably lower in natural waters. The authors conclude that the reduced sorption 

capacity is a result of organic matter blocking pores and the presence of competing anions. The anion 

affinity for silver-doped aerogels is quite high in comparison to aerogels that do not include silver, 

indicating that, in addition to chemisorption, electrostatic interactions contribute to halide adsorption 

in silver-doped aerogels. Additional research examined the adsorption of bromide and iodide under 

dynamic conditions chosen to simulate a water treatment plant using Lake Zurich water [191].  This 

study also examined the regeneration of exhausted aerogels. Results showed aerogel columns have a 

high removal efficiency of iodide and bromide from synthetic water (60 - 71%), however, these 

values decreased to 31 - 56% when natural waters were tested. This agrees with the reports discussed 

above and may be a consequence of the presence of NOM and competing anions. Regeneration with 

NH4OH resulted in the replacement of the halide ions with ammonia to form a silver–ammonia 

complex, which transformed adsorption sites from Ag+ to Ag(NH3)+
× according to equation (1) [189, 

191].   

 

 AgX + ×NH3 ⇋ Ag(NH3) ×
+ + X- , ×≤ 4 (X = halide)   (1) 
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Regeneration of the columns enabled the recovery of approximately 100% of the initial adsorptive 

capacity of the aerogel, with no significant changes in the adsorption characteristics after three 

adsorption/regeneration cycles. Investigation into the possible leaching of organic polymer precursors 

from the aerogels found that these are not released in high concentrations (>0.1 mg/L). The number of 

surface silver adsorption sites is not significantly altered after regeneration. Silver-doped aerogels 

have also been shown to exhibit strong, long-term antibacterial activity against Escherichia coli and 

Staphylococcus aureus [193]. 

Silver-doped activated carbon aerogels are a promising technique to remove bromide and iodide from 

drinking water, thereby lowering DBPs formation. Metal-doped carbon aerogels may also find 

application in the treatment of wastewater.  The high cost of production at this time has been the main 

limitation of this technology. Additionally, research has been limited to lab-scale studies. Further 

research and development to lower the cost of aerogel production will be integral to the expansion of 

carbon aerogel technology into large-scale treatment processes. 

2.4.3.3 Ion exchange resins 

2.4.3.3.1 MIEX®  
Orica Watercare’s MIEX® (Magnetic Ion EXchange) resin was developed specifically for the 

removal of NOM from natural waters [194-197]. MIEX® is a strong base anion-exchange resin with 

iron oxide integrated into a macroporous polyacrylic matrix, which provides the resin with magnetic 

characteristics, aiding the agglomeration and settling of the resin. MIEX® resin beads are 2-5 times 

smaller than traditional resins (ø ≈ 180 µm), resulting in an increased surface area to volume ratio that 

allows rapid ion exchange kinetics [198, 199]. A review of the literature reveals that, in addition to 

NOM removal, MIEX® is capable of removing bromide (Table 15) [194-202]. Several studies have 

shown MIEX® efficiently reduces NOM concentrations, consequently reducing THM precursors and 

oxygen demand [194-197, 201, 203, 204]. The charge densities of NOM isolates have been shown to 

have the most significant effect on NOM affinity with MIEX®. MIEX® had the greatest affinity for 

NOM isolates with high charge density [202, 204]. Removal of bromide by MIEX® resin is highly 

dependent on the alkalinity of the water and competing ion concentrations [194-197, 201, 204]. Under 
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optimal conditions MIEX® was able to reduce bromide concentrations by approximately 93%, 

however under less favourable conditions reductions in the order of 60% were typically achieved 

[201]. Boyer’s study showed that the ion-exchange capacity of regenerated MIEX® resin was 

significantly lower than virgin MIEX® (ion-exchange capacity of regenerated MIEX® resin was 20-

28% lower than virgin MIEX®) [205]. In high alkalinity waters, bromide is unable to compete 

effectively against bicarbonate ions for the exchange sites on the strong base anion-exchange resin 

[195, 201, 204]. Therefore, in high alkalinity waters where bromide removal is less efficient, 

subsequent chlorination of MIEX® treated water can still cause significant concentrations of 

brominated THMs and HAAs to be formed [196, 206]. 
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Table 15:  The bromide adsorption capacity of MIEX® resin is shown. Note, studies of iodide adsorption using MIEX are not yet available. 

*Water type – N = Natural water, S= synthetic. BDL = below detection limit. ‘–‘ = data not available. 

 Initial Bromide 
Concentration 

  Bromide 
removal 
capacity 

      

Adsorbent/coagulant 
used 

Br- (mg/L) Water 
type* 

Competing anions 
present 

Br- (%) MIEX® 
Dose 
(mL/L) 

Alum 
dose 
(mg/L) 

Time 
(h) 

pH Temp. 
(°C) 

Reference 

MIEX® 0.100  S Yes  

(NaCl and DOC) 

35 1 - 1 8 22 [207] 

MIEX® 0.100   S Yes  

(NaCl and CaCO3) 

29 1 - 1 8 22 [207] 

MIEX® 0.900  N Yes 64 

 

8 - 1  8.1 15 [195] 

Alum 0.076 N Yes 4 - 60  1  8 20 [196] 

MIEX® 0.076 N Yes  28 5  - 1 8 20 [196] 

MIEX® + Alum 0.076 N Yes 26 5  

 

16 1 8 20 [196] 

Alum  0.083 N Yes -2 - 60 1  8 20 [196] 

MIEX® 0.083 N Yes 45 2 - 1 8 20 [196] 

MIEX® + Alum 0.083 N Yes 49 2 5 1 8 20 [196] 

Alum  0.240 N Yes 0 - 60 1  8 20 [196] 

MIEX® 0.240 N Yes 17 2 - 1 8 20 [196] 

MIEX® + Alum 0.240 N Yes 21 2 4 1 8 20 [196] 

Alum  0.540 N Yes 2 - 60 1  8 20 [196] 
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MIEX®  

MIEX® + Alum 

0.540 

0.540 

N 

N 

Yes 

Yes 

15 

13 

4 

4 

- 

20 

1 

1 

8 

8 

20 

20 

[196] 

[196] 

MIEX® 0.167-0.218 N Yes 20-28 0.224 - 1  6.6-6.9 17-26 [197] 

MIEX® + Alum 

 

0.0381 N Yes  

(155 mg/L CaCO3) 

 -0.7 6 12 1 8.2 25 [201] 

MIEX® + Alum 

 

0.0945 N Yes  

(91 mg/L CaCO3) 

43 8 45 1 7.3 25 [201] 

MIEX® + Alum 

 

0.163 N Yes  

(20 mg/L CaCO3) 

94 8 10 1 7.2 25 [201] 

MIEX® + Alum 

 

0.0137 N Yes  

(4 mg/L CaCO3) 

BDL 2 10 1 6.1 25 [201] 

MIEX® 0.150 N Yes 83 8 - 0.5 7 26  [208] 
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MIEX® resin is a proven and highly successful NOM removal technology. However, the 

simultaneous removal of bromide and NOM is often not efficient when treating a raw drinking water 

matrix. There is potential to apply MIEX® for bromide removal in low alkalinity waters, however, 

further research is required to understand the conditions under which MIEX® will provide an efficient 

bromide-reduction treatment. Research to understand the affinity of MIEX® with iodide is also 

required.   

2.4.3.3.2 Other anion-exchange resins  
Any strong anion-exchange resin could be expected to display some bromide and iodide adsorption 

capacity under favourable conditions. Hsu et al. [194] compared Ionac A-641 and Amberlite IRA910 

polystyrene resins to MIEX® and found that the polystyrene resins were more efficient for bromide 

removal while MIEX® was more effective for NOM removal. A number of commercially available 

resins have been compared (Tables 16, 17 and 18).  

Ion-exchange resins have been used widely in many applications of drinking and wastewater 

treatment. Ion-exchange is a moderately expensive water treatment. Commercially available strong 

anion-exchange resins that are capable of adsorbing both bromide and iodide are available, however, 

their application to drinking water treatment is limited due to cost and reduced removal efficiency in 

complex matrices. Generally, as concentrations of competing anions and NOM increase in the water 

matrix, the adsorption of bromide and iodide decreases. There is potential to apply strong anion-

exchange resins for bromide and iodide removal after pre-treatment to remove NOM and/or 

competing anions. Many patented resins are modified with metals, which increases cost and the 

potential for leaching, therefore lowering suitability for potable water treatment.  Most have not been 

applied on a large scale, however, with more research they have the potential for specific wastewater 

applications. Further research investigating the affinity of strong anion-exchange resins for iodide 

would be beneficial, since most studies reviewed focussed on bromide adsorption [194, 208-210]. 

Further investigation into the risk of leaching from various resin types as well as improved cost-

effectiveness would also be beneficial.   
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Table 16: Commercially available water treatment resins – parameters for use and subsequent halide adsorption efficiency. *Water type – N = 

Natural water, S= synthetic. **Percent removals were not reported, therefore Kd’s have been included here. ^Units are g/L unless otherwise 

specified. ‘–‘ = data not available. 

 Initial Anion Concentration  Halide Removal Capacity      

Resin Type Br- 
(mg/L) 

I- (g/L) Water 
type* 

Competing 
anions present  

Br- (%) I- (%) Adsorbent 
dose (g/L)^ 

Contact Time 
(h) 

pH Temp (°C) Reference 

Ionac A-641  0.300 - S Yes 76 - 2 mL/L 5 8 22 [207] 

Amberlite IRA910 0.300 - S Yes 73 - 2 mL/L 5 8 22 [207] 

Duolite A-161  159.8 - S No 56 - 4 3 - 27 [211, 212] 

Duolite A-162  7990 

 

- S No **Log Kd 5.48 - 4 3 - 25 [212] 

Amberlite IRA-400 7990 

 

12.7 

 

S No **Log Kd 3.80 **Log Kd 
4.50 

4 3 - 32.0 [210] 

Indion-850 2876.4 5.1 S Yes 66.6 57.5 10 4 - 25 [213] 

Duolite A-116 - 0.51 S No - 50 5 3 - 25 [214] 

Duolite A 101D 399.5 

399.5 

- 

- 

S 

S 

No 

No  

89 

96 

- 

- 

2.5 

2.5 

3 

3 

- 

- 

25 

45 

[215]  

Duolite A 102D 399.5 

399.5 

- 

- 

S 

S 

No 

No 

86 

89 

- 

- 

2.5 

2.5 

3 

3 

- 

- 

25 

45 

[215]  
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Duolite A-113 3403.7 5.3 S No 54 45.3 2.5 4 - 25 [209] 

DOWEX- 
MARATHON 11s 

0.110 - N Yes 87 - 8 mL/L 0.5 7 - [208] 

DOWEX- 
MARATHON  MSA 

0.110 - N Yes 90 - 8 mL/L 0.5 7 - [208] 

Amberlite IRA-938 0.150 - N Yes 87 - 8 mL/L 0.5 7 - [208] 

Diaion SA10A 0.204 - N Yes 73.5 - - 10 6.5-
7.5 

- [168] 
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Table 17:  Commercially available water treatment resins and their halide removal efficiencies. 

Resin  Uses Type  Matrix  Functional groups Br – (%) I- (%) Reference   

Amberlite IRA-
400 

Demineralization, 

electroplating  

Type 1 strong base anion 
exchange resin 

Cross linked 
polystyrene 

Quaternary amine 87 - [210] 

Amberlite IRA910 Treatment of highly 

saline solutions, sugar industry use in 
mixed bed polisher 

Type 2 strong base 
macroreticular anion 
exchange resin 

Macroreticular 
crosslinked 
polystyrene 

Dimethyl ethanol amine 73 - [194] 

Amberlite IRA-
938 

Deionization of water and removal of 
organics 

Strong base macroporous 
anion exchange resin  

Styrene Quaternary amine  87 - [208] 

Diaion SA10A Desalination Strong base  
anion exchange resin 

Gel, porous 

styrenic polymer  

Quaternary amine 73.5 - [168] 

DOWEX™ 1 Removal of uranium, perchlorate, 
hexavalent chromium and iodide. 
Purification of radiochemicals. 

Type 1 strong base anion 
exchange resin 

Styrene-
divinylbenzene 
copolymer, gel 

Quaternary amine - >90 [216] 

DOWEX- 
MARATHON 11s 

Multi-bed demineraliser - 
recommended for treating waters that 
contain naturally occurring organic 
matter 

Type 1 strong base anion 
exchange resin 

Styrene-
divinylbenzene 
copolymer 

Acrylic  

 
 

87 - [208] 

DOWEX- 
MARATHON  
MSA 

Demineralization of high organic 
matter waters, catalysis, and the 
extraction of heavy metals in the form 
of complex anions 

Type 1 macroporous 
strong base anion 
exchange resin 

Styrene-
divinylbenzene 
copolymer 

Quartenary amine 90 - [208] 

Duolite A-113 Water demineralisation Type 1 strong base anion 
exchange resin 

Crosslinked 
polystyrene 

Quaternary amine  

(–N( CH3 )3
+ 

54 45.3 [209] 

Duolite A-161  

 

Production of ultrapure water  Type 1 macroporous 
strong base anion 
exchange resin 

Styrene-
divinylbenzene 
copolymer 

Quaternary amine  

(–N( CH3 )3
+ 

56.3 - [211, 212] 

Ionac A-641 Demineralising high organic matter 
waters and catalysis, extraction of 
heavy metals. 

Strong base anion 
exchange resin 

Polystyrene Quartenary amine 76 - [194] 
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Indion-850 Two stage deionisation Macroporous weak base 
anion exchange resin 

Styrene-
divinylbenzene 
copolymer 

Tertiary and quaternary amine 
groups 

66.6 57.5 [213] 
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Table 18:  Patented anion exchange resins with halide removal capacity. *Resin from which patented (modified) resin was made.  

Patent Number Resin Type Unmodified Resin* 
Functional group of final  

(patented) resin 
Uses Reference 

7588690 Macroporous resin- Purolite® CT275, Purolite® CT276 Ag Concentrating iodide from solvent [217] 

5624567 Strong-base anion exchange 
resin - Trialkyl amine Iodide removal from aqueous solutions [218] 

6379556 Strong-base anion exchange 
resin 

Amberlite IRA-400 

Amberlyst A-21. 
Quaternary amine Recovery of iodide from chemical 

process wastewater [219] 

5366636 Chelating resin (gel) 
Chelex 100 

Chelex 20 
Ag Disinfection and halide removal [220] 

3050369 Strong-base anion exchange 
resin 

Dowex 1 

Dowex 2 

Dowexx 11 

Dowex 21A 

Quaternary amine Recovery of iodide from brines [221] 

2261021 Anion exchange resin - Aryl/methylene Recovery of halogens from fluids [222] 

3352641 Strong-base anion exchange 
resin - - Iodide removal from brines and natural 

gas well waters [223] 

5220058 Macroreticular resin Mesoporous or macroporous Ag, Pd, Hg Removal of iodide impurities from 
acidic aqueous solutions [224] 

2945746 Strong-base anion exchange 
resin - Quaternary amine Removal of iodide from natural brines [225] 

4451375 Strong-base anion exchange 
resin 

Resins bearing picolylamine 
functionality (DOW XFS-43084 and 
xfs-4195) 

Picolylamine ion Iodide adsorption from acidic aqueous 
solutions [226] 
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2.4.3.4 Aluminium coagulation 
Ge and Zhu [227] reported that bromide sorption by aluminium coagulation can occur via three 

possible pathways (equations 2-4): 

 

 (H2O)6Al3+ + Br− ⇋ (H2O)5AlBr2+,   (2) 

 

 (H2O)5AlOH2+ + Br− ⇋ (H2O)4AlOHBr+, or    (3) 

 

 (H2O)4Al(OH)2
+ + Br− ⇋ (H2O)3Al(OH)2Br   (4) 

 

Ge et al. [228] showed that in synthetic water, 93.3–99.2% removal efficiency of bromide was 

achieved by coagulation with aluminium chloride (AlCl3·6H2O) in the absence of humic acids. In the 

presence of humic acids, bromide removal was decreased by approximately 20% to 73.2% at a dose 

of 3 mg/L aluminium chloride (Table 19).  In a natural water, 87.0% of bromide was removed using a 

significantly higher coagulant dose (15 mg/L).  Bromide removal efficiency was relatively stable from 

pH 4–8, however at pH 9 removal efficiency drastically decreased to 44.2%. The effects of coexisting 

ions on removal of bromide by aluminium coagulation was also investigated [227]. It was observed 

that bromide removal decreased from 82.8–99.2% in deionized water to 62.1–87.0% in raw water, 

indicating bromide removal was significantly affected by coexisting ions and humic acids, present in 

natural water [227]. Humic acid was also found to be adsorbed by aluminium coagulation, and the 

efficiency of this was diminished in the presence of 0.2 mg/L bromide in raw water (92.3% as 

compared to 97.0% in deionized water). Both experiments were conducted with 15 mg/L coagulant at 

pH 6. The addition of NO3
− (10 mg/L), HCO3

− (250 mg/L), Cl− (250 mg/L), SO4
2− (250 mg/L) and 

H2PO4
− (250 mg/L) to deionised water decreased bromide removal efficiency by 8.0%, 11.5%, 14.6%, 
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21.2% and 40.8% respectively. The authors did not investigate the compounding effects a mixture of 

competing anions would have on bromide removal. 

The aluminium coagulation of bromide is inhibited by the presence of organic matter and anions in 

natural source waters. Although the authors show reasonable bromide reductions with small volumes 

of natural waters, this required large coagulant doses, in order to compensate for the inhibitory effects 

from competing anions and NOM [227, 228]. Further investigation into halide adsorption 

optimisation and potential to be used in conjunction with other techniques to improve halide removal 

would be of interest. 
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Table 19: Summary of data on bromide adsorption during aluminium coagulation. Note, data on iodide adsorption using this technique was not 

available. *Water type – N = Natural water, S= synthetic. 

Initial bromide 
concentration 

  Bromide removal 
capacity 

    

Br- (mg/L) Water type* Competing anions present Br- (%) Adsorbent dose 
(mg/L) 

Time (h) pH Reference 

2.0 

0.2 

S 

S 

No 

No 

30.4 

98.8 

7 

7 

2 ½  

2 ½ 

6 [228] 

[227] 

0.2 

0.2 

S 

S 

Yes  

(6 mg/L humic acid) 

98.4 

73.2 

15 

3 

2 ½ 

2 ½ 

6 

6 

[227, 228]  

[227, 228] 

0.2 

0.2 

0.2 

N 

N 

N 

Yes 

Yes 

Yes 

87.0 

74.5 

62.1 

15 

15 

15 

2 ½ 

2 ½ 

2 ½ 

6 

7 

8 

[227, 228]  

[227, 228] 

[227, 228] 

0.2 

0.2 

0.2 

N 

N 

N 

Yes 

Yes 

Yes 

62.3 

55.9 

43.5 

7 

7 

7 

2 ½ 

2 ½ 

2 ½ 

6 

7 

8 

[227, 228] 

[227, 228]  

[227, 228]   

0.2 S Yes 94.5 15 2 ½ 7 [227, 228] 

0.2 S Yes 

(250 mg/L HCO3
−) 

83.8 15 2 ½ 7 [227, 228] 

0.2 S Yes  

(250 mg/L SO4
2−) 

74.5 15 2 ½ 7 [227, 228] 

0.2 S Yes  

(250 mg/L Cl−) 

80.7 15 2 ½ 7 [227, 228] 

0.2 S Yes  

(10 mg/L NO3
−) 

87.0 15 2 ½ 7 [227, 228] 
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2.4.3.5 Soils 
Several research groups have studied the adsorption of iodide on soil, with particular emphasis on 

radioactive iodide [229-237] (Table 20). Dai et al. [230]  studied iodide adsorption using soil from 

China. It was shown that iodide sorption exhibited a linear relationship with soil organic matter 

concentration, a polynomial relationship with free iron oxide content and a logarithmic relationship 

with cation exchange capacity. Kd for iodide sorption onto these soil samples ranged from 0.78 to 6.59 

mg/kg. Dai et al. deduced that higher sorption capacity was due to the higher proportion of ferric 

oxides and aluminum oxides in soils. Similarly, Whitehead [238, 239], Sheppard et al. [237] and Gu 

and Schulz [232] observed  that iodide adsorption by soil was dependent on ferric oxides, aluminium 

oxides and soil organic matter. Common soil components (Kaolinite, bentonite, quartz sand, Fe2O3, 

Al2O3 and humic acids’) iodide sorption capacities from water were investigated by Muramatsu et al. 

[234]. Quartz sand, Al2O3, kaolinite and bentonite had limited or no sorption capacity. Humic acid 

was show to sorb approximately 70% of iodide out of a synthetic water solution. Sorption of iodide by 

Fe2O3 was very high (~ 80%) from deionised synthetic water, however, in a complex system with 

competing molecules Fe2O3 would not be expected to contribute significantly to iodide adsorption. 

Couture and Seitz reported that 30% of iodide was sorbed from water by hermatite (Fe2O3) and less 

than 5% was sorbed by kaolinite (Al2Si2O5(OH)4.) [240].  Sheppard et al. [229] found iodide 

adsorption significantly decreased in the presence of competing anions. 
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Table 20: The iodide adsorption capacity of soils. Note, data on bromide adsorption onto soils was not available. *Water type – S= synthetic. ‘–‘ 

= data not available. 

 Initial Iodide 
concentration 

  Iodide removal 
capacity 

     

Type I- (mg/L) Water 
type* 

Competing anions 
present  

I- (%) Adsorbent 
dose (g/L) 

Time 
(h) 

pH Temp 
(°C) 

Reference 

Udic Ferrisols 4 S No 57.5 100 40 5.05 25 [230] 

Perudic Ferrisols 4 S No 13.2 100 40 5.45 25 [230] 

Udic Isohumisols 4 S No 12.8 100 40 7.95 25 [230] 

Usdic Luvisols 4 S No 11 100 40 7.85 25  [230] 

Orthic Aridisols 4 S No 10.9 100 40 8.51 25 [230] 

Field soil - S No >90 100 24 5.4 23 [234] 

Paddy soil - S No >90 100 24 5.7 23 [234] 

Sandy soil - S No >70 100 24 5.5 23 [234] 

Japanese Andosols - S No >99 100 48 4 23 [236]  

Japanese Kanuma - S No >55 100 48 4 23 [236] 
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The investigation of Kaplan et al. [233] into soil isolates found illite had a significant iodide 

adsorption capacity (Kd = 15.14 ± 2.84 mL/g), which was pH dependent. Desorption experiments 

showed that F-, Cl-, Br-, and 127I- displaced 125I- that was sorbed onto illite, by 43 ± 3%, 45 ± 0%, 52 ± 

3%, and 83 ± 1% respectively. Desorption was shown to increase from 43% to 83% with increasing 

size of the competing anion, indicating I- is weakly associated by anion or ligand exchange with the 

illite structure.  Yoshida et al. [236] studied the adsorption of iodide from deionised water by Japanese 

Andosols and Kanuma soils. Approximately 99% and 55% of iodide was adsorbed from aqueous 

solution at pH 4 by Andosols and Kanuma soils respectively. Anion sorption can occur on positively 

charged sites on either free hydroxides of iron and aluminium or on the edges of aluminosilicate clay 

mineral lattices [239]. Yoshida et al. [236] reported that the sorption of iodide on Kanuma soil 

increased with decreasing pH and was described by Henry isotherms, suggesting that iodide was 

electrostatically adsorbed on the described positively charged sites. The observed relationship between 

I- and pH on Kanuma soil was in agreement with Whitehead’s [239] and Musicć’s [241] studies of 

iodide sorption onto ferric hydroxide and aluminium hydroxide. Balsley et al. [177] showed 

imogolite-bearing soil had significant iodide sorption between pH 4 and 5.5. 

The potential application of soils appears to be an economical and efficient method for halide removal 

for potable water treatment, assuming organic matter concentration of water does not increase by the 

process. Further research to evaluate the practical applications of different soils and their components 

on DBPs precursor removal is warranted. 

2.4.3.6 Relative advantages and disadvantages of adsorptive techniques 
Adsorptive techniques for halide removal are generally cheaper and more easily implemented than 

membrane or electrochemical techniques, however their adsorption efficiency is often adversely 

impacted by the presence of competing anions and NOM in natural waters. Although activated 

carbons and MIEX® are used in drinking water treatment, they are employed for organic matter 

removal, rather than for halide removal. Development of adsorptive techniques that effectively remove 

NOM and halides in the presence of competing anions would represent an important step forward in 

DBPs precursor removal. 
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2.5 Comparison of the three classes of halide removal techniques  
The specific experimental conditions of the reviewed research varied greatly, making quantitative 

comparisons of bromide and iodide removal difficult. Discussion of each removal technique’s 

potential for commercial application in drinking water treatment is intended to guide further research, 

rather than to conclusively indicate which technology is preferable, due to the lab-scale nature of much 

of the research reviewed. 

 Evaluating bromide and/or iodide removal efficiency of each technique requires the consideration of 

all experimental conditions, including water type, flow rate, pressure, current, adsorbent load, 

adsorption capacity, initial anion concentration, pH, contact time, system regeneration, effects of 

competing anions, ease of application and overall cost. Not all authors report these experimental 

conditions, making comparison between different removal technologies challenging. The overall 

bromide and iodide removal capacity of the three removal technique categories, taking these many 

parameters into account to the extent that it is possible, is discussed herein (Table 21). 
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Table 21: Qualitative comparison of bromide and iodide removal techniques for use in drinking water treatment. H- High, MH- medium/high, 

M-moderate, ML- medium/low, L-low, NA- not available, FD- further development needed for bromide and iodide reduction application, P- proven 

technology in drinking water treatment, U- unknown. *Not used specifically for halide removal, in practice they are used for NOM removal during 

drinking water treatment. #Percent removals were not available. 

Technology class Treatment method Applicability to full-
scale drinking water 
treatment  

Br- removal (%) I- removal (%) Halide removal in 
drinking water matrix 

Cost  Available on commercial 
scale for water treatment  

Membrane RO H 90-99.8 80-92 H H P 

NF H 93-97 55-91 H H P 

ED/EDR H 72-80 92-97 H H P 

Electrochemical Electrolysis L 79-99 - M H NA 

CDI ML 50-86.1 69.7-77 M H FD 

Adsorption LDH MH 27-94 14-96 M L FD 

Sol-gel double hydrous 
oxide  

MH 9-80 - M ML FD 

Coal and activated 
carbon 

M - 13-46 L L P* 

AgAC U - - U M FD 

Silver doped carbon 
aerogels 

 3.01-5.78 µmol/g 
adsorbent# 

1.98-5.03 µmol/g 
adsorbent# 

U MH FD 

MIEX M 2-83 - L MH P* 

Other resins M   M MH P* 

Aluminium coagulation M 34-98 - L L FD 

Soils M - 11-99 U L FD 
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In general, membrane techniques have the highest bromide and iodide removal for natural 

drinking water matrices, and offer the additional benefits of NOM removal and 

disinfection. Electrochemical techniques were found to be preferable over adsorption 

techniques because their halide removal efficiencies were higher in natural drinking water 

matrices. Despite several lab-scale studies finding that adsorbents achieved high bromide 

and iodide removals, generally their adsorption capacity was greatly diminished in the 

presence of competing anions and NOM in natural drinking waters, thus, adsorption 

techniques are likely to be the least applicable to halide removal in drinking water 

treatment at this stage in the development of the technology. With this in mind, however, 

the cost-effectiveness and ease of applicability of adsorbent techniques suggest that this 

will continue to be an important area of research, and with further development to 

circumvent the current limitations, surface sorption methods still may have the greatest 

potential in widespread DBP management.  

In terms of efficiency of halide removal, RO is the optimal membrane technique of those 

discussed here. NF is also excellent in achieving halide removal, however, the performance 

of this technique is lower than that of RO. ED and EDR are not as well-developed in 

accomplishing optimal halide removal as RO and NF, although excellent removals can still 

be attained. 

 Membrane technologies have the highest bromide and iodide removal capacity of all the 

techniques discussed here, but they are also the most expensive. Despite this, with 

increasingly stringent regulations on water quality and a movement to increased utilisation 

of alternative water sources, membrane filtration is emerging as an economically viable 

alternative to conventional methods for removal of a wide array of microbial and chemical 

contaminants, including halides.  

In natural drinking water matrices, the electrochemical techniques discussed here have 

shown high bromide and iodide removal capacity.  Although CDI is at an early stage of its 

development, it has a greater likelihood of applicability to the drinking water treatment 
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industry for halide removal than electrolysis, due to the difficulty of increasing electrolysis 

to a water treatment plant scale. With further development and research CDI could be 

widely applied to the water industry, rivalling membrane techniques.  

Adsorption processes are promising methods for the removal of bromide and iodide for 

DBPs minimisation in terms of cost effectiveness and simplicity of design and operation. 

However, for use in environmental water matrices, further development of these 

techniques is required in order to overcome the detrimental effect of competing anions and 

NOM present in potable water sources on halide adsorption.  

2.6 Research directions 
Several areas in which additional research is needed to assess the bromide and iodide 

reduction capacity of treatment technologies have been identified. The main areas relevant 

to DBPs management in drinking water by removing halide precursors are: optimisation of 

technologies such as EDR, electrolysis, LDHs, silver-doped aerogels and resins for the 

water treatment plant scale; adaptation for commercial production/application of resins, 

soils and aerogels; minimising the effects of competing anions and NOM on adsorptive 

techniques for halide removal; improving energy efficiency of membrane techniques and 

development of improved membranes for EDR; studying bromide and iodide removals by 

MCDI and optimising the deionisation achievable by CDI; decreasing production costs of 

resins and silver-doped aerogels; developing understanding of optimal silver-doping for 

best cost/benefit in silver-doped activated carbons.       

There is a general need for further development of halide removal techniques able to be 

used in commercial water treatment applications. Most halide removal studies have 

investigated removals of specific anions in isolation from other halides and other 

potentially competing anions. There is a need to assess halide reduction methods with 

respect to both bromide and iodide, as well as competing anions. Removal of both halides 

and NOM simultaneously represents the ideal solution for DBP control by precursor 
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removal, however, in general the membrane techniques are the only processes of those 

reviewed here that are efficient in doing this. Further potential is in the development of 

hybrid techniques from the combination of less efficient/limited techniques, to achieve this 

ultimate goal, of efficient NOM and halide removal for DBP minimisation.  

2.7 Conclusions  
The increasing demand on water resources will inevitably require increasing use of 

impaired and alternative water sources, including salinity impacted waters, for potable 

water supply. Increasing stringency on potable water quality may also be expected to 

occur, to increase global alignment with World Health Organisation suggested water 

quality guidelines. These combined pressures may create a need for the implementation of 

effective bromide and iodide removal technologies in order to control known and emerging 

DBPs. The important advantage of DBPs precursor removal over other DBP management 

strategies is that removing precursors minimises the formation of all DBPs, both known 

and unknown, regulated and unregulated. Since there are innumerable individual DBP 

species and they cannot feasibly all be monitored and regulated, this approach would be 

expected to be simple and effective in the reduction of the entire suite of brominated and/or 

iodinated DBPs. 

Bromide and iodide removal techniques have been broadly classified into three categories; 

membrane, electrochemical and adsorption techniques. Membrane techniques (RO, NF, 

MCI) were found to have excellent halide removal efficiencies, although these techniques 

can be expensive and energy inefficient. Electrochemical techniques (electrolysis, CDI and 

MCDI) can also have good halide removal abilities, although unlike the membrane 

techniques, they do not efficiently remove NOM, which is also essential for controlling 

DBP formation. CDI and/or MCDI may be suitable for application to drinking water 

treatment with further development of this technology. Studies on bromide and/or iodide 

removal using adsorption techniques (LDH’s, silver impregnated activated carbons, carbon 

aerogels, ion-exchange resins, aluminium coagulation, and soils) showed varied results, 
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with the primary limitation being interference from competing anions and NOM causing 

lowering of halide adsorption. Despite this limitation, adsorptive techniques continue to be 

a promising area of research due to the relatively low cost and ease of application of these 

technologies. 
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3.2 Disinfection by-product (DBP) precursor removal: 
powdered activated carbon (PAC) treatment and its effect on 
DBP speciation. 

3.2.1 Abstract 
The	  role	  of	  bromide	  and	  natural	  organic	  matter	  (NOM)	  in	  the	  formation	  and	  speciation	  

of	  DBPs	  during	  chlorination	  was	   investigated.	  The	  effect	  of	  variable	  NOM	  and	  bromide	  

concentrations	  in	  synthetic	  waters	  on	  the	  formation	  of	  disinfection	  by-‐products	  (DBPs)	  

was	   evaluated,	   both	   before	   treatment,	   after	   enhanced	   coagulation	   (EC),	   and	   after	   a	  

sequential	   treatment	   combining	  EC	  with	  powdered	  activated	  carbon	   (PAC).	  The	  molar	  

ratio	  of	  bromide:dissolved	  organic	  carbon	  (DOC)	  is	  an	  important	  factor	  in	  the	  formation	  

and	   speciation	   of	   trihalomethanes	   (THMs).	   This	   study	   shows	   that	   although	   NOM	  

concentration	  is	  greatly	  reduced	  with	  each	  step	  in	  the	  treatment,	  EC	  and	  PAC	  treatment	  

did	  not	  have	  the	  capacity	  to	  remove	  bromide	  ion,	  resulting	  in	  an	  increase	  proportion	  of	  

brominated	   DBPs	   with	   each	   successive	   treatment,	   as	   the	   Br-‐/DOC	   ratio	   increased.	   As	  

brominated	   DBPs	   are	   generally	   more	   toxic	   than	   their	   chlorinated	   analogues,	   their	  

preferential	  formation	  upon	  EC/PAC	  treatment	  suggests	  that	  this	  treatment	  may	  not	  be	  

suitable	  in	  source	  waters	  containing	  high	  concentrations	  of	  bromide.	  

3.2.2 Introduction 
Water	   disinfection	   is	   essential	   to	   preserving	   the	   safety	   of	   drinking	   water	   supplies.	  

Disinfection	   of	   drinking	  water	   has	   contributed	   significantly	   towards	   the	   protection	   of	  

public	  health	  by	  reducing	  the	  incidence	  of	  water-‐borne	  diseases	  [1].	  Although	  effective	  

in	  inactivating	  pathogenic	  organisms,	  disinfectants	  can	  react	  with	  natural	  organic	  matter	  

(NOM)	  and	  halides	  (bromide/iodide)	  to	  produce	  disinfection	  by-‐products	  (DBPs),	  which	  

have	   been	   associated	   with	   specific	   forms	   of	   cancer,	   as	   well	   as	   reproductive	   and	  

developmental	   health	   effects	   after	   long-‐term	   exposure	   [2].	   Brominated	   and	   iodinated	  

DBPs	   form	   in	   disinfected	   waters	   in	   which	   bromide	   or	   iodide	   are	   present	   (salinity-‐

impacted	  waters)	  and	  are	  generally	  more	  toxic	  than	  their	  chlorinated	  analogues	  [3].	  The	  
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removal	  of	  DBP	  precursors	  is	  an	  effective	  way	  to	  reduce	  the	  concentrations	  of	  all	  DBPs	  

(both	   known	   and	   unknown),	   rather	   than	   targeting	   specific	   DBPs,	   which	   may	   omit	  

toxicologically	   important	   compounds.	   This	   study	   examines	   NOM	   and	   halide	   DBP	  

precursor	   removal	   from	   synthetic	   waters	   prior	   to	   disinfection,	   using	   enhanced	  

coagulation	  (EC),	  or	  EC	  followed	  by	  powdered	  activated	  carbon	  (EC/PAC),	  and	  the	  effect	  

of	   these	   treatments	   on	   DBP	   formation.	   These	   pre-‐treatment	   strategies	   could	   enable	  

lower	   concentrations	   of	   disinfectants	   to	   be	   used,	   as	  well	   as	   lowering	   the	   formation	   of	  

many	  DBP	  species,	  thus	  improving	  the	  protection	  of	  public	  health.	  	  

3.2.3 Methodology  

3.2.3.1 Chemicals  
All	   DBP	   standards	   were	   purchased	   from	   Accustandard,	   excluding	   the	   iodinated	  

trihalomethanes	   (THMs),	   which	   were	   purchased	   from	   Orchid	   Cellmark	   (Canada).	   All	  

other	   chemicals	   and	   reagents	   were	   purchased	   from	   Mallinckrodt	   chemicals,	   Acros	  

Organics,	  HACH	  and	  Sigma-‐Aldrich.	  

3.2.3.2 Synthetic water matrix 
The	   experimental	   matrix	   was	   developed	   based	   on	   a	   face-‐centred	   central	   composite	  

design,	  with	  3	  independent	  variables;	  specifically,	  NOM,	  halide	  (combined	  Br-‐	  and	  I-‐)	  and	  

alkalinity	   concentration.	   Matrices	   of	   18	   synthetic	   waters	   of	   differing	   characteristics	  

were	  utilized	  for	  all	  DBP	  formation	  potential	  and	  DBP	  precursor	  removal	  experiments.	  

Synthetic	   waters	   were	  made	   by	   dosing	   1L	   samples	   of	   laboratory	   purified	   water	   with	  

sodium	  bromide	   standard	   (to	   give	   final	   concentrations	   of	   100	  µg/L,	   450	  µg/L,	   or	   800	  

µg/L	  as	  Br-‐),	  potassium	  iodide	  standard	  (to	  give	  final	  concentrations	  of	  4	  µg/L,	  18	  µg/L,	  

or	   32	   µg/L	   as	   I-‐)	   and	   NOM	   isolate	   (Suwannee	   river	   NOM)	   to	   give	   a	   final	   DOC	  

concentration	  of	  approximately	  3	  mg/L,	  7.5	  mg/L,	  or	  12	  mg/L.	  Alkalinity	  concentrations	  

were	  38	  mg/L,	  138	  mg/L,	  or	  238	  mg/L	  as	  CaCO3.	  Sodium	  chloride	  was	  added	  to	  give	  a	  

Br-‐/Cl-‐	   ratio	   of	   1:300	   by	   weight,	   to	   mimic	   a	   natural	   water	   [4].	   Calcium	   sulfate	   and	  
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magnesium	   sulfate	   were	   also	   added,	   in	   proportion	   to	   alkalinity,	   as	   described	   in	   [5]	  

(Standard	  Method	  8010).	  After	  making	  the	  waters,	  the	  pH	  was	  adjusted	  to	  7	  with	  dilute	  

HCl.	   Each	   1L	   sample	   was	   stored	   in	   an	   amber	   glass	   bottle	   and	   refrigerated	   until	   use	  

(within	  24	  hrs).	  	  

3.2.3.3 Jar-test experiments  
Jar-‐test	   experiments	  were	   conducted	   to	   examine	   the	   effectiveness	   of	   halide	   and	  NOM	  

removal	  capacity	  of	  EC	  and	  sequential	  EC/PAC	  treatments	  in	  synthetic	  water	  matrices	  of	  

variable	   alkalinity,	   halide	   and	   NOM	   concentrations.	   Optimisation	   experiments	   were	  

conducted	  to	  determine	  optimal	  doses	  of	  all	  treatments.	  	  All	  samples	  were	  equilibrated	  

to	   room	   temperature	   prior	   to	   jar	   testing.	   To	   evaluate	   each	   treatment’s	   efficiency,	  

samples	  were	  analyzed	  for	  total	  organic	  carbon	  (TOC),	  DOC,	  UV254,	  bromide	  and	  iodide	  

before	  and	  after	  each	  treatment	  step.	  

3.2.3.4 Enhanced coagulation 
Bench-‐scale	   EC	   jar	   tests	   were	   performed	   in	   accordance	   to	   US	   EPA’s	   Enhanced	  

Coagulation	  and	  Enhanced	  Precipitative	  Softening	  Guidance	  Manual	  [6],	  using	  a	  Platypus	  

Jar	   Tester,	   equipped	  with	   4	   overhead	   stirrers	   and	   1L	   jars.	   The	   synthetic	  waters	  were	  

treated	   using	   individual	   coagulant	   doses	   optimised	   for	   each	   sample	   (from	   30	   to	   120	  

mg/L	   Alum	   (as	   Al2(SO4)3•18H2O)	   depending	   on	   the	   sample	   alkalinity	   and	   NOM	  

concentration)	   to	   reach	   a	   final	   pH	   between	   5.5	   and	   6.5.	   Following	   the	   addition	   of	   the	  

coagulant,	   the	   samples	   were	   subjected	   to	   rapid	   mixing	   for	   1.5	   min	   at	   200	   rpm,	  

flocculation	   for	   13.5	   min	   at	   30	   rpm,	   then	   settled	   for	   60	   min	   before	   vacuum	   filtering	  

through	  Whatman	  No.	  1	  filter	  papers	  to	  simulate	  sand	  filtration	  at	  the	  water	  treatment	  

plant	  (WTP)	  [7].	  
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3.2.3.5 Powered activated carbon (PAC) treatment  
Samples	  were	  dosed	  with	  60	  mL/L	  of	  Norit	  W35	  PAC,	  jar	  tested	  for	  30	  min	  at	  100	  rpm,	  

and	   then	   allowed	   to	   settle	   for	   5	   min.	   Samples	   were	   again	   vacuum	   filtered	   through	  

Whatman	  No.	  1	  filter	  paper.	  

3.2.3.6 DBP formation potential tests 
To	  evaluate	   the	   formation	  potential	   of	  DBPs	   the	   chlorine	  demand	  of	   each	   sample	  was	  

determined	   using	   Standard	   Method	   5710	   [5].	   Formation	   potential	   samples	   were	  

buffered	   to	   pH	   7	  with	   phosphate	   buffer	   (20	  mM)	   and	   dosed	   accordingly	  with	   sodium	  

hypochlorite,	  to	  ensure	  a	  final	  residual	  in	  the	  range	  2	  ±	  1.5	  mg/L	  after	  the	  72	  hrs	  contact	  

time.	  	  Samples	  were	  kept	  headspace	  free	  in	  contact	  with	  the	  disinfectant	  for	  72	  hours	  in	  

the	   dark	   and	   at	   constant	   temperature	   (25oC),	   after	   which	   they	   were	   quenched	   with	  

ascorbic	  acid	  and	  stored,	  headspace	  free,	  at	  4°C	  until	  extraction	  (within	  24	  hrs).	  	  

3.2.3.7 DBP analysis by gas chromatography with electron capture detection (GC-
ECD) 
Samples	   were	   prepared	   for	   DBP	   analysis	   by	   liquid-‐liquid	   salted	   microextraction,	   and	  

analysis	   was	   by	   GC	   with	   ECD	   [8,	   9].	   All	   samples	   were	   extracted	   in	   duplicate.	   In	   this	  

method,	  30	  mL	  of	  sample	  was	  acidified	  to	  pH	  3.5	  with	  0.2	  N	  sulphuric	  acid,	  and	  3	  mL	  of	  

MtBE	  with	   internal	   standard	   (1,2-‐dibromopropane)	   at	   200	   µg/L	  was	   then	   added.	   Ten	  

grams	   of	   pre-‐baked	   sodium	   sulfate	   was	   added	   to	   each	   sample	   and	   these	   were	  

immediately	   hand-‐shaken	   for	   one	   minute.	   After	   at	   least	   5	   minutes	   of	   settling	   time,	  

aliquots	   of	   the	   MtBE	   layer	   were	   transferred	   into	   amber	   glass	   vials	   for	   analysis.	   The	  

analysis	   was	   carried	   out	   on	   an	   Agilent	   7890A	   GC-‐ECD,	   and	   the	   chromatographic	  

separation	  was	  performed	  on	  both	  a	  DB-‐5	  Agilent	  column	  (30	  m	  length	  ×	  0.25	  mm	  inner	  

diameter	  ×	  1.0	  µm	  film	  thickness)	  and	  on	  a	  DB-‐1	  Agilent	  column	  (30	  m	  length	  ×	  0.25	  mm	  

inner	   diameter	   ×	   1.0	   µm	   film	   thickness).	   Pulsed	   splitless	   injection	   was	   used	   at	   a	  

temperature	  of	  200ºC.	  The	  temperature	  program	  was	  as	  follows:	  40ºC	  for	  25	  min,	  ramp	  

to	  145ºC	  at	  5ºC/min	  and	  hold	  for	  2	  min	  and	  then	  ramp	  to	  260ºC	  at	  20ºC/min	  and	  hold	  
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for	  10	  min.	  The	  temperature	  of	  the	  ECD	  detector	  was	  set	  at	  290ºC.	  The	  relative	  percent	  

differences	  of	  the	  analysis	  of	  duplicate	  samples	  were	  in	  all	  instances	  less	  than	  10%.	  The	  

reporting	  limit	  for	  all	  DBPs	  was	  0.1	  µg/L	  and	  the	  recovery	  for	  all	  analytes	  was	  between	  

70%	   and	   130%.	   The	   DBPs	   analysed	   for	   were:	   trichloromethane	   (TCM),	  

bromodichloromethane	   (BDCM),	   dibromochloromethane	   (DBCM)	   and	   bromoform	  

(TBM),	   dichloroacetonitrile	   (DCAN),	   trichloroacetonitrile	   (TCAN),	  

bromochloroacetonitrile	   (BCAN),	   dibromoacetonitrile	   (DBAN),	   1,1-‐dichloropropanone	  

(1,1-‐DCP),	  1,1,1-‐trichloropropanone	  (1,1,1-‐TCP),	  trichloronitromethane	  (TCNM),	  chloral	  

hydrate	   (CH)	   dichloroiodomethane	   (DCIM),	   chlorodiiodomethane	   (CDIM),	  

bromochloroiodomethane	   (BCIM),	   dibromoiodomethane	   (DBIM)	   and	  

bromodiiodomethane	  (BDIM).	  	  

3.2.3.8 Other analyses (bromide, DOC and UV254) 
Bromide	  analysis	  was	  conducted	  using	  a	  Dionex	  ICS-‐5000	  ion	  chromatography	  system,	  

fitted	   with	   an	   IonPac	   AS19	   analytical	   column	   (4	   mm	   internal	   diameter	   ×	   250	   mm	  

length).	  Injections	  of	  50	  µL	  enabled	  bromide	  detection	  from	  50	  µg/L	  when	  running	  the	  

instrument	   in	  1	  dimensional	  mode.	  The	  gradient	  employed	  was	  as	   follows:	  the	  first	  10	  

minutes	  held	  KOH	  concentration	  at	  10	  mM,	  then	  a	  gradient	  was	  applied	  which	  ramped	  

to	   58	   mM	   KOH	   over	   30	   minutes.	   This	   concentration	   was	   held	   for	   5	   minutes	   before	  

returning	  the	  KOH	  concentration	  to	  10	  mM	  over	  3	  minutes.	  	  

DOC	   concentration	   was	   analysed	   on	   a	   Shimadzu	   TOC-‐VCSHTOC	   analyser	   using	   a	   high	  

temperature	   catalytic	   oxidation	   method	   (Standard	   Method	   5310A)[5].	   Samples	   were	  

filtered	   through	   0.45	   µm	   nylon	   syringe	   filters	   prior	   to	   analysis	   and	   a	   blank	   (filtered	  

milliQ)	   was	   also	   included	   in	   the	   analysis	   to	   determine	   the	   background	   DOC	   of	   the	  

system.	  Certified	  reference	  materials	  of	  known	  DOC	  concentration	  were	  included	  in	  each	  

analytical	   run,	   and	   the	   concentrations	   calculated	   were	   always	   within	   10%	   of	   the	  

reported	  value.	  	  
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UV254	   was	  measured	   using	   a	   Bio-‐Rad	   SmartSpec	   Plus	   spectrophotometer.	   All	   samples	  

were	  filtered	  through	  0.45	  µm	  syringe	  filters	  prior	  to	  analysis.	  

	  

3.2.3.9 Fluorescence Excitation-Emission Matrix Spectroscopy (EEM) 
EEM	   measurements	   were	   undertaken	   using	   a	   Perkin-‐Elmer	   LS-‐55	   luminescence	  

spectrometer,	  using	  a	  method	  based	  on	  Chen	  et	  al.	  (2003).	  Chen	  et	  al.	  (2003)	  quantified	  

the	   EEM	   spectra	   by	   dividing	   the	   EEM	   landscape	   into	   five	   regions	   (aromatic	   protein	   I	  

(P1)	   and	   II	   (P2),	   fulvic	   acid	   (FA),	   microbial	   by-‐product	   (SMP),	   and	   humic	   acid-‐like	  

substances	  (HA))	  and	  calculating	  the	  combined	  areas	  of	  the	  fluorescence	  peaks	  in	  each	  

region	  to	  characterize	  NOM.	  All	  samples	  were	  diluted	  to	  0.05	  abs	  at	  220	  nm	  with	  reagent	  

grade	  water	  before	  analysis.	  Excitation	  and	  emission	  data	  were	  simultaneously	  collected	  

at	  wavelengths	  scanning	  from	  200	  to	  400	  nm	  at	  5	  nm	  intervals	  and	  from	  280	  to	  500	  nm	  

at	  0.5	  nm	  intervals,	  respectively.	  Excitation	  and	  emission	  scan	  slits	  were	  set	  at	  7	  nm	  and	  

the	  scan	  speed	  was	  set	  at	  1200	  nm/min.	  	  The	  EEM	  spectra	  data	  were	  blank	  adjusted	  and	  

analysed	  using	  Excel	  and	  ‘R’	  software	  after	  importing	  the	  spectra	  in	  ASCII	  format.	  

3.2.4 Results and discussion  

3.2.4.1 NOM and halide removal experiments by EC and EC/PAC 
Batch	  adsorption	  experiments	  were	  conducted	  on	  synthetic	  waters,	  as	  described.	  	  Initial	  

results	   showed	   that	  monochloramine	  disinfection	  produced	  minimal	  concentrations	  of	  

the	   suite	   of	   DBPs	   being	   investigated.	   Accordingly,	   all	   further	   experiments	   were	  

chlorinated.	   Figure	   1	   shows	   increasing	   NOM	   concentrations	   (measured	   as	   DOC)	  

increases	   yields	   of	   total	  DBPs	   (tDBPs	  =	   sum	  of	  DBPs	   all	   in	   μg/L),	   as	   previously	   found	  

[10].	   Among	   the	   species	   of	   DBPs	   measured	   THMs	   were	   formed	   at	   highest	   mass	  

concentration	  and	  accounted	  for	  84-‐89	  wt%	  of	  tDBPs.	  	  
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Figure	  1.	  Impact	  of	  DOC	  on	  tDBP	  formation	  

The	   EC/PAC	   treatment	   processes	   significantly	   reduced	   the	   DOC	   concentrations	   of	   the	  

synthetic	  waters.	  The	  reduction	   in	  DOC	  concentration	  was	  accompanied	  by	  substantial	  

decreases	   in	   UV254,	   indicating	   that	   the	   treatment	   process	   had	   removed	   a	   considerable	  

portion	   of	   hydrophobic	   and	   aromatic	   NOM	   that	   contributed	   to	   UV	   absorbance	   at	   254	  

nm,	  which	   is	  generally	  associated	  with	  DBP	   formation	   [11].	   	  EC	   removed	  between	  49-‐

73%	   (average	   63%)	   of	   DOC	   and	   decreased	   the	  UV254	  absorbance	   by	   71-‐98%	   (average	  

87%).	  With	  the	  additional	  treatment	  step	  of	  PAC	  adsorption,	  this	  removal	   increased	  to	  

44-‐81%	  (average	  69%)	  and	  99-‐100%	  (average	  99.8%),	  respectively,	  demonstrating	  the	  

effectiveness	  of	  PAC	  treatment	  in	  enhancing	  the	  removal	  of	  NOM	  (Figure	  2).	  	  There	  was	  

minimal	  difference	   in	  bromide	   ion	  concentrations	  between	  raw,	  EC	  or	  EC/PAC	  treated	  

waters,	   indicating	  bromide	  ion	  concentration	  was	  not	  affected	  by	  EC	  or	  PAC	  treatment	  

(data	  not	  shown).	  	  	  

	  

Figure	  2.	  Percent	  change	  in	  UV254	  absorbance	  and	  DOC	  concentration	  by	  EC	  and	  EC/PAC	  
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EEM	  contour	  maps	  of	  samples	  before	  and	  after	  EC	  and	  EC/PAC	  treatments	  exhibited	  the	  

same	   general	   trend	   as	   both	   DOC	   concentrations	   and	   UV254.	   The	   EEM	   spectra	   of	   a	  

centrepoint	  sample	  will	  be	  examined	  (Figure	  3a-‐c	  and	  4).	  Raw	  water	  (no	  treatment)	  was	  

characterized	   as	   containing	  NOM,	  which	  was	   comprised	   of	   47%	   fulvic	   acids	   and	   32%	  

humic	  acid	  like	  substances.	  Protein	  I	  and	  II	  each	  accounted	  for	  about	  7%,	  while	  only	  3%	  

of	   the	   NOM	   was	   microbial	   by-‐products	   (Figure	   3a).	   Regional	   excitation-‐emission	  

wavelength	   fluorescence	   changed	   dramatically	  with	   consecutive	   treatment	   (Figure	   4).	  

EC	  removed	  over	  87%	  of	  protein	  II,	  67%	  of	  fulvic	  acid,	  84%	  of	  microbial	  by-‐product	  and	  

62%	  of	  humic	  acid	  like	  substances	  (Figure	  3b).	  Although	  EC	  removed	  large	  amounts	  of	  

NOM,	  significant	   levels	  of	  NOM	  still	   remained	  after	   the	  process.	  EC/PAC	  removed	  over	  

99%	  of	  NOM	  from	  the	  centrepoint	  sample	  examined	  (Figure	  3c).	  Less	  than	  1%	  of	  NOM	  

remained	   (as	   protein	   I	   only)	   in	   the	   sample	   after	   EC/PAC	   treatment	   (Figure	   4).	   The	  

removal	   of	  NOM	   increased	   the	   bromide:DOC	   ratio	   of	   the	  water	   and	  while	   EC	   reduced	  

tDBP	  formation	  potential,	  	  total	  THM	  (tTHM-‐	  sum	  of	  TCM,	  BDCM,	  DBCM,	  TBM)	  was	  still	  

above	   the	   Australian	   Drinking	   Water	   Guideline	   (ADWG)	   and	   the	   proportion	   of	  

brominated	   DBPs	   increased	   relative	   to	   untreated	  water	   (Figure	   5a	   and	   5b).	   Although	  

tTHMs	  were	   reduced	   to	  below	  100	  µg/L	  after	   combined	  EC/PAC	   treatment,	  over	  90%	  

were	  brominated.	  While	  increases	  in	  TBM	  concentration	  after	  EC/PAC	  treatment	  may	  be	  

of	   little	   toxicological	   consequence,	   the	   behaviour	   of	   THMs	   observed	   here	   may	   be	   an	  

indicator	  of	  changes	  in	  concentration	  and	  speciation	  of	  other	  unmeasured	  DBPs	  present	  

in	   the	   system.	   Results	   indicate	   there	   could	   be	   other	   unmeasured	   highly	   brominated	  

DBPs	  present,	  which	  may	  have	  different	  toxicological	  consequences.	  	  
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Figure	   3a.	   EEM	   spectra	   of	   an	   example	   synthetic	   water	   sample	   prior	   to	   any	   NOM	  

removal	  treatment.	  

	  

Figure	  3b.	  EEM	  spectra	  of	  synthetic	  water	  sample,	  after	  EC.	  

	  

	  

Figure	  3c.	  EEM	  spectra	  of	  synthetic	  water	  sample	  after	  EC/PAC	  treatment.	  
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Figure	   4.	  Contribution	   to	  EEM	  spectrum	  of	  each	  NOM	  fraction,	  before	   treatment,	   then	  

after	  EC,	  then	  after	  EC/PAC.	  

	  

Figure	  5a.	   Distribution	   of	   THM	   concentration	   (µg/L)	   before	   treatment,	   then	   after	   EC,	  

then	  after	  EC/PAC.	  

	  

Figure	  5b.	   Distribution	   of	   THMs	   expressed	   as	   percentages	   (molar	   fraction)	   of	   tTHMs	  

formed	  before	  treatment,	  then	  after	  EC,	  then	  after	  EC	  plus	  PAC.	  
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3.2.4.2 The effect of EC/PAC treatment on DBPs formation and speciation 
Combined	  EC/PAC	  treated	  samples	  had	  significantly	   lower	  concentrations	  of	  NOM	  and	  

consequently	   tDBPs	   than	   EC	   treated	   samples,	   illustrating	   the	   effectiveness	   of	   PAC	   for	  

organic	  DBP	  precursor	  removal.	   In	   this	   study,	   the	  production	  of	  DBPs	  was	  reduced	  by	  

35-‐80%	   (average	   60%)	   and	   80-‐95%	   (average	   88%)	   as	   a	   result	   of	   EC	   and	   EC/PAC	  

treatment,	   respectively.	  Total	  haloacetonitriles	   (tHANs)	  concentration	  decreased	  by	  an	  

average	   of	   30%,	   while	   chloral	   hydrate,	   1,1-‐dichloropropanone,	   and	   1,1,1-‐

trichloropropanone	   were	   reduced	   by	   57-‐98%	   after	   combined	   EC/PAC	   treatment.	  

Iodinated	  THMs	  were	  not	  formed	  in	  any	  case.	  Figure	  6	  shows	  the	  production	  of	  tTHMs	  

decreased	  by	  over	  80%,	  and	  95%	  in	  high	  NOM	  samples,	  as	  a	  result	  of	  combined	  EC	  and	  

PAC	   treatment.	   This	   compares	   well	   with	   previously	   reported	   studies	   [10,	   12].	  

Interestingly,	  Amy	  and	  Chadik’s	  (1982)	  study	  reported	  lower	  NOM	  removals	  and	  higher	  

formation	  of	  DBPs	  at	  similar	  doses	  of	  PAC	  after	  coagulation	  [13].	  	  This	  demonstrates	  that	  

the	  removal	  efficiency	  of	  PAC	  is	  dependent	  on	  the	  type	  of	  PAC,	  pre-‐treatments	  and	  water	  

characteristics.	  

	  

Figure	   6.	   Three	   samples	   that	   started	   off	   with	   high	   NOM	   (~12	   mg/L)	   with	   differing	  

bromide	  concentrations.	  	  DOC	  and	  DBP	  concentrations	  significantly	  reduce	  after	  EC	  and	  

are	   further	   reduced	   after	   PAC	   treatment.	   	   Bromide	   concentration	   remained	   constant,	  

despite	  treatments.	  NT	  =	  No	  treatment.	  PAC	  =	  EC/PAC	  treatment.	  	  	  	  
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3.2.4.3 Changes in DBP speciation after EC and EC/PAC treatment 
The	   species	   distribution	   of	   DBPs	   and	   the	   bromide	   incorporation	   in	   the	   untreated,	   EC	  

treated,	   and	   EC/PAC	   treated	   water	   were	   all	   found	   to	   be	   different	   and	   reflected	   the	  

concentration	  of	  bromide	   ion	   in	  the	  water	  samples,	  relative	  to	  the	  NOM	  concentration.	  

The	   consequential	   bromide:DOC	   ratio	   influences	   the	   species	   distribution	   of	   DBPs	   [10,	  

14].	   The	   bromide:DOC	   ratio	   was	   increasingly	   higher	   after	   EC	   and	   after	   EC/PAC	  

treatment.	  Accordingly,	  brominated	  DBPs	  were	  the	  most	  abundant	  in	  high	  bromide:DOC	  

ratio	  waters	  (Figure	  7a)	  [15].	  The	  yield	  and	  distribution	  of	  DBP	  species	  formed	  and	  thus	  

the	   toxicity	  of	  a	  given	  source	  water	   is	   therefore	  highly	  dependent	  on	   the	  conditions	  of	  

NOM	  and	  bromide	  concentration	  at	  the	  point	  of	  disinfection	  [15].	  

	  

	  

Figure	  7a.	  The	  impact	  of	  bromide:DOC	  ratio	  on	  THM	  speciation.	  	  

	  

Figure	  7b	  presents	  the	  mole	  fraction	  of	  chlorinated	  DBPs	  (THMs-‐Cl	  or	  HANs-‐Cl)	  relative	  

to	  the	  mole	  fraction	  of	  brominated	  DBPs	  (THMs-‐Br	  or	  HANs-‐Br)	  generated	  as	  a	  function	  

of	   increasing	   bromide:DOC	   ratio.	   At	   bromide:DOC	   ratios	   over	   3.5,	   the	   total	   number	   of	  

moles	   of	   chlorine	   incorporated	   into	   THMs	  was	   less	   than	   that	   of	   bromine,	   indicating	   a	  

preferential	   incorporation	  of	  bromide	   into	  THMs.	  Chlorine	   and	  bromide	   incorporation	  

into	  THMs	  were	  equal	  at	  a	  bromide:DOC	  ratio	  of	  3.5,	  while	  a	  bromide:DOC	  ratio	  below	  
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3.5	   favoured	   chlorine	   incorporation.	   At	   a	   bromide:DOC	   ratio	   of	   7	   the	   total	   number	   of	  

moles	   of	   chlorine	   and	   bromide	   incorporation	   into	   HANs	   were	   equal,	   while	   at	  

bromide:DOC	   below	   7,	   chlorine	   incorporation	   was	   favoured,	   and	   above	   7	   bromide	  

incorporation	  was	  favoured.	  	  

	  

	  

	  

Figure	  7b.	  The	  impact	  of	  bromide:DOC	  ratio	  on	  chlorinated	  and	  brominated	  THM	  and	  

HAN	   speciation.	   THM-‐Cl	   =	   chlorinated	   THMs	   (TCM),	   THM-‐Br	   =	   brominated	   THMs	  

(BDCM+	   DBCM+	   TBM),	   HAN-‐Cl	   =	   chlorinated	   haloacetonitriles	   (DCAN),	   HAN-‐Br	   =	  

brominated	  haloacetonitriles	  (DBAN	  +	  BCAN).	  	  	  

3.2.4.4 The effect of bromide:DOC ratio 
At	   a	  high	  bromide:DOC	   ratio,	   the	   formation	  of	   brominated	  DBPs	   can	  be	   favoured.	  The	  

application	  of	  a	  NOM	  removal	  techniques	  such	  as	  EC	  or	  EC/PAC,	  may	  lead	  to	  a	  relative	  

increase	  in	  the	  formation	  of	  specific	  Br-‐DBPs	  due	  to	  a	  increased	  bromide:DOC	  ratio.	  This	  

is	   because,	   in	   the	   presence	   of	  HOCl,	   bromide	   is	   oxidised	   to	  HOBr,	   and	   this	   reaction	   is	  

favoured	  in	  low	  NOM	  conditions	  since	  bromide	  and	  NOM	  compete	  for	  oxidant	  [16,	  17].	  

Kinetic	   studies	  have	   shown	  HOBr	  out-‐competes	  HOCl	   in	   reaction	  with	  NOM	  due	   to	   its	  

faster	  substitution	  rate	  kinetics,	  although	  it	  occurs	  at	  considerably	  lower	  concentrations	  

than	  HOCl.	  This	  results	  in	  a	  higher	  incorporation	  of	  bromine	  than	  chlorine	  into	  DBPs	  in	  
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high	  bromide/low	  NOM	  source	  waters	  [14,	  18].	  In	  addition,	  HOBr	  has	  been	  reported	  to	  

be	  more	  reactive	  towards	  aliphatic	  precursors	  and	  the	  hydrophilic	  fraction	  of	  NOM,	  than	  

aromatic	  precursors	  and	  the	  hydrophobic	  fraction	  [19].	  Previous	  studies	  have	  reported	  

that	  aliphatic	  and	  hydrophilic	  fractions	  of	  NOM	  are	  important	  precursors	  for	  both	  THM	  

and	  HAN	  formation	  [19].	  	  

	  

Further	   evaluation	   of	   the	   bromine	   incorporation	   into	   NOM	   can	   be	   made	   using	   the	  

‘Bromine	   Incorporation	   Factor’	   (BIF)	   parameter	   (BIF=	   Br-‐DBP/total	   DBP	   on	   a	   molar	  

basis)	   [20].	   Figure	   8	   confirms	   that	   THMs	   and	   HANs	   BIF	   increases	   with	   bromide:DOC	  

ratio,	  i.e	  increases	  with	  NOM	  removal	  from	  EC	  and	  combined	  EC/PAC	  treatments.	  	  

	  

Figure	  8.	  BIF	  of	  tTHMs	  and	  tHANs	  as	  a	  function	  of	  bromide:DOC	  ratio.	  

3.2.4.5 Risk Assessment 
The	   United	   States	   Environmental	   Protection	   Agency	   (USEPA)	   uses	   a	   mathematical	  

linearized	  multistage	  model	  to	  calculate	  quantitative	  estimates	  of	  low-‐dose	  carcinogenic	  

risks	  (upper	  bound	  approximations	  of	  lifetime	  cancer	  risk)	  from	  high-‐dose	  animal	  data	  

[21].	   The	   risk	   associated	   with	   tTHM	   and	   tHAN	   was	   calculated	   by	   multiplying	   the	  

individual	  risk	  factors	  by	  the	  corresponding	  DBP	  species	  concentration.	  Figure	  9	  shows	  

the	  correlation	  between	  THM-‐Br	  and	  health	  risks	  from	  tTHM	  using	  the	  USEPA	  linearized	  

multistage	   model	   [21].	   Increasing	   absolute	   concentrations	   of	   brominated	   THMs	   were	  
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shown	  to	  increase	  the	  additive	  THM	  health	  risk	  factor,	  indicating	  brominated	  THMs	  play	  

an	  important	  role	  in	  determining	  health	  risks.	  The	  health	  risk	  of	  other	  brominated	  DBPs	  

would	  be	  expected	  to	  follow	  a	  similar	  trend	  with	  increasing	  absolute	  concentrations	  [2].	  

In	  this	  study,	  the	  calculated	  health	  risks	  for	  tTHMs	  ranged	  from	  2.19	  x	  10-‐5	  to	  1.06	  x10-‐3.	  	  	  

Despite	   the	   increases	   in	   the	   proportion	   of	   brominated	   species	   after	   treatment,	   the	  

substantial	  reduction	  of	  (absolute)	  tTHM	  resulted	  in	  a	  reduced	  carcinogenic	  risk	  in	  both	  

EC	   and	   EC/PAC	   treatments	   from	  THMs.	   However,	   these	   results	   should	   be	   interpreted	  

with	  caution	  as	  they	  only	  incorporate	  health	  risk	  associated	  with	  tTHM	  and	  may	  not	  be	  

reflective	  of	   the	  health	   risk	  of	   the	   total	  DBPs	  present.	  The	  potential	   for	   increasing	   the	  

toxicity	   of	   total	   DBPs	   by	   using	   DOC	   removal	   techniques	   such	   as	   EC	   and	   sequential	  

EC/PAC	   treatment	   in	   salinity-‐impacted	   waters	   (high	   bromide),	   therefore,	   should	   be	  

addressed.	  	  

	  

	  

	  
Figure	  9.	  Relationship	  between	  THM-‐Br	  formation	  and	  health	  risk	  from	  THMs.	  	  	  

3.2.5 Conclusion 
PAC	  in	  combination	  with	  EC	  effectively	  removes	  NOM	  that	  is	  not	  removed	  by	  EC	  alone.	  

EC	   treatment	   of	   synthetic	   waters	   provided	   excellent	   NOM	   removals,	   and	   a	   large	  

reduction	   in	   total	   DBPs	   formed.	   Secondary	   treatment	   with	   PAC	   (after	   EC)	   attained	  

greater	   NOM	   removals	   compared	   to	   EC	   treatment	   alone,	   and	   also	   lowered	   total	   DBP	  

concentrations	  compared	  to	  EC	  alone.	  However,	  PAC	  or	  EC	  treatments	  do	  not	  have	  the	  
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capacity	   to	   remove	  bromide	   ions.	  EC	  and	  PAC	   increased	   the	  bromide:DOC	   ratio	   in	   the	  

treated	  water,	   which	   in	   turn	   resulted	   in	   an	   increase	   in	   the	   proportion	   of	   brominated	  

DBPs	   formed	   upon	   chlorination	   in	   all	   samples.	   While	   the	   reduction	   in	   tTHM	  

concentrations	   resulted	   in	   a	   reduced	   tTHM	   carcinogenic	   risk	   in	   both	   EC	   and	   EC/PAC	  

treatments,	  results	  may	  not	  be	  reflective	  of	  the	  health	  risk	  of	  the	  total	  DBPs	  present.	  The	  

use	  of	  EC	  and	  PAC	  treatment	  in	  source	  waters	  containing	  high	  bromide	  levels	  should	  be	  

undertaken	  with	  an	  awareness	  that	  this	  may	  lead	  to	  increases	  in	  concentrations	  of	  some	  

brominated	  DBPs	  concentrations.	  Higher	  health	  risks	  for	  brominated	  DBPs	  indicate	  that	  

the	  control	  of	  brominated	  DBP	  formation	  is	  crucial	  with	  respect	  to	  reducing	  health	  risk.	  	  
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3.2 Enhanced coagulation with powdered activated carbon or 
MIEX® secondary treatment: a comparison of disinfection 
by-product formation and precursor removal.  

3.2.1 Abstract 
The removal of both organic and inorganic disinfection by-product (DBP) precursors prior 

to disinfection is important in mitigating DBP formation, with halide removal being 

particularly important in salinity-impacted water sources. Water matrices of variable 

alkalinity, halide concentration and dissolved organic carbon (DOC) concentration were 

treated with enhanced coagulation (EC) followed by anion exchange (MIEX® resin) or 

powdered activated carbon (PAC) and the subsequent disinfection by-product formation 

potentials (DBP-FPs) assessed and compared to DBP-FPs for untreated samples. Halide 

and DOC removals were also monitored for both treatment processes. Bromide and iodide 

adsorption by MIEX® treatment ranged from 0-53% and 4-78%, respectively. As 

expected, EC and PAC treatments did not remove halides. DOC removal by EC/PAC was 

70±10%, while EC/MIEX® enabled a DOC removal of 66±12%. Despite the halide 

removals achieved by MIEX®, increases in brominated disinfection by-product (Br-DBP) 

formation were observed relative to untreated samples, when favourable Br:DOC ratios 

were created by the treatment. However, the increases in formation were less than what 

was observed for the EC/PAC treated waters, which caused large increases in Br-DBP 

formation when high Br-DBP-forming water quality conditions occurred. The formation 

potential of fully chlorinated DBPs decreased after treatment in all cases.   

3.2.1.1 Key words  
Bromide, chlorination, DBPs formation potential, iodide, natural organic matter, PAC 
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3.2.2 Introduction 
Potentially toxic disinfection by-products (DBPs) are formed from the reaction of 

disinfectants with natural organic matter (NOM), along with inorganic species (halides and 

inorganic nitrogen). The concentrations of these DBP precursors should therefore be kept 

to a minimum at the point of water disinfection and thereafter [1, 2]. DBP precursor 

removal has traditionally focussed on NOM removal, with water treatment methods such 

as enhanced coagulation (EC) and powdered activated carbon (PAC) adsorption widely 

used for this purpose [3]. These treatments, however, do not remove halides [4], therefore 

they increase the bromide to dissolved organic carbon (Br:DOC) ratio and can 

preferentially form brominated DBPs when bromide is present in sufficient concentration. 

This is of concern because these compounds are in general more toxic than their 

chlorinated analogues [5-7]. Thus, there is an impetus to provide strategies for the 

simultaneous removal of both organic and inorganic DBP precursors prior to water 

disinfection, in a simple and cost-effective manner [8].  

Previous work has found that the anion exchange resin, MIEX®, has the capacity to adsorb 

both NOM and bromide [9-11]. MIEX® treatment alone or combined with EC has been 

shown to lead to decreases in total trihalomethane (tTHM) and haloacetic acids (HAAs) 

formation potential [12-16], however, limited studies are available that examine the 

behaviour of individual DBPs (rather than total class concentrations) during treatment with 

EC and MIEX® [14]. Similarly with EC/PAC treatment, the overall tTHM and HAA 

formation potential has been observed to decrease after treatment, although speciation 

shifts to more highly brominated DBPs after EC/PAC treatment [3]. 

This study builds on the aforementioned work by investigating the effect of sequential 

treatments (EC followed by MIEX® or EC followed by PAC) on DBP concentration and 

speciation upon chlorination of waters across a wide range of water qualities (variable 

alkalinity, NOM and bromide concentrations). Halide and DOC removal after each stage 

of treatment was also assessed and correlated to DBP formation and speciation. This study 



	  122	  

shows the increase in specific DBP concentration after secondary treatment, as well as 

being the first study to show iodide adsorption by MIEX®. 

3.2.3 Experimental 

3.2.3.1 Reagents 
Chemicals were purchased from the following suppliers – Accustandard: mixed standard 

of trichloromethane (TCM), bromodichloromethane (BDCM), dibromochloromethane 

(DBCM), tribromomethane (TBM), 2.0 mg/mL in methanol; 1,2-dibromopropane, 5 

mg/mL in methanol; mixed standard of dichloroacetonitrile (DCAN), trichloroacetonitrile 

(TCAN), bromochloroacetonitrile (BCAN), dibromoacetonitrile (DBAN), 1,1-

dichloropropanone (1,1-DCP), 1,1,1-trichloropropanone (1,1,1-TCP), CH, TCNM, 1 

mg/mL in acetone; d6-NDMA and d14-N-nitrosodipropylamine (d14-NDPA), each 1 mg/mL 

in methylene chloride. Ultra Scientific: NDMA, N-nitrosodiethylamine (NDEA), N-

nitrosomorpholine (NMor), N-nitrosopiperidine (NPip), N-nitrosodibutylamine (NDBA), 

all 100 mg/L in methanol. Orchid Cellmark (Canada): dichloroiodomethane (DCIM) 

(95%), chlorodiiodomethane (CDIM) (90-95%), bromochloroiodomethane (BCIM) (95%), 

dibromoiodomethane (DBIM) (95%) and bromodiiodomethane (BDIM) (90-95%). Acros 

organics: phosphate buffers (Na2HPO4 and KH2PO4) (99%), ascorbic acid (ACS grade). 

Sigma-Aldrich: Al2(SO4)3•18H2O (98%), 1-decene (≥99.5%), NaOCl  (≥4%), MgSO4 

(≥99.5%), CaSO4•2H2O (98%), NaHCO3 (99.7-100.3%), Na2SO3 (≥95%), methyl tert-

butyl ether (MtBE) (≥99.8%). ThermoFisher: NaCl (99.95%). Merck: NH4Cl (99.8%), HCl 

(32%). Fluka analytical: 1000 mg/L TraceCert bromide and iodide aqueous standards. 

Chem-supply: NaOH (≥98%). Malcron chemicals: sodium sulfate (anhydrous) 99.7%. 

Suwannee river (whole) NOM isolate was purchased from the International Humic 

Substances Society (batch number 1R101N). Commercial DPD test kits (HACH) were 

used for the analysis of free chlorine and chloramines (methods 8021 and 10200, 

respectively). Used, regenerated, MIEX® resin was obtained from a South Australian 

water treatment plant (WTP). Norit W35 PAC was purchased from Sigma-Aldrich. 
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3.2.3.2 Synthetic water matrix  
A matrix of 18 synthetic waters (17 plus blank) of differing characteristics were utilized 

for all DBP formation potential and DBP precursor removal experiments (Table SI 1), 

according to a previously published protocol [17]. The experimental matrix was developed 

based on a face-centred central composite design, with 3 variables; NOM concentration 

(measured as mg/L DOC), halide precursor concentration (combined Br- and I-) and 

alkalinity. Triplicate centrepoint samples were included in the sample matrix, and these 

were subjected to all treatments, in order to assess experimental reproducibility throughout 

the various processes. Halide, DOC and alkalinity concentrations were measured after 

making the waters to obtain accurate starting concentrations. Each 1L sample was stored in 

an amber glass bottle at 4°C until use (within 24 hrs).  

 

3.2.3.3 DBP formation potential tests 
Chlorination DBP-FP tests were performed on 225 mL samples buffered to pH 7 with 

phosphate buffer (20 mM), according to a previously published protocol [17, 18]. Each 

formation potential test was extracted in duplicate, and DBP concentrations between 

duplicates were within 10%.  

NDMA formation potential tests were as described previously [19]. In brief, phosphate 

buffer was added to samples as solid KH2PO4 and Na2HPO4, to give a final concentration 

of 10 mM and a pH of 7. Each 980 mL sample was treated with 20 mL of a 17 mM stock 

solution of monochloramine (made fresh daily). Chloramine residual was measured prior 

to quenching with 2.5 g Na2SO3 using a DPD indophenol method [20], and this was 

typically in the range 15 – 20 mg/L.   

3.2.3.4 EC treatment 
Bench-scale EC jar tests were performed in accordance to US EPA’s Enhanced 

Coagulation and Enhanced Precipitative Softening Guidance Manual [21], using a Platypus 

Jar Tester, and 2L jars. The synthetic waters were treated using individual coagulant doses 
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optimised to give greatest DOC removal and a final pH in the range 5.5 – 6.8 for each 

sample  (from 30 to 120 mg/L Alum (as Al2(SO4)3•18H2O) depending on the sample 

alkalinity and starting DOC concentration). Following the addition of the coagulant, the 

samples were subjected to rapid mixing for 1.5 min at 200 rpm, flocculation for 13.5 min 

at 30 rpm, then settled for 60 min before vacuum filtering through Whatman No. 1 filter 

papers to simulate sand filtration at the WTP [22]. 

3.2.3.5 MIEX® treatment 
After EC, samples were dosed with 10 ml/L regenerated, settled MIEX® resin, then jar 

tested for 30 min at 100 rpm, settled for 5 minutes, then vacuum filtered through Whatman 

No. 1 filter papers. This jar testing protocol is similar to previously published methods [10, 

23]. The MIEX® dose was chosen based on optimal DOC removal as determined by trial 

jar tests using synthetic water samples and a MIEX® dose range from 0-10 mL/L. The 

MIEX® resin was sourced from a South Australian WTP and was regenerated with a 10% 

NaCl solution for 30 mins then rinsed with laboratory grade water prior to use. 

3.2.3.6 PAC treatment 
All samples were dosed with 60 mg/L of Norit W35 PAC, then jar tested for 30 min at 100 

rpm, before being allowed to settle for 5 min. PAC dose was optimised by testing synthetic 

water samples at doses ranging from 0-120 mg/L and determining the lowest dose with 

greatest DOC removal. Samples were then vacuum filtered through Whatman No. 1 filter 

papers. 

3.2.3.7 Halogenated DBP extraction and analysis  
Samples were prepared for DBP analysis by liquid-liquid salted microextraction, and 

analysis was by gas chromatography with electron-capture detection (GC-ECD), using a 

previously reported method [24]. The reporting limit for all DBPs was 0.1 µg/L and the 

recovery for all analytes was between 70% and 130%. Each extract was analysed on both 

DB-1 and DB-5 columns, with replicate injections being within 10% of each other in order 

to be accepted. The DBPs analysed for were: TCM, BDCM, DBCM, TBM, DCAN, 



	   125	  

TCAN, BCAN, DBAN, 1,1-DCP, 1,1,1-TCP, TCNM, CH, DCIM, CDIM, BCIM, DBIM 

and BDIM.  

3.2.3.8 N-Nitrosamine extraction and analysis  
Nitrosamine analysis was conducted as previously described, and in accordance with 

USEPA method 521.1 [19, 25]. Nitrosamines analysed for were NDMA, NDEA, NMor, 

NPip, and NDBA. 

3.2.3.9 Halide analysis  
Bromide analysis was conducted using a Dionex ICS-5000 ion chromatography system 

with conductivity detection, according to a previously published method [17]. The method 

reporting limit was 20 µg/L.  

Iodide analysis was also conducted on the Dionex ICS-5000 ion chromatography system, 

and employed an IonPac AS19 analytical column in the first dimension and an IonPac 

AS19 capillary column in the second dimension. Matrix elimination was achieved by 

trapping the iodide peak as it came off the analytical column on a MAC200 anion 

concentrator (0.75 × 80 mm) between 21.9 - 23.4 mins then injecting this onto the second, 

capillary column. The gradient employed was as follows: in the first dimension, the eluent 

was 10 mM KOH for the first ten minutes, after which a ramp was applied that reached 58 

mM KOH at minute 40. This was held for 5 minutes then a gradient was applied to 

decrease KOH concentration back to 10 mM KOH over 14 minutes, at which 

concentration the mobile phase was held for re-equilibration for 5 minutes. Concurrently, 

in the second dimension, eluent concentration (KOH) was held at 4 mM for 27.6 minutes, 

then a ramp was applied until minute 30 to give a KOH concentration of 35 mM, that was 

then ramped slowly to reach 70 mM at 55 minutes, eluting the iodide peak at 42.3 mins. 

This concentration was held for 2 mins before dropping back to 4 mM KOH over the 

following 2 mins, then re-equilibrating at 4 mM for 5 mins. The flow rate was 1 mL/min 

for the analytical column and 0.01 mL/min for the capillary column, and injection volume 

was 500 µL. The method reporting limit for iodide was 2 µg/L.  
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Calibration standards, duplicate samples, blank-matrix and spiked-matrix standards were 

run with each batch (bromide and iodide) as quality controls.  

3.2.3.10 Carbon analyses   
Dissolved inorganic carbon (DIC) and DOC concentrations were analysed on a Shimadzu 

TOC-VCSH TOC analyser using a high temperature catalytic oxidation method (Standard 

Method 5310B) [18]. Standards of known DOC/DIC concentration were included in each 

analytical run, and the concentrations determined were within 10% of the calculated value.  

3.2.3.11 Data analysis 
Statistical analysis of precursor removal data was conducted using the JMP 11.0 statistics 

package (SAS, 2013). Models were developed using a standard least squares method using 

the terms that gave the lowest Akaike information criterion (AIC) value and maximum R2 

for K-fold cross validation, as well as closest to normally distributed residuals and 

adherence to the linearity assumption between each included variable to the response. 

Covariates that were highly correlated (>0.85) were removed in each case. Goodness of fit 

of response ‘actuals versus predicted’ plots and significance of included factors were also 

taken into account when deciding on each final model. Each DBP datapoint shown is an 

average of four analyses (duplicate injections of duplicate extractions for each formation 

potential experiment). The averaged DBP data was modelled using TableCurve 3D before 

graphing in Sigmaplot 11.0.  

3.2.4 Results and discussion 

3.2.4.1 DBP precursor removal  

3.2.4.1.1 DOC removal 
DOC was measured for all synthetic water samples at all stages of treatment (before 

treatment, after EC, and after EC/MIEX® or EC/PAC) and from this, percentage DOC 

removal was calculated for EC, MIEX®, PAC, and combined EC/PAC and EC/MIEX® 
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treatments. A general model for percentage DOC removal was developed (equation 1, 

Tables 1, SI 2).  

 ln(DOC removal) = y0 + a*ln(DOC) + b*ln(alk)  (1) 

Where ‘DOC removal’ is reported as a percentage, DOC is in mg/L and alk is alkalinity in 

mg/L. 

EC had an average DOC removal of approximately 62±7%, and this was greatest under 

conditions of high starting DOC concentration and low starting alkalinity (Figure 1a and 

b), as expected [26]. EC has been previously reported to preferentially remove the higher 

molecular weight, hydrophobic NOM present, leaving behind the lower molecular weight, 

more highly soluble organic material [27, 28].  
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Table 1. Summary of fit for models for removal of DOC, alkalinity, and halides (iodide and bromide). 

 DOC removal 

EC (%) 

DOC removal 

MIEX (%) 

DOC removal 

EC/MIEX (%) 

DOC removal 

EC (%) 

DOC removal 

PAC (%) 

DOC removal 

EC/PAC (%) 

Alkalinity 

removal EC (%) 

Alkalinity removal 

EC/MIEX (%) 

Iodide 

removal (%) 

Bromide 

removal (%) 

R2 0.7737 0.7784 0.5007 0.8505 0.5205 0.8767 0.6495 0.6319 0.5276 0.7773 

R2 Adj 0.7360 0.7443 0.4238 0.8291 0.4520 0.8591 0.6226 0.6036 0.4938 0.7613 

Standard 

error of 

estimate 

3.73 2.80 11.04 3.82 1.80 4.04 6.62 6.96 154.21 8.01 

Observat-

ions 

16 16 16 17 17 17 15 15 16 16 
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The additional DOC removal attained after EC by MIEX® treatment was modest, averaging 

an additional 5±5% (Figure 1a). This resulted in a total average DOC removal of 66±12% 

from the combined treatment. When used in isolation or as a primary treatment before 

coagulation (rather than as a secondary treatment, as we have here) MIEX® has been shown 

to outperform EC in removal of UV absorbing NOM [13]. It also has a capacity to adsorb 

both hydrophilic and hydrophobic organic acids, adsorbs organic compounds over a large 

range of molecular weights compared to EC [14, 15], and can therefore remove NOM 

fractions recalcitrant to removal by EC [29-31].  

 

Figure 1. DOC removal for water samples treated with a) EC/MIEX® or b) EC/PAC, over a 

range of DOC and alkalinity concentrations, is shown. Contribution from EC (primary 

treatment) and either MIEX® (secondary treatment) or PAC (secondary treatment) are 

indicated separately.  

 

A previous study combining EC (with alum) primary treatment with MIEX® as secondary 

treatment found that for two different natural waters, DOC removal was approximately 

double for combined EC/MIEX® treatment than for EC alone [14]. We did not observe such 

high DOC removals from MIEX® after EC. The [14] paper included a pH adjustment step 

prior to EC to bring the pH to 6, while we had a coagulation pH of 7 (this dropped to 5.5 – 6.8 

after EC). Both studies utilise a used, regenerated MIEX® resin sample. The alkalinity of the 
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raw source waters in the Drikas et al. [14] study is not reported, however, DOC was 5.8 mg/L 

and 10 mg/L, similar to the range we report here. The Drikas et al. [14] paper uses a lower 

MIEX® dose to what we used here (6 mL/L compared to our 10 mL/L) and their contact 

times were shorter (10-15 mins compared to our 30 mins). Differences in NOM character and 

MIEX® dose, as well as competing ion concentrations (alkalinity, chloride, sulfate) would be 

expected to account for differences in NOM removal capacity of the combined treatment [10, 

32].  

The large variability observed in MIEX®’s DOC removal capacity in our experiments was 

reflective of the relationship to sample alkalinity and DOC. That is, MIEX®’s adsorption 

capacity was substantially hindered by the presence of bicarbonate ion, which is known to 

compete well for binding sites on the anion exchange resin [9, 10]. Also, higher DOC samples 

achieved the highest percent DOC removals. A similar trend was observed in a recent 

publication [33] in which MIEX® treatment lowered DOC to similar levels regardless of 

starting DOC concentration of the water. 

So, higher alkalinity, lower DOC samples were afforded no additional DOC removal by 

MIEX® treatment after EC. Conversely, lower alkalinity, higher DOC samples achieved up 

to approximately 20% additional DOC removal compared to EC alone. Previous studies 

investigating MIEX®’s DOC removal capacity have found greater adsorption capacity than 

what we report here [14, 15, 29, 33], however in these previously published cases the MIEX® 

was used to treat raw waters, rather than EC treated waters, showing that MIEX® is able to 

adsorb the high molecular weight, hydrophobic component of NOM that is also removed by 

EC, as well as the mid-low molecular weight fractions. The Drikas et al. [14] and Singer and 

Bilyk [15] publications used a lower MIEX® dose to what we have used (6 mL/L and 2-8 

mL/L, respectively, versus our 10 ml/L), however, the Fearing et al. [29] and Drikas et al. 

[14] publications also used 10 ml/L. The variation in MIEX® dose and contact time between 

publications makes direct comparison difficult, and would contribute to the difference in resin 

performance between our experiments and those cited. 
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The DOC adsorbing capacity of PAC did not vary as much with changing water quality 

parameters as it did for MIEX® resin (Figure 1b) although, like MIEX®, greatest DOC 

removal capacity for PAC was observed in lower alkalinity, higher DOC waters. Overall, the 

average DOC removal achieved by PAC after EC treatment was 8.5±2.5% (Total average 

DOC removal from EC/PAC treatment of 70±10%). Previous studies combining EC with 

PAC treatment have found a wide range of results, with PAC contributing an additional 7 – 

31% DOC removal than was achieved with EC alone [3, 7, 24, 34, 35]. This variability is 

likely due to different NOM character, alkalinity of the source water, and type and dose of 

PAC used. The preference for NOM adsorption under lower alkalinity conditions may be due 

to a resultant pH depression making the remaining NOM more non-polar (through 

protonation of acidic functional groups) and therefore more amenable to adsorption onto the 

fairly non-polar PAC surface. The greater percentage PAC adsorption under high DOC 

conditions may be due to solubility effects (less effective solvation of hydrophobic NOM at 

high concentrations) [36]. 

For DOC removal, EC/PAC treatment was preferable to EC/MIEX® treatment, due to greater 

percentage removals over a wider range of sample alkalinity and DOC concentrations.  There 

was no statistically significant relationship between bromide/iodide concentration and DOC 

removal by either EC/PAC or EC/MIEX® treatment. This implies that NOM components 

out-compete bromide/iodide for binding sites on the MIEX® resin, which supports previous 

reports [37, 38]. 

3.2.4.1.2 Halide removal 
The concentration of bromide and iodide was assessed at all stages of treatment, i.e.; before 

treatment, after EC, after EC/PAC and after EC/MIEX®. Bromide and iodide concentrations 

were not changed by EC or PAC treatments, consistent with previous reports [3, 4, 24, 39].  

MIEX® resin did have some bromide adsorption capacity, as has been previously reported [9, 

10]. Iodide adsorption onto MIEX® resin was also observed, which has not been previously 

reported, to the authors’ knowledge. Bromide removal by MIEX® averaged 32±16% across 
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the experimental matrix. This was found to be highly dependent on sample alkalinity, 

however, no statistically significant relationship to starting bromide concentration or DOC 

concentration was found (Figure 2a, equation 2).  

 

Figure 2. a) Bromide removal by MIEX® as a function of alkalinity and b) iodide removal by 

MIEX® as a function of starting iodide concentration.  

 

This does not agree with the previously observed result that bromide adsorption is inhibited 

by the presence of NOM, due to the preference for NOM adsorption over bromide adsorption 

onto MIEX® [10, 32, 40]. MIEX® has been reported to have a high affinity for NOM and a 

low affinity for bromide [41]. A previous study investigating bromide removal by MIEX® 

found that DOC competed with bromide for binding sites on the resin, and therefore bromide 

removal was increasingly inhibited by increasing DOC concentration [10]. The authors’ [10] 

do observe that the inhibitory effect of DOC is relatively minor, however, and further explain 

that this is expected due, not only to the known preference for DOC of MIEX®, but the low 

bromide concentrations used in their experiments (100 and 300 µg/L). Possibly the large 

MIEX® dose used here compared to the previous studies (10 mL/L, as compared to ranging 

from 0.2-6 mL/L) as well as the high bromide doses used (up to 800 µg/L) enabled bromide 

to compete more effectively with NOM for binding sites in this case, and therefore no 

statistically significant relationship to DOC concentration could be found. Since MIEX® was 

used after EC, DOC concentrations were often fairly low (3.7±1.3 mg/L) which may also 
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contribute to the lack of inhibition by DOC under these circumstances. Previous reports have 

shown that DOC interacts with MIEX® primarily by anion exchange, rather than adsorption 

[41].  

Although the percent removal of bromide did not have a statistically significant relationship 

with starting bromide concentration, the actual mass of bromide removed (and subsequent 

change in concentration) by MIEX® was directly correlated with starting bromide 

concentration (i.e. highest starting bromide concentration led to greatest mass of bromide 

adsorbed) which agrees with previous studies [9, 10, 23]. This is understood to be because 

higher bromide concentrations can more effectively compete for exchange sites on the resin 

[10]. 

The Johnson et al. [23] and Hsu et al.[10] studies show bromide adsorption by MIEX® resin 

decreases with increasing sample alkalinity, in agreement with our findings. Our dataset 

showed high sample alkalinity was associated with low bromide adsorption, likely due to 

competition for binding sites on the anion exchange resin between bicarbonate ions and 

bromide ion. Specifically, MIEX® was able to achieve 49 ± 4% bromide removal under 

conditions of low alkalinity (i.e. 11 ± 5 mg/L as CaCO3 after EC treatment), but this was 

reduced to 20 ± 14% under higher alkalinity conditions (i.e. 95 ± 8 mg/L as CaCO3 after EC 

treatment). Importantly, low levels of bromide were introduced into each sample from the 

MIEX® resin itself (31 µg/L Br- detected in the blank sample). This was likely caused by 

contamination from the NaCl used to regenerate the resin. If this problem was able to be 

mitigated by ensuring bromide-free NaCl was used for MIEX® regeneration (or the resin was 

used in the bicarbonate form [37]), the bromide removals may be somewhat higher than what 

we report here. Bromide is, however, a common contaminant of commercially available NaCl 

[42], and this source of bromide contamination should be taken into account by water 

treatment plants (WTPs) when regenerating MIEX® resin. 

Iodide adsorption did not follow the same behaviour as bromide. In fact, the relationship 

between iodide adsorption and alkalinity or DOC was not statistically significant, while the 
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relationship to starting iodide concentration was (Figure 2b, equation 3).  Greatest iodide 

removals were attained under conditions of high iodide concentration.  Iodide adsorption 

across the experimental matrix averaged 58±21%. The lack of statistical significance between 

iodide adsorption and alkalinity or DOC concentrations implies that iodide competes more 

effectively for binding sites on MIEX® than bicarbonate or DOC.  

The ability of MIEX® to adsorb halides is an advantage over PAC and EC, in that it should 

decrease brominated and iodinated DBP formation relative to these treatments, assuming this 

achieves the lowest Br:DOC or I:DOC ratio.  

 Br- removal = y0 + a*alk  (2)   

 I- removal = y0 + a/I-   (3)   

Where ‘Br- removal’ and ‘I- removal’ are in units of %, ‘alk’ is sample alkalinity after EC 

treatment in mg/L (as CaCO3), and I- is iodide concentration in µg/L (p values are in 

Appendix 1,Table SI 2). 

3.2.4.1.3 Alkalinity removal 
MIEX® resin has been shown to have a high preference for DOC, and a weak preference for 

alkalinity (bicarbonate) [10]. Source water alkalinity is positively associated with Br-DBP 

formation [43], therefore, treatments that lower sample alkalinity would be expected to form 

lower concentrations of Br-DBPs upon chlorination than treatments that do not. PAC 

treatment did not alter sample alkalinity, however, EC and MIEX® both decreased the 

inorganic carbon concentration of treated waters. A general equation for alkalinity removal by 

EC and EC/MIEX® was developed (equation 4). Alkalinity removal by EC was dependent on 

sample starting alkalinity, however, relationships to DOC and halide concentrations were not 

statistically significant (Figure 3). Alkalinity removal by MIEX® did not have a statistically 

significant relationship with DOC, sample alkalinity, or halide concentration. The combined 

treatment (EC/MIEX®) was able to decrease sample alkalinity by 71±12%, with the MIEX® 

treatment contributing 12±6% of this total. The large decrease in alkalinity caused by EC 
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(58±13%) arises from the pH depression that occurs during this process. As the pH decreases 

to below 6, bicarbonate is reduced to carbonic acid which dissociates into water and carbon 

dioxide, and is subsequently volatilised to the atmosphere. MIEX® is an anion exchange 

resin, which reversibly binds bicarbonate anion [10, 37]. Alkalinity removal by EC was 

greatest from lower alkalinity waters, and MIEX® served to improve alkalinity removal fairly 

consistently across all water quality conditions. 

 ln(alk removal) = y0 + ln(alk)  (4) 

Where alk removal is alkalinity removal as a percentage, and alk is alkalinity in mg/L. 

 

Figure 3. Alkalinity removal from the combined EC/MIEX® treatment and from EC alone as 

a function of sample alkalinity.  

3.2.4.1.4 Comparison of DBP formation between treatments. 
A suite of 17 DBPs was monitored by DBP formation potential (chlorination) both before 

treatment and after the combined treatments (EC/PAC and EC/MIEX®). These included five 

iodinated THMs, four haloacetonitriles, the four regulated THMs, CH, two chloropropanones, 

and TCNM. The iodinated THMs, TCNM and TCAN were consistently either at or below the 
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detection limit of 0.1 µg/L, and are therefore not discussed herein. DOC, bromide and 

alkalinity concentrations were also monitored, and the change in individual DBP 

concentration with treatments, as it relates to the changing DOC and bromide concentration is 

reported. Even though MIEX® removed some additional alkalinity compared to EC alone, 

this was insufficient to make a quantifiable difference in bromination of DBPs between 

EC/PAC and EC/MIEX® treatments, and is therefore not discussed further. For MIEX® 

treated waters, DBP-FPs by chloramination were also conducted and five nitrosamines 

monitored along with the aforementioned suite. These additional experiments were 

undertaken because quaternary amine anion exchange resins often release nitrosamine 

precursors [44]. R2 values for all DBP models were >0.70, with the exception of the two 

chloropropanones, BDCM and tTHM, for which the PAC and MIEX® models had R2 > 0.60. 

3.2.4.1.4.1 Trihalomethanes 
Concentration data for the four regulated THMs is shown (Figure 4a-d). The change in THMs 

speciation with changing Br:DOC ratio throughout treatments is also shown (Figure SI 1a). In 

addition to the change in THM speciation observed with increasing Br:DOC ratio, an increase 

in bromide substitution factor (BSF) for THMs was also observed. As expected, BSF 

increased with increasing Br:DOC ratio, however, for a given Br:DOC ratio, EC/PAC led to 

greater BSF than EC/MIEX, which was in turn greater than BSF for untreated samples 

(Figure SI 2). This implies that the NOM remaining after EC/PAC treatment was more 

amenable to bromide substitution than that remaining after EC/MIEX treatment, with 

untreated samples having the greatest proportion of unreactive NOM. TCM, being a fully 

chlorinated DBP, was well removed by both EC/PAC and EC/MIEX® treatments (Figure 4a), 

with 70±20% of TCM removed by EC/MIEX® and 99±1% by EC/PAC. The greater TCM 

removal by EC/PAC is a consequence of the lower DOC and higher bromide concentration of 

the samples generally compared to EC/MIEX® treated samples, leading to a high Br:DOC 

ratio and therefore lower tendency to form chlorinated DBPs [17].  TCM was formed at 

highest concentrations in the ‘no treatment’ samples, under conditions of high DOC and low 
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bromide, which is again a reflection of the Br:DOC ratio of the samples [17], as well as the 

high DOC concentration of the samples generally. Where TCM remained after secondary 

treatment, it tended to be present in higher DOC, lower bromide concentration samples 

(Figure 4a). 

 

Figure 4. Comparison between ‘no treatment’, EC/MIEX® treated, and EC/PAC treated 

samples as a function of DOC and bromide concentration for a) TCM, b) BDCM, c) DBCM, 

and d) TBM formation.    

BDCM exhibits different behaviour, being a mixed-halogen species, and is preferentially 

formed under conditions of high DOC and high bromide concentration (Figure 4b). Again, 

EC/PAC is the more efficient of the two combined treatments at decreasing formation of this 

DBP, with 82±17% reduction of BDCM compared to ‘no treatment’ and 72±13% reduction 

of BDCM by EC/MIEX®. The bromide and alkalinity adsorbing capacity of MIEX® resin 

and the lower DOC removal than PAC leads to lower Br:DOC ratio and lower alkalinity 
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being achieved in MIEX® treated waters, thereby favouring formation of this 

monobrominated species.  

DBCM, being the dibrominated THM species, is formed primarily under high bromide, high 

alkalinity, low DOC conditions (Figure 4c, ‘no treatment’). For EC/PAC treated waters, 

DBCM concentration increased by up to 8.8 times relative to ‘no treatment’ samples due to 

the higher Br:DOC ratios reached after DOC removal. Once the Br:DOC ratio became 

extremely high (bromide concentrations greater than approximately 600 µg/L) (Figure 4c, 

‘EC/PAC’), the formation of TBM became favoured and DBCM concentration again 

dropped. So, there is a critical ‘window’ within which DBCM will be favoured, and this was 

reached by both treatments to some extent. That is, EC/PAC led to an increase in DBCM 

concentration of up to 8.8-fold (and a decrease of up to 26-fold) while EC/MIEX® led to an 

increase in DBCM of up to 6.3-fold (and a decrease of up to 6-fold). Both treatments resulted 

in increases in DBCM concentration relative to ‘no treatment’ in 47% of samples. The 

bromide adsorption capacity of MIEX® mitigated the formation of this DBP to some extent, 

however, it was insufficient to consistently lead to a decrease in formation relative to ‘no 

treatment’ samples, under all water quality conditions examined. 

TBM formation shows a strong preference for high bromide, high alkalinity, low DOC 

conditions, this being the fully brominated THM species (Figure 4d). Lowest concentrations 

were formed in the ‘no treatment’ samples in almost all cases. EC/MIEX®, however, showed 

much more modest increases in TBM formation than EC/PAC, which exhibited TBM 

concentration increases of up to 53-fold. EC/MIEX® treated waters had TBM increases of up 

to 19-fold. As lowest DOC concentrations are attained by EC/PAC treatment, and no bromide 

or alkalinity removal occurs, the conditions formed by the treatment are ideal for TBM 

formation. The bromide/alkalinity adsorption capacity and lower DOC adsorption capacity of 

MIEX® relative to PAC when used under these conditions gives rise to lower TBM 

concentrations than observed in EC/PAC treated waters, however, TBM concentrations are in 

general higher in EC/MIEX® treated waters than in ‘no treatment’ waters. Also, since ‘no 
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treatment’ samples have the highest DOC concentration, they also have highest chlorine dose 

compared to treated samples. This demonstrates that chlorine dose is not a good predictor for 

Br-DBP formation, rather, it may be useful for predicting formation of chlorinated DBPs [45]. 

 

3.2.4.1.4.2 Dihaloacetonitriles 
Concentration data for the DHANs is shown in Figures 5a-c. The change in DHANs 

speciation with changing Br:DOC ratio throughout treatments is also shown (Figure SI 1b). 

DCAN exhibited typical behaviour for a chlorinated DBP, occurring at high concentrations in 

the ‘no treatment’ samples, particularly at high DOC, low bromide concentrations. 

EC/MIEX® was able to decrease DCAN formation by at least 73%, with 41% of samples’ 

DCAN concentration reduced to below detection limit (0.1 µg/L). EC/PAC led to decreases 

of at least 75% in all samples, with reductions to below detection limit in 76% of cases. 

Again, the very low DOC concentrations attained by EC/PAC, combined with higher Br:DOC 

ratio, led to lower formation of DCAN in EC/PAC treated waters compared to EC/MIEX®. 

When DCAN remained after secondary treatment, it was present primarily in the higher 

DOC, lower bromide samples (Figure 5a).  

 

Figure 5. Comparison between ‘no treatment’, EC/MIEX® treated, and EC/PAC treated 

samples as a function of DOC and bromide concentration for a) DCAN, b) BCAN, and c) 

DBAN formation.  
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The mixed-halogen species, BCAN, was reduced by 70±19% by EC/MIEX®, relative to ‘no 

treatment’ samples (Figure 5b). The change in BCAN concentration after EC/PAC treatment 

was more complex, leading to increases in approximately half the samples but decreases the 

other half, depending on the Br:DOC ratio generated by the treatment. After EC/PAC, BCAN 

was decreased by up to 78% or increased by up to 2.7-fold, relative to ‘no treatment’ samples. 

An optimum Br:DOC ratio appeared to occur for BCAN formation after EC/PAC treatment at 

approximately 450 µg/L bromide (Figure 5b ‘EC/PAC’) beyond which (at higher Br:DOC) 

concentrations decreased (as DBAN formation would be expected to be preferred) and before 

which (at lower Br:DOC) concentrations decreased (as DCAN formation would be expected 

to be preferred). This behaviour is similar to what we observed for DBCM (Figure 4c), with 

EC/PAC treated samples increasing in DBCM concentration with increasing bromide 

concentration (at the lower-mid bromide concentration range), then decreasing again as 

bromine substitution occurs at the highest bromide concentrations.  

DBAN formation was particularly increased by EC/PAC treatment, relative to ‘no treatment’ 

samples, with all sample points showing increases in formation (up to 25-fold) apart from 

two, which showed modest decreases (19 and 39%) (Figure 5c). The drop in DBAN 

concentration in the EC/PAC samples at very high bromide concentration (greater than 

approximately 500 µg/L) is likely to reflect bromide addition to form tribromomethane [46]. 

EC/MIEX® treatment showed increases in DBAN concentration of up to 6-fold, however, 

two of the seventeen samples showed decreases, of 16% and 7%, again, at highest bromide, 

and lowest DOC concentrations. These data demonstrate that the bromide adsorption capacity 

of MIEX® improves on PAC in terms of decreasing Br-DBP formation, however, it is 

insufficient to prevent the general increase in concentrations of specific, highly brominated 

DBPs, across a range of starting water quality parameters.  

3.2.4.1.4.3 Chloral hydrate and chloropropanones 
CH formation was minimal in waters treated with EC/MIEX® or EC/PAC, with an average 

reduction of 86% (range 42-100%) and 98% (range 87-100%) in treated waters compared to 



 

	   141	  

‘no treatment’ waters, respectively (Figure 6). The change in CH concentration with changing 

DOC concentration shows similar behaviour to TCM and DCAN, that is, higher 

concentrations are formed at higher DOC concentrations. The relationship to bromide is 

unlike these other fully chlorinated DBPs, however, in that while TCM and DCAN formation 

is inversely proportional to bromide concentration, there was no statistically significant 

relationship between CH and bromide, over the bromide concentration range studied. This 

implies that CH is not subject to bromide substitution under the circumstances studied, 

however, brominated analogues of CH have been previously reported in wastewater [47]. It is 

not clear from the Krasner et al. [47] study what specific water quality/treatment parameters 

led to the formation of those compounds in that case. Brominated analogues of the two 

chloropropanones (1,1-DCP and 1,1,1-TCP) have also been identified [48], which agrees with 

our finding that both compounds are inversely related to bromide concentration (Figure 7a-b). 

Again, being fully chlorinated DBPs, both chloropropanones are well-mitigated by 

EC/MIEX® and EC/PAC treatments, with EC/MIEX® removing an average of 94% (range 

61-100%) and 93% (range 77-100%) of 1,1-DCP and 1,1,1-TCP respectively, and EC/PAC 

removing 86% (range 63-100%) and 89% (range 76-100%) of 1,1-DCP and 1,1,1-TCP, 

respectively. Both EC/PAC and EC/MIEX® treatments reduced chloropropanone 

concentration to close to or below the method reporting limit for most samples, so some loss 

of accuracy would be expected in calculation of percent removals for these DBPs. The 

chloropropanones were present after the water treatments only in the highest DOC, lowest 

bromide samples (Figure 7a-b).  
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Figure 6. Comparison between ‘no treatment’, EC/MIEX® treated, and EC/PAC treated 

samples as a function of DOC and bromide concentration for CH formation.  

 

 

Figure 7. Comparison between ‘no treatment’, EC/MIEX® treated, and EC/PAC treated 

samples as a function of DOC and bromide concentration for a) 1,1-DCP and b) 1,1,1-TCP 

formation.  

3.2.4.1.4.4 Total trihalomethanes and total dihaloacetonitriles 
The ability of the two treatments to reduce concentrations of entire classes of DBPs over a 

wide range of water quality conditions was also assessed. Total THMs were greatly reduced 

by both treatment methods, and remarkably similar, with an average molar reduction of 
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91±4% and 85±4% for EC/PAC and EC/MIEX®, respectively (87±7% and 62±13% by 

weight, respectively) (Figure 8a). So, although MIEX®’s ability to adsorb bromide would be 

expected to push the Br:DOC ratio toward formation of more highly chlorinated THMs, 

rather than the more highly brominated THMs expected to form after EC/PAC treatment, the 

total molar concentration of THMs remained similar after both treatments. 

 

Figure 8. Comparison between ‘no treatment’, EC/MIEX® treated, and EC/PAC treated 

samples as a function of DOC and bromide concentration for a) tTHMs and b) tDHANs 

formation.     

Molar total dihaloacetonitriles (tDHANs) was lowered by EC/MIEX® treatment by 73±13% 

(65±8% by weight) which was less than what it achieved with tTHMs (Figure 8b). For all 

EC/MIEX® treated samples, tDHANs was decreased relative to ‘no treatment’ samples. In 

general, EC/MIEX® offered better tDHANs removal than EC/PAC treatment, across the 

range of bromide, alkalinity and DOC concentrations studied. EC/PAC treatment resulted in 

reduction in molar tDHANs concentration of 51±18%, depending on the water quality 

characteristics of the sample. This is substantially poorer removal than what this treatment 

achieved with tTHMs. Change in tDHANs concentration by weight with EC/PAC treatment 

ranged from a 75% decrease to a 105% increase, due to the substantial increases in DBAN 

concentration experienced in some samples with this treatment. This serves to illustrate the 
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importance of halide management (as well as DOC management) for the control of DBP 

formation in modern water treatment practices.  

3.2.5 Chloramination of EC/MIEX® treated water 

3.2.5.1 N-Nitrosamines 
Chloramination of MIEX® exposed waters (by maximum NDMA formation potential test) 

led to an increase in NDMA concentration relative to unexposed waters. Less than 5 ng/L 

NDMA formed in all synthetic waters (and purified water blank) prior to MIEX® treatment, 

and between 5-10 ng/L NDMA formed upon chloramination of synthetic waters (and purified 

water blank) after exposure to 10 mL/L MIEX® for 30 mins. This indicates the leaching of 

NDMA precursors from the resin, and would be expected to decrease over the life of the 

resin. This work used a recycled, regenerated resin, so NDMA concentrations would be 

expected to be low compared to fresh, virgin resin. Leaching of NDMA precursors from 

anion exchange resins is well known [44, 49]. None of the other N-nitrosamines analysed for 

were detected in MIEX® exposed, chloraminated water samples. A recent study investigating 

N-nitrosamine formation from a number of anion exchange resins also found that MIEX® 

resin released NDMA precursors when exposed to laboratory grade water, however, the levels 

were also very low (approximately 10 ng/L) [44]. 

 

3.2.6 Conclusions 
• Concurrent DOC, alkalinity, and bromide removal by MIEX® resin is desirable, 

however, the Br:DOC ratio after EC/MIEX® treatment can still shift speciation in 

favour of Br-DBP formation relative to untreated waters. 

• EC/PAC, although efficient in creating very low DOC waters, is not desirable in high 

bromide source waters due to substantial increases in Br-DBP formation relative to 

untreated waters and associated increases in water toxicity. 
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• The combined use of EC/PAC or EC/MIEX® led to increases in concentrations of 

specific, highly brominated DBPs (TBM and DBAN, and to a lesser extent DBCM 

and BCAN), under the conditions of bromide, DOC and alkalinity studied, although 

chlorinated DBPs were well controlled by both treatments. 

• The preferential formation of Br-DBPs in treated waters was less extreme in 

EC/MIEX® treated waters, due to the modest bromide adsorbing capacity of this 

resin, compared to EC/PAC, which elicits no change in starting bromide 

concentration. 

• MIEX® resin has the capacity to adsorb iodide, the extent depending on source water 

iodide concentration. This should lead to a decrease in iodo-DBP formation upon 

water disinfection. 
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4.2 Organic and inorganic disinfection by-product precursor 
removal using a silver-impregnated activated carbon: impact on 
disinfection by-product formation. 

4.2.1 Abstract  
During disinfection, bromide, iodide and natural organic matter (NOM) in source waters can 

lead to the formation of brominated and/or iodinated disinfection by-products (DBPs), which 

are often more toxic than their chlorinated analogues. The objective of this study was to 

analyse the efficiency of a silver-impregnated activated carbon (SIAC) with enhanced 

coagulation (EC) pre-treatment for the removal of bromide, iodide and NOM from a matrix of 

synthetic waters with variable NOM, halide, and alkalinity concentrations, and to investigate 

the impact on DBP formation. Excellent halide removals were observed by the SIAC 

treatment across the sample matrix, with 74±26% and 95±4% removal of bromide and iodide 

achieved, respectively. This is the first report of bromide adsorption by SIAC. The 

combination of EC with SIAC treatment removed 80±7% of the dissolved organic carbon 

(DOC) present, across the sample matrix. Combined EC/SIAC treatment reduced both total 

trihalomethanes (tTHMs) and total dihaloacetonitriles (tDHANs) formation by 97±3%, while 

also achieving a greater than 74% removal of two chloropropanones (CPs) and a greater than 

63% decrease in chloral hydrate (CH), compared to untreated samples, regardless of the 

sample’s starting water quality (bromide, alkalinity and NOM concentration).  

4.2.1.1 Keywords  
Bromide, iodide, halide removal, DBPs, natural organic matter removal, and NOM. 

4.2.2 Introduction  
The presence of bromide and iodide in source waters can result in the formation of bromide 

and/or iodide containing disinfection by-products (DBPs) upon exposure to natural organic 

matter (NOM) and disinfectant [1]. Brominated and iodinated DBPs are often more toxic than 

their chlorinated analogues [2-4].  Coastal drinking water sources can contain high 

concentrations of bromide and iodide due to seawater intrusion, which may increase the 
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formation of brominated and iodinated DBPs, and thus treated water toxicity, depending on 

the treatment and disinfection strategy applied [1, 5]. Despite this, most conventional water 

treatment methods, such as coagulation, are not capable of halide removal, thus, there is a 

need to develop practical means of applying halide removal with concurrent NOM removal 

prior to water disinfection, in order to minimise exposure to brominated and/or iodinated 

DBPs. 

Halides can be removed from drinking water by several techniques, broadly classified into 

three categories, namely; membrane, electrochemical and adsorptive techniques [6]. 

Membrane techniques have the highest bromide and iodide removal capacity, but the high 

cost may limit drinking water application. Electrochemical techniques show high halide 

removals, but none of them have proven sufficiently effective for large-scale application. 

Although adsorptive techniques have been shown to have highly variable halide removal 

capacity, they continue to be a promising area of research due to the relatively low cost and 

ease of application of these technologies [6]. Numerous adsorptive materials, including 

impregnated activated carbons, carbon aerogels, layered double hydroxides, ion exchange 

resins and soils have been evaluated for use in removal of halides from water [6].  

Activated carbons are an effective adsorbent material widely used in drinking water treatment 

to remove various organic pollutants because of their high, non-specific adsorption capacity 

[7].  The surface of activated carbons can be modified to enhance their affinity for specific 

contaminants [8]. Silver-impregnated activated carbons (SIAC) have extensive applications in 

domestic drinking water, beverage and food industry, mineral water bottling, and laboratory 

point-of-use (POU) treatment systems [9, 10]. They provide highly efficient NOM removal, 

as well as being a safe and effective method of controlling/preventing bacterial growth [11].  

In household POU water treatment, SIAC is typically used as a final POU polishing treatment 

on municipal water supplies, which have typically been subject to pre-treatments including 

coagulation, at the water treatment plant (WTP).  
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Moreover, SIAC has been shown to remove iodide from aqueous solutions [12, 13]. Bromide 

adsorption by SIAC has not been previously examined, to the extent of the authors’ 

knowledge, however, bromide removal using other silver-impregnated adsorbents has been 

documented [14, 15]. Although the silver impregnation of activated carbon has not previously 

been used for halide removal from drinking waters, this technique has potential for use in this 

application, since both NOM and halides may concurrently be lowered using this method, 

thereby mitigating brominated and iodinated DBPs formation, as well as chlorinated DBP 

formation. However, further research is required in the areas related to; effect of competing 

anions, efficiency in complex water matrices, impact of varying water conditions, and the 

optimisation of the technique for large scale water treatment plants [6].  

The objective of this study was to analyse the efficiency of the combination of enhanced 

coagulation (EC) with SIAC treatment for the removal of bromide, iodide and NOM from 

complex synthetic water matrices, and its impact on DBP formation and speciation. The 

influence of water quality variables; NOM, alkalinity, bromide and iodide were investigated. 

4.2.3 Experimental  

4.2.3.1 Reagents  
Chemicals were purchased from the following suppliers – Accustandard: mixed standard of 

trichloromethane (TCM), bromodichloromethane (BDCM), dibromochloromethane (DBCM), 

tribromomethane (TBM), 2.0 mg/mL in methanol; 1,2-dibromopropane, 5 mg/mL in 

methanol; mixed standard of dichloroacetonitrile (DCAN), trichloroacetonitrile (TCAN), 

bromochloroacetonitrile (BCAN), dibromoacetonitrile (DBAN), 1,1-dichloropropanone (1,1-

DCP), 1,1,1-trichloropropanone (1,1,1-TCP), CH, TCNM, 1 mg/mL in acetone. Orchid 

Cellmark (Canada): dichloroiodomethane (DCIM) (95%), chlorodiiodomethane (CDIM) (90-

95%), bromochloroiodomethane (BCIM) (95%), dibromoiodomethane (DBIM) (95%) and 

bromodiiodomethane (BDIM) (90-95%). Acros organics: phosphate buffers (Na2HPO4 and 

KH2PO4) (99%), ascorbic acid (ACS grade). Sigma-Aldrich: Al2(SO4)3•18H2O (98%),  

NaOCl  (!4%), MgSO4 (!99.5%), CaSO4•2H2O (98%), NaHCO3 (99.7-100.3%), methyl tert-
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butyl ether (MtBE) (!99.8%), NaBr (!99.0%). ThermoFisher: NaCl (99.95%). Merck: HCl 

(32%), KI (99.5%). Chem-supply: NaOH (!98%). Malcron chemicals: sodium sulfate 

(anhydrous) 99.7%. Suwannee river (whole) NOM isolate was purchased from the 

International Humic Substances Society (batch number 1R101N). Commercial DPD test kits 

(HACH) were used for the analysis of free chlorine (method 8021). Norit 18"40AG1 (0.1% 

Ag) SIAC was donated by Cabot Norit.  

 

4.2.3.2 Synthetic water matrix 
A statistically designed matrix of 18 synthetic waters (17 plus blank) of variable water quality 

characteristics was utilised for all DBP formation potential and DBP precursor removal 

experiments, as previously published [16] (appendix 1 Table SI 1). The experimental matrix 

was developed based on a face-centred central composite design, with 3 variables each 

occurring at 3 levels, namely; NOM concentration (3 mg/L, 7.5 mg/L, and 12 mg/L DOC) 

halide precursor concentration (100 #g/L, 450 #g/L, or 800 #g/L bromide, and 4 #g/L, 18 

#g/L, or 32 #g/L iodide) and mineral alkalinity (38 mg/L, 138 mg/L, or 238 mg/L as CaCO3). 

Synthetic waters were made using 2L samples of laboratory purified water, and halide, DOC, 

and alkalinity concentrations were measured both before treatment and after each treatment. 

Sodium chloride, calcium sulfate and magnesium sulfate were also added, in proportion to 

alkalinity, as described [16]. After making the waters, the pH was adjusted to 7 with dilute 

HCl. Each 1L sample was stored in an amber glass bottle at 4°C until use (within 24 h). 

 

4.2.3.3 EC treatment  
EC with alum (Al2(SO4)3•18H2O) was conducted in accordance to US EPA’s Enhanced 

Coagulation and Enhanced Precipitative Softening Guidance Manual [17]. The synthetic 

water samples were treated using individual coagulant doses (from 30 to 120 mg/L alum) 

optimised to give greatest NOM removal for each sample. Following the dosing of alum, 

samples were rapidly mixed for 1.5 minutes at 200 rpm, flocculated for 13.5 minutes at 30 
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rpm, then settled for 60 minutes before vacuum filtering through Whatman No. 1 filter 

papers, chosen to simulate sand filtration at the WTP [18]. 

 

4.2.3.4 SIAC and GAC treatments 
SIAC (Norit 18"40AG1, 0.1% Ag) and GAC (Norit 18"40 GAC) were soaked overnight in 

laboratory-purified water and rinsed prior to use, to remove fines. Aqueous activated carbon 

slurries were then loaded into columns with a total volume of 6.36 cm3 (10 cm height " 0.9 

cm diameter, aspect ratio of 8.1) with a final weight of 6 g of activated carbon in each 

column. Approximately 125 bed volumes of sample were passed over each column, at a flow 

rate that allowed an empty bed contact time (EBCT) of 10 minutes (0.6 mL/minute) [19]. 

Each column took approximately 24 h to treat the whole sample. 

 

4.2.3.5 DBP formation potential tests 
Chlorination DBP formation potential tests (DBP-FP) were conducted before treatment and 

after each treatment (EC and combined EC/SIAC). DBP-FP tests and chlorine demand tests 

were performed using a previously published method [16].  

 

4.2.3.6 DBP extraction and analysis 
DBP extraction and analysis was performed using a previously published method, 

encompassing a salted liquid-liquid microextraction followed by analysis by gas 

chromatography with electron capture detection (GC-ECD) [16]. The DBPs analysed for 

were: TCM, BDCM, DBCM, TBM, DCAN, TCAN, BCAN, DBAN, 1,1-DCP, 1,1,1-TCP, 

TCNM, CH, DCIM, CDIM, BCIM, DBIM and BDIM. 
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4.2.3.7 Halide analysis 
Bromide analysis was conducted according to a previously published method, using a Dionex 

ICS-5000 ion chromatography system with conductivity detection [16]. 

Iodide analysis was also conducted using the Dionex ICS-5000 ion chromatography system, 

and employed an IonPac AS19 analytical column in the first dimension and an IonPac AS19 

capillary column in the second dimension. Matrix elimination was achieved by trapping the 

iodide peak as it came off the analytical column on a MAC200 anion concentrator between 

21.9 - 23.4 mins (0.75 " 80 mm) then injecting this onto the second, capillary column. The 

gradient employed was as follows: in the first dimension, the eluent was 10 mM KOH for the 

first ten minutes, after which a ramp was applied that reached 58 mM KOH at minute 40. 

This was held for 5 minutes then a gradient was applied to decrease KOH concentration back 

to 10 mM KOH over 14 minutes, at which concentration the mobile phase was held for re-

equilibration for 5 minutes. Concurrently, in the second dimension, eluent concentration 

(KOH) was held at 4 mM for 27.6 minutes, then a ramp was applied until minute 30 to give a 

KOH concentration of 35 mM, that was then ramped slowly to reach 70 mM at 55 minutes, 

eluting the iodide peak at 42.3 mins. This concentration was held for 2 mins before dropping 

back to 4 mM KOH over the following 2 mins, then re-equilibrating at 4 mM for 5 mins. The 

flow rate was 1 mL/min for the analytical column and 0.01 mL/min for the capillary column, 

and injection volume was 500 µL. Calibration standards, blank-matrix and spiked-matrix 

standards were run with each batch as quality controls.  

 

4.2.3.8 Carbon and nitrogen analysis 
Dissolved inorganic carbon (DIC) and DOC concentration was analysed on a Shimadzu TOC-

VCSH TOC analyser using a high temperature catalytic oxidation method (Standard Method 

5310A) [20]. This instrument was also fitted with a TNM-1 total nitrogen (TN) measuring 

unit. Samples were filtered through 0.45 #m syringe filters prior to analysis and a blank 

(filtered purified water) was also included in the analysis to determine any contribution from 
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the filtration step to the measured concentrations. Standards of known DOC/DIC/DN 

concentration were included in each analytical run, and the concentrations determined were 

always within 10% of the calculated value.  

 

4.2.3.9 Data analysis 
Statistical analysis of precursor removal data was conducted using the JMP 11.0 statistics 

package (SAS, 2013). Models were developed using a standard least squares method using 

the terms that gave the lowest Akaike information criterion (AIC) value and maximum R2 for 

K-fold cross validation, as well as closest to normally distributed residuals and adherence to 

the linearity assumption between each included variable to the response [16]. Covariates that 

were highly correlated with each other (>0.85) were removed in each case. Goodness of fit of 

response ‘actuals versus predicted’ plots and significance of included factors were also taken 

into account when deciding on each final model [16]. All DBP data were modelled using 

TableCurve 3D before graphing in Sigmaplot 11.0. 

 

4.2.4 Results and discussion 

4.2.4.1 DBP precursor removal 

4.2.4.1.1 Bromide and iodide removal 
Iodide removal by SIAC has been the subject of some study [6, 12, 13, 21] although bromide 

removal by this method has not been previously reported, to the authors’ knowledge. 

Excellent bromide and iodide removals were achieved by the SIAC treatment under the 

conditions reported here, with greatest removals found in samples containing the highest 

halide concentrations (Figure 1a-b). There was no statistically significant relationship 

between halide removal and sample alkalinity or DOC concentration, and the data were 

described by equation (1) and (2). Summary statistics are given in Tables 1 and 2. 
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I- removal (SIAC) = 98 – 181(1/I-)   (1) 

Br- removal (SIAC) = 100 – 449(1/Br-)  (2) 

 

Where bromide removal and iodide removal are in % and starting bromide and iodide 

concentrations are in #g/L 

 

Figure 1a. Percentage of bromide removed by SIAC treatment, as a function of sample 

starting bromide concentration. 

 

Figure 1b. Percentage of iodide removed by SIAC treatment, as a function of sample starting 

iodide concentration. 
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Table 1. Summary of fit for models for removal of alkalinity and halides (iodide and bromide). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Alkalinity removal EC (%) Iodide removal (%) Bromide removal (%) 

R2 0.8610 0.9800 0.9359 

R2 Adj 0.8518 0.9786 0.9313 

Standard error of estimate 4.1527 5.0502 0.5172 

Observations 17 17 16 
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Table 2. ANOVA, estimates and effect tests for models for removal of alkalinity and halides (iodide and bromide). 

Alkalinity removal EC        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 1602.7332 1602.7332 92.9405 <0.0001   

Error 15 17.2447 258.6708     

C. Total 17 116.3378 1861.4040     

        

Intercept    19.5822 <0.0001 116.8546 5.9674 

ln(Alkalinity (mg/L))    -9.6406 <0.0001 -12.8675 1.3347 
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Table 2, continued.  

Iodide removal        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 43237.3002 86474.6005 733.1942 <0.0001   

Error 15 25.5050 382.5748     

C. Total 17 5109.2456 86857.1753     

        

Intercept    55.1944 <0.0001 97.8324 1.7725 

1/Iodide (!g/L)    -27.0776 <0.0001 -181.0167 6.6851 
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Table 2, continued.  

Bromide removal        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 76016.7686 152033.5373 204.4601 <0.0001   

Error 14 0.2675 3.7450     

C. Total 16 9502.3301 152037.2823     

        
Intercept    516.6051 <0.0001 99.5024 0.1926 

Alkalinity (mg/L)    -14.2990 <0.0001 -449.0536 31.4046 
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Iodide removal by SIAC (0.1% Ag) was 74±26% across the sample matrix, with 

concentrations decreasing from as high as 25 !g/L to consistently below the method reporting 

limit (<2 !g/L). The percentage removal reported here is therefore likely to be 

underestimated, due to adsorption onto SIAC lowering iodide concentration to below our 

detection limit. There are no previous reports available describing iodide removal by a 0.1% 

Ag SIAC, nor do any previous reports deal with low concentrations of iodide such as what we 

examine here, however, a previous study reports iodide removal by a 0.5% Ag SIAC of up to 

50 !mol per gram of adsorbent, using a starting iodide concentration of between 1 and 200.5 

mg/L [13]. The mechanism for iodide removal by SIAC is believed to be precipitation of 

insoluble silver iodide (i.e. Ag+ + I- ! AgI (Ksp = 8.5 " 10-17)) until the silver sites are 

saturated, after which additional adsorption is onto the activated carbon itself, which is a pH 

dependent phenomenon [13]. The mechanism for bromide adsorption may be expected to be 

similar, since silver bromide is also highly insoluble, although it has a greater solubility than 

silver iodide (Ksp = 5.4 " 10-13). 

Bromide removal was 95±4%, across the sample matrix, with concentrations as high as 872 

!g/L bromide reduced to below the method reporting limit (10 !g/L). Reductions in bromide 

concentration to below detection limit occurred for most samples, therefore percentage 

removals would again be expected to be underestimated. No previous reports on bromide 

removal by a SIAC were available for comparison.  

Importantly, the SIAC used was a fresh, unused activated carbon, therefore the silver binding-

sites on the activated carbon available for halide adsorption were maximised. The observed 

bromide and iodide adsorption capacity would be expected to decrease with increasing 

column volumes passed over the column, as binding sites became unavailable. Further study 

is required to understand the lifetime of the SIAC, potential for regeneration, and longer-term 

halide adsorption capacity/halide breakthrough. Although SIAC regeneration and reuse may 

be possible, it is not routinely performed with this material. An efficient regeneration process 

would improve the cost-effectiveness of the SIAC’s use. 



 

!"##!

4.2.4.1.2 DOC removal 
DOC was measured before treatment (‘no treatment’) after EC, and after the combined 

EC/SIAC treatment. The results are reported (Figure 2). DOC removal by EC was 56±13%, 

depending on starting source water characteristics. Greatest DOC removals were achieved in 

high DOC samples, with lower alkalinity samples also more amenable to DOC removal by 

EC. This agrees with our previous findings [22]. SIAC treatment increased the DOC removal 

by a further 24±9%, making the combined treatment successful in removing 80±7% of the 

DOC present. SIAC treatment achieved the greatest DOC removals when starting DOC 

concentrations were high and alkalinity was low, similar to that observed with EC alone. 

Therefore, the combined treatment also showed a preference for DOC removal from high 

DOC, low alkalinity samples. EC is known to be inhibited by the alkalinity of the source 

water [23]. SIAC removal of DOC would be expected to occur primarily by adsorption onto 

the activated carbon component, by hydrophobic interactions, with the electrostatic 

interactions with the silver sites appears to be unimportant. This is evidenced by our 

comparative study investigating DOC removal using the equivalent unimpregnated granular 

activated carbon (GAC), which showed similar DOC removal capacity to what we report 

here, when examined under the same conditions. That is; 22±10% DOC removal by Norit 

18"40 GAC after EC, compared to 24±9% DOC removal by Norit 18"40 Ag1 SIAC after 

EC. This demonstrates that organics adsorption is not adversely impacted by the silver 

impregnation process. 
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Figure 2. Percentage DOC removal by EC/SIAC treatment as a function of DOC and 

alkalinity concentrations. The contribution of EC alone and SIAC alone are also shown. 

4.2.4.1.3 Alkalinity removal 
Alkalinity is of interest because there is a direct correlation between sample alkalinity and 

brominated DBP formation [16]. Alkalinity removal by EC has been previously described 

[22] and the data from the present study agrees with this previous report (Figure SI 1). No 

additional alkalinity removal was achieved by SIAC treatment. 

4.2.4.1.4 SUVA reduction 
SUVA is defined as the absorbance at #= 254 nm per mg of carbon and is correlated to the 

aromaticity of the organic matter of the sample [24]. As such, it is related to DBP formation, 

since the aromatic (phenolic) fraction of NOM has been shown to be important for DBP 

formation from chlorination [25, 26]. Starting SUVA across the suite of synthetic water 
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samples was 2.67±0.64 L mgC-1 m. This was reduced to 1.15±0.66 L mgC-1 m by EC 

treatment (59±20% reduction) and reduced by SIAC treatment by approximately another 

31±22%, giving a total SUVA decrease in the range 38-100%. We observed an inverse 

correlation between sample alkalinity and SUVA (Figure SI 2), which has been previously 

observed and attributed to the instability of hydrophobic NOM in high-alkalinity waters due 

to high ionic strength or correspondingly high hardness ion concentrations (Ca2+ and Mg2+) 

leading to hydrophobic NOM precipitation [27]. This observation could explain the increase 

in brominated DBPs formation observed in high alkalinity waters [16]. That is, under high 

alkalinity conditions, there appears to be less available reactive NOM (as evidenced by lower 

SUVA) and therefore there would be expected to be more bromide incorporation per reactive 

organic molecule, for a given source water bromide concentration. 

4.2.4.1.5 Nitrate 
An increase in nitrate concentration was observed in all samples after SIAC treatment (Figure 

SI 3). Nitrate is used in the silver-impregnation of activated carbons [12], and is therefore 

assumed to leach from the material, particularly while it is new. These losses would be 

expected to diminish over the lifetime of the SIAC. Nitrate concentration in laboratory grade 

water passed over a SIAC column according to the protocol described increased from 9 !g/L 

to 5 mg/L. The Australian Drinking Water Guideline for nitrate is 50 mg/L [28]. Iodide 

adsorption onto an AgCl impregnated activated carbon has been recently reported [21], and 

the use of this modified form of the SIAC could mitigate this source of nitrate contamination 

if this was of concern. This modified AgCl impregnated activated carbon has the added 

advantage of mitigating silver leaching at low pH’s, which can occur with an unmodified 

SIAC [21].   

 

4.2.4.2 DBP removal after EC and combined EC/SIAC  
Iodinated THMs were not detected in any case, either before or after treatments. This is likely 

to be due to the fast oxidation of iodide to iodate by hypochlorite, rendering iodide unreactive 
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with the organic material in the samples [29]. TCAN and TCNM were detected only at or 

below the method reporting limit and are therefore not discussed further herein.  

 

4.2.4.2.1 THMs  
TCM formation after EC treatment was reduced by 78±18%, however, after the combined 

EC/SIAC treatment TCM formation was reduced by >97% for 88% of samples, the remaining 

12% of which had only 78±2% removal (Figure 3a). The preference for TCM formation 

under high DOC, low bromide conditions is typical for this DBP, and is observed through 

both the ‘no treatment’ and EC treated samples. Overall, TCM is well-controlled by EC 

alone, but is almost completely removed by the combined treatment. The mixed halogen 

species, BDCM, was much less efficiently removed by EC, with between 3 – 80% reduction 

in formation for 82% of samples, and increases in BDCM concentration of between 4 – 53% 

being observed in the remaining 18% of samples. BDCM removal was improved to 99±1% 

by the SIAC secondary treatment, with no samples showing increases in BDCM 

concentration (Figure 3b). In this case, the inclusion of the SIAC treatment offered a dramatic 

improvement in the removal of this DBP compared to EC alone. EC treatment proved 

particularly problematic for DBCM removal, with 88% of samples experiencing increases in 

DBCM concentration relative to ‘no treatment’ samples. The magnitude of this increase 

ranged from marginal (7% increase in concentration) to large (5.7-fold concentration 

increase) (Figure 3c). Conversely, the addition of SIAC as a secondary treatment led to 

overall DBCM reductions of >99% for 95% of samples, with all samples having >85% 

reduction in DBCM formation relative to ‘no treatment’ samples.  
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Figure 3. Comparison between ‘no treatment’, EC treated, and EC/SIAC treated samples as a 

function of DOC and bromide concentration for a) TCM, b) BDCM, c) DBCM, d) TBM 

formation. 

 

Of the four regulated THMs, the most concerning was the response of TBM to EC treatment, 

in which case increases in concentration of up to 20-fold were experienced relative to ‘no 

treatment’ samples. In fact, all samples but one (94% of samples) experienced increases in 

TBM formation after EC treatment (Figure 3d). Again, this was well-mitigated by inclusion 

of SIAC as a secondary treatment, after which TBM concentrations were consistently at or 

below the method detection limit (0.1 !g/L). The observed increases in formation of the most 

highly brominated THMs after EC is problematic, since in general, the brominated DBPs are 

more toxic than their chlorinated equivalents [30]. Given that EC does not remove bromide, 
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but removes NOM quite well, increases in concentrations of brominated DBPs are 

experienced due to the increase in Br:DOC ratio. This problem is exacerbated in high 

bromide waters such as salinity-impacted water sources, and illustrates the importance of 

halide monitoring, and removal where necessary, prior to water chlorination. The excellent 

concurrent DOC and bromide removal of the SIAC under the conditions studied here enabled 

this secondary treatment to completely mitigate the preferential formation of high levels of 

brominated DBPs that would be expected in a treatment that does not address halides, such as 

EC. 

 

4.2.4.2.2 DHANs  
The data shown for the DHANs demonstrates similar principals to the THM data. DCAN, 

being a chlorinated DBP, was well-controlled simply with DOC removal, with EC achieving 

74±17% lower DCAN formation compared to ‘no treatment’ samples (Figure 4a). That is, all 

samples experienced reductions in DCAN after EC treatment, regardless of starting 

conditions of DOC, halides, or alkalinity. The mixed-halogen species (BCAN) exhibited 

decreases in concentration of between 2 – 79% in 94% of samples, however, an 11% increase 

in concentration after EC was observed in the remaining 6% (Figure 4b). DBAN, however, 

the most highly brominated DHAN under investigation, showed increases in concentration in 

all but two (88%) of the seventeen samples in the experimental matrix compared to ‘no 

treatment’ samples, regardless of starting sample bromide, alkalinity or NOM concentration. 

In the 12% of cases in which DBAN concentration decreased, removals of 28±26% were 

achieved (Figure 4c). The increases in DBAN concentration after EC ranged from 0.3-fold to 

11-fold. The large variation in percentage removal/increase of the bromine-containing 

DHANs (and THMs) demonstrates the importance of specific water quality variables in 

determining their responsiveness to treatment. While chlorinated DBPs are effectively 

removed with DOC removal alone, the brominated DBPs will increase or decrease in 
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concentration after EC treatment depending on the balance of source water alkalinity, 

Br:DOC ratio, DOC, and bromide concentration.  

  

 

Figure 4. Comparison between ‘no treatment’, EC treated, and EC/SIAC treated samples as a 

function of DOC and bromide concentration for a) DCAN, b) BCAN, and c) DBAN 

formation. 

 

Despite this, secondary treatment with SIAC was consistently able to reduce each DHAN 

concentration dramatically, with DCAN reduced to at or below detection limit (0.1 !g/L) in 

all cases, and BCAN formation reduced to below detection limit in 70% of samples, with 

>82% reduction in formation in the remaining samples. DBAN concentrations were reduced 

to below detection limit in 82% of samples, with reductions of >40% observed, relative to ‘no 

treatment’ samples, for the remaining 18%. The excellent reductions in formation potentials 
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of all DHANs by combined EC/SIAC treatment was regardless of starting sample conditions 

of DOC, bromide, or alkalinity, despite the importance of these parameters in DBP formation, 

due to the successful concurrent removal of both NOM and bromide by this treatment.  

 

4.2.4.2.3 Chloropropanones and chloral hydrate  
Models for the EC data for the two chloropropanones (1,1-DCP and 1,1,1-TCP) were poor, 

and have therefore been excluded from the study (Figure 5a-b). However, data for the 

combined EC/SIAC treatment showed, again, excellent decreases in formation potential for 

these two DBPs compared to the ‘no treatment’ samples. 1,1-DCP was reduced to below 

detection limit in 82% of samples, with >74% 1,1-DCP removal in the remaining 18% of 

samples. 1,1,1-TCP was reduced to below detection limit in 70% of samples in the 

experimental matrix, with the remaining 30% having between 78 - 98% lower 1,1,1-TCP 

concentration than what was formed in untreated samples. CH, being a fully chlorinated DBP, 

was controlled well by EC alone due to the excellent DOC removal achieved by this 

treatment, with a 76±18% reduction in formation potential observed (Figure 6). After the 

combined EC/SIAC treatment, a minimum of 63% CH reduction was achieved in all samples, 

compared to ‘no treatment’ samples.  

 

Figure 5. Comparison between ‘no treatment’, EC treated, and EC/SIAC treated samples as a 

function of DOC and bromide concentration for a) 1,1-DCP and b) 1,1,1-TCP formation. 
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Figure 6. Comparison between ‘no treatment’, EC treated, and EC/SIAC treated samples as a 

function of DOC and bromide concentration for CH formation. 

4.2.4.2.4 Total THMs and total DHANs  
It is of interest to water utilities to consider total concentrations of DBP class groups, since 

they are often regulated in this manner (i.e. tTHM as sum of TCM, BDCM, DBCM and TBM 

must not exceed 250 !g/L according to the Australian Drinking Water Guidelines [28]. 

Therefore, models for the formation potential of tTHMs and tDHANs before and after EC and 

EC/SIAC were also created (Figure 7a-b). EC alone always enabled reductions in tTHMs and 

tDHANs, regardless of the starting source water characteristics. For tTHMs the reduction in 

formation potential was 52±19%. Total DHANs formation was lowered by a similar amount 

by EC, with 48±15% reductions observed. Combined EC/SIAC had very similar capacity to 

mitigate both tTHMs and tDHANs, with 97±3% reductions found in both cases. This 

represents a dramatic overall improvement compared to EC alone, and occurs regardless of 

the starting water quality (bromide, alkalinity and NOM concentration) of the samples 

investigated. 



 

! "%$!

 

Figure 7. Comparison between ‘no treatment’, EC treated, and EC/SIAC treated samples as a 

function of DOC and bromide concentration for a) tTHMs and b) tDHANs formation. 

 

4.2.5 Conclusions  
The Norit SIAC (0.1% Ag) investigated had excellent adsorption capacity for both iodide 

(74±26%) and bromide (95±4%) across a wide range of water quality conditions, specifically; 

halide concentration, alkalinity, and DOC concentration. Halide adsorption by SIAC was 

directly correlated to starting halide concentration. Bromide adsorption by SIAC has not been 

previously reported. 

The DOC removal by EC was greatest for waters with high DOC and low alkalinity 

concentrations. The combination of EC with SIAC treatment was able to increase the DOC 

removal to 80±7%. SUVA was greatly reduced by the combined EC/SIAC treatment, and this 

was inversely correlated with alkalinity. That is, the DOC remaining after the combined 

treatment had low SUVA and therefore potentially had a lower reactivity and DBP forming 

capacity than untreated DOC.  

Combined EC/SIAC reduced both tTHMs and tDHANs by 97±3%. Under the majority of 

experimental conditions, EC/SIAC treatment reduced individual THMs formation by >97% 

and individual DHANs formation to below detection limit (0.1 !g/L). EC/SIAC treatment 
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reduced CH by at least 63% under the conditions studied, while the two chloropropanones 

were reduced to below detection limit under most experimental conditions.  

These findings show that simultaneous adsorption of bromide, iodide, and DOC takes place 

during the SIAC treatment of synthetic waters of variable water qualities, making SIAC an 

attractive potential option for DBP control. Overall, EC/SIAC treatment led to excellent 

reductions in formation potential of both chlorinated and brominated DBPs over a wide range 

of sample conditions of DOC, bromide and mineral alkalinity. Although SIAC is a promising 

material for control of DBPs in drinking water, further research and development is needed 

regarding the applicability of this material to large-scale water treatment. In particular, 

understanding (1) break-though, (2) potential for regeneration, and (3) the prevention of silver 

leaching, are important next steps.  
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5.2 Predictive models for water sources with high susceptibility 
for bromine-containing disinfection by-product formation: 
implications for water treatment. 

5.2.1 Abstract  
This study examines a matrix of synthetic water samples designed to include conditions that 

favour brominated disinfection by-product (Br-DBP) formation, in order to provide predictive 

models suitable for high Br-DBP forming waters such as salinity-impacted waters. Br-DBPs 

are known to be more toxic than their chlorinated analogues, in general, and their formation 

may be favoured by routine water treatment practices such as coagulation/flocculation under 

specific conditions, therefore circumstances surrounding their formation must be understood.  

The chosen factors were; bromide concentration, mineral alkalinity, bromide to dissolved 

organic carbon (Br:DOC) ratio, and Suwannee River natural organic matter (NOM) 

concentration. The relationships between these parameters and DBP formation were 

evaluated by response surface modelling (RSM) of data generated using a face-centred central 

composite experimental design. Predictive models for ten brominated and/or chlorinated 

DBPs are presented, as well as models for total trihalomethanes (tTHMs) and total 

dihaloacetonitriles (tDHANs), and bromine substitution factors (BSF) for the THMs and 

DHANs classes. The relationships described revealed that increasing alkalinity and increasing 

Br:DOC ratio was associated with increasing bromination of THMs and DHANs, suggesting 

that DOC lowering treatment methods that do not also remove bromide such as enhanced 

coagulation may create optimal conditions for Br-DBP formation in waters in which bromide 

is present.  

5.2.1.1 Keywords 
Trihalomethanes, haloacetonitriles, Br:DOC ratio, chlorination DBPs, response surface 

methodology. 
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5.2.2 Introduction  
Chlorination is widely used in drinking water treatment for the removal of pathogenic 

organisms, however, as well as providing disinfection, chlorine also reacts with organic 

matter and halides present in the source water to form disinfection by-products (DBPs), some 

of which have been associated with deleterious reproductive effects and specific forms of 

cancer [1]. In general, toxicity for a given chemical class of DBP, increases with increasing 

substitution of the heavier halide atoms, that is, in order of increasing toxicity; Cl<Br<I [2]. 

Source waters with high bromide concentrations are at greater risk of forming high 

concentrations of brominated DBPs (Br-DBPs) upon water disinfection by chlorination [3]. 

Bromide occurs in high concentrations in seawater and water sources that have suffered salt-

water intrusion, such as bore waters and salinity-impacted surface waters [4]. Increasingly, 

water sources in Australia are impaired by salinity [5].  

Previous studies of the impact of bromide-containing source waters on trihalomethanes 

(THMs) and haloacetic acids (HAAs) formation, using both multivariate techniques and 

artificial neural networks, have found DBP formation to be dependent not only on bromide 

concentration, but also on natural organic matter (NOM) concentration, NOM character and 

molecular weight fraction [6], chlorine dose, water temperature and pH, and disinfectant 

contact time [7-9]. A number of earlier studies using multivariate techniques to model the 

formation of DBPs from these water quality parameters have been reported, with a focus on 

total regulated THM (tTHM) prediction [10]. There has been some previous work examining 

conditions of high bromide/low dissolved organic carbon (DOC) in terms of THMs formation 

[11] however, the combined effect of high bromide, low DOC and high alkalinity on DBP 

formation has not been previously investigated, to the authors’ knowledge. The 

haloacetonitriles (HANs) have primarily been modelled using data from the Information 

Collection Rule (ICR) [12] database, therefore, not under high Br-DBP forming conditions. 

One recent study addresses this, and reveals HANs behaviour over a broad range of bromide 

concentrations, although they did not include alkalinity as a variable [13]. Previous studies 
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using the ICR database have discussed the importance of bromide concentration, alkalinity, 

and bromide to DOC (Br:DOC) ratio in bromine substitution into specific DBP classes [14-

16] however, the nature of this data set is that most samples have low bromide concentration 

(median 23 !g/L). Alkalinity is also typically fairly low in the ICR database, with a median 

concentration of 59 mg/L. Therefore, the ICR database, although extensive, does not enable 

specific exploration of extreme conditions that favour Br-DBP formation, i.e.; high bromide, 

high alkalinity, low DOC waters. 

The behaviour of specific chlorinated DBPs under high Br-DBP forming conditions has not 

been well-studied; 1,1,1-trichloropropanone (1,1,1-TCP) has been previously modelled but 

not including the variables used here [17] and chloral hydrate (CH) and 1,1-

dichloropropanone (1,1-DCP) have not previously been described by multivariate analysis. In 

fact, most previous studies modelling DBPs have focussed on modelling total concentrations 

of classes of DBPs (e.g. tTHM or HAA5; where HAA5 = the sum of mono- di- and 

trichloracetic acid plus mono- and dibromoacetic acid) rather than investigating the individual 

chemical species behaviour. This approach is complicated by the fact that the individual 

species in a given class have quite different chemistry, for example, some are correlated and 

others are negatively correlated to a given factor. So, under conditions in which DBP species 

may be expected to be essentially fully chlorinated, existing models may be predictive, 

however, these models are unlikely to be applicable in waters containing high bromide, or 

high alkalinity, in which substantial contribution to the total DBP class concentration could be 

expected to be brominated [14]. An alternative approach recently published was to model the 

bromine substitution factor (BSF) for a given class of DBPs [14] thereby potentially enabling 

conclusions to be drawn about the overall change in the total sample toxicity, with changing 

bromine incorporation. BSF has been found to be highly correlated across a range of DBP 

classes [18, 19] therefore this has been suggested as an important metric for assessing sample 

toxicity due to DBPs. 
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In a recent review of the current literature on predictive modelling of DBP species [20] future 

research needs discussed included; 1) development of factorial experimental designs 

including replicates and centrepoints, including all known significant factors to THMs 

formation, in the assessment and formulation of a predictive model, 2) prediction of Br-DBP 

species, modelled independently rather than as class groups, and 3) development of models 

for DBPs of classes other than the THMs and HAAs. This work is intended to contribute to 

these noted knowledge gaps.  

This study explores bromine incorporation into both THMs and dihaloacetonitriles (DHANs), 

and formation of individual brominated and chlorinated DBP species, under conditions of 

high Br:DOC ratio. These conditions can arise in salinity-impacted water sources, or can be 

created by traditional water treatment practices that remove organic material without 

concurrent removal of salts such as bromide, e.g. enhanced coagulation. This work aims to 

understand what conditions of Br:DOC and alkalinity preferentially form more highly 

brominated DBP species, so such conditions can be avoided at the point of water chlorination. 

Several fully chlorinated DBPs (1,1-DCP, 1,1,1-TCP, CH) were also studied, in order to 

understand their behaviour under high Br-DBP forming conditions. 

A dataset was generated from laboratory-based experiments to investigate the formation and 

speciation of THMs, DHANs, two chloropropanones and CH as a function of Br:DOC ratio, 

alkalinity, bromide concentration and DOC. A suite of five iodo-THMs, trichloroacetonitile 

(TCAN) and trichloronitromethane (TCNM) were also monitored but were not consistently 

detected. Response surface methodology (RSM) was employed to generate models for these 

relationships. A review discussing the theory and use of RSM in analytical chemistry is 

available [21], as is an excellent overview of the DBP modelling literature to date [20]. 
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5.2.3 Experimental  

5.2.3.1 Design of experiments  
For all samples, bromide, DOC, total dissolved nitrogen (TDN), mineral alkalinity, chlorine 

dose, Br:DOC, Br:chlorine dose, and chlorine dose:DOC were monitored. The strong 

correlation between many of the variables (e.g. DOC and chlorine dose, DOC and TDN, 

Br:DOC and Br:chlorine dose) resulted in their elimination from the final model 

development, with DOC, bromide, alkalinity and Br:DOC being ultimately included as 

possible factors for each model. Chlorine dose is often used as a factor in similar studies, 

however its direct correlation with DOC if using the dosing method described here (chlorine 

dose sufficient to leave a residual of ~2 mg/L after 72 h contact time) makes the simultaneous 

use of both variables unnecessary in developing a predictive model in this case, despite the 

often high significance of both. This chlorine dosing method [22] was chosen to simulate 

water treatment plant conditions, in which the aim is always to produce a target residual 

rather than to dose with an arbitrarily chosen chlorine concentration. The face-centred central 

composite design of experiments included 3 factors: halide concentration (combined bromide 

and iodide), NOM concentration (measured as mg/L DOC) and alkalinity (measured as mg/L 

CaCO3). Br:DOC was included as a factor in the modelling, but not in the design of 

experiments.  This resulted in a series of 17 runs, including 3 centrepoints, plus a blank, run 

in two replicate sets (blocks), i.e, 34 runs plus 2 blanks in total.  

5.2.3.2 Model development and validation  
All statistical modelling was performed using the JMP 10.0.0 software package (SAS Institute 

Inc.). Each model was developed using a standard least squares method using the main effects 

and interaction/quadratic terms that gave the lowest Akaike information criterion (AIC) value 

and maximum R2 for K-fold cross validation, as well as closest to normally distributed 

residuals and adherence to the linearity assumption between each included variable to the 

response. Covariates that were highly correlated with each other (>0.85) were removed in 

each case, and every model was assessed in terms of agreement with the known chemistry of 
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the system under investigation. Goodness of fit of response ‘actuals versus predicted’ plots 

and significance of included factors were also taken into account when deciding on each final 

model. That is, all observed versus predicted plots for final models had adjusted R2 of " 0.84 

except one (1,1-DCP) with adjusted R2 of 0.71 (Table 1). For each model, significant factors 

were included (p # 0.05) with additional inclusion of factors in the event that these improved 

the appearance of the residuals and overall quality of the model (Table 2). The block 

(replicate) term was included in all models regardless of statistical significance. 
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Table 1. Summary of fit for all models presented. 

 

 

 

 

 

 
TCM 1/BDCM 

ln 

(DBCM) 

ln 

(TBM) 
DCAN 

ln 

(BCAN) 

ln 

(DBAN) 
CH 

ln 

(1,1-DCP) 
1,1,1-TCP tTHMs 

ln 

(tDHAN) 
ln(BSFTHMs) ln(BSFDHANs) 

R2 0.95 0.97 0.99 0.97 0.85 0.90 0.86 0.91 0.74 0.92 0.96 0.87 0.98 0.96 

R2 Adj 0.94 0.97 0.98 0.97 0.84 0.88 0.84 0.90 0.71 0.91 0.95 0.85 0.98 0.96 

Root Mean 

Square Error 
83.41 0.00 0.21 0.30 2.34 0.24 0.34 12.09 0.40 1.20 73.76 0.15 0.14 0.2 

Mean of 

Response 
513.53 0.01 3.50 1.24 10.99 1.37 0.47 62.93 -0.58 7.27 775.19 2.80 -2.4 -2.0 

Observations 34.00 34.00 34.00 28.00 34.00 34.00 26.00 34.00 29.00 33.00 34.00 34.00 34.00 34.00 
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Table 2. ANOVA, estimates and effect tests for all models. 

TCM        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 903008.871 3612035.484 129.799 <0.0001   

Error 29 6956.987 201752.609     

C. Total 33  3813788.093     

        
Intercept     <0.0001 637.6474 91.7757 

DOC (mg/L) 1  3223293.824 660.177 <0.0001 84.7582 3.9791 

ln(Alkalinity (mg/L as CaCO3)) 1  636914.205 130.449 <0.0001 -190.2690 20.8970 

Br- (!g/L) 1  280454.586 57.441 <0.0001 -0.3124 0.0495 

Block 1  3611.268 0.740 0.3750 -13.1576 14.6017 
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Table 2, continued.  

1/BDCM        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 3.88E-04 1.55E-03 236.363 <0.0001   

Error 29 1.64E-06 4.76E-05     

C. Total 33  1.60E-03     

        
Intercept     0.0004 2.77E-03 6.92E-04 

Reciprocal(Br- (!g/L)) 1  1.51E-03 920.522 <0.0001 1.6838 0.0555 

Alkalinity (mg/L as CaCO3) 1  1.22E-05 7.418 0.0108 9.79E-06 3.60E-06 

Block 1  1.65E-05 10.034 3.60E-03 7.12E-04 2.25E-04 

DOC (mg/L) 1  1.53E-05 9.294 4.87E-03 -1.90E-04 6.20E-05 
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Table 2, continued.  

ln(DBCM)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 21.728 86.911 500.242 <0.0001   

Error 29 0.043 1.260     

C. Total 33  88.171     

        
Intercept     <0.0001 -5.75952 0.262426 

ln(Br- (!g/L)) 1  79.456 1829.330 <0.0001 1.764196 0.041248 

Alkalinity (mg/L as CaCO3) 1  1.342 30.893 <0.0001 0.003249 0.000585 

Block 1  0.538 12.385 1.45E-03 -0.12859 0.036539 

DOC (mg/L) 1  8.203 188.862 <0.0001 -0.13853 0.01008 
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Table 2, continued.  

ln(TBM)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 19.977 79.906 215.250 <0.0001   

Error 23 0.093 2.135     

C. Total 27  82.041     

        
Intercept     <0.0001 -10.071 0.517 

Alkalinity (mg/L as CaCO3) 1  8.165 87.975 <0.0001 0.009 0.001 

ln(DOC (mg/L)) 1  24.559 264.628 <0.0001 -2.742 0.169 

ln(Br- (!g/L)) 1  77.879 839.164 <0.0001 2.659 0.092 

Block 1  0.831 8.959 0.0064 -0.179 0.060 

 

 



! "$'!

Table 2, continued.  

DCAN        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 319.982 959.945 58.428 <0.0001   

Error 29 5.477 164.296     

C. Total 33  1124.241     

        
Intercept     0.7709 0.3856 1.3120 

DOC (mg/L) 1  858.703 156.797 <0.0001 1.3073 0.1044 

Br- (!g/L) 1  106.228 19.397 0.0001 -6.12E-03 1.39E-03 

Block 1  37.175 6.788 0.0141 1.0558 0.4053 
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Table 2, continued.  

ln(BCAN)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 3.798 15.192 54.424 <0.0001   

Error 29 0.059 1.708     

C. Total 33  16.901     

        
Intercept     <0.0001 -2.6711 0.3398 

ln(Br:DOC) 1  13.300 225.799 3.21E-15 0.7224 0.0481 

ln(Alkalinity (mg/L as CaCO3)) 1  0.868 14.735 6.19E-04 0.2366 0.0616 

ln(DOC (mg/L)) 1  2.617 44.424 2.62E-07 0.7774 0.1166 

Block 1  0.576 9.778 0.0040 -0.1330 0.0425 
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Table 2, continued.  

ln(DBAN)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 3.807 15.227 33.501 <0.0001   

Error 21 0.114 2.386     

C. Total 25  17.614     

        
Intercept     <0.0001 -6.9053 0.8170 

Alkalinity (mg/L as CaCO3) 1  3.134 27.577 <0.0001 6.09E-03 1.16E-03 

Block 1  4.126 36.308 <0.0001 -0.4138 0.0687 

ln(Br- (!g/L)) 1  11.717 103.108 <0.0001 1.2966 0.1277 

DOC (mg/L) 1  5.324 46.855 <0.0001 -0.1418 0.0207 
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Table 2, continued.  

CH        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 10910.495 43641.981 74.643 <0.0001   

Error 29 146.168 4238.886     

C. Total 33  47880.867     

        
Intercept     0.7859 2.2775 8.3061 

DOC (mg/L) 1  30848.805 211.050 <0.0001 9.3728 0.6452 

Alkalinity (mg/L as CaCO3) 1  10044.016 68.715 <0.0001 -0.2814 0.0339 

Br:DOC (!mol/mmol) 1  472.315 3.231 0.0827 -0.5894 0.3279 

Block[1] 1  61.761 0.423 0.5208 1.3787 2.1209 
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Table 2, continued.  

ln(1,1-DCP)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 3.873 11.618 23.754 <0.0001   

Error 25 0.163 4.076     

C. Total 28  15.694     

        
Intercept     <0.0001 -1.9094 0.3553 

DOC (mg/L) 1  6.403 39.276 <0.0001 0.1463 0.0233 

ln(Br:DOC (!mol/mmol)) 1  0.854 5.237 0.0308 -0.2056 0.0899 

Block[1] 1  1.185 7.267 0.0124 -0.2066 0.0766 
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Table 2, continued.  

1,1,1-TCP        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 158.777 481.578 83.340 <0.0001   

Error 28 1.576 40.449     

C. Total 32  522.028     

        
Intercept     0.0039 4.5102 1.4314 

DOC (mg/L) 1  316.040 218.770 <0.0001 0.9695 0.0655 

ln(Alkalinity (mg/L as CaCO3)) 1  30.722 21.266 <0.0001 -1.4469 0.3138 

ln(Br:DOC) 1  5.247 3.632 0.0670 -0.4792 0.2514 

Block 1  0.469 0.325 0.5732 -0.1231 0.2160 
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Table 2, continued.  

tTHM        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 883630.226 3534520.904 162.422 <0.0001   

Error 29 5440.329 157769.550     

C. Total 33  3692290.454     

        
Intercept     0.4273 34.0351 42.2751 

DOC (mg/L) 1  3110379.415 571.726 <0.0001 85.3030 3.5676 

Alkalinity (mg/L as CaCO3) 1  634090.945 116.554 <0.0001 -2.2336 0.2069 

Br- (!g/L) 1  155452.412 28.574 0.0409 0.2342 0.0438 

Block 1  25008.395 4.597 0.0405 -27.7336 12.9353 

 

 



!&%%!

Table 2, continued.  

ln(tDHAN)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 1.038 4.153 47.907 <0.0001   

Error 29 0.022 0.628     

C. Total 33  4.781     

        
Intercept     <0.0001 0.8999 0.1437 

ln(DOC (mg/L)) 1  2.615 120.670 <0.0001 0.7200 0.0655 

Br- (!g/L) 1  0.451 20.816 <0.0001 0.0004 8.75E-05 

Alkalinity (mg/L as CaCO3) 1  0.085 3.905 0.0577 0.0008 0.0004 

Block 1  0.000 0.013 0.9090 0.0030 0.0258 
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Table 2, continued.  

ln(BSFTHMs)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 9.180 36.716 456.614 <0.0001   

Error 29 0.020 0.583     

C. Total 33  37.299     

        
Intercept     <0.0001 -3.9400 0.1063 

ln(Br:DOC) 1  25.009 1244.095 <0.0001 0.9985 0.0283 

Alkalinity (mg/L as CaCO3) 1  2.401 119.462 <0.0001 0.0043 0.0004 

DOC (mg/L) 1  1.436 71.438 <0.0001 -0.0628 0.0074 

Block 1  0.143 7.123 0.0123 -0.0664 0.0249 
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Table 2, continued.  

ln(BSFDHANs)        

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 4 6.921 27.685 187.220 <0.0001   

Error 28 0.037 1.072     

C. Total 33  28.757     

        
Intercept     <0.0001 -3.5161 0.1441 

ln(Br:DOC) 1  20.019 541.531 <0.0001 0.8934 0.0384 

Alkalinity (mg/L as CaCO3) 1  1.789 48.254 <0.0001 0.0037 0.0005 

DOC (mg/L) 1  0.572 15.478 0.0005 -0.0396 0.0101 

Block 1  1.710 46.262 <0.0001 -0.2293 0.0337 
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5.2.3.3 Chemicals and reagents  
Chemicals were purchased from the following suppliers – Accustandard: mixed standard of 

trichloromethane (TCM), bromodichloromethane (BDCM), dibromochloromethane (DBCM), 

tribromomethane (TBM), 2.0 mg/mL in methanol; 1,2-dichloropropanone, 5 mg/mL in 

methanol; mixed standard of dichloroacetonitrile (DCAN), TCAN, bromochloroacetonitrile 

(BCAN), dibromoacetonitrile (DBAN), 1,1-DCP, 1,1,1-TCP, CH, TCNM, 1 mg/mL in 

acetone; Orchid Cellmark (New Westminster, Canada): dichloroiodomethane (DCIM) (95%), 

chlorodiiodomethane (CDIM) (90-95%), bromochloroiodomethane (BCIM) (95%), 

dibromoiodomethane (DBIM) (95%) and bromodiiodomethane (BDIM) (90-95%). Acros 

organics: phosphate buffers (Na2HPO4 and KH2PO4) (99%), ascorbic acid (ACS grade). 

Sigma-Aldrich: NaOCl (!4%), MgSO4 (!99.5%), CaSO4•2H2O (98%), NaHCO3 (99.7-

100.3%), Chromasolv! methyl tert-butyl ether (MtBE) (!99.8%). ThermoFisher: NaCl 

(99.95%). Merck: Ammonium chloride (99.8%) and concentrated hydrochloric acid (32%). 

Chem-supply: Sodium hydroxide (97%). Fluka analytical: 1000 mg/L TraceCert bromide and 

iodide aqueous standards. Mallinckrodt chemicals: sodium sulfate (anhydrous) 99.7%. 

Suwannee River NOM isolate was purchased from the International Humic Substances 

Society (batch number 1R101N). Commercial N,N-diethyl-1,4- phenylenediamine sulfate 

(DPD) test kits (HACH Company) were used for the analysis of free chlorine by Standard 

Method 4500-Cl G (Eaton et al. 2005).  

5.2.3.4 Synthetic water matrix  
A matrix of 18 synthetic waters (17 plus blank) of differing characteristics were utilized for 

all DBP formation potential experiments (Table SI 1). Synthetic waters were made by dosing 

1L samples of laboratory purified water (Sartorius, Arium 611UV) with bromide standard (to 

give final concentrations of 100 "g/L, 450 "g/L, or 800 "g/L as Br-), iodide standard (to give 

final concentrations of 4 "g/L, 18 "g/L, or 32 "g/L as I-) and Suwannee River NOM isolate to 

give final DOC concentrations of approximately 3 mg/L, 7.5 mg/L, and 12 mg/L. NaHCO3 



 

!"#%!

was dosed to give alkalinity concentrations of 38 mg/L, 138 mg/L, or 238 mg/L as CaCO3. 

Sodium chloride was added to give a Br-/Cl- ratio of 1:300 by weight, to mimic a natural 

water [23]. Calcium sulfate and magnesium sulfate were also added, in proportion to 

alkalinity, as described in a standard synthetic freshwater protocol (Standard Method 8010) 

[24]. After making the waters, the pH was adjusted to 7 with dilute HCl. Dissolved inorganic 

carbon (DIC) measurements were taken after this pH adjustment to account for any changes 

to the dosed concentration due to pH change. DOC and bromide concentration were also 

confirmed by analysis with theoretical dosed concentrations at this point. Each 1L sample was 

stored in an amber glass bottle at 4°C until use (within 24 h). The chosen factors were then 

investigated in terms of their impact on DBP formation and speciation upon chlorination 

using a standard DBP formation potential test.  

The maximum bromide concentration was chosen to reflect measured bromide concentrations 

in a local water source that has been the subject of recent research [25].  DOC concentrations 

were chosen to reflect a typical range observed in untreated local drinking water sources [26]. 

Alkalinity concentrations were chosen based on the concentration range suggested by a 

published synthetic freshwater recipe (Standard Method 8010) [24]. The levels chosen for the 

three factors would be expected to include samples with fairly extreme conditions favouring 

Br-DBP formation (Table SI 1). These were chosen due to the prevalence of salinity-impacted 

water sources in Australia [5] and the need to understand DBP formation under these 

conditions.   

5.2.3.5 DBP formation potential tests 
DBP formation potential tests (by chlorination) were performed at 25ºC on 225 mL samples 

buffered to pH 7 with phosphate buffer (10 mM), using an adaptation of Standard Method 

5710 (Eaton et al, 2005).  Samples were individually dosed with sodium hypochlorite equal to 

the chlorine demand plus 2 mg/L chlorine (as Cl2), to ensure a final residual in the range 2 ± 1 

mg/L after the 72 hrs contact time. Chlorine demand was determined according to Method 

2350B, Standard Methods for the Examination of Water and Wastewater [24]. After chlorine 
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dosing, each formation potential test was allowed to react in headspace free amber glass 

bottles sealed with Teflon-lined lids, and incubated at constant temperature (25oC) for 72 hrs 

[22]. After this time, chlorine residual was measured by the DPD method (Standard Method 

4500-Cl G) [24] using commercially available DPD powder pillows (HACH Company) then 

quenched with an excess of ascorbic acid and stored, headspace free in amber glass at 4°C 

until extraction, within 24 hrs.  

5.2.3.6 DBP extraction and analysis  
Samples were prepared for DBP analysis by liquid-liquid salted microextraction, and analysis 

was by gas chromatography with electron-capture detection (GC-ECD) [27]. All samples 

were extracted in duplicate. Each 30 mL sample was pH adjusted to pH 3.5 with 0.2 N 

sulfuric acid then dosed with 3 mL of MtBE containing 200 "g/L of 1,2-dibromopropane as 

an internal standard. Approximately 10 g of pre-baked (400°C for 24 h) sodium sulfate was 

then added, and the samples shaken for 1 minute then left to settle for at least 5 minutes. 

Aliquots of the MtBE layer were then transferred into amber glass vials and stored at -20°C 

until analysis (within 1 month). The room temperature was maintained at 21-24°C, since at 

higher temperatures low recoveries of volatile DBPs were experienced. The analysis was 

carried out on an Agilent 7890A GC-ECD, and the chromatographic separation was 

performed on both a DB-5 Agilent column (30 m length # 0.25 mm inner diameter # 1.0 "m 

film thickness) and on a DB-1 Agilent column (30 m length # 0.25 mm inner diameter # 1.0 

"m film thickness). Pulsed splitless injection was used at a temperature of 200ºC. The 

temperature program was as follows: 40ºC for 25 minutes, ramp to 145ºC at 5ºC/min and hold 

for 2 minutes and then ramp to 260ºC at 20ºC/min and hold for 10 minutes. The temperature 

of the ECD detector was set at 290ºC. The relative percent differences of the analysis of 

duplicate samples were in all instances less than 10%. Calibration standards and spiked 

matrix controls were extracted with each batch and used to generate calibration curves and 

calculate recovery. The reporting limit for all DBPs was 0.1 "g/L and the recovery for all 

analytes was between 70% and 130%. Stock standards were made fresh each month and 
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stored at -20°C. The DBPs analysed for with this method were: TCM, BDCM, DBCM, TBM, 

DCAN, TCAN, BCAN, DBAN, 1,1-DCP, 1,1,1-TCP, TCNM, CH, DCIM, CDIM, BCIM, 

DBIM and BDIM.  

5.2.3.7 Bromide analysis  
Bromide analysis was conducted using a Dionex ICS-5000 ion chromatography system. The 

system was run in one-dimensional mode with an IonPac AS19 analytical column (4 mm 

internal diameter # 250 mm length) with flow rate of 1 mL/min and injection volume of 250 

"L. The gradient employed was as follows: the first 10 minutes held KOH concentration at 10 

mM, then a gradient was applied which ramped to 58 mM KOH over 30 minutes. This 

concentration was held for 5 minutes before returning the KOH concentration to 10 mM over 

3 minutes. Calibration standards, blank-matrix and spiked-matrix standards were run with 

each batch as quality controls, and all samples were analysed in duplicate. The relative 

percent differences of the analysis of duplicate samples were in all instances less than 10%. 

5.2.3.8 Carbon analysis  
Dissolved inorganic carbon (DIC) and DOC concentrations were analyzed on a Shimadzu 

TOC-VCSH TOC analyser using a high temperature catalytic oxidation method (Standard 

Method 5310B) [24]. Samples were filtered through 0.45 "m syringe filters prior to analysis 

and a blank (filtered purified water) was also included in the analysis to determine any 

contribution from the filtration step to the measured concentrations. Quality control standards 

of known DOC/DIC concentration were included in each analytical run, and the 

concentrations determined were always within 10% of the known value.  

5.2.4 Results and discussion  
Predictive models were developed for ten of the seventeen analytes investigated, since seven 

analytes (the five iodo-THMs, TCNM and TCAN) were either not detected or present at very 

low concentrations close to the analytical method’s detection limit (i.e., 0.1 "g/L).  In 

addition to these, models for tTHM (tTHM = TCM + BDCM + DBCM + TBM) and total of 
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the three DHANs (tDHAN = DCAN + BCAN + DBAN) were developed, as well as models 

for bromine substitution factor (BSF) for both THM and DHAN.  

Our experimental approach uses a standard DBP formation potential test applied to synthetic 

water samples, using chlorination as the disinfection method. Use of a synthetic water matrix 

enables precise control of water quality variables (such as reaction time, which is difficult to 

predict in a distribution system) thereby offering an advantage over natural waters for 

exploring a factorial experimental design such as was employed here. Our synthetic water 

matrix differs from the synthetic water matrices previously published in the DBP modelling 

literature, in a number of ways. First, our experiments use a whole NOM isolate (Suwannee 

River NOM isolate, provided by the International Humic Substances Society) where previous 

studies have used either fulvic acid or humic acid isolates [11, 28]. This is important because 

different fractions of NOM are important for formation of individual DBPs [6], so using only 

one NOM fraction, although powerful in determining DBP formation as it relates to an 

individual NOM component, is not useful in simulating the overall DBP-forming behaviour 

of a natural water. Our experiments use an organic carbon source that closely resembles that 

which may be found in a natural water, since we are attempting to model whole water 

behaviour. Secondly, our synthetic water matrix includes metal cations (Ca2+ and Mg2+) and 

carbonate (mineral alkalinity) all of which may be expected to be present in a natural water, 

and impact on sample ionic strength, buffering capacity and reactions between sample 

reactants. Previous studies tend not to include these ions, instead favouring a very simple 

matrix of primarily unbuffered purified water dosed with the reactants of interest [11, 28]. 

The halide ions; Cl-, Br- and I- were all included in our matrix, with Cl-:Br- present in a 300:1 

(w/v) ratio to reflect a natural water [23].  

 

5.2.4.1 Factor and response concentrations  
For all samples, factor concentrations were measured in at least duplicate prior to the 

disinfection experiments, to confirm that their actual value was close to the theoretical value 
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intended. These measured values, along with the corresponding DBP concentrations formed, 

and BSFs are reported (Table SI 2). The four regulated THMs were generally the most 

prevalent of the DBPs studied, however, CH was also detected at high concentrations (up to 

128.9 "g/L). Although lower concentrations of HANs were formed compared to these, the 

greater toxicity of the HANs species compared to THMs and CH must be considered [1, 29]. 

The two halopropanones occurred only at low concentrations, with 1,1-DCP having a 

maximum concentration of 2.8 "g/L and 1,1,1-TCP occurring at a maximum concentration of 

16.6 "g/L. The BSF was calculated according to equations (1) and (2) (where all 

concentrations are in molar) and BSF for DHANs was found to be closely correlated to BSF 

for THMs (correlation coefficient of 0.97). Correlation between BSF across DBP classes has 

been reported previously [18, 19]. 

 

 !"#!"# ! ! !!! !"# !!!!!!! !"#$ !!!!!!! !"#$ !!!!!!!!!"#!
!!! !"# !!! !"#$ !!! !"#$ !!! !"# !    (1) 

 !"#!"#$ ! ! !!! !"#$ !!!!!!! !"!" !!!!!!! !"#$
!!! !"#$ !!! !"#$ !!! !"#$ !    (2) 

 

5.2.4.2 Influence of main effects on DBPs formation and BSF  

5.2.4.2.1 Bromide ion  
Under chlorination conditions, the oxidation of bromide by chlorine will occur to form HOBr, 

which is highly reactive with NOM and thus forms Br-DBPs. While HOCl is known to be a 

stronger oxidant than HOBr, it is a less efficient substitution agent. Therefore, once bromide 

is oxidised by chlorine to form HOBr, bromine substitution into NOM is favoured [30].  

As expected, bromide concentration was strongly correlated with bromide-substituted THMs 

and DHANs, and negatively correlated to the fully chlorinated DBPs; TCM, and DCAN. 

Changes in CH, 1,1,1-TCP and 1,1-DCP were not statistically significant, thus a relationship 

with bromide concentration was not identified for these chlorinated DBPs. Importantly, our 

study found that tTHMs and tDHANs occurred at higher concentrations (by weight) with 
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increasing bromide concentration at the point of disinfection, however, when analysing molar 

concentrations of tTHM or tDHAN, the relationship was found not to be statistically 

significant. Thus, our data suggests the observed increases in concentration (by weight) with 

increasing bromide are likely to be a reflection of the increased molecular weight of the more 

highly brominated DBPs as the speciation shifts to these with increasing bromination, but do 

not reflect a molar increase in tTHMs or tDHANs with increasing bromide.  

Uyak and Toroz [30] observed that molar tTHMs concentration increased with bromide ion 

concentration for a given chlorine dose under low Cl2:Br ratio conditions (less than 

approximately 60 mol/mol) but also found that this was not the case at higher Cl2:Br ratios 

(approximately 60-270 mol/mol), under which circumstance there appeared to be a slight 

decrease in molar tTHM concentration with increasing bromide concentration, for a given 

chlorine dose. Other previous studies of the effect of bromide concentration on DBP 

formation and speciation [28, 30, 31] report a molar increase in tTHM concentration as they 

increased bromide concentration. The Hua et al. [31] publication works within a Cl2:Br ratio 

range of 2.3 – 43.5, and so agrees with the Uyak and Toroz [30] paper with regard to tTHM 

increase with bromide concentration. The Chowdhury et al. [28] paper reports an overall 

molar increase in tTHM as bromide ion concentration increases, moving from Cl2:Br of 114 

to 38. This is also consistent with the relationship published by Uyak and Toroz [30], and that 

reported here (Figure S1). The precise ranges of Cl2:Br ratio and water quality parameters 

leading to specific outcomes for molar tTHM concentration in general are not clear from the 

data discussed since there is some variation between our results and the Uyak and Toroz [30] 

publication, although the general trend is similar. Some of this discrepancy may be due to 

their use of a natural water source as compared to our use of a synthetic water, possibly 

resulting in large differences in water characteristics such as chlorine demand. Fundamental 

experimental parameters such as chlorine doses used and bromide concentrations used were 

also quite different between the two works. This topic should form the basis of a separate 

study to clarify the relationship between Cl2:Br and molar tTHM.  
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The present work examines a wide range of Cl2:Br ratios compared to the cited studies: 11 – 

375 mol/mol. Because the previous studies held chlorine dose constant and varied bromide 

ion, they were able to observe behaviour that was in effect due to changing Cl2:Br, not simply 

changing bromide. In our experimental design, since Cl2 dose was varied simultaneously with 

bromide concentration (in proportion to DOC), there was no statistically significant 

relationship with bromide able to be discerned. The relationship between Cl2:Br ratio and 

molar tTHM reported here supports and expands on the work previously published by Uyak 

and Toroz [30] (Figure S1) where for the greater ‘window’ of Cl2:Br ratios, there is actually a 

decrease in molar tTHM concentration with increasing bromide concentration. It appears that 

bromide alone is not a significant predictor for molar tTHM formation, since it is apparently 

the Cl2:Br relationship that impacts on tTHM formation.  

5.2.4.2.2 Natural organic matter  
NOM concentration is well known to be an important factor in DBP formation, due to the 

high reactivity of organic compounds with disinfectants used in water treatment [32]. 

Different fractions of NOM are known to be important for formation of different DBPs [6], 

therefore, a whole NOM isolate was used for this work, ensuring all NOM fractions were 

included. Specific study of the effect of individual NOM components on DBP formation was 

outside the scope of this work. NOM concentration was positively correlated with the 

formation of fully chlorinated DBPs, specifically; TCM, DCAN, CH, 1,1-DCP, 1,1,1-TCP, as 

well as tTHMs and tDHAN. In fact, for these responses, DOC was the most important 

predicting factor in all cases. Importantly, however, it was negatively correlated with the 

more highly brominated DBPs, specifically, DBCM, TBM, DBAN and the BSF for both 

THMs and DHANs, and in these cases, DOC had a comparatively small effect on DBP 

formation, being relatively less important than other factors. The mixed-halogen DBP species, 

BDCM, BCAN, were also positively correlated with DOC concentration under the conditions 

studied. Overall, tTHM and tDHAN concentrations (by weight and molar) decreased with 

decreasing DOC, despite the increases in specific Br-DBPs that occur.  
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The preferential formation of highly brominated DBPs under low NOM conditions has two 

aspects; first, the oxidation of Br- to form reactive HOBr (which then reacts with NOM to 

form Br-DBPs) occurs more slowly in the presence of NOM than in its absence, due to 

competition reactions between NOM and Br- for oxidant [33]. As long as an adequate 

chlorine residual is maintained, competition reactions for access to oxidant would not be 

expected to be important because a large excess of disinfectant is present and the complete 

reaction of Br- to form HOBr occurs quickly [31], however, in the event that chlorine residual 

is low, these competition reactions would be expected to contribute to the observed 

preferential formation of Br-DBPs under low NOM conditions. Secondly, at low NOM 

concentrations, the Br:DOC ratio may be high (assuming the presence of bromide in the 

source water), leading to greater bromine substitution into the organic material available. The 

Br:DOC ratio is known to be an important predictor for bromine incorporation into several 

classes of DBP compounds [14].  

 

This preferential formation of highly brominated DBPs under low NOM conditions is an 

important consideration in planning suitable NOM removal strategies during water treatment. 

If NOM removal such as coagulation/flocculation is applied to a high bromide source water 

without bromide removal, the Br:DOC ratio of the water will favour increased bromine 

incorporation and the formation of these more toxic DBPs and increased BSF upon water 

disinfection [25].  

5.2.4.2.3 Alkalinity  
In general, increasing mineral alkalinity was associated with an increase in the level of 

bromination of THMs and DHANs. Although individual, highly brominated THMs (DBCM 

and TBM) increased in concentration with increasing alkalinity, TCM and BDCM were 

negatively correlated with alkalinity. While DBAN and BCAN were clearly favoured under 

high alkalinity conditions, the effect on DCAN was not significant. The other fully 
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chlorinated DBPs; CH and 1,1,1-TCP were negatively correlated with alkalinity, with the 

effect on 1,1-DCP not being significant. Although alkalinity was positively correlated with 

tDHAN when concentration was measured by weight ("g/L) this relationship was not 

significant when measuring tDHAN concentration in "M, therefore it is assumed to reflect 

the higher molecular weight of the more highly brominated DHANs as speciation shifts to 

form more of these under high alkalinity conditions, rather than any true increase in tDHAN 

concentration. The slight negative correlation between tTHM and alkalinity remained 

significant regardless of concentration being reported by weight or molarity, however, the 

slightly lower concentration of tTHM observed under high alkalinity conditions should also 

be accompanied by a shift in speciation to more highly brominated THMs, thus a higher 

overall toxicity due to THMs is likely.   

This work supports the findings of a recent report [15] that found a statistically significant 

positive relationship between alkalinity and DBCM and bromochloroacetic acid 

concentration, but a negative relationship with fully chlorinated species. They suggest an 

immobilisation of hydrophobic NOM under the high ionic strength/hardness conditions of 

high alkalinity waters, leading to enrichment of hydrophilic NOM, which have fewer DBP 

precursor sites available for reaction, therefore for a given bromide and NOM concentration 

there will be a higher bromide:organic precursor ratio under high alkalinity conditions. A later 

study [14] found that alkalinity at the first point of chlorine addition was positively correlated 

with BSF and that this was most strongly correlated with the THM and dihaloacetic acid 

classes, and slightly less strongly correlated with DHANs and trihaloacetic acids. Our data 

found that BSF was strongly positively linked to alkalinity for both the THM and DHAN 

compounds.  

5.2.4.2.4 Br:DOC ratio  
Br:DOC ratio was found to have a strong positive correlation with the formation of the most 

highly brominated DBPs, specifically, DBCM, TBM, DBAN as well as BSF for both THMs 

and DHANs. Br:DOC was also positively correlated with the mixed halogen species; BDCM 
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and BCAN, although the correlation was weaker than for the fully brominated species. A 

negative relationship was observed between Br:DOC and the fully chlorinated DBPs; TCM, 

DCAN, CH, 1,1-DCP and 1,1,1-TCP. The molar concentrations of tDHAN and tTHM also 

had an insignificant relationship with Br:DOC.  

Water Br:DOC ratio at the point of disinfection may be a simple predictor for overall Br-DBP 

speciation expected upon chlorination. The relationships between individual THMs and 

Br:DOC molar ratio has been recently studied using artificial neural networks applied to data 

from the ICR database [16], and our study reports similar results (Figure 1 a)). The 

relationship between Br:DOC and DHANs speciation is also shown (Figure 1 b)) and agrees 

with similar findings published recently [13]. Although this relationship is of interest, alone it 

may be inadequate in predicting DBP speciation over a wide range of water quality 

parameters, due to, for example, the influence of alkalinity on DBP speciation. Data shown in 

Figure 1 a) and b) includes additional results from DBP formation potential experiments that 

were not part of the dataset used for DBP modelling presented elsewhere in this paper, but 

were conducted under the same conditions in our laboratory. Importantly, for both THMs and 

DHANs, as Br:DOC ratio increases (e.g. through lowering DOC) the speciation of THMs and 

DHANs changes to favour increasingly brominated species, therefore, in water treatment 

practises such as enhanced coagulation, which removes DOC but does not remove halides, 

operators must be aware that application to high bromide waters may lead to a net increase in 

treated water toxicity, although THM guidelines may be met.  
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Figure 1 a) THM mole fraction versus Br:DOC ratio and b) DHAN mole fraction versus 

Br:DOC ratio. 

5.2.4.3 Models for all responses  
Several models were assessed for each response and the models that best represented the data 

and fulfilled the described requirements are presented here, with summary statistics tabulated 

(Table 1, Table 2). All models were validated by K-fold cross-validation (Table 3) and R2 was 

consistently >0.80, with the exception of 1,1-DCP and DBAN, for which model quality was 
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poorer (R2 = 0.63 and 0.70, respectively). The absence of a factor in a given model is not to 

suggest necessarily that it has no influence on DBP formation, rather, that better quality 

models were able to be developed in its absence. For example, although Br:DOC ratio is 

known to influence the formation of all THMs, poor model residuals (differences between 

observed and model predicted responses computed using the regression function) for this 

factor precluded its inclusion in the THMs models reported. The factors not shown on each 

3D response surface graph are set at the centrepoint value for that factor from the dataset. 

The data were collected in two duplicates sets, referred to as block 1 and block 2. The use of 

replicate blocks allowed model terms and block effects be estimated independently, 

minimising error and variation in the regression coefficients. The “Block” term in the 

equations is the specific block effect for the duplicate experiments. 
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Table 3. R2 for K-fold cross-validation for all DBP models.  

DBPs R2 for K-fold cross-validation 

TCM 0.9238 

BDCM 0.9561 

DBCM 0.9787 

TBM 0.9562 

DCAN 0.8039 

BCAN 0.8465 

DBAN 0.7088 

tTHM 0.9359 

tDHAN 0.8229 

CH 0.8809 

1,1-DCP 0.6309 

1,1,1-TCP 0.8898 

BSF THMs 0.9770 

BSF DHANs 0.9441 

5.2.4.3.1 THMs   
All THMs models are comprised of the same factors; bromide concentration, alkalinity, and 

DOC concentration. Although DOC is the predominant factor in determining TCM 

concentration, the negative relationships with both bromide and alkalinity were also 

significant (Figure S2, equation 3), and led to a model with a high quality fit (R2 adj. = 0.94) 

to experimental data (Table 1, Table 2).  With substitution of one bromine atom to form 

BDCM, these relationships shifted – the relationship to DOC and alkalinity remained the 
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same as for TCM and other chlorinated DBPs (positive with DOC and negative with 

alkalinity) however, a positive relationship with bromide occurred (Figure S3, equation 4). 

Some of the mixed-halogen species, such as BDCM, exhibited behaviour ‘between’ that of 

fully chlorinated or fully brominated DBPs, having some attributes of each, depending on 

water quality conditions. A previous study modelling BDCM formation using DOC, chlorine 

dose, pH, temperature, reaction time, and bromide concentration has been reported [28]. The 

authors also reported a positive correlation between bromide and BDCM, however, they 

found a negative correlation with DOC. Rodrigues et al. [11] report a positive association 

between the DOC and BDCM, in agreement with our findings. Both Rodrigues et al. [11] and 

our study explore Br:DOC ratios much higher than the Chowdhury et al. [28] publication. 

That is, the Chowdhury et al. [28] paper has Br:DOC ratios too low (ranging from 

approximately 1 – 6) to form appreciable concentrations of the most highly brominated 

THMs (TBM was below detection limit and DBCM was at all times <8 "g/L). Presumably 

under these conditions BDCM increases with decreasing DOC since the Br:DOC ratio is too 

low to force the speciation further to the more highly brominated THMs, which would cause 

an overall decrease in BDCM with decreasing DOC as further bromination occurred (Figure 

1).  

DBCM, with two bromine atoms substituted into the halogen positions, exhibited Br-DBP 

behaviour, despite having one chloro atom also present. It was clearly favoured under 

conditions of low DOC, high alkalinity and high bromide (Figure S4, equation 5). TBM, a 

fully brominated DBP, showed similar trends to DBCM, with a strong preference for 

formation under low DOC, high alkalinity, and high bromide conditions (Figure S5, equation 

6).  

 TCM = 637.6 – 13.2(Block) + 84.8(DOC) – 190.3 ln(Alk) – 0.3(Br-)  (3) 

1/(BDCM) = 0.003 + 7.1E-04(Block) + 9.8E-06(Alk) + 1.7(1/Br-) – 1.9E-04(DOC) 

(4) 

 ln(DBCM) = -5.8 – 0.1(Block) + 0.003(Alk) – 0.1(DOC) + 1.8 ln(Br-)  (5) 
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 ln(TBM) =  -10.1 – 0.2(Block) + 0.009(Alk) – 2.7 ln(DOC) + 2.7 ln(Br-) (6) 

 tTHM = 34.0 – 27.8(Block) + 85.3(DOC) – 2.2(Alk) + 0.2(Br-)   (7) 

Where Alk = alkalinity and is measured in units of mg/L as CaCO3, DOC is 

measured in mg/L, bromide is measured in "g/L, and Br:DOC is in units of 

"mol/mmol. 

Two similar previous studies present factorial analysis of THMs formation [11, 34]. 

Rodrigues et al. [11] used Box-Behnken experiments to report a negative correlation to DOC 

for TBM only, whereas our study reports a negative correlation between DOC and both 

DBCM and TBM. Again, this is likely to be a reflection of the different Br:DOC ratios 

explored in the different studies. That is, the data used to generate our models ranges from 

Br:DOC of approximately 1 – 40 whereas Rodrigues et al.  [11] studied Br:DOC ratios from 

approximately 6 – 600, therefore reducing DOC will push the THM speciation to TBM in this 

case, while in our case we see both DBCM and TBM favoured with decreasing DOC. So, 

between the three studies examined ([11, 28] and the present work) we see ranges of Br:DOC 

ratio that create optimum conditions upon lowering DOC for formation of each of the 

brominated THMs. Understanding these relationships is essential to our determination of the 

appropriateness of such treatments as enhanced coagulation in water treatment practices.  A 

similar logic can be applied to understand why Rodrigues et al. [11] shows a positive 

correlation with bromide for DBCM and TBM only, whereas we see a positive correlation 

with bromide for all three Br-THMs. In the Rodrigues et al.  [11] case, the very high Br:DOC 

ratio explored means that BDCM is in fact negatively correlated with bromide concentration, 

while at the Br:DOC ratio we study, it is at the positively correlated stage of the formation 

curve (Figure 1). The Singh et al. [34] study investigates tTHMs only, and found a positive 

correlation between bromide and concentration (by weight) of tTHM, which agrees with our 

findings. 

In many countries, including Australia, the guideline for THMs is the value of the sum 

concentration of the four THMs discussed here [35], despite World Health Organisation 
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(WHO) recommendations that individual guidelines for each THM based on individual 

species toxicity be employed. The model for tTHMs generated from this dataset is presented 

(Figure S6, equation 7). The relationships between tTHMs and DOC/alkalinity are similar to 

what one would expect for a chlorinated DBP species, that is, high concentrations were 

formed under conditions of high DOC and low alkalinity. The increase in concentration (by 

weight) of tTHM with increasing bromide may reflect the increase in molecular weight as 

speciation shifts to the more highly brominated THMs. Previous research from this group has 

found that under sufficiently Br-DBP favouring conditions (coagulation after lime softening 

of a very high bromide source water) the formation of Br-THMs can be sufficiently large that 

a net molar increase in tTHMs is observed after treatment [25]. In all samples discussed here, 

TCM remained the highest concentration THM in each sample, so these extreme conditions 

were not able to be replicated using the factor levels and NOM source chosen for this set of 

experiments.  

5.2.4.3.2 DHANs  
The significance of alkalinity was low for DCAN, however, this factor was still significant for 

the other two DHANs; BCAN and DBAN. Bromine incorporation has been positively 

associated with alkalinity for DHANs, however, this effect is weaker for these compounds 

than for the THMs [14]. DCAN was modelled adequately by equation (8), and the typical 

behaviour of a fully chlorinated DBP is observed (Figure S7). That is, negative association 

with bromide and positive association with DOC (highest concentrations at high 

concentrations of DOC). This correlation with DOC should enable easy reduction by 

coagulation processes at water treatment plants (WTPs), however the relatively low toxicity 

of DCAN compared to the other DHANs is important to note [29]. BCAN (the mixed chloro-, 

bromo- HAN species) shared with BDCM the behaviour that is a ‘middle-ground’ between 

that of a fully chlorinated and fully brominated DBP. That is, BCAN showed a positive 

relationship with DOC, however it also increased with increasing Br:DOC ratio and alkalinity 

(Figure S8, equation 9). The high correlation between log(Br:DOC) and bromide 
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concentration precluded inclusion of bromide in the model for BCAN. DBAN behaviour was 

best described by equation (10). The overall appearance of the surface plots (Figure S9) have 

a similar shape to what we observe for TBM and DBCM, the two most highly brominated 

THMs. These depict a maximum formation of DBAN under conditions of high alkalinity, 

high bromide, and low DOC (and therefore high Br:DOC ratio). The implication being that 

coagulation and related DOC removing technologies employed during water treatment should 

serve to increase the formation of this DBP, and similarly behaved DBPs, when bromide is 

present in the source water and an appropriate Br:DOC ratio is generated.  

Total DHANs, like tTHMs, had overall increases in concentration with increasing DOC and 

increasing bromide, although tDHANs also increased with increasing alkalinity (Figure S10, 

equation 11). This reflects the trend of the two brominated DHANs also observed to have a 

relationship with alkalinity.  

DCAN = 0.4 + 1.1(Block) + 1.3(DOC) – 0.006(Br-)     (8) 

ln(BCAN) = -2.7 – 0.1(Block) + 0.8 ln(DOC) + 0.2 ln(Alk) + 0.7 ln(Br:DOC)  (9) 

ln(DBAN) -6.9 – 0.4(Block) + 0.006(Alk) + 1.3 ln(Br-) – 0.14(DOC)  (10) 

ln(tDHAN) = 0.9 + 0.003(Block) + 4E-04(Br-) + 8E-04(Alk) + 0.7 ln(DOC) (11) 

 

5.2.4.3.3 Chloral hydrate and halopropanones 
The three chlorinated DBPs; CH, 1,1-DCP and 1,1,1-TCP behaved similarly to the other fully 

chlorinated DBPs, TCM and DCAN, in that they were largely predicted by positive 

association with DOC, and were also favoured by low alkalinity and low Br:DOC ratio 

(Figures S11, S12 and S13, equations 12, 13, and 14). 

This predictable behaviour of chlorinated DBPs makes them relatively easy to minimise in 

treated waters, by employing DOC removing processes. Unfortunately, the chlorinated DBPs 

are in general the least toxic of each class, with toxicity increasing with halogen weight in the 

order Cl<Br<I [1, 36].  
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CH = 2.3 + 1.4(Block) + 9.4(DOC) – 0.3(Alk) – 0.6(Br:DOC)   (12) 

ln(1,1-DCP) = -1.9 – 0.2(Block) + 0.15(DOC) – 0.2 ln(Br:DOC)   (13) 

1,1,1-TCP = 4.5 – 0.1(Block) + 0.9(DOC) – 1.4 ln(Alk) – 0.5 ln(Br:DOC) (14) 

5.2.4.3.4 Bromine substitution factors 
The BSF for THMs was remarkably similar to the BSF for DHANs (Figures S14, S15, 

equations 15, 16). The high correlation between BSF of different DBP classes has been 

previously observed [18, 19] and it has been suggested that BSF could be used as a metric for 

assessing toxicological similarity between DBP mixtures. Previous models for BSFTHMs and 

BSFDHANs were recently reported Francis et al. [14] and found that influent alkalinity at the 

first point of chlorine addition was positively associated with an increase in BSF, which 

agrees with our findings. They also report the predominant influence of Br:total organic 

carbon (TOC) ratio on bromine incorporation in chlorinated drinking waters, which we also 

found. The increase in BSF associated with decreasing DOC that we report here is typical of 

what we found with highly brominated DBPs, although [14] did not include TOC in their 

final model for BSF.  

ln(BSFTHMs) = -3.9 – 0.07(Block) + 0.004(Alk) – 0.06(DOC) + 1.0 ln(Br:DOC) (15) 

ln(BSFDHANs) = -3.5 – 0.2(Block) + 0.004(Alk) – 0.04(DOC) + 0.9 ln(Br:DOC)   (16) 

  

5.2.4.4 Limitations of presented work 
These models were generated using data produced from synthetic water samples, and they 

have been validated statistically by K-fold cross-validation, which shows robust model 

quality for all DBPs, with the exception of 1,1-DCP (Table 3).  However, the models have not 

been tested against ‘real’ distribution system water samples, therefore the models may not be 

directly transferrable to a distribution system. The aim of this study was to investigate models 

that serve to illustrate the behaviour of the DBPs studied under specific, controlled conditions 

designed for formation of high concentrations of Br-DBPs. Also, the models as presented are 
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suitable for predicting DBP formation in similar experiments conducted by other researchers 

using DBP formation potential methods in their investigations. Our intended next step for our 

continued research in this area is to further validate and improve the reported models through 

a pilot study using an operational WTP and distribution system. 

There are important differences between our experiments and a ‘real’ distribution system that 

should be pointed out. First, in most cases, source waters would go through coagulation at the 

WTP prior to disinfection, thereby changing the character of the remaining NOM 

dramatically (by selectively removing the highest molecular weight, most hydrophobic NOM 

[37, 38]. Other complicating factors in ‘real world’ scenarios include; the use of multiple 

disinfectant applications at many WTPs (primary and secondary dosing), and additional DBP 

formation occurring within the distribution system as a result of reaction with residual NOM 

in the system. Also, different NOM sources will present different reactivities, and thus, any 

models developed using laboratory-generated or site-specific data might be expected to need 

to be modified somewhat to be adapted/calibrated to a particular source water/WTP process.  

Notably, a recent review of this area points out that most published models do not perform 

model validation against external datasets, perhaps for the reasons we outline [20]. Our 

consideration of the ICR database for this purpose was discarded due to the generally low 

bromide and alkalinity concentrations of samples in this dataset making it unsuitable for our 

purposes.  

Also, it is desirable to include all known factors for DBP formation in the design of 

experiments, however, the number of included factors had to be balanced with the sample 

number required to conform to a statistically designed experiment. So, since Br-DBP 

formation was our focus, other, more well-studied factors important for DBP formation 

generally (pH, temperature, reaction time, chlorine dose) were not explored here. Future work 

would be anticipated to consider these factors, as well as to investigate fluorescence and total 

organic bromide (ToBr) as variables. The small size of our dataset presents a further 
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limitation of the study, although we were able to produce acceptable models from these data 

despite this. 

5.2.5 Conclusions  
• Bromine substitution into both THMs and DHANs was most strongly dependent on 

bromide ion concentration of the water at the time of disinfection, with the negative 

relationship with DOC being the second most dominant parameter. Alkalinity was 

positively correlated with BSF for both THM and DHANs, although this influence 

was less than what was observed for bromide ion and DOC concentrations. The 

combined effect of high bromide, low DOC and high alkalinity on Br-DBP formation 

has not been previously investigated, to the authors’ knowledge. 

• Formation of fully chlorinated DBPs was highly dependent on DOC concentration at 

the point of disinfection, with high DOC levels being correlated to high chlorinated 

DBP formation. Fully chlorinated DBPs susceptible to bromination by substitution 

decreased with increasing bromide concentration, however, other fully chlorinated 

DBPs (CH and the chloropropanones) did not appear to be dependent on bromide 

concentration. Fully chlorinated DBPs occurred at higher concentrations under low 

alkalinity conditions. These compounds can be controlled by removal of DOC during 

water treatment prior to water disinfection. CH and 1,1-DCP have not been 

previously investigated by multivariate analysis. 

• The Br:DOC ratio is integral to understanding the change in DBP speciation for both 

THMs and DHANs upon DOC-removing water treatment processes such as 

coagulation/flocculation. Knowledge of the final Br:DOC ratio at the point of 

chlorination can enable the prediction of which DBPs from a given class will 

proportionally increase or decrease in mole fraction, relative to untreated water, upon 

DOC removal processes. As such, DOC removing technologies should be undertaken 

with knowledge of the bromide concentration of the source water. This is of 

importance in the Australian context due to use of salinity-impacted water resources. 
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If bromide is present, simple DOC removing techniques are at best inadequate at 

preventing Br-DBPs formation, and at worst, capable of increasing their formation. 

With this in mind, concurrent DOC and bromide removing technologies such as 

reverse osmosis may be required where bromide is present in high concentrations in 

the source water.  

• Given the toxicological importance of Br-DBPs generally compared to chlorinated 

DBPs, and that formation of high levels of brominated THMs and DHANs would be 

expected to be an indicator for the presence of other Br-DBPs, further work should be 

undertaken to correlate the change in treated water toxicity with and without DOC 

removing processes. With this information informed decisions could be made 

regarding the need for halide removing technologies to be applied alongside DOC 

removing processes during water treatment under specific ‘high risk’ water quality 

conditions.  
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5.3 Using fluorescence-parallel factor analysis for assessing 
disinfection by-product formation and natural organic matter 
removal efficiency in secondary treated synthetic drinking 
waters. 

5.3.1 Abstract  
Parallel factor (PARAFAC) analysis of fluorescence excitation-emission matrices (EEMs) 

was used to investigate the organic matter and DBP formation characteristics of raw, primary 

treated (enhanced coagulation; EC) and secondary treated synthetic waters prepared using a 

Suwannee River natural organic matter isolate. The organic matter was characterised by four 

different fluorescence components; two humic acid-like (C1 and C2) and two protein-like (C3 

and C4). Secondary treatment methods tested here, following primary (EC) treatment, 

included powdered activated carbon (PAC), granular activated carbon (GAC), 0.1% silver-

impregnated activated carbon (SIAC), or MIEX® resin. Secondary treatments were more 

effective at removing natural organic matter (NOM) and fluorescent DBP-precursor 

components than EC alone. The formation of a suite of 17 DBPs including chlorinated, 

brominated and iodinated trihalomethanes (THMs), dihaloacetonitriles (DHANs), 

chloropropanones (CPs), chloral hydrate (CH) and trichloronitromethane (TCNM) was 

determined by chlorinating water sampled before and after each treatment step. Regression 

analysis was used to investigate the relationship between peak component fluorescence 

intensity (FMAX), DBP concentration and speciation, and more commonly used aggregate 

parameters such as DOC, UV254 and SUVA254. PARAFAC component 1 was a better 

predictor of DBP formation than other aggregate parameters, and was well correlated with all 

monitored DBPs except two of the mixed halogen species: dibromochloromethane (DBCM) 

and bromochloroacetonitrile (BCAN). These results indicate that the fluorescence-PARAFAC 

approach could provide a robust analytical tool for DBP formation prediction and evaluating 

the removal of organic matter fractions relevant to DBP formation during water treatment, 
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and could thus be used to support strategies to minimise the formation of toxic DBP during 

disinfection of drinking water. 

5.3.1.1 Key words  
DBP precursor removal, EEM, fluorescence excitation-emission matrix, NOM, PARAFAC. 

5.3.1.2 Graphical abstract   

 

 

5.3.2 Introduction 
Natural organic matter (NOM) is a complex heterogeneous mixture of organic compounds 

from a mixture of terrestrial and aquatic sources, consisting of aromatic, aliphatic, phenolic, 

and quinonic structures with varying molecular sizes and properties, present in all natural 

waters [1]. The complexity and diversity of NOM characteristics presents major challenges 

for drinking water treatment since NOM in the source water can negatively impact drinking 

water treatment plant (DWTP) performance, decrease the efficiency of disinfectants and lead 

to the formation of toxic disinfection by-products (DBPs) [2]. To effectively remove NOM 

and minimise DBP formation in DWTPs requires an understanding of the specific NOM 

characteristics of the source waters [3].   
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Conventional analysis of NOM has focused on aggregate measurements due primarily to the 

heterogeneous nature and analytical complexities associated with characterising NOM 

fractions [4], and the most commonly used surrogates to predict DBP formation are 

ultraviolet (UV254) absorbance, dissolved organic carbon (DOC) and specific UV absorbance 

(SUVA254, calculated by dividing UV254 absorbance by the DOC concentration in mgC/L) [5]. 

UV254 absorbance [6, 7], SUVA254 [8] and to a lesser extent DOC [9] have all been correlated 

with the formation of chlorinated DBPs. While UV254 absorbance and SUVA254 generally 

correlated well with trihalomethane (THM) and haloacetic acid (HAA) formation in waters 

with relatively high DOC concentration (>3 mg/L), NOM moieties responsible for DBP 

formation in low-SUVA waters do not absorb UV light at 254 nm [10], and there is a need for 

more comprehensive techniques to more thoroughly characterise NOM. 

 

Fluorescence spectroscopy is a rapid and sensitive technique, which can provide valuable 

information on NOM character together with an indication of its reactivity and treatability. 

Unlike aggregate parameters typically used in DWTPs, fluorescence spectroscopy provides a 

measure of the specific composition, structure and functional groups of the NOM investigated 

[11-13]. Three-dimensional fluorescence excitation-emission matrices (EEMs) have been 

widely used to identify the sources, optical nature, structures and chemical behaviour of 

NOM in many water types, including river, dam, marine, drinking and waste water [14, 15]. 

The main methods used to characterise the fluorescent signals emitted by the fluorophores 

detected in EEMs are peak picking [14], fluorescence indices [16], fluorescence regional 

integration [17] and, more recently, parallel factor (PARAFAC) analysis [18]. PARAFAC 

analysis provides a greater degree of information about the individual fluorophores identified 

in the EEMs compared to the other methods [19]. PARAFAC analysis separates arrays of 

EEMs into specific components, characterised by common excitation–emission signatures. 

Numerous studies have extracted individual components from NOM samples, which have 

been attributed to protein-like, fulvic-like or humic-like fluorophores.   
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A limited number of studies have used PARAFAC analysis to assess the fate of NOM across 

engineered systems including drinking water and wastewater treatment processes [20]. 

Research suggests that different NOM removal treatments have different efficiencies for 

different PARAFAC component [19]. As individual fluorophores may correlate with the 

formation of specific DBPs [21, 22], the identification of fluorescent components using 

PARAFAC could be used to identify NOM fractions resistant to removal and thereby assist in 

optimising the performance of drinking water treatment processes aimed at removing NOM 

and minimising toxic DBP formation. While biologically activated carbon (BAC) [19] and 

MIEX® treatments have previously been assessed with PARAFAC   [23], several other 

widely used or promising treatment options such as powdered activated carbon (PAC), 

granular activated carbon (GAC) and silver-impregnated activated carbon (SIAC) have yet to 

been investigated to the best of the authors’ knowledge.      

 

In this study, fluorescence EEMs, PARAFAC analysis and chlorine DBP formation potential 

tests were used to investigate organic matter and DBP formation characteristics of raw, 

primary (enhanced coagulation; EC) treated and secondary treated synthetic waters made 

using a Suwannee River NOM (SRNOM) isolate. Secondary treatment methods, following 

primary (EC) treatment, were: PAC, GAC, 0.1% SIAC or MIEX® resin. The purpose of this 

study was to use PARAFAC analysis to (1) assess the characteristics of NOM and preferential 

removal of components by various water treatment options, (2) identify the impact of 

treatment on DBP formation, and (3) determine the accuracy of PARAFAC analysis and more 

conventional aggregate measurements as precursor surrogate parameters for DBP formation. 
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5.3.3 Materials and methods  

5.3.3.1 Synthetic water samples  
Synthetic waters samples of varied water quality characteristics were prepared by dosing 

ultrapure water (Sartorius Arium 611UV) with Suwannee River NOM isolate (SRNOM; 

International Humic Substances Society) to give a DOC concentration of 4.40, 9.97 and 14.44 

mg/L, as determined with a TOC analyser (TOC-VCSH, Shimadzu Scientific Instruments, 

Rydalmere, NSW, Australia) using a high temperature catalytic oxidation method (Standard 

Method 5310A) [24]. Stock solutions of standard SRNOM were prepared daily from the 

freeze-dried solids and sonicated for 1 h before use to ensure rehydration. Sodium bromide 

was added at concentrations of 100 µg/L, 450 µg/L, or 800 µg/L (as Br-), and sodium iodide 

was added at concentrations of 4 µg/L, 18 µg/L, or 32 µg/L (as I-). These halides were dosed 

to samples of each DOC concentration level as a combined, proportional concentration, i.e, 

low Br-/low I-, medium Br-/medium I-, and high Br-/high I- was dosed to each of the three 

DOC levels. Multiple levels of halide and NOM concentration were used to ensure a range of 

Br:DOC ratios in the samples, and thus a range of speciation and concentration of individual 

DBPs would be formed upon disinfection. Sodium chloride was added to give a Br-/Cl- ratio 

of 1:300 by weight, to mimic natural waters [25]. Synthetic waters also contained an average 

of 138 mg/L of alkalinity as CaCO3. Calcium sulphate and magnesium sulphate were added, 

in proportion to alkalinity, as described by Eaton et al. [26]. Blank synthetic waters were 

made exactly as described above without addition of DOC, bromide or iodide. The pH was 

adjusted to 7 using dilute HCl and the synthetic waters were then stirred for 1 h to ensure 

dissolving of salts. Batches of ten 2L synthetic water samples (9 samples plus a blank) were 

made for each of the six treatment methods studied, and stored in amber glass bottles at 4°C 

until use (within 24 h). 
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5.3.3.2 Water treatments  
Synthetic waters were subjected to one primary (EC) and one of four secondary treatments: 

PAC, GAC, SIAC and MIEX® resin (Figure 1).   

 

Figure 1: The three stages of treatment.  

All treated samples were compared to their individual initial (raw) sample in all analyses 

discussed in this paper. Each raw, primary treated and secondary treated sample was analysed 

for DOC, halides, UV254, EEM, and DBP formation and speciation upon chlorination, at all 

three stages of treatment (see section 5.3.4 Water analysis). 

5.3.3.2.1 EC 
EC with alum (Al2(SO4)3•18H2O) was conducted in accordance to the USEPA Enhanced 

Coagulation and Enhanced Precipitative Softening Guidance Manual [27], using a Platypus 

Jar Tester, and 1L jars. The synthetic water samples were treated using individual coagulant 

doses (from 30 to 120 mg/L Alum ((as Al2(SO4)3•18H2O))) optimised to give greatest NOM 

removal for each sample. Following the dosing of alum, samples were rapidly mixed for 1.5 

min at 200 rpm, flocculated for 13.5 min at 30 rpm, then settled for 60 min before vacuum 

filtering through Whatman No. 1 filter papers to simulate sand filtration at the DWTP [28]. 
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5.3.3.2.2 PAC  
Under standard jar test conditions, samples were dosed with 60 mg/L of Norit W35 PAC, 

then jar tested for 30 min at 100 rpm, settled for 5 min then vacuum filtered through 

Whatman No. 1 filter papers.  

5.3.3.2.3 SIAC and GAC  
GAC (Norit GCN1840) and 0.1% SIAC (Norit 18×40AG1) were soaked overnight in 

ultrapure water and rinsed prior to use to remove fines. Aqueous activated carbon slurries 

were then loaded into columns with a total volume of 6.36 cm3 (10 cm height × 0.9 cm 

diameter, aspect ratio of 8.1) with a final weight of 6 g of activated carbon in each column. 

Approximately 125 bed volumes of sample were passed over each column, at a flow rate that 

allowed an empty bed contact time (EBCT) of 10 min (0.6 mL/minute). Each column took 

approximately 24 h to treat the whole sample. 

5.3.3.2.4 MIEX® resin  
MIEX® employed in this experiment was a used resin sourced from a South Australian 

DWTP that was regenerated with a 10% NaCl solution. Samples were dosed with 10 mL/L of 

regenerated and settled MIEX® resin, jar tested for 30 min at 100 rpm, settled for 5 min, then 

vacuum filtered through Whatman No. 1 filter papers.  

5.3.4 Water analysis  

5.3.4.1 Fluorescence EEM measurements and data analysis  
Fluorescence measurements of NOM were performed using a PerkinElmer LS-55 

luminescence spectrometer (PerkinElmer, Australia) and a quartz cuvette with 1 cm path 

length. The spectrometer displayed a maximum emission intensity of 1000 arbitrary units 

(AU). Excitation wavelengths were monitored from 200 nm to 400 nm at steps of 5 nm, and 

emission wavelengths were monitored from 280 nm to 500 nm with a 0.5 nm step. A 290 nm 

emission wavelength cut-off was used to limit second-order Raleigh scattering. Excitation and 

emission scan slits were set at 7 nm and the scan speed was 1200 nm/min. Samples were 

allowed to equilibrate to room temperature prior to analysis in order to minimise the 
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temperature effect. All samples were diluted prior to analysis to give an absorbance of 

maximum 0.05 at 220 nm, and for all fluorescence data, ultrapure water blank was subtracted. 

EEM scans were scatter-corrected using Cleanscan for Matlab [29] and standardised to 

Raman Units (R.U. 350) [30].   

Fluorescence EEMs were collected in triplicate for each raw, primary treated, and secondary 

treated water sample before disinfection. PARAFAC was used to model the EEM dataset 

following the procedure described by Stedmon and Bro [31].  PARAFAC uses an alternating 

least squares algorithm to minimise the sum of squared residuals to estimate the underlying 

spectra by decomposing EEMs into fluorescent components [32, 33]. PARAFAC modelling 

was conducted using Matlab® R2012a (Mathworks, USA) with the DOMFLUor (version 1.7) 

[31] and N-way toolbox [34].   

 

5.3.4.2 DOC, UV254 and SUVA254 
DOC was measured using a Shimadzu TOC-VCSH TOC analyser using a high temperature 

catalytic oxidation method (Standard Method 5310A) [24]. UV254 was measured using a Bio-

Rad SmartSpec Plus spectrophotometer (Bio-Rad Laboratories, Gladesville, NSW, Australia) 

and quartz cuvette with 1 cm path length. SUVA254 was calculated by dividing UV254 by DOC 

in mgC/L. 

5.3.4.3 Bromide analysis  
Bromide analysis was conducted using a Dionex ICS-5000 ion chromatography system with 

conductivity detection, according to a previously published method [35]. The method 

reporting limit was 20 µg/L. Calibration standards, duplicate samples, blank-matrix and 

spiked-matrix standards were run with each batch as quality controls.  
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5.3.4.4 DBP formation potential tests 
Two aliquots of 225 mL were taken at each stage of treatment for use in chlorine demand 

tests and DBP formation potential tests. To evaluate the formation potential of DBPs, first the 

specific chlorine demand for each sample was determined using Standard Method 5710 [24]. 

The second aliquot of sample was then buffered at pH=7 with phosphate buffer (10 mM) and 

dosed with 4% sodium hypochlorite, at a dose equal to the chlorine demand plus 2 mg/L Cl2, 

in order to obtain a final residual chlorine concentration similar to what would be found in a 

real application of drinking water disinfection (i.e., around 2 mg/L Cl2). Chlorinated samples 

were then kept headspace free in amber glass bottles with gentle mixing for 72 h, at constant 

temperature (23 ± 1oC) [36], after which residual free chlorine was measured using the DPD 

method [26] and then quenched with an excess of ascorbic acid.  

5.3.4.5 DBPs analysis  
Samples were prepared for DBP analysis using a liquid-liquid salted microextraction, then 

analysed by gas chromatography (GC) with electron capture detector (ECD) as described in 

Krasner et al. [37]. Briefly, 2 × 30 mL aliquots of each sample were transferred into 60 mL 

extraction vials and sample pH was adjusted to pH 3.5 with 0.2 N sulphuric acid. Samples 

were then extracted using 3 mL of methyl tert-butyl ether (MtBE) containing 200 µg/L of 1,2-

dibromopropane as an internal standard. After the addition of ~10 g pre-baked (at 500oC) 

sodium sulphate, the samples were vortexed for 1 min and left to settle for 5 min. The extract 

was transferred into 2 × 2 mL autosampler vials for injection into an Agilent 7890A GC-ECD 

(Forest Hill, Australia), with the chromatographic separation performed on a dual column 

system using a DB-5 Agilent column (30 m length × 0.25 mm inner diameter × 1.0 µm film 

thickness) and a DB-1 Agilent column (30 m length × 0.25 mm inner diameter × 1.0 µm film 

thickness). Pulsed splitless injection was used at a temperature of 200ºC. The oven 

temperature program was as follows: 40ºC for 25 min, ramp to 145ºC at 5ºC/min and held for 

2 min and then ramp to 260ºC at 20ºC/min and held for 10 min. The ECD temperature was set 

at 290ºC. The relative percent differences for the duplicate samples were in all instances 

lower than 10%. The reporting limit for all the DBPs was 0.1 µg/L and the recovery was 
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between 80% and 120%. The following DBPs were analysed: trichloromethane (TCM); 

bromodichloromethane (BDCM); dibromochloromethane (DBCM); tribromomethane (TBM); 

dichloroacetonitrile (DCAN); bromochloroacetonitrile (BCAN); dibromoacetonitrile 

(DBAN); chloral hydrate (CH); 1,1-dichloropropanone (1,1-DCP); and 1,1,1-

trichloropropanone (1,1,1-TCP). A suite of five iodo-THMs, trichloroacetonitile (TCAN) and 

trichloronitromethane (TCNM) were also monitored but were not quantifiable due to the low 

concentrations observed (<0.1 µg/L). 

5.3.5 Results and discussion 

5.3.5.1 DOC, UV254, SUVA254 and Bromide  
A summary of the change in DOC, UV254, SUVA254 and bromide concentration in samples 

treated with EC, or EC followed by PAC, GAC, SIAC or MIEX® is shown for the ‘medium 

DOC’ synthetic water samples only (Table 1). Additional results and discussion on these 

surrogate parameters for ‘high and low DOC’ synthetic water samples are published 

elsewhere [38]. 

 

Table 1: Average concentrations of DOC, UV254, SUVA254, and bromide for raw, primary 

treated and secondary treated water samples, and average percent removals for each treatment 

from the initial (raw) concentration. The initial water parameters were: 9.97 mg/L DOC, 5.79 

mM Br-, and 9.87 mM Cl-. n=3 independent replicates. 

Treatment DOC (mg/L) ΔDOC (%) UV254 ΔUV254 (%) SUVA254 (L/mg/m) ΔSUVA254 (%) Br- (mM) ΔBr- (%) 

NT 9.97±0.29 - 0.28±0.03 - 2.87±0.22 - 5.79±0.38 - 

EC 3.80±0.13 63.1±0.6 0.04±0.02 87.7±5.5 1.18±0.49 65.7±15.3 5.72±0.24 0 

EC/PAC 2.18±1.23 73.5±7.5 0.01±0.01 95.4±3.5 0.36±0.22 84.4±9.0 5.38±0.19 0 

EC/GAC 2.86±0.74 72.9±7.7 0.01±0.03 95.8±10.6 0.37±0.90 84.2±25.0 4.54±0.14 27.7±5.4 

EC/SIAC 1.63±0.88 80.5±4.8 0.00±0.00 99.3±0.6 0.20±0.13 95.5±4.0 0.13±0.02 97.9±0.53 

EC/MIEX® 3.27±1.33 72.2±5.2 0.02±0.00 94.6±1.2 0.43±0.20 85.6±5.2 3.28±0.84 45.9±15.3 
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EC reduced DOC by an average of 63.1% to 3.8 mg/L, UV254 by 87.7% to 0.04 and SUVA254 

by 65.7% to 1.18 L/mg/m. Secondary treatments were more effective at removing DOC, 

UV254 and SUVA254 than EC alone (Table 1). The average SUVA254 for synthetic raw water 

was 2.87 L/mg/m, indicating moderate aromaticity, while all treatments (primary and 

secondary) reduced SUVA254 to below 2 L/mg/m, which is typical of NOM with low 

aromaticity [5, 39]. This indicates the ability of all secondary treatments to adsorb NOM with 

high aromatic character, such as humic acids and hydrophobic acids [40]. Average removals 

of DOC, UV254 and SUVA254 by the SIAC were noticeably higher than GAC, suggesting that 

0.1% silver impregnation may improve organics removal relative to un-impregnated activated 

carbon.  However, further investigation into this trend, with a larger data set, did not find a 

significant difference between SIAC and GAC NOM removals [38]. Bromide concentrations 

were decreased considerably by MIEX® and SIAC; by an average of 45.9% and 97.9% 

respectively. GAC also showed some bromide removal capacity. Neither EC alone or in 

combination with PAC caused any significant reduction in bromide concentration.     

5.3.5.2 Fluorescence-PARAFAC analysis  
A four-component PARAFAC model was obtained and validated for an array of 180 EEMs 

using split halves, Tucker’s congruence coefficients and residual analysis based on all raw, 

enhanced coagulated and secondary treated synthetic waters. All treatments were initially 

modelled separately to ensure treatment processes were not forming any new components 

before they were compiled into one PARAFAC model. Spectral contours are shown (Figure 

2). Table 3 shows the excitation and emission maxima of each component, as well as 

descriptions of similar components that were identified in previous studies. Component 1 

(C1) was similar to humic-like fluorophores from terrestrial sources reported by Stedmon et 

al. [18].  Component 2 (C2) was similar to humic-like fluorophores from terrestrial 

anthropogenic sources reported by Stedmon and Markager [41].  Components 3 (C3) and 4 

(C4) were similar to amino acids reported by Murphy [42] and Coble [14], respectively. 

Initially a 5-component PARAFAC model was validated (with the 5th component located 
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below 240 nm excitation wavelengths), however, data below 240 nm excitation wavelengths 

was excluded due to a deteriorating signal:noise ratio in this region. 

Comparison of other PARAFAC studies looking at DBPs [21, 22, 43] shows humic-like 

components 1 and 2 exhibit similar spectral characteristics to the humic components, however 

there are substantial variations among the spectral characteristics of protein-like components 

between all studies.  This could be an indication of variation in the DOM lability and aquatic 

microbial community across different water sources [44].  These studies have found similar 

correlations between humic-like components and DBPs.  
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Figure 2: Contour plots of components identified from the complete EEM dataset. 

Table 2: Maxima locations and characteristics of the fluorescence PARAFAC components. 

Component Excitation maxima (nm) Emission maxima (nm) Identification 

C1 240 460 Humic-like (terrestrial) [18] 

C2 240 400 Humic-like (anthropogenic) [41] 

C3 300, 240 340 Protein-‐like	  (free	  amino	  acids)	  [42]	  

C4 265 320 Protein-like (protein-bound) [14] 

 

5.3.5.3 Treatment processes effect on fluorophores  
Figure 3 shows the mean fluorophore maximum intensity (FMAX) of each component for each 

treatment (raw, EC and EC followed by secondary treatment). Only ‘medium DOC’ synthetic 

water samples were used to calculate the average FMAX and percent removals of each 
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treatment in this section. Additional results and discussion on ‘high and low DOC’ synthetic 

water samples are published elsewhere [38]. Total FMAX (sum of all 4 components) was 

highest for raw waters and decreased with each additional treatment step (i.e., no treatment 

(NT) > EC > secondary treatments), consistent with previous studies [19, 22]. The mean 

percent reduction of total fluorescence was comparable to DOC percent reduction in EC and 

all secondary treatments (Table 1 and Table 3), in agreement with previous research [19]. 

When compared to EC alone, all secondary treatments improved the efficiency of 

fluorescence removal, except for protein-like component C4, which increased after both GAC 

and SIAC treatment most likely due to the desorption of organic contaminants present on 

activated carbons from manufacturing processes [45]. In all treatments, except SIAC, FMAX 

was higher for terrestrial humic-like components C1 and C2 than protein-like components C3 

and C4, although for PAC treated and GAC treated samples, the FMAX of humic-like 

components are only slightly greater than that of the C4 protein-like component (Figure 3).  

 

Figure 3: Maximum fluorescence intensities (FMAX) of PARAFAC components after each 

treatment. Initial water parameters were: 9.97 mg/L DOC, 5.63 mM Br-, 0.14 mM I- and 9.87 

mM Cl-. Insert zooms in on secondary treatment stages. n = 3 independent replicates. 
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Table 3. Average percent contributions and reduction of maximum fluorescence intensities 

(FMAX) of PARAFAC components after each treatment. 

 
  PARAFAC component 

Treatment C1 C2 C1+C2 
(humic-like) C3 C4 

C3+C4 
(protein-

like) 

All 

Average contribution (%) 

NT 52.7±0.9 39.8±0.7 92.5±0.8 3.0±0.7 4.6±0.6 7.6±0.7 100 

EC 44.5±0.8 42.3±0.4 86.8±0.7 7.6±0.2 5.6±0.4 13.2±0.3 100 

EC/PAC 30.6±0.2 34.2±0.0 64.8±0.1 6.3±6.9 28.8±9.6 35.1±7.2 100 

EC/GAC 37.8±6.6 31.1±3.6 68.9±5.2 0.4±0.33 30.7±3.7 31.1±2.2 100 

EC/SIAC 0.2±0.2 0.0±0.0 0.2±0.1 19.4±1.5 80.4±1.6 99.8±1.6 100 

EC/MIEX® 38.0±1.4 46.4±0.3 84.4±0.9 9.1±0.7 6.4±1.0 15.5±0.9 100 

Average fluorescence removal (%) 

NT - - - - - - - 

EC 75.4±4.2 68.7±4.9 72.0 ±4.5  32.8±19.2 55.1±10.6 44.0±14.9 67±4.6 

EC/PAC 97.4±4.4 96.2±6.6 96.8±5.7 90.6±14.2 72.3±25.6 81.45±19.8 95±4.4 

EC/GAC 94.5±6.6 93.9±5.5 94.2±6.0 98.9±1.3 -29.0±11.9(a) 99.4±1.7 92±6.2 

EC/SIAC 99.9±0.0 100±0.0 99.9±0.0 74.1±43.0 -73.2±12.8(a) 89.4±0.37 96±1.8 

EC/MIEX® 86.7±4.0 78.5±5.8 82.6±4.8 43.1 ±11.4 74.1±3.0 58.6±7.2 81±2.2 

(a) Percent contributions are calculated from EC values rather than NT to reflect the increase 

in C4 contaminant after GAC and SIAC treatment. 

 

The relative percent contributions of humic-like (C1+C2) to protein-like (C3+C4) 

components varied greatly between treatments (Table 3). The proportion of humic-like 

components decreased with EC, while the proportion of protein-like components increased, 

indicating humic groups were removed to a greater extent relative to the protein-like groups.  

The preferential removal of humic-like components concurs with the results of previous 

coagulation studies [19, 46-48].  This trend continued through the secondary treatments, 

where, in general, humic-like components were removed with greater efficiency than protein-

like components. All secondary treatments increased the removal efficiency of both humic-

like components (C1+C2) and protein-like component 3 (Table 3). Generally, PAC treatment 

provided the best overall removal of all fluorescence-PARAFAC components (Table 3). 

While SIAC treatment removed over 99.9% of both humic components (C1+C2), only 74% 
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of component 3 was removed.  GAC treatment removed over 93% of both components 1 and 

2, and had the highest removal of component 3 (at 98%) of all secondary treatments. 

Conversely, MIEX® treatment had significantly lower removals of component 1, 2 and 3, but 

the highest removal of component 4 of all secondary treatments, at 74%. The varying removal 

efficiency of treatments on different NOM components may have important implications for 

the formation and speciation of DBPs formed upon water disinfection. 

 

5.3.5.3.1 Variation of component ratios with treatment processes  
Ratios of component’s FMAX has been used to assess the removals of components across 

different treatment processes [19]. Paired t-tests (p < 0.05) were performed to assess the 

significance of changes in these ratios between treatments for mid-range samples (Figure 4). 

The varying FMAX ratios between treatments suggest that some components are preferentially 

removed by different treatments. The FMAX ratio of humic-like to protein-like components 

after EC treatment was significantly reduced relative to the NT samples, indicating 

preferential reduction of humic-like components. While EC preferentially removed humic-

like components, the ratios between both humic components (C1+C2) and C3 shows EC with 

MIEX® and PAC secondary treatments led to concurrent removal of this protein-like (free 

amino acids) component as well as humic-like components. SIAC treatment had the greatest 

reductions in all FMAX ratios, however due to the extremely high removal efficiency of C1 and 

C2 and the hypothesised C4 desorption contamination, SIAC removal preferences cannot be 

determined by component ratios. However, average percent removals (Table 3) shows that C3 

removal was increased with SIAC treatment, relative to EC alone. The preferential reduction 

of humic-like components with EC is consistent with previous studies that found preferential 

removal of hydrophobic high-molecular weight humic NOM by coagulation, while lower-

molecular weight humic NOM were effectively reduced by MIEX® [49], PAC [50] and GAC 

[51].  
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During EC, the ratios between FMAX of humic-like components (C1+C2) and protein-like 

component 4 displayed larger reductions than with component 3, which suggests that EC 

preferentially reduces component 4 over component 3. When component ratios for secondary 

treatments are compared to EC, all treatments (except for GAC) significantly reduced the 

FMAX ratios examined. There were significant reductions in component ratios between EC and 

MIEX® component 1 and both protein components (C3+C4), and EC and PAC humic 

components (C1+C2) and component 4. Although significant, only small reductions in 

component ratios were seen between EC and MIEX® component 2 and both protein 

components (C3+C4), and EC and PAC humic components (C1+ C2) and component 3.  This 

suggests that component 1 was preferentially removed relative to component 2 in MIEX® 

treated waters, while component 3 was preferentially removed relative to component 4 in 

PAC treated waters. There were significant differences between FMAX ratios of MIEX®, PAC 

and SIAC treatments, however there was no statistically significant difference between the 

ratios of GAC treatment and the other secondary treatments. 
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Figure 4: Variation of ratios of FMAX of humic-like components (C1 and C2) to that of 

protein-like components (C3 and C4) across all treatments. GAC treatment was not included 

because ratios were not significantly different. 

 

5.3.5.4 Impact of treatments on DBPs 
Concentrations of DBPs formed by formation potential test were compared to the 

concentrations after primary (EC) and secondary treatments (Figure 5). Trihalomethanes 

(THMs) were the dominant family of DBPs detected in all samples. As expected, the percent 

of DOC removed by different treatments was comparable to the percent reduction of total 

DBPs by different treatments. EC reduced total DBPs by an average of 62%, specifically; 

total THMs by 60%, DHANs by 45%, CH by 83% and total chloropropanones by 72% 

(Figure 5). All secondary treatments improved the reduction of total DBPs compared to EC 

alone. EC/MIEX® and EC/PAC treatments had similar reductions of total DBPs (82%), total 

THMs (81%), CH (95%) and total chloropropanones (96%), however EC/PAC did not reduce 

DHANs significantly more than EC while EC/MIEX® removed 67% of DHANs. Both 
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EC/GAC and EC/SIAC had higher percent reductions of all DBPs than EC/PAC and 

EC/MIEX®. EC/GAC reduced total DBPs by 96%, total THMs by 96%, total DHANs by 

72%, CH by 99% and total chloropropanones by 100% (to below detection limit). EC/SIAC 

reduced total DBPs by 98%; total THMs by 98%, total DHANs by 95%, CH by 93% and total 

chloropropanones by 99%. 

 

Figure 5: Impact of treatments on individual DBP concentrations; a) THMs, b) DHANs, c) 

CH, d) chloropropanones 

The speciation of DBPs varied greatly across treatments due to differing bromide 

concentration in treated synthetic water samples, bromide removal capacity of treatments and 

subsequent changes to the bromide to NOM ratio favouring the formation of brominated over 

chlorinated DBPs when bromide removal was poor (Figure S1). Brominated DBPs have been 

reported as a greater public health concern than their chlorinated counterparts [52]. EC and 
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PAC treatments do not adsorb bromide and therefore had the greatest formation of 

brominated DBPs upon disinfection, relative to the other treatments studied. This is consistent 

with Kristiana et al. [53] who reported a plant-scale application of EC/PAC improved the 

removal of NOM, but did not remove bromide, resulting in the formation of more brominated 

DBPs. Although total THM formation was reduced by EC, and further reduced by each 

treatment process, the proportion of brominated THMs increased with each successive 

treatment step in all cases except after EC/SIAC treatment.  In fact, the absolute 

concentrations of some individual highly brominated DBPs (TBM and DBAN) were 

increased by treatments (Figure 5 a and b). A similar trend was seen with DHANs, an 

increased bromide to NOM ratio caused by both primary and secondary treatments favoured 

the formation of more highly brominated species, relative to NT samples. EC/SIAC was the 

only treatment of those studied in which all DBPs decreased in concentration, relative to NT 

samples, which is attributed to the excellent simultaneous NOM and halide adsorption of the 

EC/SIAC. It is important to note that the SIAC studied was a fresh, unused product, so the 

silver binding-sites on the activated carbon were unsaturated. It is unclear how long such 

excellent removal capacity can be maintained in a full size plant. Overall, the formation of 

chlorinated DBPs was reduced with NOM removal, while brominated DBPs reduction was 

dependent on both bromide and NOM removal [54]. In general, C1 and C2 were strongly 

associated with all DBPs, and protein components (C3+C4) were less important to DBP 

formation/speciation. Therefore, treatment with higher removals of C1, C2 and bromide had 

higher total removals of DBPs.  

 

5.3.5.4.1 Correlations  
In the following section all samples (low, mid, and high range NOM) were included in the 

determination of correlations. 
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5.3.5.4.1.1 Correlations between DOC, C1, C2 and SUVA254. 
Linear correlations were sought between PARAFAC components and DOC, UV254 and 

SUVA254.  Correlations between component 3 and 4 and DOC, SUVA254 and UV254 were 

weak (r2<0.35, data not shown). Both component 1 and component 2 had a weak, positive 

correlation with SUVA254 (r2 = 0.59 and r2=0.58 respectively). Stronger linear correlations 

were found between DOC and PARAFAC FMAX for component 1 (r2 = 0.95) and component 2 

(r2 = 0.93) (Figure S2). A similar strong linear correlation was found between DOC and 

UV254 (r2 = 0.91). Results indicate that the fluorescence-PARAFAC approach offered a slight 

improvement on UV254 as a surrogate measurement of DOC in drinking water throughout 

various treatment processes. Additionally, PARAFAC performed successfully in very low 

NOM waters due to the high sensitivity of fluorescence measurements. Baghoth et al. [19] 

used PARAFAC to assess DOC changes over the treatment process of two DWTPs and found 

DOC had higher correlations with PARAFAC components than UV254 (relationship to DBPs 

concentration was not reported).  Similarly, Shutova et al. [48] and Bieroza et al. [55] found 

fluorescence spectra had a better correlation with organic matter concentration and changes 

than UV254 absorbance in the DWTPs studied. 

 

5.3.5.4.1.2 Correlation matrix of DOC, UVA254, and PARAFAC components and 
concentrations of DBPs 
All samples (low, mid, and high range NOM) were included in the determination of 

Spearman’s correlation coefficients, shown in Table 4. There were significant correlations (p 

< 0.01) between sample DOC concentration, UV254, SUVA254, FMAX for the four PARAFAC 

components (C1, C2, C3 and C4), chlorine dose, and the individual DBPs examined.  The 

correlations of C1, C2, C3 and C4 were higher with UV254 than with DOC or SUVA254. C1 

and C2 had stronger correlations with all aggregate measurements than C3 and C4.  
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There were strong, positive correlations between TCM and DOC, UV254, SUVA254 and 

chlorine dose. Even stronger correlations were found between TCM and PARAFAC FMAX C1 

and C2, while correlations between TCM and C3 and C4 were moderate.  Similar trends were 

found with other chlorinated DBPs: DCAN, CH, 1,1-DCP and 1,1,1-TCP and BDCM. 

Although the mixed-halogen species BCAN was correlated with DOC, UV254, C1 and C2, the 

correlations were not as strong as the fully chlorinated DBPs. There were strong, negative 

correlations between TBM and DOC, UV254, SUVA254 and chlorine dose. Even stronger 

negative correlations were found between TBM and PARAFAC FMAX C1 and C2, while 

correlations between TBM, C3 and C4 were moderate.  Similar trends were found with the 

other fully brominated species, DBAN. Correlations between the mixed-halogen species, 

DBCM and DOC, UV254, SUVA254, C1, C2, C4 and chlorine demand were not significant. 

DBCM was weakly correlated with C3. Positive correlations between chlorinated DBPs and 

DOC, UV254, SUVA254, C1 and C2 indicate that chlorinated DBP formation is highly 

dependent on NOM concentration. The negative correlations between brominated DBPs and 

DOC, UV254, SUVA254, C1 and C2 is a reflection of the preferential formation of highly 

brominated DBPs under high Br-:DOC ratios, that is, low NOM and high bromide 

concentrations. Thus, the formation of brominated DBPs is limited by the initial Br 

concentration whereas the chlorinated DBPs are limited by the organic matter concentration 

[35,54]. In general, chlorinated DBPs were positively correlated with other fully chlorinated 

DBPs, but negatively correlated to fully brominated DBPs. The mixed-halogen species 

(BDCM, DBCM, and BCAN) showed correlation to some specific chlorinated and 

brominated DBPs. Brominated DBPs were also positively correlated to other brominated 

DBPs. The humic components (C1+C2) were generally more strongly correlated with all 

DBPs studied (sum of squared residuals SSR = 0.78 and 0.77, respectively), than DOC (SSR 

= 1.20), chlorine dose (SSR = 1.11), SUVA254 (SSR = 1.32) and UV254 (SSR = 0.93). 
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FMAX values from C1 in particular could be used to predict subsequent formation of TCM, 

BDCM, TBM, DCAN, DBAN, CH, 1,1-DCP and 1,1,1-TCP for raw, primary treated (EC) 

and secondary treated synthetic waters. The correlations between C1 and these DBPs suggest 

that humic-like fluorophores were important DBP precursors. Results indicate that the 

PARAFAC approach was an improvement on DOC, SUVA254 and UVA254 as surrogate 

measurements of DBP formation upon chlorination (Figure S3).  However, the fluorescence-

PARAFAC approach was only marginally stronger predictor of DBP formation than UV254. 

Correlations were strong at low FMAX values (i.e., primary and secondary treated waters), 

indicating that this method may be useful in optimising both NOM removal and DBP control 

strategies in DWTPs. Comparably, Johnstone et al. [21]  employed PARAFAC on raw and 

alum treated waters from a DWTP and found correlations between TCM and the combined 

total of two PARAFAC components (components comparable to humic –like C1 and C2). 

Hua et al. [43] found PARAFAC components were better surrogates than SUVA254 for 

predicting THM formation potential of 55 lake waters across Missouri, USA. A similar 

finding was presented by Pifer and Fairey [22] where PARAFAC was reported to be a 

stronger predictor of TCM formation than SUVA254 in raw and alum-treated natural waters.  

However, contrary to the present study’s findings, Pifer and Fairey [22] did not find 

correlations between PARAFAC components and BDCM, 1,1,1-TCP and DCAN. This is 

perhaps due to the lower bromide and NOM concentrations in that study, which may have 

prevented the formation of these DBPs at similar levels. Predicting formation of DBPs by 

fluorescence-PARAFAC based techniques may also be more challenging in more complex 

natural waters than in synthetic waters such as those investigated in our study. 

Overall, these results suggest PARAFAC analysis of EEMs could be an effective tool for 

monitoring drinking water treatment process performance, evaluating the removal of specific 

DBP precursors and estimating individual DBP formation potential. 
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Table 4: Spearman's correlation coefficients of DOC, UV254, SUVA254 with the four PARAFAC components and the concentrations of DBPs for all samples. 

 

* Correlation is significant at the 0.01 level (2-tailed)
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5.3.5.5 Limitations of study  
An important limitation of this work is that PARAFAC and DBP data was produced from 

synthetic water samples. There is a need for further research on a wide array of ‘real’ 

distribution system water sources and different treatment processes, to determine if 

correlations determined here were specific to synthetic waters studied or if they could be 

applied broadly to waters from DWTPs and determine the impact of environmental factors 

[23].  

 

5.3.5.6 Conclusions  
Fluorescence-PARAFAC characterisations of raw, EC and EC plus PAC, GAC, SIAC or 

MIEX® treated synthetic waters led to the following conclusions into NOM removal and the 

correlation between PARAFAC extracted fluorescent components and DBPs: 

• PARAFAC analysis identified four fluorescent NOM components; 2 humic-like 

(C1 and C2) and 2 protein-like (C3 and C4). 

• Secondary treatments were more effective at removing PARAFAC fluorescence 

components, DOC and DBPs than enhanced coagulation alone. 

• PAC, GAC, SIAC and MIEX® treatments have different NOM, which 

consequently effects speciation of DBPs after each treatment. 

• Regression analysis of a humic-like component after various treatment strategies 

showed strong relationships to NOM concentrations and the following DBPs: 

TCM, BDCM, TBM, DCAN, DBAN, CH, 1,1-DCP and 1,1,1-TCP.  

• Overall, fluorescence-PARAFAC approach was a better surrogate than DOC, 

SUVA254 and UV254 for predicting DBP formation potential, for most DBPs 

studied except the mixed halogen DBPs; DBCM and BCAN. However, the 
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fluorescence-PARAFAC approach was only marginally stronger predictor of 

DBP formation than UV254. 

• DBCM could not be correlated well to any surrogate measure, including 

PARAFAC components. 

• PARAFAC has the potential for monitoring effectiveness of different treatment 

processes for the removal of NOM components specific to DBP formation, and 

could thus be used to support strategies to minimise formation of toxic DBPs 

during drinking water disinfection. 
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6.2 Characterisation of natural organic matter isolates from three 
Australian and one USA surface waters: the effect of drinking 
water treatments on reactivity and DBP yield.   

6.2.1 Abstract  
Variations between water sources’ natural organic matter (NOM) composition and reactivity 

with regard to disinfection by-product (DBP) formation is not well understood. The aim of 

this investigation was to compare NOM sourced from different regions with regard to DBP 

precursor removal treatments and DBP formation, thereby allowing water treatment 

optimisation for individual source waters. The International Humic Substances Society 

(IHSS) Suwannee River NOM isolate and three NOM isolates from drinking water sources in 

Southeast Queensland (SEQ), Australia, were investigated. A standardised synthetic water 

containing each NOM source was treated with enhanced coagulation (EC) alone or EC 

followed by; anion exchange (MIEX® resin), powdered activated carbon (PAC), granular 

activated carbon (GAC) or silver impregnated carbon (SIAC). A DBP formation potential test 

was conducted, before and after each stage of treatment, to investigate the change in DBP 

formation for each NOM source, throughout each treatment process. The specific chlorine 

demand for the Australian isolates were higher than that of the Suwannee River NOM isolate. 

Generally, for all isolates, EC and EC/GAC treated samples had a higher specific DBP 

formation potential than EC/MIEX®, EC/PAC and EC/SIAC. Differences in reactivity of the 

NOM isolates were found to be related to both origin of the isolate and treatment employed, 

suggesting that some precursor removal strategies may not be optimal for some source waters.      

6.2.1.1 Key words  
Chlorination, specific DBP formation potential, MIEX®, PAC, GAC, SIAC, bromide 

removal, NOM removal.     

6.2.2 Introduction  
Natural organic matter (NOM) is a complex heterogeneous mixture of organic compounds 

derived from terrestrial and aquatic sources, present in all natural waters [1, 2]. It is composed 
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of humic substances, hydrophilic acids, carboxylic acids, carbohydrates, amino acids, lipids 

and proteins and can contain aromatic, aliphatic, phenolic, and quinonic regions with varying 

molecular sizes and properties [2]. NOM concentrations and reactivity can vary greatly 

between different natural waters depending on source, climate and land use. NOM reacts with 

disinfectants and halides present in the source water to form disinfection by-products (DBPs), 

some of which have been associated with deleterious reproductive effects and specific forms 

of cancer [3].  Generally, brominated DBPs (Br-DBPs) are both more genotoxic and 

carcinogenic than their chlorinated counterparts [3].   

The International Humic Substances Society (IHSS) have isolated (whole) NOM from the 

Suwannee River in southeast Georgia, USA, and this reference material is distributed globally 

to scientists who study humic substances. However, the Suwannee River is a unique acidic 

blackwater stream sourced from the Okefenokee Swamp, with very high NOM concentrations 

primarily composed of allochthonous-derived humic substances, with different characteristics 

and reactivity when compared to NOM from drinking water sources [4, 5]. The unique 

geology of this site results in highly acidic water from organic acids produced during 

anaerobic decomposition of predominantly allochthonous plant litter, specific to America. In 

contrast, NOM from drinking water sources can vary markedly in organic content, commonly 

derived from both allochthonous and autochthonous sources [6]. The characteristics and 

reactivity of Suwannee River NOM isolate (SR) with respect to NOM removal by drinking 

water treatments and DBPs formation has not been compared to NOM from drinking water 

sources.  

In this study, NOM removal from a standardised synthetic water by enhanced coagulation 

(EC) primary treatment followed by; MIEX®, powered activated carbon (PAC), granular 

activated carbon (GAC) or silver impregnated activated carbon (SIAC) secondary treatment 

was investigated, using Suwannee River NOM and three NOM isolates from drinking water 

sources in Southeast Queensland (SEQ), Australia. Bromide removal and DBP formation at 

each stage of treatment, for each isolate, was also assessed. Our objective was to determine 
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whether NOM source caused changes in DBP formation/speciation throughout different 

treatments. 

6.2.3 Methods  

6.2.3.1 Reagents 
All reagents and chemicals used in this study have been described elsewhere [7], with the 

exception of Norit 18×40AG1 (0.1% Ag) SIAC, and Norit GCN1840 GAC, both of which 

were donated by Cabot Norit. Suwannee River NOM isolate was purchased from the 

International Humic Substances Society (batch number 1R101N). All other NOM isolates 

were prepared in our laboratory, and the procedure for this is detailed herein.  

6.2.3.2 Synthetic waters 
A matrix of 30 synthetic waters (6 of each isolate plus 6 blanks, i.e.one blank and one of each 

isolate for each of 6 treatment protocols) of standardised characteristics were utilised for all 

DBP formation potential and DBP precursor removal experiments. All experiments were 

preformed in duplicate. Synthetic water samples were prepared by dosing 1L of laboratory-

purified water with standard concentrations of; NOM isolates (standardised to give 

approximately equal dissolved organic carbon (DOC) concentration), halides (Br-, I- and Cl-), 

sodium carbonate, calcium sulfate and magnesium sulfate. Synthetic waters were dosed with 

bromide standard (to give final concentration 450 µg/L as Br-) and NOM isolate to give final 

DOC concentrations of approximately 10 mg/L. Alkalinity concentration was 138 mg/L as 

CaCO3, while calcium sulfate and magnesium sulfate were both added at 73 mg/L. Sodium 

chloride was added to give a Br-/Cl- ratio of 1:300 by weight, to mimic a natural water [8]. 

Halide, DOC and alkalinity concentrations were measured after preparing the waters to obtain 

accurate starting concentrations. After preparing the waters, the pH was adjusted to 7 with 

dilute HCl. Each 1L sample was stored in an amber glass bottle at 4°C until use (within 24 

hrs).  
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6.2.3.3 Experimental design  
A schematic summarising the experimental design for this study is shown (Figure 1).  The SR 

isolate was compared to three SEQ NOM isolates. Synthetic waters were subjected to 

enhanced coagulation (EC) primary treatment followed by one of four secondary treatments. 

The secondary treatments were; MIEX® resin (EC/MIEX®), powered activated carbon 

(EC/PAC), granular activated carbon (EC/GAC) and 0.1% silver impregnated activated 

carbon (EC/SIAC). All treated samples were compared to the ‘no treatment’ (NT) sample for 

their NOM source in all discussion herein. Each sample was analysed for DOC, halides, 

excitation-emission matrix (EEM) fluorescence spectroscopy, and DBP formation and 

speciation upon chlorination, at all three stages of treatment (NT, EC and EC/secondary 

treatment), for each NOM source. 

 

Figure 1: Schematic of experimental design. SR = Suwannee River, TR = Tingalpa 

Reservoir, BR = Brisbane River and AL = Advancetown Lake.  

6.2.3.4 Site descriptions  
The three major drinking water sources for the SEQ region were selected for this study.  

Samples were collected from the influent to DWTPs sourced from Tingalpa Reservoir (TR), 

Brisbane River (BR) and Advancetown Lake (AL) (Table 1, SI 1).  It should be noted that the 
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objective of this study was to compare the reactivity of IHSS SR NOM isolate to the three 

SEQ drinking water NOM isolates, and as such, standardised synthetic waters were used for 

these experiments. Therefore, the NOM, halide and inorganic constituent concentrations used 

do not reflect the natural waters from which they originated and results are therefore not a 

direct reflection of the natural waters.  

Table 1. Origin of NOM samples  

Sample Location  Description 

ID Name   State Latitude Longitude Catchment Reservoir  
Storage 

Capacity 

TR 
Tingalpa 

Reservoir  

SEQ, 

Australia  

-27o 32’ 

20.76’’ 

152 o 47’ 

16.8” 
Redland  

Leslie Harrison 

Dam 
24868 ML 

BR Brisbane River  
SEQ, 

Australia  

-27 o 32’ 

0.24” 

153 10’ 

55.2” 
Mid Brisbane 

Mount Crosby 

Weir 
3430 ML 

AL 
Advancetown 

Lake 

SEQ, 

Australia  

-27 o 58’ 

55.2” 

153 o 21’ 

10.8” 
Nerang Hinze Dam 310730 ML 

SR Suwannee River GA, USA  
30 o 48’ 

13.57” 

-82 o 25’ 

3.59” 

Okefenokee 

Swamp 
Spillway  n/a 

6.2.3.5 NOM Isolation process 
1000 L of raw water from each sampling site was filtered through successive in-line 5, 1 and 

0.5 µm polypropylene sediment filters, and then subjected to continual reverse osmosis (RO) 

and cation exchange resin to concentrate the organic matter in the sample to a final volume of 

approximately 20 L (Figure SI 2 and Table SI 2). The RO concentrates were desalted using 

Spectra/Por Biotech cellulose ester dialysis membrane (molecular weight cut-off 100 Da) and 

then freeze-dried using a 25L Genesis SQ Super XL-70. 

6.2.3.6 Treatments 

6.2.3.6.1 EC  
EC with alum (Al2(SO4)3•18H2O) was conducted in accordance to US EPA’s Enhanced 

Coagulation and Enhanced Precipitative Softening Guidance Manual [9]. Each 1L synthetic 
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water sample was dosed with 60 mg/L alum, then rapidly mixed for 1.5 minutes at 200 rpm, 

flocculated for 13.5 minutes at 30 rpm, then settled for 60 minutes before vacuum filtering 

through Whatman No. 1 filter papers, which were chosen to simulate sand filtration at the 

WTP [10]. 

6.2.3.6.2 MIEX® and PAC treatments 
MIEX® and PAC treatments were conducted using a previously published protocol [11]. 

MIEX® was a used resin sourced from a South Australian DWTP that was regenerated with a 

10% NaCl solution prior to use in jar tests at a dose of 10 mL/L. Norit W35 PAC was used at 

60 mg/L for all jar test experiments.  

6.2.3.6.3 EC/SIAC and EC/GAC 
GAC (Norit GCN1840) and SIAC (Norit 18×40AG1) were soaked overnight in laboratory-

purified water and rinsed prior to use to remove fines. Aqueous activated carbon slurries were 

then loaded into columns with a total volume of 6.36 cm3 (10 cm height × 0.9 cm diameter; 

aspect ratio of 8.1) with a final weight of 6 g of activated carbon in each column. 

Approximately 125 bed volumes of sample were passed over each column, at a flow rate that 

allowed an empty bed contact time (EBCT) of 10 minutes (0.6 mL/minute) [12]. Each column 

took approximately 24 h to treat the whole 1L sample. 

6.2.3.7 DBP formation potential test 
Two aliquots of 225 mL were taken from each sample after treatment; one for determining 

chlorine demand of the sample and the other for DBP formation potential test. This was 

conducted using previously published methods [7]. In brief, DBP formation potential tests 

were performed at pH 7 and dosed with sodium hypochlorite solution, at a dose calculated to 

leave a residual of around 2 mg/L Cl2 after the 72 h contact time.   

6.2.3.8 DBPs analysis  
DBP extraction and analysis was performed using a previously published method, 

encompassing a salted liquid-liquid microextraction followed by analysis by gas 

chromatography with electron capture detection (GC-ECD) [7]. The following DBPs were 
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analysed: trichloromethane (TCM); bromodichloromethane (BDCM); dibromochloromethane 

(DBCM); tribromomethane (TBM); dichloroacetonitrile (DCAN); bromochloroacetonitrile 

(BCAN); dibromoacetonitrile (DBAN); chloral hydrate (CH); 1,1-dichloropropanone (1,1-

DCP); and 1,1,1-trichloropropanone (1,1,1-TCP).  

6.2.3.9 Elemental microanalysis for C, H, N, S, O 
C, H, N, S and O elemental analysis was performed on a FLASH 2000 CHNS/O Analyzer in 

duplicate by the modified Pregl-Dumas technique (dynamic flash combustion) [13].  

6.2.3.10 Bromide 
Bromide analysis was conducted using a Dionex ICS-5000 ion chromatography system, run 

in one-dimensional mode with an IonPac AS19 analytical column (4 mm internal diameter × 

250 mm length) using a previously published method [7].  

6.2.3.11 DOC, alkalinity and UV254 
DOC and alkalinity (inorganic carbon) was measured using a Shimadzu TOC-VCSH TOC 

analyser using a high temperature catalytic oxidation method (Standard Method 5310B) [14]. 

UV254 was measured using a Bio-Rad SmartSpec Plus spectrophotometer and quartz cuvette 

with 1 cm path length.  

6.2.3.12 Excitation emission matrix (EEMs) fluorescence spectroscopy 
EEMs measurements of NOM were performed using a PerkinElmer LS-55 luminescence 

spectrometer (PerkinElmer, Australia) and a quartz cuvette with 1 cm path length. The 

spectrometer displayed a maximum emission intensity of 1000 arbitrary units (AU). 

Excitation wavelengths were monitored from 200 nm to 400 nm at steps of 5 nm, and 

emission wavelengths were monitored from 280 nm to 500 nm with a 0.5 nm step. A 290 nm 

emission wavelength cut-off was used to limit second-order Raleigh scattering. Excitation and 

emission scan slits were set at 7 nm and the scan speed was 1200 nm/minute. Samples were 

allowed to equilibrate to room temperature prior to analysis in order to minimise the 

temperature effect. All samples were diluted prior to analysis to give an absorbance of 

maximum 0.05 at 220 nm, and for all fluorescence data, a MilliQ water blank was subtracted. 
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In order to quantify differences between NOM isolates and relative changes in the EEM 

spectra after adsorptive treatments, percent fluorescence response (Pi,n) was calculated using 

the integration method proposed by Chen et al. [15] (Figure SI 2). EEMs were split into five 

regions; P1, P2, SMP, FA and HA corresponding to the regions for proteins 1 and 2, soluble 

microbial products-like, fulvic acid-like and humic acid-like compounds, respectively. 

6.2.4 Results and discussion   

6.2.4.1 Raw water characteristics  
The three major drinking water sources in SEQ were investigated: Tingalpa Reservoir (TR), 

Brisbane River (BR) and Advancetown Lake (AL). Table 2 summarises water quality 

parameters and DBP formation potentials for the raw SEQ drinking water sources. TR had a 

high organic carbon load compared to the other two sites, however, BR had a high salt load 

(inorganic carbon, and bromide) compared to AL and TR. BR raw water had the highest 

SUVA254 (UV254 absorbance per mg of carbon), consistent with mostly aquatic humic acids 

and high molecular weight NOM [16]. TR and AL raw water had slightly lower SUVA254 

indicating NOM was a mixture of aquatic humics and other NOM substances, with varying 

molecular weights [16]. EEMs and Pi,n show that humic substances (fulvic and humic acids) 

were major components of NOM in all source waters. Although DBP formation potential 

varies widely between sources, it cannot be determined from these experiments whether these 

variations are a result of differences in overall concentrations of NOM, alkalinity, halides, and 

other relevant water quality parameters, or differences in the DBP reactive NOM components 

in these individual NOM sources. Since water quality characteristics (such as NOM and 

bromide concentration) vary between the raw source waters, in order to study differences in 

NOM reactivity, a standardised synthetic water must be made in order to control for variables 

other than NOM source.  

 

Fabris et al. [17] found that differences in organic character of Norwegian and Australian 

source waters after treatment were related to treatment practice rather than origin of the 
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source water. Conversely, Abbt-Braun and Frimmel [18] showed that differences in organic 

character of waters after treatment were dependent on the origin.  This conflict in the 

available literature highlights the need to create standardised synthetic waters to assess 

whether differences in source water reactivity after treatments are due to site-specific 

character of NOM, or more general DBP precursor concentrations (e.g. DOC, halides).   
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Table 2. Raw water characteristics for SEQ source waters studied. 

      EEM components Pi,n (%) DBP (µg/L) 

Sample 
DOC 

(mg/L) 

Br-

(µg/L) 

Alkalinity 

(mg/L 

CaCO3) 

UV254 
SUVA254 

(L mg−1 m−1) 
P1 P2 SMP FA HA TCM BDCM DBCM TBM DCAN BCAN DBAN CH 

1,1-

DCP 

1,1,1-

TCP 

TR 13.72 85.50 25.77 0.44 3.21 0 8.38 3.63 41.07 46.92 850.92 57.60 2.32 <0.1 20.62 1.57 <0.1 73.91 1.43 10.54 

BR 2.43 313.00 198.41 0.11 4.52 0 12.12 5.56 38.93 43.38 114.00 95.67 49.59 4.90 7.59 6.67 3.71 21.87 0.48 3.39 

AL 4.04 38.00 35.09 0.14 3.46 0 11.40 4.85 45.60 38.15 225.16 22.92 1.34 <0.1 7.95 0.72 <0.1 21.49 0.71 7.92 
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6.2.4.2 Isolate characteristics  

6.2.4.2.1 Comparison of raw waters with their reconstituted NOM isolates 
NOM from the three major surface water sources in SEQ; TR, BR and AL, were isolated. 

EEMs for raw source waters and reconstituted isolate samples were analysed for percent 

fluorescence response (Pi,n), to determine the isolates’ similarity to the original source water 

NOM (Table SI 3). All raw and isolate samples had EEM Pi,n within 8% of each other, 

except for humic acid-like region of BR which was within 15%.  The EEM Pi,n analysis 

shows that the NOM isolates are representative of the natural source waters. The IHSS 

extracts whole NOM from the Suwannee River by a RO/cation exchange resin isolation 

method similar to that described here [19]. 

6.2.4.2.2 Elemental composition and atomic ratio 
Table 3. Elemental composition and atomic ratio for isolated NOM samples. 

Sample  Elemental composition (%) Atomic ratio 

 C  H  N  O  S Ash C/H C/N C/O C/S 

TR 34.53 4.14 1.16 41.21 0.96 18.00 0.70 34.73 1.12 96.10 

BR  30.27 3.92 1.33 37.86 1.96 24.66 0.64 26.55 1.07 41.26 

AL 31.18 3.67 1.10 41.97 3.78 18.30 0.71 33.07 0.99 22.04 

SR  52.47* 4.19* 1.10* 42.69* 0.65* 0.98 1.04 55.65 1.64 215.67 

* Elemental analysis obtained from IHSS- sample 1R101N. 

Elemental analysis along with elemental ratios, including C/H, C/N, C/O and C/S, can provide 

information on the possible composition of NOM isolates [20]. The elemental analysis results 

for each NOM isolate is shown (Table 3). SR contained the highest content of carbon, 

hydrogen, and oxygen and lowest content of sulphur and nitrogen when compared to the 

Australian isolates.  Australian isolates had a higher ash content than SR, which will affect the 

accuracy of elemental analysis. Although our NOM isolation process was shown to give 

excellent cation removal, we were unable to adequately remove silica, which we believe 

contributed to the much higher ash content observed in our isolates compared to the SR NOM.  
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The C/H ratio indicates relative saturation of the carbon atom within the NOM [21]. The high 

C/H ratio of SR indicates significant portions of aromatic functional groups, while the lower 

C/H ratio of the three Australian isolates suggests they are more aliphatic in character. Leenheer 

[22]  found Suwannee River NOM was characterised by a high aromatic carbon content from 

(allochthonous) terrestrially-derived lignin organic matter, while McKnight et al., [23] found 

that (autochthonous) microbial-derived NOM had a higher content of aliphatic carbon and more 

organic nitrogen than terrestrially-derived NOM. The high C/N ratio of SR further reflects the 

greater allochthonous character of the SR, when compared to the Australian isolates. The more 

microbial-derived NOM character of the Australian isolates may be due to significant 

anthropogenic modification of all three Australian reservoir catchments leading to increased 

flows, erosion and delivery of both nutrients and sediments from the catchments to the 

waterways, facilitating microbial degradation [24, 25]. The C/O ratio relates to oxygenation of 

NOM, that is, it indicates the content of oxygen-containing functional groups, such as 

carboxylic acid, carbonyl, hydroxyl, and methoxyl moieties, and degree of humification [26, 

27]. The lower C/O ratio of the three Australian isolates implies lower humification than SR, 

which was similar to the findings of Croue et al. [4]. C/H, C/N and C/O ratios decrease as the 

hydrophilic character of NOM increases [28]. Therefore, the SR isolate indicates significant 

hydrophobic character, while the Australian isolates exhibit more hydrophilic character. 

Similarly, Croue et al. [4] found SR NOM fractions were more hydrophobic than South Platte 

River fractions.   

 

Although the three Australian isolates are similar to each other, there are notable differences in 

their composition and elemental ratio. TR and AL had the highest C/N ratio of Australian 

isolates, indicating a higher proportion of allochthonous derived carbon than BR isolate. 

Conversely, BR had the lowest C/N ratio of Australian isolates, indicating a higher proportion 

of autochthonous derived carbon than both TR and AL. The increased proportion of microbial-

derived NOM in BR may be due to the increased availability of light caused by depth 
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differences between reservoirs [29]. BR reservoir is a shallow weir, while TR is a larger and 

deeper dam. The higher C/H, C/N and C/O ratios of TR isolate indicates a more hydrophobic 

character than the BR isolate.  Although, AL had similar C/H and C/N ratios when compared to 

TR, it has the lowest C/O ratio of all samples, suggesting AL contained a lower proportion of O-

containing functional groups and was less humified than TR and BR. These results are also 

reflected in the EEM Pi,n data (Table SI 3). That is, TR had the highest proportion of humic 

substances and the lowest proportion of microbial-derived substances, while BR had the highest 

proportion of microbial-derived substances and the lowest proportion of humic substances and 

AL humic and microbial-derived substances proportions were intermediate.   

6.2.4.3 NOM and bromide removal  

6.2.4.3.1 NOM removal 
Table 4 summarises the changes in DOC concentrations and percent DOC removal for synthetic 

waters containing each isolate, after each treatment. Regardless of source, EC combined with a 

secondary treatment was more effective at removing DOC than EC alone. EC has been 

previously reported to preferentially remove the higher molecular weight NOM compounds, 

leaving behind the lower molecular weight, organic material [30]. In all cases DOC removals 

were higher in EC/GAC and EC/SIAC than EC/MIEX® and EC/PAC treated samples. Results 

show a clearly different DOC removal behaviour between samples of different origins. 

Although SR had lower percent DOC removals for all treatments compared to the other isolates, 

the lower removal efficiencies were due to the low EC removal rather than secondary treatment 

removal efficiency.  Similarly Dubrawski et al. [31] observed higher total DOC reduction after 

electrocoagulation in a natural water source (typical of rural community drinking water sources)  

than in Suwannee NOM synthetic water. The differences in DOC reduction between the NOM 

sources were due to the higher proportion of large molecular weight NOM species in the natural 

water. 

 

 



 

	   275	  

Table 4. NOM concentrations and removal from synthetic water samples for all isolates and 

treatments.   

 TR  BR  AL  SR  

 
DOC 

(mg/L) 

Percent 

removal (%) 

DOC 

(mg/L) 

Percent 

removal (%) 

DOC 

(mg/L) 

Percent 

removal (%) 

DOC 

(mg/L) 

Percent 

removal (%) 

NT  
10.94 

±0.36 
n.a. 

9.50± 

0.26 
n.a. 

12.33± 

0.95 
n.a. 

10.70± 

0.16 
n.a. 

EC  
1.81± 

0.05 
83.44±0.97 

2.00± 

0.21 
78.97±2.81 

3.38± 

0.26 
72.61±0.14 

3.63± 

0.51 
66.05±0.46 

EC/MIEX®  
1.24± 

0.02 
88.67±0.18 

1.33± 

0.22 
86.02±1.97 

1.98± 

0.44 
83.96±2.34 

3.10± 

0.35 
71.08±1.03 

EC/PAC  
1.17± 

0.23 
89.29±2.48 

1.43± 

0.17 
84.93±1.33 

2.55± 

0.40 
79.34±1.63 

2.95± 

0.13 
72.48±0.21 

EC/GAC  
0.65± 

0.12 
94.06±0.88 

0.47± 

0.02 
95.06±0.39 

0.63± 

0.12 
94.88±0.60 

2.25± 

0.12 
79.00±2.77 

EC/SIAC  
0.60± 

0.04 
94.54±0.17 

0.56± 

0.10 
94.15±1.26 

0.59± 

0.09 
95.24±0.35 

1.80± 

0.51 
83.20±1.26 

 

The additional DOC removal attained after EC by MIEX® secondary treatment averaged 7±3%. 

AL had the highest additional percentage DOC removals attained by MIEX® for all isolates of 

11±2%. MIEX® treatment increased removal of BR isolate DOC by an additional 7±5% 

beyond what was achieved with EC alone. TR and SR had similar additional percentage DOC 

removals of 5±1% and 5±2%, respectively. The previous study of Drikas et al.’s [32], 

combining EC with MIEX® secondary treatment in two natural waters, found that DOC 

removal was approximately double for combined EC/MIEX® treatment than for EC alone. 

These large disparities in NOM removal capacity of the combined treatment are likely due to 

differences in experimental conditions explored (such as MIEX® dose), NOM character and 

competing ion concentrations [33, 34]. 
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The additional DOC removal attained after EC by PAC secondary treatment was modest and 

showed reasonable similarity between sources, averaging 6±0.4% removal. Previous studies on 

EC/PAC treatment have documented large variations in additional DOC removal capacity of 

PAC between studies (7 – 31% DOC removal) [35-38].  The lower molecular weight NOM 

remaining after EC treatment appeared to be similarly susceptible to PAC treatment, regardless 

of source. Kristiana et al. [53] found the use of PAC after EC treatment did not result in 

preferential removal of a specific molecular weight fraction of NOM, rather, all NOM fractions 

were similarly removed. 

The additional DOC removals attained after EC by GAC and SIAC secondary treatments were 

very similar, averaging 15±5% and 17±5% respectively however, it varied depending on source. 

TR had the lowest DOC removals attained by GAC and SIAC, with only 11±2% and 11±1% 

greater removal than what was achieved with EC, respectively. AL had the highest percent DOC 

removals attained by GAC and SIAC, with 22±1% and 23±1% greater removal than from EC 

alone, respectively.  DOC removals from BR and SR waters after EC by GAC and SIAC were 

intermediate (BR: 16±2% and 15±2% and SR: 13±2% and 17±2%, respectively). The 

adsorption of the NOM on GAC and SIAC was highly dependent on the origin of the samples, 

which was similar to the findings of Abbt-Braun and Frimmel [39].   

6.2.4.3.2 Bromide removal  
Bromide concentration strongly influences DBP speciation [3, 7, 11]. Bromide concentrations 

were reduced considerably by EC/SIAC, by an average of 99±1% irrespective of NOM isolate 

source. It should be noted that the SIAC studied was a fresh, unused product, so the silver 

binding-sites on the activated carbon were unsaturated. All isolates from Australian sources 

treated by EC/MIEX® had similar bromide reductions (45±7%), however EC/MIEX® 

treatment only reduced bromide concentration in the SR sample by 35±3%.  The large 

difference between SR and other isolates is likely due to the lower NOM removals by EC in the 

SR isolate and consequential competition between bromide and NOM for exchange sites during 

MIEX® treatment [34]. Conversely, the lower DOC concentrations in TR, BR and AL samples 

after EC allowed both DOC and bromide to be removed effectively during the MIEX® step.  
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EC/GAC showed varying bromide removal capacity depending on NOM isolate source, 

although Australian isolates had similar removals to each other when compared to SR. Again, 

the lower bromide adsorption capacity of GAC for the SR sample is likely to be due to the 

presence of a higher concentration of competing NOM after EC compared to the other samples. 

EC and EC/PAC did not adsorb bromide in any case, as expected [38]. The adsorption of 

bromide by the various treatments did not appear to be dependent on the origin of the samples. 

Higher concentrations of competing NOM appeared to have the greatest effect on the bromide 

adsorption capacity of EC/MIEX®, and EC/GAC treatment. 

 

Table 5. Bromide concentrations and percentage removal by each treatment.   

 TR  BR  AL  SR  

 
Br-  

(µM) 

Percent 

removal (%) 

Br- 

(µM) 

Percent 

removal (%) 

Br- 

(µM) 

Percent 

removal (%) 

Br- 

(µM) 

Percent 

removal (%) 

NT  
5.46± 

0.08 
n.a. 

5.26± 

0.17 
n.a. 

5.49± 

0.01 
n.a. 

5.60 ± 

0.10 
n.a. 

EC  
5.44± 

0.14 
0 

5.20± 

0.14 
0  

5.48± 

0.10 
0 

5.60± 

0.23 
0 

EC/MIEX®  
2.74± 

0.12 
49.82±1.33 

2.69± 

0.19 
48.86±1.90 

2.91± 

0.07 
46.99±1.26 

3.61± 

0.17 
35.54±3.10 

EC/PAC  
5.40± 

0.22 
0 

5.41± 

0.15 
0 

5.43± 

0.09 
0  

5.57 

± 0.13 
0  

EC/GAC  
4.31± 

0.39 
21.06±5.92 

4.39± 

0.21 
16.54±1.23 

4.41± 

0.10 
19.67±1.62 

5.19± 

0.12 
8.39±1.98 

EC/SIAC  <0.13* 99.63±0.05 <0.13* 99.62±0.14 <0.13* 99.27±0.45 <0.13* 100±0.00 

* Method reporting limit (0.13 µM). 

6.2.4.4 Comparison of DBP formation between treatments and NOM sources. 
Concentrations of DBPs formed by formation potential test of untreated synthetic water samples 

were compared to the concentrations after EC and EC combined with a secondary treatment 

(Figure 3). While the initial DOC concentrations of synthetic water samples before treatment 
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were similar, the total DBP yield varied widely between sources, with AL having the highest 

total DBP yield and SR having the lowest (total DBP = sum of concentrations of TCM, BDCM, 

DBCM, TBM, DCAN, BCAN, DBAN, CH, 1,1-DCP, 1,1,1-TCP, in µg/L). EC combined with 

a secondary treatment was more effective at reducing total DBP formation than EC alone, and 

reduction in total DBP formation was directly correlated to the percentage of DOC removed and 

corresponding reduction in chlorine demand, as expected (Figure SI 3). EC reduced total DBP 

formation by an average of 76±6%. The additional total DBP removal attained after EC by 

MIEX®, PAC, GAC and SIAC secondary treatments averaged 15±5%, 16±5%, 20±5% and 

25±6% respectively.  

 

 

Figure 3. Total DBPs concentration (µM) for waters made from each NOM source after each 

treatment.  

Total THMs and total DHANs illustrate the overall decrease in these classes of DBPs with EC, 

and further decrease with secondary treatment in all cases except total DHAN for the AL isolate 

after EC treatment (Figures 4 and 5). The increase in total DHAN for the AL isolate was due to 

large increases in BCAN and DBAN after EC treatment, resulting from the increased Br:DOC 

ratio relative to untreated samples. It appears that the AL isolate has a greater susceptibility to 

DHAN formation after EC than the other isolates studied, although AL formed the lowest 
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DHANs concentrations of all the isolates in the ‘no treatment’ samples. The reasons for this are 

unclear at this time and are a topic for future investigation. However, this highlights the 

importance of understanding the character of the particular NOM source of interest when 

considering water treatment strategies. 

6.2.4.4.1 DBP speciation after treatment  
The speciation of DBPs varied greatly across treatments due to the DOC and bromide removal 

capacity of treatments and subsequent changes to the Br:DOC ratio favouring the formation of 

brominated over chlorinated DBPs when bromide removal was poor (Figures SI 4 and SI 5). EC 

and all secondary treatments except SIAC caused an increase in the absolute concentrations of 

TBM and DBAN compared to NT due to the increased Br:DOC ratio created by these 

treatments, although chlorinated DBPs were well controlled (Figures 4-7). EC/SIAC was the 

only treatment of those studied wherein all brominated and chlorinated DBPs decreased in 

concentration, and this was the most effective DBP controlling treatment of those studied. This 

is attributed to the efficient simultaneous NOM and halide adsorption of the SIAC. EC/PAC 

was the least effective brominated DBP controlling treatment of those studied, causing large 

increases in brominated DBP concentration due to the significant increase in the Br:DOC ratio 

upon treatment. EC/MIEX® resin and EC/GAC treatments were able to adsorb bromide to some 

extent, as well as NOM, however this was not sufficient to prevent an increase in the Br:DOC 

ratio  and the formation of some highly brominated DBPs upon chlorination. DBCM was also 

increased by EC, EC/MIEX® and EC/PAC in some isolates, with EC/GAC and EC/SIAC being 

the only treatment strategies that were able to lower the formation of this DBP in all isolates. 

The relationships remained the same when viewed in molar as when viewed in weight/volume.   
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Figure 4a: THMs concentration (µg/L) of isolates before and after primary EC treatment.  

 

Figure 4b: THMs concentration (µg/L) of isolates after secondary treatments.  
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Figure 5a: DHANs concentration (µg/L) for samples made with each NOM isolate before and 

after primary EC treatment.  

 

 

Figure 5b: DHANs concentration (µg/L) for samples made with each NOM isolate after 

secondary treatment. * DBP concentrations are reported as singlicate only. 
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Figure 6a: CH concentration (µg/L) of samples made with each NOM isolate before and after 

primary EC treatment.  

 

Figure 6b: CH concentration (µg/L) of samples made with each NOM isolate after secondary 

treatment. * DBP concentrations are reported as singlicate only. 
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Figure 7a: CP concentration (µg/L) of samples made with each NOM isolate before and after 

primary EC treatment. * DBP concentrations are reported as singlicate only. 

 

Figure 7b: CP concentration (µg/L) of samples made with each NOM isolate after secondary 

treatment. * DBP concentrations are reported as singlicate only.  
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6.2.4.5 Specific chlorine demand (SCD72) and specific DBP formation potential  
Specific chlorine demand (SCD72) and specific DBP formation potentials (specific total DBP, 

THM, DHAN, CH, CP, Cl-DBPs and Br-DBPs) measurements are useful in comparing the 

effectiveness of different treatments in removing fractions of NOM that cause chlorine decay 

and DBP formation, when DOC concentrations significantly differ [17, 40]. SCD72 was defined 

as the ratio of 72 h chlorine demand (mg/L) to the initial DOC concentration (mg/L) and the 

specific DBP formation potentials were defined as the ratio of DBP (µg/L) to the initial DOC 

concentration (mg/L). Figure 8 shows comparisons of SCD72 and specific DBP formation 

potentials indicating which treatments were better able to remove compounds responsible for 

chlorine reactivity and DBP formation, for each isolate. In spite of the analogous initial NOM 

concentrations, the apparent reactivity of carbon from each source with disinfectant to form 

DBPs was different.  

SCD72 varied greatly between both the source and treatments of NOM isolates, which reflects 

the differing source reactivity and NOM removal efficiencies of each treatment for each NOM 

source (Figure 8a). Chlorine demand was significantly reduced after EC treatment (Figure 8(a)); 

however, SCD72 increased in all isolate sources, which indicates that coagulation did not remove 

the chlorine reactive components of NOM preferentially. Furthermore, SCD72 of EC samples 

shows that the Australian isolates have a greater proportion of the chlorine reactive compounds 

that are recalcitrant to EC than SR. For SR isolates, EC combined with secondary treatment 

reduced SCD72 for all treatments, indicating that a greater proportion of the chlorine reactive 

compounds were removed by EC combined with secondary treatments than by EC alone. For 

AL isolate-containing samples, only EC/PAC treatment showed a reduced in SCD72, indicating 

that a greater proportion of the chlorine reactive compounds were removed by EC/PAC 

treatment than by the other combined treatments. All other Australian isolates showed an 

increase in SCD72 after all treatments indicating chlorine reactive components of the NOM 

isolates were recalcitrant to EC and EC combined with secondary treatments. In contrast, a 

previous study comparing the character of NOM in selected Australian and Norwegian drinking 

waters after DWTP treatments reported increases in SCD72 for the two Norwegian water 
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sources, while all Australian sources showed decreases [17]. This highlights the variability in 

reactivity between different NOM sources, even after similar treatments. SCD72 of the 

Australian isolates were higher in EC/GAC and EC/SIAC than EC, EC/MIEX® and EC/PAC 

treated samples, showing that the EC/GAC and EC/SIAC processes preferentially removed 

NOM that had a lower reactivity with chlorine when compared with NOM that is typically 

removed via EC, EC/MIEX® or EC/PAC.  The observed variability in reactivity between NOM 

sources throughout different treatments demonstrates that susceptibility of NOM components to 

treatment is dependent on the specific NOM being studied.  

Specific total DBP varied greatly between both the source and treatments of NOM isolates, 

which reflects the differing reactivities of each isolate with disinfectant following treatments 

(Figure 8b). The initial specific total DBP of the NOM isolates (no treatment) decreased in the 

order: AL>TR>BR>SR (Table SI 4). Although DOC and bromide removal of treatments had 

the largest effect on DBP formation, there were noticeable differences between NOM sources. 

Specific total DBP was reduced in all waters for all treatments, except for EC and EC/GAC 

treated BR samples, EC/GAC treated AL samples and EC treated TR samples. This implies that 

these treatments are not effective in removing total DBP reactive NOM from these specific 

NOM sources. The study if Sohn and Hah [40] showed that changes in both specific THM and 

specific haloacetic acids formation potential varied depending on the treatment processes; 

coagulation and GAC treatment increased specific DBP, while ozonation decreased specific 

DBP. For our study, generally, EC and EC/GAC had a higher specific total DBP than 

EC/MIEX®, EC/PAC and EC/SIAC. This suggests that EC and EC/GAC are not as effective as 

EC/MIEX®, EC/PAC and EC/SIAC in removing DBP-reactive NOM. EC/SIAC had the lowest 

specific total DBP of all treatments. Differences in specific total DBP between treatments were 

due to the differences in bromide removal capacity of each treatment and subsequent changes to 

the Br:DOC ratio [17, 41] (Figure 8c-d). The order of reactivity between isolates changed after 

each treatment, indicating the varying physicochemical characteristics of the isolates led to 

varying treatment effectiveness and consequential reactivity and DBP formation after 

disinfection (Table SI 4). The specific total DBP of the SR isolate after EC, EC/GAC and 
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EC/SIAC was lower than the three Australian isolates. However, after EC/PAC treatment SR 

was had a greater specific total DBP than all Australian isolates. After EC/MIEX® treatment 

DOC from AL had a higher specific DBP than all other isolates.  

 

Specific chlorinated DBP (Cl-DBPs) were reduced in all waters after all treatments, however, 

specific brominated DBP (Br-DBPs) increased after all treatments, except for EC/SIAC. The 

specific Cl-DBPs and Br-DBPs of the three Australian isolates after EC and EC/SIAC treatment 

were higher than SR isolate. AL isolate was more reactive in forming Cl-DBPs after 

EC/MIEX® and EC/PAC than other isolates. EC/GAC treatment reduced specific Cl-DBPs to 

below the method reporting limit for all isolates. TR and SR isolates were more reactive in 

forming Br-DBPs after EC/MIEX® and EC/PAC treatment, respectively, than other isolates. 

Regardless of source, EC combined with secondary treatments were more effective at reducing 

specific Cl-DBPs than EC alone.  Interestingly, variation in the order of Cl-DBP reactivity 

between the isolates was similar to specific total DBP after NT, EC/MIEX® and EC/SIAC 

treatment, while after EC, EC/PAC and EC/GAC treatment, variation in the order of Br-DBP 

reactivity between the isolates was similar to specific total DBP.  

The specific Cl-DBPs formation potential has been found to be reduced with NOM removal, 

while specific Br-DBPs formation potential reduction was dependent on both bromide and 

NOM removal [42].  Excluding EC/SIAC, Br-DBPs accounted for a larger proportion of 

specific total DBP (NOM reactivity) than Cl-DBPs after all treatments, reflecting the increased 

bromine substitution into the low concentrations of reactive NOM remaining after treatments, 

changing the speciation of THMs and DHANs. These observations were not unexpected, since a 

recent study investigating the effect of molecular weight distribution on the reactivity of NOM 

in surface waters found that chlorine was preferentially incorporated into higher molecular 

weight fractions of NOM, while bromine and iodine were preferentially incorporated into the 

lower molecular weight fractions of NOM, expected to be remaining after secondary treatments 

[43]. Coagulation processes are well known to remove high molecular weight NOM [44], while 

lower molecular weight NOM is effectively reduced by MIEX® [45],  PAC [46] and GAC [47]. 
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Lower molecular weight NOM has been shown to be more reactive than higher molecular 

weight NOM in forming some DBPs, e.g. THMs and haloacetonitriles (HANs) [48].  

 

 

 

Figure 8. Effect of treatments on (a) specific chlorine demand (mg Cl2/mg C), (b) specific total 

DBP formation potential (µg total DBP/mg C), (c) specific Cl-DBP formation potential (µg Cl-

DBP/mg C) and (d) specific Br-DBP formation potential (µg Br-DBP/mg C) for waters 

containing TR, BR, AL and SR isolates.  

 

The specific formation potential of each individual DBP and total class of DBP was also 

examined (Figure SI 6a-m). Specific total THM exhibited similar behaviour to specific total 

DBP due to THMs being the dominant DBP family in all samples. Thus, variation between 

isolates exhibited the same behaviours as specific total DBP.   The changes in specific TCM 

with EC and EC combined with secondary treatments shows similar behaviour and variation 

between isolates to specific Cl-DBPs. Notably, specific BDCM (mono-brominated species) 

exhibited an intermediate behaviour to both specific Cl-DBPs and Br-DBPs. That is, the order 
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of specific BDCM reactivity between isolates was similar to specific Cl-DBP after EC/MIEX®, 

EC/PAC and EC/SIAC treatment, while after NT, EC and EC/GAC treatment specific BDCM 

reactivity reflected the order of Br-DBP reactivity. EC treatment increased specific BDCM for 

all isolates, while EC combined with secondary treatments reduced specific BDCM, indicating 

that THM speciation shifted after EC treatment to favour the formation of this mono-brominated 

species. The higher DOC removals of EC/MIEX®, PAC and GAC treatments than EC leads to 

higher Br:DOC ratio, which further shifts speciation in favour of the more brominated DBPs. 

The combination of lower concentrations of both bromide and NOM precursors after EC/SIAC 

treatment resulted in lower formation of all DBPs and shifted the speciation in favour of the 

more chlorinated species. The more highly brominated THM species; DBCM and TBM (di and 

tri-brominated species), resembled specific Br-DBP. That is, the order of specific DBCM and 

TBM reactivity between isolates was similar to specific Br-DBP after all treatments.  

Specific total DHANs exhibited similar behaviour to specific total DBP and specific total 

THMs, although there was more variation between sources. Specific DCAN increased in 

EC/SIAC treated BR-containing waters, and EC and EC/MIEX® treated AL-containing 

samples. The specific DBP formation potential of the more brominated DHAN species’, BCAN 

and DBAN (mono and di-brominated species), resembled specific Br-DBP in their trends in 

formation after treatments for all isolates. The specific DCAN, BCAN and DBAN of the three 

Australian isolates after EC and EC/MIEX® treatment were higher than for the SR isolate. 

However, after EC/PAC treatment, specific DCAN, BCAN and DBAN of BR was higher than 

the other isolates. After EC/GAC treatment, NOM from BR and AL were more reactive in 

forming BCAN and DBAN, respectively, than the other isolates. After EC/SIAC treatment, 

NOM from BR was more reactive in forming DCAN and BCAN than the other isolates, while 

NOM from TR was more reactive in forming DBAN. The changes in specific CH and specific 

CP with EC and combined treatments show similar behaviour and variation between isolates to 

specific Cl-DBPs. While specific 1,1-DCP and 1,1,1-TCP formation potentials exhibited similar 

behaviour to specific Cl-DBPs after each treatment, specific 1,1-DCP increased in EC/SIAC 

treated TR-containing samples, and EC, EC/MIEX® and EC/SIAC treated AL-containing 
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samples. The increase in specific DBP in some sources after certain treatments indicate that 

there are source-specific reactive NOM components and DBP precursors that are not amenable 

to certain treatments.  This highlights that even after treatments there can be large variability in 

physicochemical characteristics between NOM sources leading to varying reactivity and 

consequential DBP formation after disinfection. 

6.2.5 Conclusion   
Significant source-related differences in NOM were observed between the various isolates. 

During comparison of the Suwannee River NOM isolate to three Australian NOM isolates, 

Suwannee River NOM was found to show greater aromatic nature, indicating a stronger bias of 

allochthonous versus autochthonous organic origin. There was large variability in 

physicochemical characteristics and treatment NOM removal efficiencies between sources 

leading to varying reactivity and consequential DBP formation after disinfection.  

The results for the removal of NOM by EC, EC/MIEX®, EC/GAC and EC/SIAC show that the 

efficiency is dependent on the origin of the samples.  EC/PAC treatment was not dependent on 

the origin of the samples.  The removal efficiency of bromide was not dependent on the origin 

of the samples in any case. The large differences in the NOM removal behaviour by different 

treatments makes the NOM removal behaviour a sensitive parameter to characterise samples 

from different origin. In the case of chlorination reactions, the determination of reactivity with 

chlorine as well as DBP formation of the treated waters showed distinct differences in 

behaviour between the four isolates, and were found to be related to both origin of the isolate 

and treatment.  This investigation has demonstrated the benefits of applying simple treatment-

related NOM characterisation techniques, such as specific DBP concentrations, to describe the 

nature of water sources of differing origin. 

6.2.6 Acknowledgements  
The authors would like to acknowledge the Urban Water Security Research Alliance and Water 

Research Australia for financial support. Thanks also to Wolfgang Gernjak and Howard 

Weinberg for advice regarding experimental design and DBP extraction procedure, respectively. 



 

	  290	  

Frederic Leusch is also gratefully acknowledged for research support. Many thanks also to: Jim 

Morran for provision of MIEX® resin and advice on its use and Clayton Rutherford and 

Christian Austin from Biopure, for their expertise and assistance in building the reverse osmosis 

system. 

6.2.7 References  
1. Swietlik, J. and E. Sikorska, Characterization of natural organic matter fractions by 

high pressure size-exclusion chromatography, specific UV absorbance and total 

luminescence spectroscopy. Polish Journal of Environmental Studies, 2006. 15(1): p. 

145. 

2. Yohannes, G., et al., Fractionation of Humic Substances by Asymmetrical Flow Field-

Flow Fractionation. Chromatographia, 2005. 61(7-8): p. 359-364. 

3. Richardson, S.D., et al., Occurrence, genotoxicity, and carcinogenicity of regulated and 

emerging disinfection by-products in drinking water: A review and roadmap for 

research. Mutation Research-Reviews in Mutation Research, 2007. 636(1-3): p. 178-

242. 

4. Croue, J.P., G.V. Korshin, and M.M. Benjamin, Characterization of Natural Organic 

Matter in Drinking Water, 2000: AWWA Research Foundation and American Water 

Works Association. 

5. Averett, R.C., et al., Humic substances in the Suwannee River, Georgia: interactions, 

properties, and proposed structures. US Geological Survey Water-Supply Paper 

(USA), 1994. 

6. Sullivan, P., F.J. Agardy, and J.J.J. Clark, The Environmental Science of Drinking 

Water, 2005: Elsevier Science. 

7. Watson, K., et al., Predictive models for water sources with high susceptibility for 

bromine-containing disinfection by-product formation: implications for water 

treatment. Environmental Science and Pollution Research, 2015. 22(3): p. 1963-1978. 



 

	   291	  

8. Magazinovic, R.S., Nicholson, B.C., Mulcahy, D.E., Davey, D.E., Bromide levels in 

natural waters: its relationship to levels of both chloride and total dissolved solids and 

the implications for water treatment. Chemosphere, 2004. 57(4): p. 329-335. 

9. USEPA, Enhanced Coagulation and Enhanced Precipitative Softening Guidance 

Manual, Office of Water, 1999. p. (4607) EPA 815-R-99-012. 

10. Hudson, H.E., Wagner, E.G., Conduct and uses of jar tests. American Water Works 

Association, 1981: p. 218-223. 

11. Watson, K., M.J. Farré, and N. Knight, Enhanced coagulation with powdered activated 

carbon or MIEX® secondary treatment: a comparison of disinfection by-product 

formation and precursor removal. . Water Research, 2015. 68(0): p. 454–466. 

12. Farré, M.J. and N. Knight, Assessment of Regulated and Emerging Disinfection By-

Products in South East Queensland Drinking Water, Technical Report Number: 90, 

Urban Water Security Research Alliance, Editor 2012. 

13. Rouessac, F. and A. Rouessac, Chemical Analysis: Modern Instrumentation Methods 

and Techniques, 2013: Wiley. 

14. Clesceri, L.S., A.E. Greenberg, and A.D. Eaton, Standard Methods for the Examination 

of Water and Wastewater, 20th Edition, 1998: APHA American Public Health 

Association. 

15. Chen, W., et al., Fluorescence Excitation−Emission Matrix Regional Integration to 

Quantify Spectra for Dissolved Organic Matter. Environmental Science & Technology, 

2003. 37(24): p. 5701-5710. 

16. Ghernaout, D., The hydrophilic/hydrophobic ratio vs. dissolved organics removal by 

coagulation – A review. Journal of King Saud University - Science, 2014. 26(3): p. 169-

180. 

17. Fabris, R., et al., Comparison of NOM character in selected Australian and Norwegian 

drinking waters. Water Research, 2008. 42(15): p. 4188-4196. 



 

	  292	  

18. Abbt-Braun, G. and F.H. Frimmel, Basic characterization of Norwegian NOM samples 

— Similarities and differences. Environment International, 1999. 25(2–3): p. 161-180. 

19. Serkiz, S.M. and E.M. Perdue, Isolation of dissolved organic matter from the Suwannee 

River using reverse osmosis. Water Research, 1990. 24(7): p. 911-916. 

20. Rice, J.A. and P. MacCarthy, Statistical evaluation of the elemental composition of 

humic substances. Organic Geochemistry, 1991. 17(5): p. 635-648. 

21. Perdue, E.M. and J.D. Ritchie, Dissolved Organic Matter in Freshwaters, in Surface 

and Ground Water, Weathering, and Soils: Treatise on Geochemistry, Second Edition, 

J.I. Drever, Editor 2005, Elsevier Science. 

22. Leenheer, J.A., Chemistry of Dissolved Organic Matter in Rivers, Lakes, and 

Reservoirs, in Environmental Chemistry of Lakes and Reservoirs, 1994, American 

Chemical Society. p. 195-221. 

23. McKnight, D.M., et al., Aquatic fulvic acids in algal-rich Antarctic ponds. Limnology 

& Oceanography, 1994. 39(8): p. 1972-1979. 

24. Abal, E.G., et al., Healthy waterways: healthy catchments–an integrated 

research/management program to understand and reduce impacts of sediments and 

nutrients on waterways in Queensland, Australia, in Frontiers of WWW Research and 

Development-APWeb, 2006, Springer. p. 1126-1135. 

25. Burford, M.A., et al., Correlations between watershed and reservoir characteristics, 

and algal blooms in subtropical reservoirs. Water Research, 2007. 41(18): p. 4105-

4114. 

26. Senesi, N., B. Xing, and P.M. Huang, Biophysico-Chemical Processes Involving 

Natural Nonliving Organic Matter in Environmental Systems, 2009: Wiley. 

27. Tsutsuki, K. and S. Kuwatsuka, Chemical studies on soil humic acids: II. Composition 

of oxygen-containing functional groups of humic acids. Soil Science and Plant 

Nutrition, 1978. 24(4): p. 547-560. 



 

	   293	  

28. Beckett, R. and J. Ranville, Chapter 17: Natural organic matter, in Interface Science 

and Technology, N. Gayle and D. David, Editors. 2006, Elsevier. p. 299-315. 

29. Cooke, G.D., et al., Restoration and Management of Lakes and Reservoirs, Third 

Edition, 2005: Taylor & Francis. 

30. Stanley, S.J., Process Modeling and Control of Enhanced Coagulation, 2000: AWWA 

Research Foundation and American Water Works Association. 

31. Dubrawski, K.L., M. Fauvel, and M. Mohseni, Metal type and natural organic matter 

source for direct filtration electrocoagulation of drinking water. Journal of Hazardous 

Materials, 2013. 244–245(0): p. 135-141. 

32. Drikas, M., Chow, C.W.K, Cook, D., The impact of recalcitrant organic character on 

disinfection stability, trihalomethane formation and bacterial regrowth: An evaluation 

of magnetic ion exchange resin (MIEX®) and alum coagulation. Journal of Water 

Supply - Research and Technology - AQUA, 2003. 52(7): p. 475-487. 

33. Boyer, T.H. and P.C. Singer, A pilot-scale evaluation of magnetic ion exchange 

treatment for removal of natural organic material and inorganic anions. Water 

Research, 2006. 40(15): p. 2865-2876. 

34. Hsu, S. and P.C. Singer, Removal of bromide and natural organic matter by anion 

exchange. Water Research, 2010. 44(7): p. 2133-2140. 

35. Alvarez-Uriarte, J.I., et al., The effect of mixed oxidants and powdered activated carbon 

on the removal of natural organic matter. Journal of Hazardous Materials, 2010. 181(1-

3): p. 426-431. 

36. Uyak, V., et al., Disinfection by-products precursors removal by enhanced coagulation 

and PAC adsorption. Desalination, 2007. 216(1-3): p. 334-344. 

37. Carrière, A., et al., Supplementing coagulation with powdered activated carbon as a 

control strategy for trihalomethanes: application to an existing utility. Journal of Water 

Supply: Research and Technology—AQUA, 2009. 58(5): p. 363–371. 



 

	  294	  

38. Kristiana, I., C. Joll, and A. Heitz, Powdered activated carbon coupled with enhanced 

coagulation for natural organic matter removal and disinfection by-product control: 

Application in a Western Australian water treatment plant. Chemosphere, 2011. 83(5): 

p. 661-667. 

39. Abbt-Braun, G. and F.H. Frimmel, Basic characterization of Norwegian NOM 

samples—similarities and differences. Environment International, 1999. 25(2): p. 161-

180. 

40. Sohn, J.S. and J.H. Han, Change of Molecular Weight of Organic Matters through Unit 

Water Treatment Process and Associated Chlorination Byproducts Formation. 

Environmental Engineering Research, 2007. 12(5): p. 224-230. 

41. Díaz, F.J., et al., Effect of constructed wetlands receiving agricultural return flows on 

disinfection byproduct precursors. Water Research, 2009. 43(10): p. 2750-2760. 

42. Farré, M.J., et al., Fate of N-nitrosodimethylamine, trihalomethane and haloacetic acid 

precursors in tertiary treatment including biofiltration. Water Research, 2011. 45(17): 

p. 5695-5704. 

43. Kristiana, I., et al., Characterization of the Molecular Weight and Reactivity of Natural 

Organic Matter in Surface Waters, in Advances in the Physicochemical 

Characterization of Dissolved Organic Matter: Impact on Natural and Engineered 

Systems, 2014, American Chemical Society. p. 209-233. 

44. Baghoth, S.A., S.K. Sharma, and G.L. Amy, Tracking natural organic matter (NOM) in 

a drinking water treatment plant using fluorescence excitation–emission matrices and 

PARAFAC. Water Research, 2011. 45(2): p. 797-809. 

45. Allpike, B.P., et al., Size exclusion chromatography to characterize DOC removal in 

drinking water treatment. Environmental Science & Technology, 2005. 39(7): p. 2334-

2342. 

46. Tomaszewska, M., S. Mozia, and A.W. Morawski, Removal of organic matter by 

coagulation enhanced with adsorption on PAC. Desalination, 2004. 161(1): p. 79-87. 



 

	   295	  

47. Clark, R.M. and J. Benjamin W. Lykins, Granular Activated Carbon 1989: Taylor & 

Francis. 

48. Owen, D.M., G.L. Amy, and Z.K. Chowdhury, Characterization of natural organic 

matter and its relationship to treatability, 1993: AWWAR. 

 

 

 

 



!"#$

$

7 OVERALL CONCLUSIONS  
The conclusions of this work were presented at the end of Chapters 3, 4, 5 and 6, which are 

summarised again in this chapter, followed by implications and recommendations for future 

work. 

7.1 General conclusions 
The results obtained from this study give an insight into the nature of DBP precursors, DBP 

formation and DOC and bromide precursor removal treatment strategies. There was large 

variability in DOC and bromide removal capacity and consequent Br:DOC ratio between 

treatment strategies leading to varying DBP formation and speciation after disinfection. While 

both NOM and bromide concentrations at disinfection affect DBP yields, it is the Br:DOC ratio 

that affects DBP speciation.  Treatments strategies that have low bromide removal capacity can 

increase the Br:DOC ratio, favouring the formation of  brominated over chlorinated DBPs.  

 

A summary of the findings arising from this study are presented below: 

 

• EC treatment of synthetic waters provided excellent NOM removals, and a large 

reduction in total DBPs formed. All secondary treatments improved removal of organic 

precursors beyond EC alone, thus lower chlorinated DBP formation was achieved in all 

cases.  Overall, EC followed by activated carbon beds (SIAC or GAC) were the most 

effective NOM removal treatments, giving greater DOC removals than EC alone, 

EC/MIEX®, or EC/PAC. 

• EC and PAC treatment had no capacity to adsorb halides. GAC and MIEX® had some 

halide adsorption capacity, however removal efficacy was reduced in the presence of 
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competing ions. SIAC exhibited excellent halide adsorption capacity irrespective of 

competing ions and varying water characteristics.   

• EC and all secondary treatments except SIAC caused an increase in the concentration of 

specific, highly brominated DBPs due to the increased Br:DOC ratio created by 

treatments, although chlorinated DBPs were well controlled. However, it should be 

noted that the halide adsorption capacity of SIAC with continual use in a drinking water 

application is unknown.  

• EC/PAC was the least effective brominated DBP controlling treatment of those studied, 

causing increases in brominated DBP concentration due to the increased Br:DOC ratio 

created by high NOM removal along with an inability to adsorb bromide. EC/PAC 

treatment is not recommended in high bromide source waters that are disinfected by 

chlorination due to substantial increases in brominated DBP formation and associated 

increases in toxicity. EC/MIEX® resin and EC/GAC treatments were able to adsorb 

bromide and iodide to some extent, as well as adsorbing DOC. This was not always 

sufficient to stop the increased formation of some highly brominated DBPs upon 

chlorination, however they offered improved outcomes for DBP formation compared to 

EC and EC/PAC treatment. EC/SIAC treatment led to excellent reductions in formation 

potential of both chlorinated and brominated DBPs over a wide range of sample 

conditions of DOC, bromide and mineral alkalinity and was the most effective DBP 

controlling treatment of those studied. EC/SIAC would be an optimal treatment method 

of those studied for DBP precursor removal from high bromide or salinity-impacted 

waters.  

• Modelling showed bromide substitution into both THMs and DHANs was most 

strongly dependent on bromide ion concentration of the water at the time of 

disinfection, with the negative relationship with DOC being the second most dominant 

parameter. Alkalinity was positively correlated with BSF for both THM and DHANs, 



!"&$

$

although this influence was less than what was observed for bromide ion and DOC 

concentrations.  

• PARAFAC was used to model excitation-emission matrix (EEM) spectra into four 

specific components; two humic acid-like and two protein-like. Regression analysis of a 

humic-like fluorophore component after various treatment strategies showed strong 

relationships to NOM concentrations and the following DBPs: TCM, BDCM, TBM, 

DCAN, DBAN, CH, 1,1-DCP and 1,1,1-TCP. However, the fluorescence-PARAFAC 

approach was only marginally better for prediction of DBP formation than UV254. 

• Experiments on NOM isolates showed the initial SCD72 and SDBPfp of the NOM 

isolates decreased in the order: Advancetown Lake> Tingalpa Reservoir > Brisbane 

River > Suwannee River. The order of reactivity between the isolates changed after 

each treatment, indicating varying physicochemical characteristics of isolates led to 

varying treatment effectiveness and consequential reactivity and DBP formation after 

disinfection. 

7.2 Implications 
Overall this work demonstrated the speciation of DBPs varied greatly across treatments due to 

differing DOC and bromide removal capacity of treatments, and subsequent changes to the 

Br:DOC ratio favouring the formation of brominated over chlorinated DBPs when bromide 

removal was poor. That is, chlorinated DBPs formation was dependent on DOC concentration, 

while brominated DBPs formation was dependent on both bromide and DOC concentrations 

(and mineral alkalinity). Although the formation of chlorinated DBPs was effectively controlled 

by all of the treatment strategies studied, highly-brominated DBPs increased after all treatments, 

except for EC/SIAC, upon chlorination.  

Considering the greater toxicity of brominated DBPs compared to their chlorinated 

counterparts, DOC lowering treatment methods that do not also efficiently remove bromide 

such as EC, EC/MIEX®, EC/PAC and EC/GAC may create optimal conditions for brominated 
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DBP formation in waters in which bromide is present, increasing the risk to public health. The 

results of this research suggest that halide concentrations should be considered when 

determining optimal treatment strategies for drinking water sources, and halide removal 

techniques should be employed when halide concentrations and water conditions in drinking 

water sources favour brominated DBP formation, to ensure the risk to public health is 

minimised. This project has furthered the understanding of the effects of these DBP precursor 

removal strategies on the relationship between the Br:DOC ratio and specific DBPs formation, 

which is of importance in the Australian context due to use of salinity-impacted water resources. 

7.3 Further Work  
The results of this research suggest that additional work to further understand the occurrence 

and minimisation of DBPs after various treatment strategies is needed. Recommendations for 

further research are summarised below: 

• Examination of the influence of different raw and distribution system water sources on 

the effectiveness of DBP precursor removal treatment strategies, and the effect on DBPs 

formation. 

• Assessment of the influence of coagulant and adsorbent dose on the effectiveness of 

DBP precursor removal treatment strategies, and the effect on DBPs formation. 

• Investigation into the effect of different disinfectant processes (such as chloramination, 

chlorine dioxide, ozonation, ultra-violet (UV), and UV/H2O2) on DBP formation after 

DBP precursor removal treatment strategies. 

• Further validate and improve the reported DBP formation models through a pilot study 

using an operational WTP and distribution system. 

• Future Br:DBP modelling research work should expand investigation to include more 

factors important for DBP formation generally (pH, temperature, reaction time, chlorine 

dose), as well as to investigate fluorescence and total organic bromide as variables.  The 
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effect different NOM sources with different reactivities have on models should also be 

examined.    

• Further research on SIAC treatment is required in regards to the potential for 

regeneration, prevention of silver leaching, economic feasibility of using this treatment 

on a large scale, and the lifetime of the activated carbon beds before halide 

breakthrough is experienced. 

• Further investigation into DHAN precursors, EC treatment and consequential DHAN 

formation in Advancetown Lake source water.   

• Assessment of changes in treated water toxicity with and without DOC and/or bromide 

removing processes.   
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8 APPENDICES 
Appendix 1- Supporting Information for “Enhanced coagulation with powdered activated carbon or 

MIEX® secondary treatment: a comparison of disinfection by-product formation and precursor 

removal.” 

Appendix 2- Supporting Information for “Disinfection by-product formation and precursor removal 

using a silver-impregnated activated carbon.” 

Appendix 3- Supporting Information for “Predictive models for water sources with high 

susceptibility for bromine-containing disinfection by-product formation: implications for water 

treatment.” 

Appendix 4- Supporting Information for “Using fluorescence-parallel factor analysis for assessing 

disinfection by-product formation and natural organic matter removal efficiency in secondary treated 

synthetic drinking waters.” 

Appendix 5- Supporting Information for “Comparing three Australian natural organic matter isolates 

to the Suwannee river standard: reactivity, DBP yield and response to drinking water treatments.” 
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APPENDIX 1 
Table SI 1 Theoretical concentrations of components of synthetic water matrix based on face-centred 

central composite design. ‘High’ levels are indicated ‘+’, ‘medium’ levels are indicated ‘0’ and ‘low’ 

levels are indicated ‘-‘. Note ‘Alkalinity’ is dosed as NaHCO3 and reported as mg/L CaCO3. 

Levels 
DOC 

(mg/L) 
Br- (µg/L) 

Alkalinity 

(as mg/L 

CaCO3) 

CaSO4.2H2O 

(mg/L) 

MgSO4 

(mg/L) 
I- (µg/L) 

Cl- 

(mg/L) 

−−− 3 100 38 20 20 4 30 

+−− 12 100 38 20 20 4 30 

−+− 3 800 38 20 20 32 240 

++- 12 800 38 20 20 32 240 

−−+ 3 100 238 125 125 4 30 

+−+ 12 100 238 125 125 4 30 

-++ 3 800 238 125 125 32 240 

+++ 12 800 238 125 125 32 240 

-00 3 450 138 72.5 72.5 18 135 

+00 12 450 138 72.5 72.5 18 135 

0-0 7.5 100 138 72.5 72.5 4 30 

0+0 7.5 800 138 72.5 72.5 32 240 

00- 7.5 450 38 20 20 18 135 

00+ 7.5 450 238 125 125 18 135 

000 7.5 450 138 72.5 72.5 18 135 

000 7.5 450 138 72.5 72.5 18 135 
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000 7.5 450 138 72.5 72.5 18 135 

BLANK 0 0 138 72.5 72.5 0 135 
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Table SI 2. ANOVA, estimates and effect tests for models for removal of DOC, alkalinity, and halides (iodide and bromide). 

DOC removal EC 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 18217.39 54652.17 20.51 0.0001   

Error 12 13.90 166.76     

C. Total 15 3654.60 54818.93     

 
       

Intercept    36.03 <0.0001 4.3333 0.1203 

ln(Alkalinity (mg/L))    -5.57 <0.0001 -0.1947 0.0350 

ln(DOC (mg/L))    5.73 0.0001 0.2965 0.0517 

DOC removal MIEX 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 236.18 708.55 22.83 <0.0001   

Error 13 7.84 101.88     

C. Total 16 50.65 810.43     

 
       

Intercept    0.96 0.3550 0.9248 0.9643 

ln(Alkalinity (mg/L))    -5.34 0.0001 -0.5598 0.1049 

ln(DOC (mg/L))    3.45 0.0043 1.9399 0.5616 

DOC removal EC/MIEX 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 20878.03 62634.08 6.52 0.0110   

Error 13 121.89 1584.60     

C. Total 16 4013.67 64218.68     

 
       

Intercept    13.19 <0.0001 4.2635 0.3233 

ln(Alkalinity (mg/L))    -3.09 0.0086 -0.2076 0.0671 

ln(DOC (mg/L))    2.91 0.0122 0.3541 0.1218 
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DOC removal EC 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 17899.97 53699.90 39.81 <0.0001   

Error 14 14.60 204.46     

C. Total 17 3170.84 53904.36     

 
       

Intercept    35.98 <0.0001 3.7120 0.1032 

ln(Alkalinity (mg/L))    -4.43 0.0006 -0.1009 0.0228 

ln(DOC (mg/L))    8.06 <0.0001 0.3560 0.0442 

DOC removal PAC 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 416.72 1250.17 7.60 0.0058   

Error 14 3.23 45.26     

C. Total 17 76.20 1295.43     

 
       

Intercept    13.12 <0.0001 2.1958 0.1673 

ln(Alkalinity (mg/L))    -3.71 0.0023 -0.1877 0.0506 

ln(DOC (mg/L))    3.00 0.0095 0.5344 0.1779 

DOC removal EC/PAC 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 3 23749.27 71247.80 49.78 <0.0001   

Error 14 16.30 228.17     

C. Total 17 4204.47 71475.97     

 
       

Intercept    41.35 <0.0001 3.8926 0.0405 

ln(Alkalinity (mg/L))    -5.47 <0.0001 -0.1137 0.0208 

ln(DOC (mg/L))    8.97 <0.0001 0.3635 0.0405 

        



	  

	  306	  

Alkalinity removal EC 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 24514.11 49028.22 24.09 0.0003 
  

Error 13 43.80 569.42   
  

C. Total 15 3306.51 49597.64   
  

        
Intercept 

   
28.02 <0.0001 4.9638 0.1771 

ln(Alkalinity (mg/L)) 
  

 -5.13 0.0002 -0.2066 0.0403 

Alkalinity removal EC/MIEX 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 36597.74 73195.48 22.32 0.0004   

Error 13 48.42 629.44     

C. Total 15 4921.66 73824.92     

 
       

Intercept    32.41 <0.0001 5.0090 0.1545 

ln(Alkalinity (mg/L))    -4.90 0.0003 -0.1709 0.0349 

        

Iodide removal 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 29032.35 58064.69 15.63 0.0014 
  

Error 14 231.43 3240.02 
    

C. Total 16 3831.54 61304.72 
    

        
Intercept 

   
13.02 <0.0001 75.7356 5.8165 

1/Iodide (µg/L) 
   

-3.95 0.0014 -159.0292 40.2189 

        

Bromide removal 
       

Effect DF Mean Square Sum of Squares F Ratio p-value Estimate Std Error 

Model 2 9639.98 19279.95 48.85 <0.0001 
  

Error 14 64.23 899.28   
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C. Total 16 1261.20 20179.23   
  

        
Intercept 

   
13.50 <0.0001 58.7648 4.3519 

Alkalinity (mg/L) 
   

-6.99 <0.0001 -0.2326 0.0333 
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Figure SI 1.  Changing speciation of (a) THMs and (b) DHANs with increasing Br:DOC ratio. Data 

is shown for untreated (no treatment) samples, EC/MIEX treated samples, and EC/PAC treated 

samples. 

(a) 

(b) 
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Figure SI 2. Increase in BSFTHMs with increasing Br:DOC ratio, for all treatments. BSFTHMs was 

calculated according to the following equation, where all concentrations are molar. 

!"#!"# =   0  × !"#   +   1  ×   !"#$   +   2  ×   !"#$   +   3  ×  [!"#]
3×( !"#   +    !"#$   +    !"#$   +    !"# )  
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APPENDIX 2 

 

Figure SI 1. Percentage alkalinity removal by EC treatment is shown, as a function of starting sample 

alkalinity. 

ln(alk removal) = y0 + ln(alk)  (SI 1) 

Where ‘alk removal’ is alkalinity removal as a percentage, and ‘alk’ is alkalinity in mg/L. 

 
 
 
 
 

 

 

Table SI 1. Summary of fit for model for alkalinity removal by EC. 
 

 

 

Alkalinity removal by EC (%) 

R2 0.8610 

R2 Adj 0.8518 

Standard error of estimate 4.15 

Observations 17 
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Alkalinity	  
removal	  by	  EC	  
(%)	  

	   	   	   	   	   	   	  

Effect	   DF	   Mean	  Square	   Sum	   of	  
Squares	  

F	  
Ratio	  

p-‐
value	  

Estimat
e	  

Std	  
Error	  

Model	   2	   1602.73	   1602.73	   92.94	   <0.00
01	  

	   	  

Error	   15	   17.24	   258.67	   	   	   	   	  

C.	  Total	   17	   116.34	   1861.40	   	   	   	   	  

	   	   	   	   	   	   	   	  

Intercept	   	   	   	   19.58	   <0.00
01	  

116.85	   5.97	  

ln(alkalinity	  
(mg/L))	  

	   	   	   -‐9.64	   <0.00
01	  

-‐12.87	   1.33	  

Table SI 2. ANOVA, estimates and effect tests for model for alkalinity removal by EC. 

 

Figure SI 2. Change in SUVA with sample alkalinity, for ‘no treatment’, EC, and a) 

EC/GAC and b) EC/SIAC treated samples. 
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Figure SI 3. Change in TN across the sample matrix, for ‘no treatment’, EC treated, and 

EC/SIAC treated samples.  
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APPENDIX 3 
Table SI 1 Composition of matrix of synthetic water samples based on face-centred central composite 

design. ‘High’ levels are indicated ‘+’, ‘medium’ levels are indicated ‘0’ and ‘low’ levels are 

indicated ‘-‘.  Note ‘Alkalinity’ is dosed as NaHCO3 and reported as mg/L CaCO3. 

Levels Br- (µg/L) DOC (mg/L) 

Alkalinity 

(as mg/L 

CaCO3) 

CaSO4.2H2O 

(mg/L) 

MgSO4 

(mg/L) 
I- (µg/L) 

Cl- 

(mg/L) 

−−− 100 3 38 20 20 4 30 

−−+ 100 12 38 20 20 4 30 

−+− 800 3 38 20 20 32 240 

−++ 800 12 38 20 20 32 240 

+−− 100 3 238 125 125 4 30 

+−+ 100 12 238 125 125 4 30 

++− 800 3 238 125 125 32 240 

+++ 800 12 238 125 125 32 240 

-00 450 3 138 72.5 72.5 18 135 

+00 450 12 138 72.5 72.5 18 135 

0-0 100 7.5 138 72.5 72.5 4 30 

0+0 800 7.5 138 72.5 72.5 32 240 

00- 450 7.5 38 20 20 18 135 

00+ 450 7.5 238 125 125 18 135 

000 450 7.5 138 72.5 72.5 18 135 

000 450 7.5 138 72.5 72.5 18 135 
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000 450 7.5 138 72.5 72.5 18 135 

BLANK 0 0 138 72.5 72.5 0 135 
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Table SI 2. Measured factor and response values are shown. All analyses were conducted in at least duplicate, with a maximum error of ± 10%. ‘Level’ 

column indicates levels employed for the 3 factors designed for; alkalinity, DOC and bromide concentration. That is, ‘high’ levels are indicated ‘+’, ‘medium’ 

levels are indicated ‘0’ and ‘low’ levels are indicated ‘-‘. Note ‘Alkalinity’ is dosed as NaHCO3 and reported as mg/L CaCO3. 

Level Br- 
(µg/L) 

DOC 
(mg/L) 

Alkalinity  
(mg/L) 

Br:DOC 
(µmol/mmol) 

Replicate 
(Block) 

TCM 
(µg/L) 

BDCM 
(µg/L) 

DBCM 
(µg/L) 

TBM 
(µg/L) 

DCAN 
(µg/L) 

BCAN 
(µg/L) 

DBAN 
(µg/L) 

CH 
(µg/L) 

1,1-DCP 
(µg/L) 

1,1,1-TCP 
(µg/L) 

tTHM 
(µg/L) 

tDHAN 
(µg/L) BSFTHMs BSFDHANs 

−−− 94 3.59 35.57 3.93 1 185.4 46.2 7.3 0.2 4.4 0.8 <0.1 19.6 <0.1 2.7 238.8 5.2 0.0627 0.0646 

−−+ 99 7.11 213.59 2.09 1 173.5 47.0 9.1 0.3 10.4 2.3 0.2 20.1 <0.1 2.7 229.6 12.9 0.0698 0.0753 

−+− 91 12.54 33.14 1.09 1 984.4 50.0 1.7 <0.1 14.8 0.7 <0.1 104.2 0.7 10.8 1036.1 15.5 0.0125 0.0169 

−++ 101 17.18 217.49 0.88 1 925.4 47.2 1.4 <0.1 26.0 1.2 <0.1 80.0 2.8 11.5 974.0 27.2 0.0125 0.0162 

+−− 883 3.85 35.89 34.47 1 52.9 153.6 236.0 68.1 1.6 3.7 3.8 11.9 <0.1 1.4 505.6 9.1 0.4769 0.5419 

+−+ 850 7.95 217.07 16.05 1 34.1 123.3 233.1 91.5 1.9 5.9 8.1 3.9 <0.1 0.9 493.1 15.9 0.5474 0.6232 

++− 847 12.56 30.85 10.12 1 718.1 346.9 102.4 4.2 14.6 6.6 1.0 117.7 0.8 10.5 1171.6 22.2 0.1216 0.1454 

+++ 848 16.27 216.58 7.83 1 597.9 325.7 100.2 4.3 22.1 11.2 2.0 72.1 2.1 9.8 1028.0 35.3 0.1258 0.1636 

-00 109 9.51 104.53 1.72 1 567.6 48.1 2.6 <0.1 12.7 1.1 <0.1 65.4 0.3 7.7 618.4 13.8 0.0210 0.0307 

+00 826 9.11 96.97 13.62 1 316.9 277.1 150.1 15.0 9.8 8.8 2.5 58.9 0.2 6.5 758.0 21.1 0.2147 0.2585 

0-0 436 5.13 120.3 12.75 1 90.2 132.6 107.3 16.2 3.3 4.7 2.6 16.2 <0.1 1.9 345.6 10.5 0.3148 0.3850 

0+0 453 14.2 106.27 4.79 1 814.1 207.6 31.1 0.9 18.7 5.5 0.5 108.9 0.6 10.9 1053.1 24.6 0.0635 0.0967 

00- 477 7.87 38.91 9.11 1 417.0 196.1 56.7 2.7 9.2 3.7 0.6 76.6 0.3 6.7 671.9 13.5 0.1185 0.1355 

00+ 482 11.47 212.09 6.31 1 373.6 178.3 56.8 3.0 13.0 7.0 1.2 43.8 0.3 6.0 611.2 21.2 0.1232 0.1684 

000 533 9.29 107.27 8.61 1 426.4 214.0 64.7 3.5 10.2 5.8 1.0 60.4 0.3 6.5 708.0 17.0 0.1258 0.1761 
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000 516 9.78 104.03 7.92 1 399.7 200.1 61.3 3.0 10.4 5.4 0.9 50.7 0.2 6.4 663.6 16.7 0.1258 0.1659 

000 517 9.11 102.29 8.52 1 408.5 195.8 59.0 3.0 9.4 4.7 0.9 63.5 0.3 6.9 665.8 15.0 0.1216 0.1613 

−−− 88 4.21 29.23 3.14 2 232.5 55.6 7.9 0.2 5.5 1.9 <0.1 19.8 0.4 3.1 296.3 7.4 0.0599 0.0970 

−−+ 93 8.69 194.88 1.61 2 225.7 53.0 8.3 0.2 8.3 2.4 1.0 25.0 0.8 NA 287.3 11.7 0.0600 0.1339 

−+− 90 12.98 24.28 1.04 2 1071.5 51.0 1.5 <0.1 17.4 1.6 <0.1 100.9 1.3 11.4 1123.9 19.0 0.0117 0.0310 

−++ 99 17.4 191.56 0.85 2 1237.6 56.8 1.7 <0.1 21.0 2.1 <0.1 119.0 1.5 15.3 1296.0 23.0 0.0113 0.0327 

+−− 872 4.6 31.95 28.49 2 74.3 180.9 259.6 61.5 2.5 5.3 5.0 7.9 0.2 1.5 585.5 12.9 0.4546 0.5142 

+−+ 827 8.4 196.04 14.79 2 76.8 183.7 259.3 59.4 3.5 8.2 8.6 8.8 0.3 1.8 589.9 20.2 0.4506 0.5453 

++− 820 13.66 24.79 9.01 2 991.7 382.0 94.5 3.5 10.5 5.8 1.7 106.3 1.0 10.6 1471.7 18.0 0.0985 0.1932 

+++ 850 18.32 186.91 6.97 2 780.4 344.5 109.4 6.5 14.2 8.9 1.4 122.3 1.6 16.6 1240.8 24.5 0.1171 0.1854 

-00 104 10.34 99.76 1.51 2 676.0 61.9 3.4 <0.1 11.5 2.0 <0.1 63.6 0.7 8.0 741.3 13.4 0.0226 0.0549 

+00 847 10.51 100.84 12.10 2 438.2 331.0 152.9 10.7 7.7 7.5 3.0 67.4 0.6 7.3 930.1 18.1 0.1850 0.2937 

0-0 441 6.54 101.59 10.13 2 152.6 158.4 105.9 10.0 5.6 5.9 3.0 15.5 0.3 3.0 424.6 14.5 0.2485 0.3286 

0+0 431 15.77 96.86 4.10 2 1188.8 231.0 26.7 0.6 12.7 4.3 1.4 128.9 0.7 12.4 1447.1 18.4 0.0485 0.1394 

00- 384 8.12 29.26 7.11 2 512.9 207.2 49.6 1.9 9.3 4.2 1.4 51.9 0.7 6.6 771.6 14.9 0.1013 0.1720 

00+ 451 12.19 176.45 5.55 2 543.4 218.5 57.0 2.2 14.7 7.3 1.9 67.9 0.5 7.8 821.1 23.9 0.1031 0.1744 

000 439 10.7 101.92 6.16 2 542.3 209.1 49.5 1.9 11.4 5.4 1.5 94.4 0.5 7.5 802.7 18.3 0.0975 0.1725 

000 445 10.54 103.83 6.34 2 528.3 206.0 48.9 1.8 10.3 5.2 1.5 91.9 0.7 8.1 784.9 17.0 0.0984 0.1827 

000 455 10.86 82.41 6.29 2 701.4 224.3 42.5 1.4 15.8 6.1 1.5 74.2 0.8 9.3 969.6 23.4 0.0802 0.1432 
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Figure S1 Change in molar tTHM concentration with increasing Cl2:Br ratio. Raw data only 

is shown. 

 

 

Figure S2 Response surface models showing TCM relationship to a) alkalinity and DOC, b) 

bromide and alkalinity, and c) bromide and DOC. 
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Figure S3 Response surface models showing BDCM relationship to a) alkalinity and DOC, 

b) bromide and alkalinity, and c) bromide and DOC. 

 

Figure S4 Response surface models showing DBCM relationship to a) alkalinity and DOC, 

b) bromide and alkalinity, and c) bromide and DOC. 

 

Figure S5 Response surface models showing TBM relationship to a) alkalinity and DOC, b) 

bromide and alkalinity, and c) bromide and DOC. 
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Figure S6 Response surface models showing tTHM relationship to a) alkalinity and DOC, b) 

bromide and alkalinity, and c) bromide and DOC. 

 

Figure S7 Response surface model showing DCAN relationship to bromide and DOC. 

 

Figure S8 Response surface models showing BCAN relationship to a) DOC and Br:DOC, b) 

Br:DOC and alkalinity, and c) DOC and alkalinity. 
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Figure S9 Response surface models showing DBAN relationship to a) alkalinity and DOC, b) 

bromide and alkalinity, and c) bromide and DOC. 

 

Figure S10 Response surface models showing tDHAN relationship to a) alkalinity and DOC, 

b) bromide and alkalinity, and c) bromide and DOC. 

 

Figure S11 Response surface models showing CH relationship to a) DOC and Br:DOC, b) 

Br:DOC and alkalinity, and c) DOC and alkalinity. 
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Figure S12 Response surface model showing 1,1-DCP relationship to Br:DOC and DOC. 

 

Figure S13 Response surface models showing 1,1,1-TCP relationship to a) DOC and 

Br:DOC, b) Br:DOC and alkalinity, and c) DOC and alkalinity. 

 

Figure S14 Response surface models showing BSFTHMs relationship to a) DOC and Br:DOC, 

b) Br:DOC and alkalinity, and c) DOC and alkalinity. 
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Figure S15 Response surface models showing BSFDHANs relationship to a) DOC and Br:DOC, 

b) Br:DOC and alkalinity, and c) DOC and alkalinity. 
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APPENDIX 4 
Figure S1: The effect of different treatments on proportion of total NOM concentration of 

humic-like components (C1 and C2), proportion of total DBP concentration from chlorinated 

DBPs and brominated DBPs, and bromide concentration. Brominated DBPs: BDCM, DBCM, 

TBM, BCAN and DBAN. Chlorinated DBPs:  TCM, DCAN, CH, 1,1-DCP and 1,1,1-TCP. 
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Figure S2: Regressions describing the relationships between DOC and FMAX of PARAFAC 

component C1 and C2, SUVA254, and UV254. 
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Figure S3: Correlations between humic-like fluorophore component 1, DOC, UV254 or SUVA254 and DBPs (r2 are shown in Table 5). 

TCM  Component 1       DOC 

   
UV254        SUVA254 
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BDCM  Component 1      DOC 

     
 

UV254       SUVA254 
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DBCM  Component 1       DOC 

     
    

UV254        SUVA254 
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TBM Component 1       DOC   

    
  

UV254        SUVA254  
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DCAN  Component 1      DOC   

   
   

UV254       SUVA254 

    
    



 

	  330	  

BCAN  Component 1      DOC 

      
   

UV254       SUVA254 
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DBAN  Component 1       DOC    

   
 

UV254        SUVA254  
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CH Component 1       DOC 

   
  

UV254        SUVA254 
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1,1-DCP  Component 1      DOC 

      
 

UV254         SUVA254 
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1,1,1-TCP  Component 1      DOC 

     
 

UV254       SUVA254 
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APPENDIX 5 
Table SI 1. Sample sites raw water parameters  

 

Sampling 

Date Location pH 

Conductivity 

µS/cm 

Si 

(as 
mg/L 
SiO2) 

Al total 
(mg/L) 

Mg total 
(mg/L) 

Ca total 
(mg/L) 

Fe total 
(mg/L) 

Na total 
(mg/L) 

Cl- 

(mg/L) 
K total 
(mg/L) 

24/4/12 TR 6.3  175 0.25 1.7 3.7 4.4 1.8 20 ~63 2.4 

17/05/12 BR 6.6 349 94.0 0.15 
20 

 

26 

 

0.12 

 

47 

 

 

~166 

2.6 

 

24/05/12 AL 6.8  131 129.8 
0.42 

 

2.0 

 

2.9 

 

0.31 

 

7.5 

 
~100 

1.5 

 

n/a SR [1] ≤4 ≤ 50 - - 0.45 0.60  - 3.0 6.0 0.2 

 

Figure SI 1. Schematic of RO System 
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Table SI 2. Specifications of RO System 

Parameter Brand  Specification  

Pump 1 Model Universal 
pumps UP-60UP075 

RO System  

Model  

Biopure 

962 

Pump 2 1HP 

Capacity  0.08 m3hr-1 

Sediment filters 

5 µm 

Hydrotwist 

Poly-spun sediment filters (2.5”x 
20”) 

1 µm Poly-spun sediment filters (2.5”x 
20”) 

0.5 µm Poly-spun sediment filters (2.5”x 
20”) 

Reverse osmosis 
membrane  

Model  

Filmtec 

XLE-2521 

Size 2.5”x21” 

Membrane type Polyamide thin-film composite  

Nominal active surface 
area 1.2 m2 

Salt rejection at 500ppm 
NaCl 99.0% 

pH 2-11 

Cation exchange resin  

Model 

Tulsion 

Tulsion T-42 

Ionic form  Hydrogen/sodium  

Exchange capacity 1.8 meq/mL (H+) and 2.0 meq/mL 
(Na+) 

Functional group  Nuclear sulphonic  
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Figure SI 2. EEM regions adapted from Chen et al. [2] with P1, P2, SMP, FA and HA 
corresponding to the regions for proteins 1 and 2, soluble microbial products-like, fulvic acid-
like and humic acid-like compounds, respectively.  

 

EEM Regions Excitation (nm) Emission (nm) 

P1 200-250 280-330 

P2 200-250 330-380 

SMP 250-280 310-380 

FA 200-260 380-500 

HA 280-380 380-500 

   

 

Table SI 3. EEM Pi,n of natural waters versus synthetic waters made using NOM isolates. P1 
= protein 1, P2 = protein 2, SMP= soluble microbial products-like, FA= fulvic acid-like, HA= 
humic acid-like compounds, humic substances= sum of FA and HA and microbial derived 
substances= sum of P1, P2 and SMP. The Pi,n of P1 regions were close to the baseline, within 
reporting error limit and were excluded due to a deteriorating signal to noise ratio in this low 
wavelength region. Inspection of EEMs indicated insignificant contributions from P1 in all 
samples.   

 TR BR   AL  

Pi,n (%) Raw  Isolate 

Relative 

difference 

(%) 

Raw  Isolate 
Relative 

difference (%) 
Raw  Isolate 

Relative 

difference 

(%) 

P1 <LOD <LOD - <LOD <LOD - <LOD <LOD - 

P2 12.47 12.27 1.62 18.39 19.41 5.40 14.59 13.94 4.55 

FA  61.29 61.95 1.08 53.08 55.44 4.34 55.88 55.51 0.67 

SMP  5.17 5.54 6.91 8.56 7.96 7.30 7.24 7.22 0.28 

HA 21.08 20.24 4.05 19.97 17.19 14.92 22.3 23.34 4.56 

Humic 

substances 17.64 17.81 0.22 26.95 27.37 0.58 21.83 21.16 0.85 

Microbial-

derived 82.37 82.19 0.96 73.05 72.63 1.55 78.18 78.85 3.12 
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substances 

Figure SI 3. Effect of treatments and NOM source on total DBP concentration. (a) Chlorine 
demand versus total DOC concentration, (b) Chlorine demand versus total DBP 
concentration, (c) Effect of NOM and bromide removal on total DBP removal.  

(a) 

 
(b)
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(b) 

 
 

 

Figure SI 4. Comparison of Br:DOC ratio and bromide substitution factor (BSF) across all 
treatments; (a) Br:DOC ratio versus BSFTHM* and (b) Br:DOC ratio versus BSFDHAN**.  
*BSFTHM = (0×TCM]+1× [BDCM]+2× [DBCM]+3×[TBM])/(3× ([TCM]+[BDCM]+[DBCM]+[TBM])) 

**BSFDHAN = (0× [DCAN]+1× [BCAN]+2× [DBAN])/(2× ([DCAN]+[BCAN]+[DBAN])) 
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(a)

 
(b)

 
  

 

 

 

Figure SI 5. DBP percent compositions from all treatments on TR, BR, AL and SR isolate-
containing waters; (a) Cl-DBP/Br-DBP percent composition, (b) THM percent composition, 
and (c) DHAN percent composition.  

 (a) 
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 (b) 
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Table SI 4. Specific DBP concentrations (µg DBP/mg DOC) for all NOM isolates and treatments. 

Specific DBP 
concentrations  

(µg DBP/mg DOC) 
Total 
DBP  

Cl-
DBP 

Br-
DBP  THM  TCM 

BDC
M 

DBC
M TBM 

DHA
N  

DCA
N 

BCA
N 

DBA
N CH CP 

1,1-
DCP 

1,1,1-
TCP 

NT TR 116.41 86.62 29.80 
106.7

3 
77.8

6 24.25 4.48 0.14 2.66 1.74 0.78 0.14 6.12 
0.8

9 0.05 0.84 

  BR 90.19 58.36 31.83 82.01 
51.3

4 23.92 6.43 0.32 2.65 1.49 0.91 0.25 4.70 
0.8

3 0.06 0.77 

  AL 119.99 94.51 25.49 
106.4

3 
81.3

2 21.93 3.09 0.09 1.01 0.64 0.3 0.07 
11.9

3 
0.6

3 0.07 0.56 

  SR 77.01 51.65 25.36 67.82 
43.0

9 19.46 5.07 0.20 1.67 1.05 0.51 0.12 6.78 
0.7

4 0.04 0.69 

EC TR 139.81 18.66 121.14 
125.7

6 
13.3

3 42.87 56.33 
13.2

3 10.29 1.57 3.98 4.74 2.98 
0.7

8 0 0.78 

  BR 128.66 19.18 109.47 
115.6

4 
14.6

3 40.3 47.06 
13.6

5 9.77 1.31 3.82 4.64 2.75 
0.5

0 0.05 0.45 

  AL 92.77 24.91 67.86 82.2 
18.8

6 30.57 28.08 4.69 6.29 1.77 2.59 1.93 2.75 
1.5

3 0.11 0.67 

  SR 73.51 13.28 60.23 67.84 9.89 19.48 29.99 8.48 2.72 0.44 0.84 1.43 2.47 
0.4

8 0.02 0.46 

MIEX® TR 61.32 3.31 58 54.11 1.87 20.99 24.07 7.19 6.42 0.66 2.33 3.43 0.72 
0.0

7 0 0.07 

  BR 47.20 2.72 44.49 40.36 1.34 15.28 17.80 5.95 5.93 0.47 2.39 3.07 0.78 
0.1

3 0.04 0.09 

  AL 73.17 20.62 52.55 64.22 
15.8

4 25.86 19.30 3.21 5.31 1.14 2.13 2.05 3.03 
0.6

1 0.07 0.54 

  SR 51.79 6.79 45.00 48.66 5.55 17.37 21.25 4.49 1.94 0.06 0.73 1.16 1.10 
0.0

9 0 0.09 

PAC  TR 50.14 0.67 49.47 46.06 0.67 8.58 17.86 
18.9

6 4.08 0 0.91 3.17 0 0 0 0 
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  BR 36.17 1.56 34.6 30.53 1.31 9.23 11.95 8.03 5.42 0.04 2.24 3.14 0.14 
0.0

7 0.07 0 

  AL 49.68 6.66 43.02 46.16 6.04 14.66 17.97 7.48 2.92 0.02 0.85 2.05 0.49 
0.1

1 0 0.11 

  SR 55.56 4.00 51.56 50.63 3.17 12.00 24.43 
11.0

3 4.09 0 2.36 1.74 0.61 
0.2

3 0.05 0.18 

GAC TR 85.00 0 85.00 81.53 0 19.33 40.28 
21.9

3 3.47 0 1.46 2.01 0 0 0 0 

  BR 120.66 0 120.66 
114.3

6 0 16.97 62.42 
34.9

7 6.30 0 2.30 4.00 0 0 0 0 

  AL 119.92 0 119.92 
112.3

9 0 16.05 53.63 
42.7

1 7.53 0 2.23 5.30 0 0 0 0 

  SR 22.37 0 22.37 17.63 0 5.03 7.04 5.56 4.74 0 1.63 3.11 0 0 0 0 

SIAC TR 6.74 5.39 1.35 5.21 4.64 0.38 0.18 0 1.36 0.58 0.27 0.51 0 
0.1

7 0.17 0 

  BR 15.07 13.98 1.08 11.96 
11.1

7 0.56 0.23 0 2.2 1.90 0.29 0 0.13 
0.7

7 0 0.77 

  AL 17.37 16.45 0.92 17.02 
16.2

8 0.46 0.28 0 0.18 0 0.18 0 0 
0.1

7 0.17 0 

  SR 6.02 5.26 0.76 5.34 5.07 0.24 0.03 0 0.63 0.15 0 0.49 0.04 0 0 0 

For each treatment the four isolates are ranked:  low,  low/medium, medium, medium/high, or  high (ranking is relative to each isolate after 

each treatment).  
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Figure SI 6. Effect of treatments on (a) specific THM (µg total THM/mg C), (b) specific TCM 
(µg total TCM/mg C), (c) specific BDCM (µg total BDCM/mg C), (d) specific DBCM (µg 
DBCM/mg C), (e) specific TBM (µg TBM/mg C), (f) specific DHAN (µg DHAN/mg C), (g) 
specific DCAN (µg DCAN/mg C), (h) specific BCAN (µg BCAN/mg C), (i) specific DBAN 
(µg DBAN/mg C), (j) specific CH (µg CH/mg C), (k) CP (µg CP/mg C),  (l) 1,1-DCP (µg 1,1-
DCP/mg C) and (m) 1,1,1-TCP (µg 1,1-TCP/mg C) for waters containing TR, BR, AL and SR 
isolates.  

(a)      (b) 

  
(c)      (d) 

  
(e)      (f) 
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(g)      (h) 

 
(i)      (j) 

 
(k)      (l) 

 
 

(m) 
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