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Abstract 

In this study, a sequencing batch flexible fibre biofilm reactor (SB-FFBR) is used for efficient 

and cost-effective treatment of milk processing wastewater (MPW). The SB-FFBR, modified 

type of a typical sequencing batch reactor (SBR), is made up of eight bundles of flexible fibre as 

a supporting media for microorganisms’growth. The working volume and the cycle length of the 

bioreactor are 8 L and 24 h, respectively. The biological performance of the bioreactor is studied 

at 10, 3 and 10 various levels of the influent chemical oxygen demand (CODin; 610-8193 mg L-

1), retention time (RT; 1, 1.6 and 2 days), and organic loading rate (OLR; 0.38-8.19 gCOD m-3d-

1), respectively. From the results, the minimum COD and total suspended solids (TSS) removal 

efficiency of 86.8 % and 77.3 % were achieved at OLR of 8.2 kg COD m-3d-1, CODin of 8193 mg 

L-1 and RT of 1 day. While, an excellent COD and TSS removal efficiency were found to be 97.5 

% and 99.3 %, respectively, at low OLR of 0.4 kg COD m-3d-1, CODin of 945 mg L-1 and RT of 2 

days. Furthermore, the kinetic coefficients of COD removal were computed using a first order 

substrate removal model at different COD concentrations. The first order kinetic constant, (k), 

was 0.60, 0.65 and 0.357 h-1 for 500, 810 and 2000 mg COD L-1, respectively. The use of the 

flexible fibre as a packing material provided a huge surface area for more microorganism 

attachment. Therefore, the results demonstrated the SB-FFBR has acted as a suitable and 

effective strategy in treatment of milk processing industrial wastewater. 

 

Keywords: Biofilm; flexible fibre; milk processing wastewater; COD removal, SB-FFBR 

 

 

 



1. Introduction   

Nowadays, the milk processing industry has shown a fast growth all over the world. For 

example, in Australia, this industry is considered as the third largest rural industry which has 

crucial contribution in the local economy of this country. Generally, the manufacturing process 

in dairy industries, including milk processing, cleaning, disinfection, heating and cooling, 

packaging and cleaning of the milk reservoirs, highly relies on consuming a large volume of pure 

water (with 1 to 10 ratio of water to milk) due to sanitation issues (Qasim and Mane, 2013). 

Therefore, such industries generate nearly 0.2–10 L of wastewater per liter of processed milk 

(Balannec et al., 2005). The dairy wastewater is characterized by high contents of 5-day 

biological oxygen demand (BOD5), chemical oxygen demand (COD) and nutrients, high levels 

of dissolved and suspended solids and detergents (Andrade et al., 2014; Haynes, 2010; Rahimi et 

al., 2016; Sarkar et al., 2006). It is noted that a part of COD content of milk processing 

wastewater (MPW) is slowly biodegradable. Thus, the release of untreated or improperly treated 

dairy wastewater to the environment causes destructive impacts such as eutrophication 

phenomenon, oxygen depletion, and ammonia toxicity (Buabeng-Baidoo et al., 2017). In this 

regard, an efficient treatment approach is urgently required before letting the dairy wastewater 

free. 

Various treatment techniques including physical, chemical, and biological have been employed 

to remove slowly biodegradable COD (Ghasemi et al., 2016, Birjandi et al., 2013, Pirsaheb et al., 

2009). The treatment approaches of dairy wastewater involving mechanical, physicochemical 

and biological methods are aimed at reducing the organic matters and nutrients as well as 

minimizing the sludge volume. Considering highly biodegradable characteristic of the dairy 

wastewater, the biological treatment processes are always preferred as a reliable method for 



remediation of dairy processing wastewaters treatment (Kushwaha et al., 2011; Slavov, 2017). In 

overall, the aerobic treatment systems can be operated either as suspended growth or as attached 

growth (biofilm) or combination of both. 

Sequence batch reactor (SBR) has extensively been employed to treat wastewater because of 

simplicity in operation and configuration, high tolerance to various loading shocks, sophisticated 

performance and effluent flexibility (Asadi, et al. 2012). Abdulgader et al. (2009) reported 96.5 

% COD removal efficiency in a lab scale SBR treating synthetic milk processing wastewater for 

a period of 18 h (Abdulgader et al., 2009). Nevertheless, these technologies have been 

encountered with some serious challenges such as high production of sludge at high organic 

loading and poor sludge settleability (Eddy, 1991; Sirianuntapiboon et al., 2005). Thus, some 

researchers have tried to modify SBR to enhance bioreactor performance. For example, Bae et al. 

developed a membrane coupled sequencing batch reactor (MSBR) to treat dairy wastewater (Bae 

et al., 2003). The proposed system exhibited a promising performance at OLR of 1.34 kg BOD5 

m-3.d-1. Asadi et al. have successfully developed SBR via integrating batch and continuous 

regimes to promote the biological performance in terms of simultaneous removal of carbon, 

nitrogen, phosphorus (CNP) (Asadi et al., 2016a, 2016b, 2012; Asadi and Ziantizadeh, 2011). 

The wastewater treatment through attached-growth (biofilm) systems also have been widely 

studied by researchers (Lu et al., 2014; Najafpour et al., 2006). Zinatizadeh et al. investigated the 

performance of a lab-scale sequencing batch biofilm reactor (SBBR) treating a synthetic dairy 

wastewater (Zinatizadeh et al., 2011). In this research, COD removal efficiency of 99.5 % was 

attained at incoming COD of 5000 mg/L. Najafpour et al. (2006) studied the performance of a 

lab-scale rotating biological contactor (RBC) bioreactor in order to treat food canning 

wastewater (Najafpour et al., 2006). In this research, COD removal percentage was found to be 



about 97 % at OLR of 14.5 kg COD m-3d-1. In another study, Yu et al. (2003) used a double stage 

flexible fibre biofilm reactor to purify an effluent from food processing industry (Q. J. Yu et al., 

2003). COD removal of 96 % was reported at retention time of 8 h and OLR of 7.7 kg COD m-

3.d-1. In another study, researchers have developed SBR using integrating technologies of SBR, 

membrane and moving bed bioreactor in a novel bioreactor called sequencing batch moving bed 

membrane bioreactor (SBMBMBR) (Yang et al., 2010). The author reported COD removal of 

93.5 % at different COD/TN ratios. Abdulgader et al. (2019) fabricated a single stage flexible 

fibre biofilm reactor (SS-FFBR) to treat milk processing wastewater (MPW) under different 

CODin and HRTs (Abdulgader et al., 2019). From the results obtained, the optimum removal 

efficiency was found at HRT of 8 h, CODin of 3922 mg L-1 and OLR of 11.67 kg COD m-3d-1.  

To date, a few studies have been reported regarding the development of SBR using flexible fibre 

biofilm reactors treating industrial wastewater (Abdulgader et al., 2009; Q. Yu et al., 2003; Q. J. 

Yu et al., 2003). Abdulgader et al. (2009) developed an innovative integrated sequence batch 

flexible fibre biofilm reactor (SB-FFBR) by combining SBR and flexible fibre biofilm reactors 

(Abdulgader et al., 2009). The flexible fibres provided high specific surface area for 

microorganisms’ growth led to increasing biomass concentration. The biological performance of 

the bioreactor was analysed under different COD concentrations (610, 2041 and 4382 mg L-1) 

while retention time (RT) was kept constant at 1.6 days. The bioreactor indicated the good 

capacity in terms of COD removal (97 %) at OLR of 2.74 kg COD m-3d-1. Therefore, these 

reported literatures have motivated us to evaluate the performance of SB-FFBR treating milk 

processing industrial effluent via extending concentration ranges of COD, RTs and OLR at 10 

and 3, 10 various levels, respectively, to determine the bioreactor capacity in terms of the COD 

and total suspended solids (TSS) removal efficiency/rate. The effect of sludge loading rate (SLR) 



on the COD and TSS removal efficiency/rate is studied as well. Moreover, kinetic coefficients 

and biofilm morphology are studied.  

 

2. Materials and methods 

2.1. Source and characterization of wastewater 

Milk processing wastewater (MPW) used in this study was collected from National Food 

company located in Brisbane, Australia. The raw wastewater was regularly collected from the 

factory effluent stream and carried directly to the laboratory and kept in a refrigerator at 0-4 ◦C to 

prevent any changes in the wastewater characterization. Table 1 presents the composition of raw 

wastewater samples. 

2.2. Bioreactor configuration and start-up  

The SB-FFBR used in this study was made from acrylic in a cylindrical shape with diameter of 

120 mm and height of 900 mm, and a total working volume of 8 L.  An equalization tank with 

capacity of 50 L was used for storage of wastewater and pH adjustments. Air ceramic porous 

diffusers were fixed at the reactor bottom for mixing and providing oxygen. Air was supplied to 

the reactor through the laboratory air tap. Eight bunches of flexible fibre made of rayon fibre 

were installed in centre of SB-FFBR with the aid of a rope with 885 mm length as a support 

frame, to provide packing media for microorganisums’growth. More detailed information 

concerning fibre specifications and their installation can be found elsewhere (Abdulgader et al., 

2009; Q. J. Yu et al., 2003). A peristaltic pump (Cole Parmer, Masterflex, Model 7523-60) was 

employed to inject the wastewater from storage tank to the top of the SB-FFBR. The excess 

sludge was discharged from the waste sludge port during the draw period. The schematic 

diagram of experimental set up is depicted in Fig. S1. Furthermore, detailed information 



regarding the start-up of bioreactor, operation of SB-FFBR, analytical methods, methodology of 

kinetic analysis and sludge morphology are given in SI. 

 
Table 1. Specifications of raw milk processing effluent. 

Parameters                               Concentration (mg L-1)  
COD  4000-14250 
BOD  3000-8910 
pH  11.70 
Total solids  5790-6380 
Total suspended solid  1420-3540 
Volatile suspended solid  1350-3480 
Total nitrogen (as N)  N/A 
Total phosphate (as P)  37 
Oil and Grease  N/A 

                                N/A=Not analysed  
 

3. Results and discussion 

3.1. Performance of SB-FFBR 

The SB-FFBR performance was experimentally investigated by estimating the influence of some 

process and operational parameters such as CODin concentrations, OLR, RTs, and SLR. 

 

3.1.1 Effect of retention time on the SB-FFBR performance 

Each cycle of the SB-FFBR was operated for a 24-h period at the three different retention times 

(1, 1.6, and 2 days) to assess and understand the influence of changes in retention time on the 

overall reactor performance treating raw milk processing industrial wastewater. The performance 

of SB-FFBR was studied by estimating the removal efficiency of COD, TSS and turbidity at 

each cycle. At 1 day retention time, the system was operated for 22 days at a constant influent 

COD concertation of 8193 mg COD L-1. The COD removal efficiency of each cycle of operation 

is plotted as a function of time in Figure 1. The significant variations in COD removal efficiency 

were observed ranged between 70 to 90 % with an overall average of 86.8 % ± 5.2. From the 



results, a decrease of 30 % in COD removal efficiency took place at the first cycle due to the 

loading shock during 1 day of operational cycle. But, the COD removal efficiency gradually 

improved and rose above 70 % when the OLR was as high as 9 kg COD m-3d-1. The high COD 

removal efficiency of 86.8 % was obtained at an OLR of 8.2 kg COD m-3d-1. This confirms that 

SB-FFBR performance became virtually independent of OLR applied to the system, and relies 

on the amount of the biomass in the reactor and type of wastewater. 

With respect to TSS removal efficiency, the system exhibited wide variations in removal 

efficiency, 55.5-89.1% with an overall average of 73 % (Figure 1). The removal efficiency of 

TSS was not stable during operational cycle. It is evident from the results that the system showed 

inconsistently and unexpectedly low performance for TSS removal compared with COD removal 

efficiency. However, good turbidity removal efficiency was shown in Figure 1, and the results 

were almost stable during the operating time with an overall average of 97.9 %. Therefore, it 

could be stated that system was highly capable of treating wastewater with high OLR under 

operating conditions. However, the low and variable performance of the SB-FFBR in terms of 

solids removal efficiency was because of the variations in the solid loading rates (SLR).  

The better performance of the reactor was observed when the reactor was operated at RT of 1.6 

days. Figure 2a illustrated the COD removal efficiency versus time. The SB-FFBR attained a 

good level of COD removal, 92.6 %, for all influent COD concentrations targeted. 

Approximately, 97 % of COD removal efficiency was obtained when the system was operated at 

610 mg L-1 and 2040 mg L-1 as shown in Figure 2a. These results were quite stable for about 14 

days. But, the removal efficiency dropped to 89.3 % as the initial COD concentration rose to 

4382 mg L-1. The COD removal efficiency decreased to 87.2 % when influent COD increased to 

7636 mg L-1. In this situation, first the reactor displayed a sharp decrease of COD removal 



efficiency, below 61 %, which indicates the effectiveness of loading shock on the SB-FFBR 

performance. 

 

 

Figure 1. Removal efficiency of COD, TSS and turbidity at RT of 1 day. 

In Figure 2b, it can also be seen that the reactor reached a stable condition in an 8-day cycle. 

This shows the ability of SB-FFBR to treat industrial wastewater because of the increment in 

biomass concentration as a result of the presence of high surface area support media.  In previous 

study conducted with a conventional SBR system for treatment of dairy industrial effluent, 90 % 

COD removal efficiency was achieved at low COD concentration ranged from 400-2500 mg L-1 

(Bandpi and Bazari, 2004). However, with the increase of the retention time to 2 days, 

enhancement in the reactor performance was noticeable. Figure 2b presents the COD removal 

efficiency of SB-FFBR versus time at retention time of 2 days for different CODin 

concentrations. The SB-FFBR achieved different COD removal efficiency depended on the 

applied influent COD. A high COD removal efficiency was obtained for all COD concentrations 
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employed in the system. The COD removal efficiency was above 97 % when the reactor was run 

at 945, 1913 and 3450 mg CODin L-1 correspond to 0.47, 0.96, and 1.72 kg COD m-3d-1 of OLR, 

respectively. However, with an increase in the COD amount to 5450 mg L-1 (OLR of 2.72 kg 

COD m-3d-1), COD removal was reported to be 95.5 %. In this part of the experiments, the 

reactor COD removal efficiency quietly varied and did not show any stabilization until after 14 

days of operation. The SB-FFBR achieved 94.9 % of COD removal when the system was 

operated at 8051 mg L-1, corresponding to 4.02 kg COD m-3d-1 OLR. It is noted that the reactor 

reached stability approximately after 5 days of operation. Despite the low removal efficiency in 

the first days of the experiment, attributed to the increment in the influent concentration, the 

overall performance was good, and the efficiency of COD removal gradually increased. It is 

obvious that the SB-FFBR can tolerate high OLR at this retention time and can treat wastewater 

with a very high quality. 
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Figure 2. COD removal efficiencies at RT of (a) 1.6 days; (b) 2 days. 

The results of the effluent quality parameters obtained at different retention times (1, 1.6 and 2 

days) after getting stability are summarized in Table 2. The reactor achieved removal efficiencies 

of 86.8, 77.3, and 97.8 % in terms of COD, TSS and turbidity removal, respectively, at RT of 1 

day and the highest OLR of 8.2 kg COD m-3d-1. High COD removal was also obtained from  

previous studies using a continuous two stage flexible fibre reactor (Q. J. Yu et al., 2003). The 



increased amount of biomass concentration inside the reactor was a key factor for achieving high 

COD removal efficiency at the highest OLR. This was ascribed to the presence of the packing 

media providing more specific surface area for microorganisms’growth. The total biomass 

concentration is estimated to be 6970 mg VSS L-1, comprised of 5000 mg VSS L-1 of attached 

biomass and 1970 mg VSS L-1 of suspended biomass. The food to microorganism ratio (F/M) 

can indicate the degree of starvation of the microorganism. In this system, at OLR of 8.19 kg 

COD m-3d-1, the F/M was found to be 1.17. This means there is excess food and the 

microorganisms may be in the exponential growth phase. In this condition, all substrates were 

not utilized by the microorganisms and the unconsumed substrate would be discharged into the 

effluent. 

Table 2. SB-FFBR effluent quality. 

RT 

(day) 

Influent COD 

(mg CODin  L-1) 

Effluent characteristics 

COD 
(mg L-1) 

TSS 

( mg L-1) 

DO 

(mg L-1) 
pH Turbidity 

(NTU) 

1 8193 1077 491.6 1.04 7.5 33.1 

1.6 

610 15.4 10 5.9 6.7 1.6 

2041 70 2 4.55 7.1 1.93 

4382 460 186 2.0 7.4 32.7 

7636 986 1030 1.8 7.3 20.3 

2 

945 23.1 2.8 3.41 6.84 1.10 

1913 45.6 26.6 3.13 7.25 1.09 

3450 96.7 73.3 3.53 7.55 4.17 

5450 255.5 85.7 2.47 7.65 17.3 

8051 403.5 140 1.08 7.68 10.5 

 



When the reactor was operated at RT of 1.6 days, the amount of CODin concentration applied to 

the reactor showed a substantial influence on the SB-FFBR performance (Table 3). The 

concentration of dissolved oxygen (DO) in the effluent was declined to nearly 75 % from 5.9 to 

1.32 mg O2 L-1, which indicates the increase in the activity of biomass as the organic matters 

concentration rose. The effluent turbidity increased with increment in CODin level because of the 

increase in the solid loading rate (SLR) (Table 1). As the CODin level was increased to 4382 and 

7636 mg L-1, the SB-FFBR performance noticeably decreased, where effluent TSS rose to 186 

and 1030 mg L-1, respectively. According to the Table 3, the effluent parameters viz. CODeff, 

turbidity, pH, and TSS, were increased at RT of 2 days. However, the DO concentration 

decreased with the increase in CODin concentration, which is attributed to rise of the 

microorganism activity. The effluent turbidity showed notable increase as the CODin 

concentration increased that may be because of the increase in the amount of TSS concentration 

in the reactor effluent. However, the turbidity decreased to 10.5 NTU when the highest CODin 

concentration was applied to the system (8051 mg L-1). The effluent TSS concentration 

noticeably increased with the rise in the CODin concentration.  The lowest TSS, 2.8 mg L-1, was 

obtained at 945 mg L-1, while it was 140 mg L-1 as the CODin was augmented to 8051 mg L-1. In 

overall, the possible reasons behind these changes were the increase of the solids loading rate 

(SLR); increment in the biomass growth at such a high OLR and thereby increase in the biomass 

mass sloughing and washout. 

Table 3. Kinetic parameters obtained at different COD concentrations. 
COD K t1/2 Ce Co R2 mg L-1 h-1 h-1 mg L-1 mg L-1 
500 0.606 1.14 10 374 0.967 
810 0.652 1.06 10 510 0.999 
2000 0.357 1.94 79 1402 0.955 

 



3.1.2. Effect of organic loading rate on the SB-FFBR performance   

The influence of OLR on SB-FFBR performance (as COD removal) was evaluated and the 

results are shown in Figure 3. The study was conducted by increasing the CODin concentration at 

constant retention time (1.6 days). The experimental runs were initiated with low COD 

concentration of 610 mg L-1 corresponded to 0.4 kg COD m-3d-1 OLR. As displayed in this 

Figure, the COD removal percentage exhibited a sharp decrease with increasing organic loading 

rate.  Maximum of 97 % COD removal efficiency was observed. Nonetheless, the COD removal 

reduced to 87.2 % when OLR rose to 4.77 kg COD m-3d-1. So, it is predicted that the SB-FFBR 

can tolerate a OLR more than 4.77 kg COD m-3d-1in order to reach a COD removal efficiency of 

nearly 80 %. At 2.74 kg COD m-3d-1OLR, the reactor attained 89 % COD removal efficiency. 

The decrease of COD removal efficiency with increment of OLR may be because of the 

reduction in contact time between substrates and microorganisms in the SB-FFBR. The removal 

efficiency of COD reached to 87.2% at retention time of 1.6 days, this revealed that suspended 

microorganisms may also significantly contribute in degradation of organic matter. Similar 

results were observed by research team of Yu et al. (Q. J. Yu et al., 2003). The authors acquired 

COD removal of 90 % at OLR of 1.04 kg COD m-3d-1 to treat food processing industrial effluent 

in a similar system of present work. Also, research team of Sirianuntapilboon et al. attained 89.3 

% COD removal at OLR of 1.340 kg BOD5 m-3d-1 (Sirianuntapiboon et al., 2005). While, 97.4 % 

of COD removal efficiency was gained in a rotating biological contactor (RBC) at a substrate 

loading of 18.44 g m-2d-1, demonstrating quite high removal rate in such an attached growth 

system (Najafpour et al., 2006). In this system, the COD removal efficiency declined to 85.4 % 

since the OLR increased to 36.89 g m-3d-1. Raj et al. reported the COD removal percentage of 



91.4 % at COD concentration of 686 mg L-1 corresponding to hydraulic loading of 5 m3 m-2d-1 

(Raj and Murthy, 2008). 

In contrast, a different effect of OLR on COD removal rate is presented in Figure 3b. The COD 

removal rate exhibited an increasing trend with increasing OLR in the ranges of 0.4 to 4.22 kg 

COD m-3d-1. This implies the productivity of the system, in terms of the amount of COD 

removed from wastewater, was high once the reactor was loaded with a high OLR. It has also 

been observed from the experiments that air flow rate (AFR) increased by increasing the OLR. 

These findings are ascribed to an increase in biomass concentration at high OLR led to more 

consumption of dissolved oxygen (DO). It is apparent from the results obtained that with 

increment of OLR, the rate of COD removal in the SB-FFBR is rising.  
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(b) 

Figure 3. The effect of OLR on reactor performance in terms of (a) COD removal and COD 
removal rate; (b) TSS removal and TSS removal rate (at retention time of 1.6 days). 

 

The effect of OLR on TSS content is shown in Figure 3b. The results showed that the SB-FFBR 

attained an important decrease in TSS removal with increasing OLR. High TSS removal 

efficiencies of 96.3 % and 99 % were obtained at low OLRs of 0.4 and 1.27 kg COD m-3d-1, 

respectively. Such results may be in the relation with low TSS contents of incoming wastewater. 

Nevertheless, the increment of OLR to 4.77 kg COD m-3d-1 resulted in the drop of TSS removal 

to 75 %.  The results of this study were in the agreement with study performed by Raj and 

Murthy (Raj and Murthy, 2008). 

On other hand, the performance of the SB-FFBR was also investigated at the retention time of 2 

days. The influence of organic loading rate on the SB-FFBR performance is presented in Figure 

4. From the Figure 4a, the COD removal dropped by increasing the OLR. The system showed an 

effective treatability at OLRs of 0.47 and 1.014 kg COD m-3d-1 with an excellent COD removal 

efficiency of 97.5 and 97.8 %, respectively. Such a high performance was contributed to high 

biomass concentration attained with increase in the influent COD concentration. The removal 
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efficiency started decreasing to 95 % and 94.9 % once the system was loaded with 1.72 and 4.02 

kg COD m-3d-1, respectively. According to the results, it can be inferred the reactor still has 

capacity to treat high strength wastewater with a OLR more than 4.02 kg COD m-3d-1 at RT of 2 

days.  Changes in the COD removal rate at 2 days retention time are presented in Figure 4a. The 

COD removal rate was augmented almost linearly with the increase in OLR. A similar trend has 

been stated by Najafpour et al., in a RBC treating seafood wastewater (Najafpour et al., 2005). 

And also, Yu et al. obtained the similar results using a flexible fibre biofilm reactor for food 

processing wastewater treatment (Q. Yu et al., 2003).  

 
(a) 



 
(b) 

 
(c) 

Figure 4. Reactor performance at RT of 2 days in terms of (a) COD removal and COD removal 
rate; (b) TSS removal and TSS removal rate; (c) effluent DO, pH and turbidity. 

 
Figure 4b displays the influence of the OLR on the TSS removal efficiency and TSS removal 

rate. From the Figure 4b, the TSS removal efficiency dropped as the OLR increased. TSS 

removal of 99.3 % was achieved at 0.47 kg COD m-3d-1 that was mainly due to low amount of 

solids applied to the system. By increasing the OLR to 0.96 kg COD m-3d-1, corresponding to 



0.22 kg TSS m-3d-1, 93.5 % of TSS removal was achieved. The TSS removal efficiency was 

improved as the OLR was increased to 2.72 kg COD m-3d-1 which may be due to high 

consumption rate or degradation rate at such long retention time. However, the TSS removal 

efficiency was deteriorated and decreased to 92.1%, and this was mainly ascribed to an 

increment in the OLR (4.02 kg COD m-3d-1) and an increase in the quantity of solids applied to 

the reactor. Furthermore, Figure 4b also illustrates the relation between the OLR and total 

suspended solids removal rate. The OLR had a more significant influence on the TSS removed 

from the system. It could be noted that the TSS removal rate increased dramatically when the 

OLR increased from 0.47 to 2.72 kg COD m-3d-1. But there was no increasing removal rate at 

high OLR of 4.02 kg COD m-3d-1. Totally, the SB-FFBR displayed a good performance on the 

removal of solids.  

Figure 4c presents the variation in pH, turbidity, and dissolved oxygen (DO) concentration 

against the OLR. As can be seen from the Figure, the pH remained practically constant ranged 

between 6.8 and 7.7 as the OLR increased from 0.47 to 4.02 kg COD m-3d-1, showing good 

buffering capacity of the reactor. The OLR also had negative influence on the effluent turbidity 

(Figure 4c). Increase in OLR gave rise to the increase in the turbidity. However, the SB-FFBR 

produced a high quality effluent with almost constant level of 1.1 and 1.09 NTU at low OLR of 

0.47 and 0.96 kg COD m-3d-1, respectively. The effluent turbidity was increased to 4.14 and 17.3 

NTU when the OLR was increased to 1.72 and 2.72 kg COD m-3d-1, respectively. Which is 

attributed to the increase of effluent suspended solids because of loss of biomass or washout out 

and high SLR. The turbidity of the effluent decreased again to 10.5 NTU once the OLR 

increased to 4.02 kg COD m-3d-1. The DO level was nearly stable, above 3 mg L-1, as the OLR 



was augmented from 0.47 to 1.72 kg COD m-3d-1 (Figure 4c). While, the DO level decreased to 

2.47 and 1.08 mg L-1 as the OLR was augmented to 2.72 and 4.02 kg COD m-3d-1, respectively.  

 

3.2. Effects of suspended solid loading rate (SLR) on the reactor performance 

The influence of SLR on TSS removal efficiency and TSS removal rate at retention time of 1.6 

days is obviously reflected by the results presented in Figure 5. The TSS removal rate relied on 

the SLR and increased consistently with the increase of SLR. The TSS removal efficiency had no 

change at SLRs of 0.154 and 0.3 kg SS m-3d-1. However, it slightly decreased from 85.7 % to 

75% by rising the SLR from 0.81 to 1.19 kg SS m-3d-1, respectively. It revealed that 

biodegradation of the suspended solids may require prolonged period. These findings were 

comparable with those reported in study of Najafpour et al. (Najafpour et al., 2005). They 

achieved TSS removal efficiency of 88 % at low SLR. El-Kamah also obtained 50 mgL-1 of TSS 

in effluent of activated sludge system with batch regime treating fruit juice industry wastewater 

(El-Kamah et al., 2010). High TSS removal efficiency points to the reduced quantity of sloughed 

biomass and the increase of attached biomass on the flexible fibre. In addition, the suspended 

solids can possibly be adsorbed on the biomass and then broken down the substrates by 

extracellular enzymes. 
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Figure 5. The effect of SLR on (a) TSS removal efficiency and TSS removal rate at RT of 1.6 
days, (b) COD removal and pH at RT of 2 days, (c) TSS removal efficiency and TSS removal 

rate at RT of 2 days. 
 

The SB-FFBR was capable of removing COD from high strength wastewater because of high 

biomass concentration attributed to existing of the flexible fibres. The flexible fibres provide 

high specific surface area (over 2200 m2/m3) compared to other carrier materials (Raj and 

Murthy, 2008; Zinatizadeh and Ghaytooli, 2015). The attached biomass on the fibre is prevented 

to come out from the reactor during withdraw operation of supernatant. Thereby, total biomass 

concentration and consequently substrate biodegradation are increased.  

Figure 5b illustrates the relation between pH and COD removal percentage versus SLR at RT of 

2 days. The COD removal efficiency decreased as the SLR increased. The system achieved 

nearly a constant COD removal of 97.5 and 97.7 % at SLR of 0.146 and 0.22 kg TSS m-3d-1, 

respectively. As the SLR was suddenly increased to 0.42 kg TSS m-3d-1, the removal efficiency 

of COD slightly dropped to 97 %. Nevertheless, the removal efficiency was 94 % at 0.85 kg TSS 

m-3d-1 of SLR. The effluent pH was also significantly influenced by the rise of SLR. Tshe pH 

gradually increased by increasing the SLR. 



Figure 5c presents the effect of the SLR on the SB-FFBR performance at RT of 2 days. It is clear 

from this Figure that the increase in the SLR resulted in the decrease in TSS removal efficiency. 

However, the TSS removal efficiency improved and reached 94.5 % at 0.77 kg TSS m-3d-1 SLR. 

Then, the removal efficiency dropped to 92.1% at the SLR of 0.85 kg TSS m-3d-1. While the TSS 

removal rate was increased linearly as the SLR was increased. The TSS removal rates of 0.138, 

0.2, and 0.39 kg TSS m-3d-1 were achieved when the system was operated at SLRs of 0.146, 0.22, 

and 0.42 kg TSS m-3d-1, respectively. Kinetic analysis and biofilm morphology are discussed in 

SI. 

 

4. Conclusions 

The SB-FFBR incorporated with the flexible fibre packing material was successful to achieve a 

satisfactory performance as COD and TSS removal efficiency. From the results, an inverse 

relationship was observed between COD removal efficiencies with respect to changes of OLR. 

While, a direct relationship was reported in the cases of TSS removal efficiency, the COD and 

TSS removal rates along with changes in OLR. The maximum of COD and TSS removal 

efficiencies attained at RTs of 2, 1.6 and 1 day(s) corresponded to OLRs of 0.47, 0.4 and 8.19 kg 

COD m-3d-1 were 97.5 and 99.3 %; 97.2 and 96.3%; 86.8 and 77.3%, respectively. The kinetic 

evaluation of the experimental data obtained in the SB-FFBR was carried out using a first order 

model for substrate removal at different COD concentrations. This model showed a great fitness 

with having high correlation coefficients (R2) ranged from 95 to 99 %. The first order kinetic 

constant, k, was calculated to be 0.60, 0.65 and 0.357 h-1 for 500, 810 and 2000 mg COD L-1, 

respectively. The results of biofilm morphology showed that the use of the flexible fibre as 

packing media has provided a massive space for bacteria to grow on, so that it will remarkably 



increase the amount of biomass in the system, 6970 mg VSS L-1. SEM photos revealed there was 

no difference in terms of diversity and abundance of species in three flexible fibre bundles. 

However, a variety of bacteria with different morphologies, rod, coccal, spiral, and helical, were 

observed in the biofilm. Among these species, flagella and nematode were explored as dominant 

species. As a final conclusion, the SB-FFBR can be considered as a promising technology to treat 

high strength wastewaters. 
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