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Abstract 

A newly installed MBR plant requires domestic sludge inoculation and operation start-up from 
unsteady state and gradually ends up at steady state condition after the sludge is acclimatized 
according to influent raw wastewater characteristics. So far, very limited information has been 
reported in the literature about this initial condition. In this study, treatment performance, sludge 
characteristics and membrane fouling evaluation of full scale MBR plant was conducted from 
unsteady to steady state condition. Purpose of the study was to determine an optimum combination 
of solids retention time (SRT) and flux with desired MLSS range of 8-10 g/L exhibiting excellent 
treatment performance with good sludge characteristics, and minimum membrane fouling. 
Membrane fouling at different SRTs was investigated in terms of trans-membrane pressure (TMP). 
Overall, more than 90% removal of COD was achieved in all combinations of steady state SRTs 
and fluxes. Complete nitrification (NH4

+-N < 1mg/L) was achieved between 3-4 days after startup 
and NH4

+-N remained undetected in effluent throughout the run. PO4
-3-P removal of 80% was 

achieved between 4-5 days of startup and remained stable. Sludge characteristics varied at different 
combinations of SRT and flux combinations. After achieving steady-state, 20 days SRT and 20 
LMH flux exhibited the most optimum sludge characteristics and moderate membrane fouling with 
MLSS between 8 and 10 g/L. 

Keywords: Sludge retention time (SRT), permeate flux, trans-membrane pressure (TMP), extra-
cellular polymeric substance (EPS), biomass concentration 

 

1. Introduction 

Membrane bioreactors (MBR) are combination of biological treatment along with membrane 
filtration for effective removal of organic matter and nutrients from wastewater. MBRs offer 
superior effluent as compared to conventional treatment processes while maintaining high 
concentration of mixed liquor suspended solids (MLSS). MBR exhibits less environmental foot 
print, high removal efficiency, smaller sludge generation and complete removal of suspended 
solids as compared to conventional activated sludge (CAS) process [1]. 
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Also, membranes specially designed for wastewater treatment have made the MBR an attractive 
alternative to CAS processes. Membranes having pore size of less than 0.1 µm have taken the 
place of sedimentation process involved in conventional wastewater treatment [2]. After the 
evolution of submerged membrane bioreactors, operative energy of MBR has been significantly 
reduced which has made the MBR a viable choice for wastewater treatment. Further, it gives an 
advantage of cleaning the membrane surface due to turbulence created by aeration in membrane 
tank [1, 3].  

The startup period of MBR is much smaller as compared to CAS process. Because in CAS process, 
most important thing is the good settleability of sludge which is achieved by the growth of floc 
forming microorganisms. Sometimes for a good start, CAS plants are inoculated with the sludge 
from acclimatized activated sludge wastewater treatment plants. While in case of MBR, 
development of biomass is very rapid because of complete rejection of suspended solids by 
membrane and thus having a shorter startup time as compared to CAS [1, 4]. 

High chemical oxygen demand (COD) removal is achieved at startup because most of organic 
matter in municipal wastewater is in particulate form and is rejected by membrane. While in case 
of nutrients removal, like ammonia and nitrite, properly developed microbial community is needed 
for their removal. Since nitrifying bacteria have low growth yield and rate, the nutrients removal 
lags behind organic removal in case of newly commissioned plant [1]. 

Another major problem in case of MBR is the fouling of membrane which leads to severe flux 
decline, increase in trans-membrane pressure (TMP) and recurrent cleaning of membrane. It has 
been proven that the operating conditions along with design parameters of MBR have significant 
effect on membrane fouling. Major factors include types of organic matter present in wastewater 
and biomass along with hydraulic retention time (HRT), sludge retention time (SRT) and type of 
membrane used [5, 6].  

In case of treatment performance, many researchers have shown that removal efficiency depends 
upon SRT. Higher the SRT, higher is the biomass concentration which leads to high removal 
efficiency. Longer SRT is also useful in case of nutrients removal because it reduces the flushing 
of nitrifying bacteria out of reactor because of less sludge wasting [7, 8]. 

In this study, performance evaluation of a newly commissioned full scale MBR was analyzed from 
unsteady to steady state condition. Plant was fed with real domestic low strength wastewater of a 
university campus. The purpose of study was to investigate MBR behavior during startup from 
unsteady to steady state and to apply the optimized combination of SRT and flux giving the optimal 
treatment performance with good sludge characteristics and minimum membrane fouling.   

  2. Material and Methods:  

2.1. Description of MBR plant 

A full-scale membrane bioreactor (MBR) with 50 m3/day capacity having submerged PVDF 
hollow fiber membrane (Cheil Industries, Korea) of 94.8 m2 surface area, 0.03 µm pore size to 
treat real wastewater of a university campus was installed at National University of Sciences and 
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Technology (NUST), Islamabad, Pakistan. Schematic diagram of NUST MBR Plant is depicted in 
Figure 1. 

 

Figure 1: Schematic of the NUST MBR Plant 

Wastewater enters the membrane tank (M-tank) after passing through coarse screen, primary 
clarifier, drum screen (1 mm pore size) and series of swing (aerobic or anoxic) tanks. All operations 
ware controlled using online instruments connected with programmable logic controller (PLC) 
units and supervisory control and data acquisition (SCADA). 

2.2. Wastewater composition 

The MBR plant is introduced with the real domestic wastewater from the academic and 
administrative blocks, student hostels, and faculty residential area of the university. However, the 
raw water composition varies considerably between on and off academic sessions (semesters) of 
the year, particularly during summer break. Raw wastewater passes from bar screens followed by 
primary clarifier and then drum screen and ultimately is stored in a buffer tank. Then the 
wastewater is introduced into the bio-tank(s) from buffer tank and lastly, to the membrane tank. 
Wastewater characterization is reported in Table 1. 

Table 1: Wastewater characteristics  

Parameters Avg.±Std. Dev. Range 
COD (mg/L) 181.0±44.5 80.0-280.0 
BOD (mg/L) 129.8±33.4 54.0-180.0 
sCOD (mg/L) 105.0±27.3 46.0-155.0 
NH4

+-N (mgN/L) 15.5±3.2 3.8-20.1 
TKN (mg/L) 18.3±4.2 4.7-24.8 
PO4

-3-P (mgP/L) 16.3±2.4 11.7-20.3 
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PT (mg/L) 18.7±3.3 13.7-24.6 
TSS (mg/L) 711.8±469.4 415.3-1312.5 
TDS (mg/L) 361.8±217.8 204.0-1525.0 
pH 7.9±0.4 7.1-8.5 

 

2.3. Operating conditions  

MBR was inoculated with activated sludge from I-9 Sewage Treatment Plant (STP), Islamabad, 
Pakistan. MBR was operated as batch reactor along with artificial feed for first week to stabilize 
the sewage sludge. Acclimatized condition was reached when Ammonium-N concentration 
became less than 1 mg/L in supernatant and at that stage, the membrane flux was initiated. The 
initial membrane flux was set at 10 LMH and gradually it was increased to 12 LMH followed by 
15 LMH, and finally increased to 20 LMH while monitoring treatment performance and sludge 
characteristics under each flux condition. After reaching 10,000 mg/L of MLSS in the M-tank, 
sludge wasting corresponding to 80 days of SRT was implemented. SRT was gradually reduced 
with increase in flux i.e., increase in organic loading rate (OLR). One out of the five bio-tanks was 
used in addition to the M-tank for the fluxes of 10, 12 and 15 LMH corresponding to 4.50, 3.75 
and 3.00 hrs HRT, respectively. However, when the plant was operated at 20 LMH flux, another 
bio-tank was added to the system to maintain the HRT at 3 hrs. Recirculation rate of sludge from 
membrane tank to bio-tank(s) was maintained at 3 times the rate of effluent. Dissolved oxygen 
(DO) was maintained at 3 mg/L. Maintenance cleaning (MC) was performed twice a week at 
NaOCl concentration of 200 ppm as per detailed protocol discussed in MBR Technical Manual 
[9]. MBR fouling propensity was evaluated from start of operation at 5 kPa to the point of 
membrane fouling when TMP reached 60 kPa. Operational parameters are discussed below in 
Table 2. 

Table 2: MBR operational conditions 

Days Flux (LMH) SRT (Days) HRT (Hours) Sludge 
recirculation 
rate (Percent) 

No. of Bio-
tanks used 

1-20 10 No wasting 4.50 300  1 
20-30 12 No wasting 3.75 300 1 
30-40 15 No wasting 3.00 300 1 
40-53 15 80 3.00 300 1 
53-76 15 40 3.00 300 1 
76-94 15 30 3.00 300 1 
94-107 15 20 3.00 300 1 
107-127 15 15 3.00 300 1 
127-174 20 20 3.00 300 2 

 

Detailed operating conditions of MBR along with filtration cycles, membrane cleaning and 
recovery cleaning are mentioned in Table 3. 
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Table 3: Operating conditions of filtration cycle, aeration cycle, maintenance cleaning, and 
recovery cleaning 

Membrane Bioreactor Recovery Cleaning (RC) Sequence  
Air Scour Flow 70 m3/hr Backpulse Flux 33 LMH 
Backpulse Flux 33 LMH Backpulse Flow 3.13 m3/hr 
   Air Scour Duration (without 

permeation) 
30 Minutes 

Backpulse Flow 3.13 m3/hr Air Scour Duration (with 
permeation) 

30 Minutes 

Air Purge Duration 20 Seconds Membrane Soak Duration 8 Hours 
Filtration Duration 14 Minutes Air Scour Duration 5 Minutes 
Backpulse Duration 60 Seconds Backpulse Duration 60 Seconds 
Cyclic Air Duration 90 Seconds Air Scour Duration 30 Minutes 
Bioreactors   Maintenance Cleaning (MC) Sequence 
Dissolved Oxygen (DO) 3 mg/L  Backpulse Flux 33 LMH 
   Backpulse Flow 3.13 m3/hr 
   Air Scour Duration 5 Minutes 
    CEB Duration 30 Seconds 

Relax Duration 10 Minutes 
      

2.4. Analysis 

Treatment performance was measured in term of chemical oxygen demand (COD), biochemical 
oxygen demand (BOD), total suspended solids (TSS), Ammonium-N and Phosphate-P. While 
sludge characteristics were measured in terms of mixed liquor suspended solids (MLSS), mixed 
liquor volatile suspended solids (MLVSS), extracellular polymeric substances (EPS), capillary 
suction time (CST), particle size distribution (PSD), and sludge volume index (SVI). Except EPS, 
all the above-mentioned parameters were analyzed as per Standard Methods [10]. 

Sludge dewaterability was measured in terms of CST using CST apparatus (304B, Triton, Canada). 
In this process, filter paper was used to gulp the water from sludge and rate of movement of water 
in that paper depends upon the quality of sludge. CST is the time taken between travelling of water 
between two electrodes. The average size of sludge was analyzed by particle size analyzer (LA 
300, Horiba, Japan). Sludge sample was sonicated for half an hour at room temperature before 
introducing in particle size analyzer. 

2.5 Extraction and measurement of EPS 

Extracellular polymeric substances (EPS) was extracted from MBR sludge by cation exchange 
resin method (CER) [11]. 50 mL sludge was collected from membrane tank and was centrifuged 
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for 15 min at 4000 rpm under 4oC using refrigerated centrifuge (K2015R, Pro-Research, Britain). 
After 15 min centrifugation, the supernatant was separated from sludge. In case of loosely bound 
EPS (LB-EPS), the sludge pellets which were extracted in the previous step were mixed with 
phosphate buffer, mixed for 1 hour using magnetic stirrer, and then centrifuged for 15 min to 
separate supernatant. In order to obtain tightly bound EPS (TB-EPS), sludge pellets from the last 
stage were again mixed with buffer solution, cation exchange resin (CER) was added to make 
volume of 50 mL, final mixture was stirred for 1 hour, and lastly centrifuged for 15 min to separate 
supernatant. Total bound EPS (B-EPS) was obtained by adding LB-EPS and TB-EPS. Protein 
concentration (PN) was measured by Lowry method by using Folin–ciocalteu phenolic reagent 
and finally absorption was measured at 750 nm using spectrophotometer (T60UV, PG Instrument, 
Britain) [12]. Various concentrations of Bovine Serum Albumin (BSA) were used to develop the 
standard curve for PN. Polysaccharides (PS) concentration was measured by Dubois method 
(phenol– sulfuric acid) [13]. Absorption was measured at 490 nm after the solution turned yellow 
on addition of sulfuric acid and phenol. Glucose standard curve was used to determine the PS 
concentrations. 

3. Results and Discussion 

3.1.Unsteady to steady state treatment performance behavior of MBR 

MBR was initially started as a sequencing batch reactor without membrane filtration and was given 
artificial feed to grow biomass. Membrane filtration was started when Ammonium-N 
concentration became less than 1 mg/L in the supernatant. First complete run of MBR of 174 days 
until first recovery cleaning (RC) was covered under this study. RC was performed after the TMP 
reached 60 kPa. 

 

Figure 2: Chemical oxygen demand (COD) concentration variation with time 
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MBR was started with 2 g/L of MLSS in the membrane tank and even at low MLSS, MBR gave 
more than 85% of COD removal initially as shown in Figure 2. This initial COD removal infers 
that most of the organic matter in domestic wastewater was mostly readily biodegradable even 
without fully developed biomass. COD removal increased due to increase in heterotrophic activity 
caused by rapid increase in MLSS due to complete rejection by membrane. Average COD removal 
was about 85% in unsteady state, but after achieving steady state i.e., achieving stable biomass 
concentration, it was more than 90% throughout the run.  

 

Figure 3: Ammonium-N removal efficiency with time 

When filtration was started, Ammonium-N again started to appear in effluent which was then 
controlled by starting the sludge recirculation at the rate of 3Q (three times of effluent flowrate) 
between M-tank and bio-tank to promote nitrification. As shown in Figure 3, Ammonium-N was 
14.0, 11.8 and 6.2 mg/L in effluent for first 3 days and then became undetected throughout the run 
i.e., less than 1 mg/L in effluent. This indicates that nutrients removal lags behind the organic 
removal since nitrifying bacteria are relatively slow growing and need some time to develop [1].  
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Figure 4: Phosphate-phosphorus removal with time  

In case of Phosphate-P, removal efficiency was less than 50% at start-up, but after the 
acclimatization period of 4~5 days, it became stable to more than 80% throughout the run. Overall, 
variation of Phosphate-P in influent and effluent along with removal efficiency are reported in 
Figure 4. The stable Phosphate-P removal of 80-85% removal may be attributed to maturing of 
phosphate accumulating organisms (PAOs). Treatment performance at different combinations of 
SRT and flux are reflected in Table 4. 

Table 4: Treatment performance at different combinations of SRT and flux  

Parameter Unit  Sludge Age and Flux 
80 SRT 
15LMH

40 SRT 
15LMH

30 SRT 
15LMH

20 SRT 
15LMH 

15 SRT 
15LMH 

20 SRT 
20LMH

COD mg/L Influent 161.4 164.6 158.0 175.0 189.0 182.8 
Removal  94.5 94.1 93.6 91.1 90.0 93.3 

BOD mg/L Influent 82.0 94.0 100.4 115.0 124.0 116.0 
Removal 97.0 96.0 96.0 95.0 96.0 97.0 

TSS mg/L Influent 715 655 915 831 886 944 
Removal 99.9 99.9 99.9 99.9 99.9 99.9 

NH4
+-N mg/L Influent 14.6 15.1 14 16.3 16.64 13.2 

Removal 99.9 99.9 99.9 99.9 99.9 99.9 
PO4

-3-P mg/L Influent 16.6 15.4 15.1 12.6 13.0 13.2 
Removal 85.6 82.4 82.2 81.5 80.5 83.9 

 

COD removal of more than 90% was observed under all combinations of SRT and flux with 
average COD in effluent less than 20 mg/L which was also observed in other MBR studies [5, 14]. 
The full-scale MBR exhibited high potential for biodegradation and filtration as compared to other 
conventional treatment processes [16]. However, there was a slight decline in COD removal 
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efficiency with shorter SRTs of 15 and 20 days because of relatively lower microbial concentration 
[5] and may be because of relatively higher EPS production [15]. Although, variation in sludge 
characteristics at different SRTs was significant, there was no major difference in performance of 
MBR throughout the study period [17].  

In case of NH4
+-N, nitrification became stable after the sludge recirculation was started and 

removal efficiency remained 99.9% throughout the run regardless of SRT and flux and similar 
effect was observed in another study [15]. Removal of NH4

+-N was mostly by biological 
nitrification in the reactor prior to the membrane filtration process. However, membrane acts as 
strong barrier to keep nitrifying microorganisms in the reactor, and thus proliferates the autotrophic 
nitrifiers without any loss, indirectly facilitating nitrification [18]. 

Average Phosphate-P was 12 to 16 mg/L in influent and during the study period the removal varied 
from 80 to 85%. Slight decrease in removal efficiency was observed with decrease in SRT may be 
because of decrease in PAOs concentration due to higher wastage of sludge at lower SRT.  

TSS removal was 99.9% throughout the run and turbidity in effluent was 0.4 to 0.6 NTU which 
proves that the ultrafiltration (UF) membrane was very efficient for removal of suspended solids 
and can be considered as a complete physical barrier for suspended and colloidal solids [5]. 

 

3.2. Sludge Characteristics: 

 

Figure 5: Temporal variation of MLSS of membrane tank and Bio-tanks 

Biomass concentration reduced with lower SRT because of higher sludge wastage rate as shown 
in Figure 5 depicting variation in biomass concentration with changes in SRT and flux. The 
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biomass concentration was higher initially because of no sludge wastage and complete rejection 
of suspended solids by membrane fibers. The sludge wastage started when MLSS reached 10 g/L. 
Target was to maintain 8-10g/L of MLSS in the M-tank. Average MLSS during flux of 15 LMH 
and SRT of 80, 40, 30, 20, and 15 days was 10.4, 9.5, 8.6, 8.2, and 7.5 g/L, respectively while 
during flux of 20 LMH and SRT of 20 days MLSS was 9 g/L. The target MLSS (8-10g/L) was 
achieved in all cases except for 15 days SRT at 15 LMH flux. MLSS became stable again to 
approximately 9g/L in case of 20 days SRT and 20 LMH flux. It was observed that throughout the 
study period, membrane tank had more biomass as compared to bio-tank(s) because of complete 
SS rejection by membrane fibers. On the other hand, MLVSS/MLSS ratio was found to be better 
in case of lower SRT. Due to shorter SRT, relatively more old sludge in endogenous phase is 
wasted and replaced by new actively growing sludge and thus MLVSS/MLSS ratio improves. 

Other sludge characteristics were also measured in term of capillary suction time (CST), sludge 
volume index (SVI), particle size distribution (PSD) and extracellular polymeric substances (EPS). 
CST test is a convenient method of measuring dewaterability of sludge without external source of 
pressure or suction requirement. A large CST usually implies poor sludge dewaterability. As 
reported in Table 5, CST was higher for longer SRT and lower in case of shorter SRT and similar 
observation was witnessed in another study [15]. Highest CST was obtained for 80 days SRT and 
15 LMH flux combination, however, 15 days SRT and 15 LMH flux gave the lowest CST values. 
It may be because at lower SRT, MLSS reduced below 8 g/L and as a result CST decreased. 

Table 5: Capillary suction time (CST) and sludge volume index (SVI) with different combinations 
of SRT and flux 

Operating Conditions CST (s) SVI (mL/g) 
80 SRT  15 LMH 50.4±13 91±21 
40 SRT  15 LMH 38.0±10 85±17 
30 SRT  15 LMH 32.0±9 82±19 
20 SRT  15 LMH 31.7±10 75±14 
15 SRT  15 LMH 22.1±4 58±8 
20 SRT  20 LMH 23.5±7 67±9 

 

Sludge volume index (SVI) was very high at start-up because the bio-flocs were loosely aggregated 
(not dense) exhibiting slower settling rate. After buildup of sludge and acclimatization, SVI 
starting improving with time as reported in Table 5. SVI improved with increase in MLSS as well 
as due to sludge flocs maturation with time. However, SVI is not considered an important 
parameter which affects MBR filtration performance directly, however it may be considered vital 
during the waste sludge handling and treatment stage considering sludge dewaterablity [1]. Lowest 
SVI was achieved at 15 days SRT with 15 LMH flux when the MLSS was below 8 g/L followed 
by 20 days SRT with 20 LMH flux when MLSS was within target range of 8-10 g/L. In case of 
longer SRT, higher biomass concentration and relatively lower food-to-microorganism (F/M) ratio 
may have caused the slower settling rate. Hence selection of an appropriate SRT is very important 
in order to attain effective separation of sludge flocs from treated effluent [19]. 



11 

 

 

Figure 6 (a): Particle size distribution with different combinations of SRT and flux 

 

Figure 6 (b): Mean sludge particle size with different combinations of SRT and flux 

MBR sludge was sonicated for 30 min before analyzing particle size distribution (PSD) as per 
requirement of the PSD analyzer. So, the PSD shown in Figure 6(a) may not reflect the actual trend 
of floc sizes in the sludge. Figure 6(a) shows that in case of shortest SRT of 15 days, distribution 
curve was skewed exhibiting MBR sludge being composed of high proportion of smaller sized 
particles. Moving towards longer SRT, the curve shifts towards right side representing increase in 
particle size with increase in SRT. This trend can also be observed in Figure 6(b) where proportion 
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of particles having size less than 3.5 µm were found to be more in case of shorter SRT. These 
smaller particles play an important role in membrane colloidal fouling in addition to the bio-cake 
development. In case of MBR, smaller particles tend to cause membrane pore blockage while 
larger particles may have less effect on membrane fouling because of higher shear induced 
diffusion [20]. The main reason for particle size reduction at shorter SRT is the higher hydraulic 
strain and stress under lower microbial concentration enhancing the floc breakage. Size of flocs 
have inverse relationship with hydraulic stress magnitude and duration [18]. In our study, HRT of 
3 hrs was constant under all combinations of SRT and flux and mainly hydraulic stress at lower 
MLSS concentration i.e., at lower SRT may cause smaller particles sizes in the MBR sludge. 

Figure 7: SMP production in different combinations of SRT and flux 
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Figure 8: B-EPS production in different combinations of SRT and flux 

Membrane biofouling depends upon extra-cellular polymeric substances (EPS) concentration in 
the sludge. EPS are basically polymers of macromolecules which are secreted by microorganisms 
under different conditions [21]. EPS has been identified and considered as a major foulant in case 
of MBR. It may be attached to flocs (Bound EPS) and may also present in supernatant as soluble 
microbial products (SMP) [20]. In this study, soluble EPS was referred to as SMP and bound EPS 
(B-EPS) constituting loosely and tightly bound EPS. Variety of substances like lipids, 
carbohydrates, proteins and nucleic acids are present in EPS matrix. However, sum of proteins and 
carbohydrates are considered as total EPS or SMP because of their dominance as compared to 
other constituents [22]. In this study, both SMP and B-EPS were analyzed in proteins and 
carbohydrates form. The average SMP and B-EPS during flux of 15 LMH and SRT of 80, 40, 30, 
20, and 15 days were 69, 77, 89, 101, and 108 mg/L, respectively and 34.1, 40.8, 50.3, 55.8 and 
61.5 mg/g-MLVSS, respectively while during flux of 20 LMH and SRT of 20 days SMP and B-
EPS were 123 mg/L and 55.7 mg/g-MLVSS, respectively as shown in Figures 7 and 8. SMP and 
B-EPS trends show that both types of EPS were lower in case of longer SRT and vice versa. At 
longer SRT, F/M ratio decreases due to increase in biomass concentration and as a result less food 
is available to microorganisms. Under this condition, microbial metabolism decreases and higher 
proportion of microbes move into endogenous respiration phase which ultimately reduces 
generation of microbial by-products and causes lower EPS production [17, 23]. Results indicated 
that P/C ratio for SMP increased from 1.22 to 1.40 from 80 to 15 days SRT for 15 LMH flux and 
1.46 in case of 20 days SRT and 20 LMH flux. P/C ratio for B-EPS showed similar trend, however 
the increase in P/C was relatively lower from 1.13 to 1.27. Microbial flocs at shorter SRT had a 
relatively higher soluble protein as compared to carbohydrate concentrations. Carbohydrates are 
synthesized extracellularly for a specific function, while proteins can exist in the extracellular 
polymer network due to the excretion of intracellular polymers or cell lysis [18].  
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3.3 Membrane Fouling 
 

 

Figure 9: Temporal variation of trans-membrane pressure (TMP) in different combinations of SRT 
and flux 

Figure 9 shows that the TMP started from 5 kPa at start-up flux of 10 LMH and then raised from 
13.0 to 16.7 kPa when flux increased from 10 to 12 LMH. TMP further increased from 17 to 19 
kPa when flux was raised from 12 to 15 LMH. Finally, when flux was changed to ultimate flux of 
20 LMH, biggest TMP jump was observed from 45 to 49 kPa. All three major jumps in TMP 
profile are highlighted in Figure 9. Fouling potential was faster at higher flux because increase in 
flux reflects increase in organic loading rate (OLR). It was also observed that decrease in SRT 
resulted in higher TMP mainly due to higher EPS production in the form of SMP as well as B-EPS 
as observed in Figures 7 and 8. Higher EPS concentration was also observed at lower SRT in 
another study [20]. Soluble EPS or SMP is usually notorious for being the major cause of 
membrane fouling in water phase [24]. 

Another reason for higher TMP for shorter SRT could be the reduction in size of bio-particles. It 
can be observed from particle size distribution (PSD) results that proportion of smaller particles 
was higher under shorter SRT as compared to longer SRT. Thus, higher TMP could be due to 
higher proportion of pore blockage caused by smaller particles in case of lower SRT [19]. So, at 
SRT of 15 days under 15 LMH flux, membrane fouling in terms of TMP was severe with combined 
effect of high EPS generation and fine particles in MBR sludge as compared to longer SRT of 20 
days considering 20 LMH flux. It can also be observed in TMP profile that TMP became stable 
for 35 days when 20days SRT and 20 LMH flux was adapted in the last stage of the study. 
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Membrane filtration finally showed a jump in TMP and entered into irreversible fouling phase 
completing the total run of 174 days. 

4. Conclusions 

In this study, at MBR start-up the nutrients removal performance in terms of Ammonium-N and 
Phosphate-P reached optimal effluent values in the permeate within 3-5 days while optimal COD 
removal was achieved instantly due to readily biodegradable organic matter in real domestic 
wastewater. Complete TSS rejection throughout the MBR operation proved the effectiveness of 
UF hollow-fiber membrane as an ultimate physical barrier for suspended solids. Higher SRT 
favored superior treatment performance resulting in higher concentration of biomass but 
demonstrated poor sludge settling characteristics. In case of lower SRT of 15 days, treatment 
performance suffers a bit along with less biomass concentration in reference to target MLSS of 8-
10 g/L. CST, SVI and mean particle size of sludge were observed to be less with shorter sludge 
age and vice versa. TMP steadily increased with step-wise increase in membrane flux over the 
operational period. Overall, higher flux and shorter SRT lead to rapid membrane fouling. It was 
also observed that the EPS production, which is directly related to membrane fouling, increased 
with shorter SRT. Overall, 20 days SRT with 20 LMH flux proved to be the optimal combination 
for the full-scale MBR plant keeping in view filtration rate, treatment performance, and sludge 
characteristics. This study infers that at MBR start-up, flux and SRT are very important paramters 
of a MBR operation from unsteady to steady state condition which needs to be selected carefully 
for optimized and long term sustainable performance of MBR plant.  
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