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a b s t r a c t
Long-term sludge filterability and membrane fouling were investigated in a membrane bioreactor 
(MBR) with different sludge retention times (SRTs). The effect of SRT was evaluated systematically in 
terms of biomass evolution and sludge filterability such as modified fouling index (MFI) and specific 
cake resistance (α). The membrane fouling rate induced by the activated sludge mixed liquor in each 
MBR was also analyzed based on transmembrane pressure profiles and resistance-in-series model. 
Food to microorganism ratio gradually decreased close to 0.30 kg COD/(kg VSS d) with increasing 
SRT. There were no significant differences of the sludge growth rate, organic degradation rate, and 
the sludge yield for the MBRs. Sludge filterability significantly improved, described by the decreased 
MFI and α of the mixed liquor in the MBR at longer SRTs (above 20 d). The reduction of the soluble 
microbial products (SMP) content was relatively small as compared with a decrease in α. Lower fil-
tration resistances were measured at SRT of 40 d coincided with lower polysaccharides and protein 
concentration in SMP and higher ratio of protein/polysaccharides. MBR at appropriate SRT (40 d) with 
a stable and high-quality permeate as well as membrane fouling mitigation could be adopted in the 
full-scale application.
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1. Introduction

Membrane bioreactor (MBR) is considered as a prom-
ising technology to achieve more stringent wastewater 
treatment regulations and water reuse initiatives [1]. MBR 
technology is seriously hampered due to the membrane 
fouling. Membrane fouling is mainly affected by operating 
conditions, solution characteristics, and membrane proper-
ties [2,3]. The successful operation of MBR wastewater treat-
ment system depends on the decoupling of sludge residence 
time (SRT) from hydraulic retention time [4]. As one of the 
most important operational parameters, SRT controls micro-
bial growth rate and the amount of biomass to be wasted. 

Systems operated at long SRTs allow for the establishment 
of a more diverse microbial community with broader phys-
iological capabilities than the bioreactors operated at low 
SRTs. However, longer SRT may also increase the capital and 
operational cost [5].

SRT affects the mixed liquor characteristics and induces 
changes in the physiological state of microorganisms [5,6], 
which would have effects on various sludge properties such 
as floc size, soluble microbial products (SMPs) and extracel-
lular polymeric substances (EPSs), settling characteristics 
and others [7–10]. SMP and EPS are considered as the major 
foulants of the membrane used in MBRs [11], and they are 
composed of a variety of organic compounds released from 
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microorganisms due to their metabolic activity [12]. SMP has 
a significant effect on membrane fouling because SMP is more 
likely to accumulate in MBR due to membrane rejection [8]. 
Special importance is ascribed to carbohydrates, particularly 
polysaccharides in the supernatant. In most of the studies, the 
extended SRT led an increase in the sludge concentrations, 
while polysaccharides and carbohydrates fraction decreased 
with prolonged SRT [4,13,14], which correlated well with 
the variation of membrane fouling. However, other authors 
observed an opposite trend at prolonged SRT, membranes 
were fouled more severely [15], and the overall fouling resis-
tance increased [16].

Despite the knowledge achieved in the last decades with 
regards to membrane technologies, the use of MBRs for 
treating low-strength wastewater still remains a challenge. 
Many controversial findings have been reported about the 
relationship between SRT, sludge filterability and fouling 
propensity. One of the possible reasons may be that only 
one MBR is used to study the impact of SRT by sequen-
tially changing SRT throughout the operation. Such oper-
ation performance and the sludge characteristics could be 
influenced by the operation history and may not be affected 
solely by SRT [17]. Thus, a study on the influence of SRT on 
MBR applicability seemed to be an adequate option under 
the same conditions.

The objective of this study was to investigate the effects 
of SRT on sludge characteristics and membrane fouling in 
MBR using four parallel laboratory-scale MBRs with differ-
ent SRTs. The supernatant and effluent of MBR were moni-
tored to evaluate the effect of SMP on the performance of the 
reactor and evaluate the fate and inhibition of SMP. The per-
formance of MBR was determined in terms of biomass evo-
lution, sludge filterability, transmembrane pressure (TMP) 
profiles, and hydraulic resistance. Improved understanding 
will help to adjust the appropriate hydrodynamic conditions 
in the design and operation of MBRs to control membrane 
fouling.

2. Materials and methods

2.1. Experimental setup and operation

Four identical laboratory-scale MBRs with 22 L were 
continuously operated in parallel and fed with synthetic 
wastewater for 120 d. The composition of the synthetic 
wastewater is given as follows: glucose (400 mg/L), urea 
(33 mg/L), (NH4)2SO4 (120 mg/L), KH2PO4 (15 mg/L), K2HPO4 
(20 mg/L), MgSO4·7H2O (50 mg/L), CaCl2·2H2O (12 mg/L), 
FeCl3·7H2O (1.5 mg/L), ZnSO4·7H2O (0.15 mg/L), CuSO4·5H2O 
(0.05 mg/L), and Pb(NO3)2 (0.26 mg/L), and adding NaHCO3 
to adjust the pH value. COD fluctuated between 390 and 
510 mg/L.

The inoculated activated sludge was obtained from 
the local municipal wastewater treatment plant, which 
employed the A2/O process. The MBR process was initiated 
under a mixed liquor suspended solids (MLSS) concentra-
tion of 6.2 g/L. Polyvinylidene fluoride (PVDF) hollow fiber 
membrane with an effective area (A) of 0.3 m2 and pore 
diameter of 0.22 μm was used. The oxygen concentration in 
the tank was measured online and controlled at 2–4 mg/L. 
The schematic of MBR is shown in Fig. 1. A long-term filtra-
tion operation in parallel was carried out with the filtration 
cycle of 10 min (8 min on and 2 min off) at a constant flux 
mode (10 L/(m2.h)). TMP was continuously monitored online 
using a high resolution (0.1 kPa) pressure sensor which was 
connected to a personal computer for data recording. The 
difference between the four MBRs was the sludge retention 
time (SRT) set as 10, 20, 40, and 90 d, which were named as 
MBR-A, MBR-B, MBR-C, and MBR-D, respectively.

2.2. Membranes cleaning

At the end of the membrane operation cycle when 
TMP reached to 40 kPa, the fouled membrane module was 
removed and washed following the procedures [18]: (i) the 
fouled membrane module was washed with Milli-Q water, 

Fig. 1. Schematic diagram of MBR.
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and then the foulants from the membrane surface were wiped 
with a sponge followed by a wash with Milli-Q water. The 
pure water flux of the membranes after cleaned by water was 
measured. (ii) After physical cleaning, the membrane was 
chemically cleaned by soaking in 0.01 mol/L NaOH, and then 
0.1 wt% sodium citrate for 24 h, respectively. After each step 
of chemical cleaning, the membrane modules were rinsed 
completely with Milli-Q water. Then, the corresponding pure 
water fluxes of the membrane module were measured.

2.3. Flux recovery ratio and membrane resistance analysis

Flux recovery ratio was measured based on the pure water 
of the fouled and clean membranes. The resistance analysis 
was measured by applying resistance-in-series model to eval-
uate the membrane filtration characteristics [19,20].

2.4. Sludge filterability test

The filterability of MLSS and activated sludge super-
natant was determined in a stirred dead-end filtration cell 
according to Rosenberger et al. [19]. The fouling index was 
obtained according to Schippers and Verdouw [20]. The 
sludge used for the filterability test was sampled in the later 
stable operation days. The batch experiment was conducted 
at the pressure of 10–100 kPa to examine the specific cake 
resistance of the sludge, collecting the data for permeate vol-
ume (V) as a function of time (t), and plotting according to the 
classic cake filtration Eq. (1):
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Vb=
∆

+
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where α is the specific cake resistance (m/Kg), and Cb is the 
concentration of suspended solid (kg/m3). μ is the viscosity 
of filtrate (Pa s), and R is the filtration resistance (m–1). α was 
obtained from the slope of the plot t/V vs. V.

2.5. Analytical methods

Chemical oxygen demand (COD), volatile suspended 
solids (VSS), and MLSS were measured according to the 
standard methods [21]. TOC was measured by Shimadzu 
analyzer (TOC-L cpn, Shimadzu, Japan). Polysaccharides 
and proteins were quantified in SMP samples filtered with 
0.45-μm membrane, while SMP extraction method was 
reported in the literature [10]. Polysaccharides concentra-
tions were determined spectrophotometrically with phenol 
sulfuric acid employing glucose as the standard [22]. Protein 
concentrations were determined with the Lowry method [23] 
using bovine serum albumin as the standard.

3. Results and discussion

3.1. COD removal

Fig. 2 showed the removal efficiencies of COD in MBRs 
at different SRTs. MBR-C and MBR-D had better removal 
efficiency under the same influent COD load. The average 

(a) (b)

(c) (d)

Fig. 2. Variation of COD in the MBRs at different SRT: (a) MBR-A, (b) MBR-B, (c) MBR-C, and (d) MBR-D.
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effluent COD of MBR-A was 39.69 mg/L in the operation 
days. While the effluent COD of MBR-C and MBR-D was 
lower relatively. The average COD removal rates of MBR-A, 
B, C, and D system were 92.01%, 94.92%, 96.49%, and 96.90%, 
respectively. This revealed that COD removal efficiency 
increased and effluent quality improved with an increasing 
SRT, which may be attributed to the increased biomass con-
centration in the MBRs (Table S1).

With the SRT extended, biodegradation was the pre-
dominant effect, and the global effect was a reduction of the 
supernatant COD due to microbial competition for nutrients. 
The result followed the similar trend reported by Yurtsever 
et al. [6]. The difference in COD concentration between the 
supernatant and the effluent also indicated the occurrence 
of SMP accumulation due to the interception of membrane 
module. Part of supernatant COD was captured by the cake 
layers on the membrane surface, which was discussed in 
Section 3.7. It could be inferred that the cake layers sev-
ered as a secondary filter and enhanced the reactor effluent. 
COD retention rate by membranes decreased from 46.46% 
in MBR-A to 40.73% in MBR-C, followed by an increase of 
48.11% in MBR-D. The reason for decreasing COD captured 
should be due to the decrement formation of the cake layers, 
and the membrane fouling rate decreased. Therefore, the 
lowest membrane fouling in MBR-C was obtained.

3.2. Biomass evolution

Fig. 3 shows the variation of MLSS and MLVSS concen-
tration in the four MBRs. An upward trend in the evolution of 
MLSS and MLVSS was observed at prolong SRT (above 20 d). 

Long SRT conditions implying less extracted sludge are con-
ductive to an increase in sludge concentration. Meanwhile, 
MBR at prolong SRT had higher and more stable concentra-
tions of MLSS and MLVSS (Table S1).

The average MLSS values of MBR-C and MBR-D were 
6.25±0.49 and 7.66±0.68 g/L in the later 43–120 d, respectively. 
Their corresponding average MLVSS concentrations were 
4.51±0.41 and 5.48±0.86 g/L in the MBRs at SRTs (above 20 d). 
The ratio of MLVSS to MLSS in all MBRs ranged from 0.72 
to 0.75, which had no obvious variation with increasing SRT. 
Sludge volume index (SVI) of MBR-A and MBR-B increased 
significantly with operation time. High food to microorgan-
ism (F/M) at shortest SRT led to high SVI, resulting in poorer 
floc stability [24]. Whereas the SVI values of MBR-C and 
MBR-D were stable at 125.11 and 110.57 mL/g in the later 
43–120 d, respectively, suggesting that MBR with prolonged 
SRT improved sludge-settling property.

The effects of the F/M ratio on the membrane filtration 
were also evaluated at different SRTs. At a short SRT, the F/M 
was high, but it gradually decreased with increasing SRT 
and finally approached 0.30 kg COD/(kg VSS d) (as shown 
in Table 1), which followed the similar trend to the result 
reported by Grelier et al. [25]. A low F/M ratio would cause 
a limiting supply of nutrient for microorganism growth, 
resulting in the decreased sludge activity and a low sludge 
yield. It is inferred that a lower F/M ratio (longer SRT) led 
to a reduction in membrane biofouling. These results are in 
accordance with results of previous studies [26,27].

According to Huang et al. [28] and Arévalo et al. [29], the 
sludge growth rate (Rm) and organic degradation rate (–R0) 
were calculated and are shown in Table 1.

(a) (b)

(c) (d)

Fig. 3. Variation of (a) MLSS, (b) MLVSS/MLSS, (c) MLVSS, and (d) SVI versus time.
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where Xr is mixed liquor VSS concentration, g VSS/L, Ci, CS, 
and Ce are the influent COD, supernatant COD, and efflu-
ent COD concentration, respectively. These values are used 
to obtain the sludge yield (Yobs, g VSS/g COD) because 
Yobs = Rm/–R0.

The sludge growth rate (Rm) increased, followed by a 
decrease with prolonged SRT. There were no significant 
differences among the organic degradation rate (–R0) val-
ues. This may be explained by that with the SRT extended, 
microbial competition for nutrients led to the production 
of antibiotics, which inhibited the growth of other microor-
ganisms, and then, a certain number of microorganisms lost 
their viability or died because of substrate consumption. 
Furthermore, owing to an increased sludge concentration at 
long SRT, the impeded transfer of both oxygen and substrate 
from the outside to the inside of activated sludge flocs was 
not conducive to the degradation of pollutants. However, the 
organic degradation rate of the incoming substrate increased 
slightly as SRT extended, which correlated well with the 
COD removal efficiency by the sludge as indicated in Fig. 1. 
The sludge yields (Yobs) decreased from 0.12 g VSS/g COD in 
MBR-A to 0.07–0.10 g VSS/g COD in other MBR systems. The 
increase of SRT would lead to the decrease of biomass yield 
and the amount of excess sludge. This reflected the impact 
of prolonged SRT on the reduction of sludge production. In 
addition, Pearson coefficients revealed no linear correlation 
between SRT and sludge growth (P-value, 0.031), organic 
degradation rate (P-value, 0.73), and sludge yields (P-value, 
–0.57), respectively.

3.3. Mixed liquor filterability

In order to further understand the effect of SRT on MBR 
fouling, the sludge filterability was examined in filterability 
test using a dead-end filtration cell. The sludge was sampled 
from four MBRs on 90 d. The modified fouling index (MFI) 
suggests that the most compact fouling layers formed by 
the mixed liquor. As shown in Fig. 4, the MFI and specific 
cake resistance decreased, meaning that the fouling poten-
tial of the mixed liquor in MBRs at prolonged SRT dropped. 
Fig. 4(a) indicates that the MFI values for MBR-C were 

ranging from 0.10×105 to 0.38×105 s/L2, which was lower than 
other MBR systems under the same operation pressure. With 
the applied pressure, the specific cake resistance increased 
significantly for MBR-A with the order of magnitude 108, 
while other MBRs exhibited no significant difference as 
shown in Fig. 4(b). The order of magnitude for MBR-B was 
106 and 104–105 for MBR-C and D, respectively. Lower spe-
cific resistance was observed in MBR-C.

The fouling layer formed in MBR-A had the highest 
compressibility (1.44) compared with other MBRs. The val-
ues were close for other MBRs, suggesting that at prolonged 
SRT the cohesion became weaker, a less dense fouling layer 

Table 1
Sludge growth rate (Rm), organic degradation rate (Ro), and sludge yields (Yobs) in the MBRs at different SRT

MBR Rm (g VSS/(L d)) –R0 (g COD/(L d)) Yobs (g VSS/g COD) F/M (kg COD/(kg VSS d))

A 0.12±0.25 1.23±0.15 0.12±0.21 1.07±0.50
B 0.19±0.06 1.29±0.10 0.07±0.18 0.89±0.45
C 0.17±0.12 1.32±0.10 0.10±0.15 0.37±0.04
D 0.15±0.08 1.32±0.10 0.07±0.13 0.32±0.06

Note: Data are expressed as mean ±SD (n = 32).

Fig. 4. MFI and specific cake resistance (α) with applied pressure: 
(a) MFI and (b) α.
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was observed with lower specific cake resistance and slightly 
higher compressibility [30].

Also, Fig. 5 shows that the fouling propensity of sludge 
decreased as SRT extended, expressed as the fouling resis-
tance (Rt) produced when the mixed liquor was filtered. The 
resistance exerted by activated sludge was kept within a 
narrow range, 1014–1015 for MBR-A, 1013–1014 for MBR-B and 
MBR-D, and 1012–1013 for MBR-C, respectively (Fig. S1). The 
lowest fouling potential determined by sludge filterability 
was observed for MBR-C, which was consistent with the cor-
responding TMP profiles and SMP content in the MBRs.

3.4. SMP (protein, polysaccharide, and protein/polysaccharide)

Considering that the SMP characteristics depend on 
operating conditions, the optimum condition for prevention 
and control of membrane fouling of MBR can be assumed 
that SMP with less fouling potential [31]. Fig. 6 presents the 
SMP concentration in the MBRs.

The concentrations of polysaccharides and proteins in the 
supernatant were always higher than those in the effluent. 
This indicated that polysaccharides and proteins were accu-
mulated in the MBRs. The concentrations of polysaccharides 
and proteins in the supernatant and effluent were found to 
decrease at MBR-C and MBR-D. The fouling rate of SMP was 

positively correlated with the polysaccharides content [32], 
suggesting MBR-C and MBR-D had a lower fouling poten-
tial, which was reconfirmed by TMP profiles that would be 
discussed in the following section. It is reported that the SMP 
in MBR with shorter SRT had relatively high polysaccharide 
content than at SRTs of 40 and 60 d [16]. However, Chao 
and Keinath [33] observed that the polysaccharide content 
increased with an increase in SRT.

It is clear that protein was the dominant component of 
the SMP in all the MBRs as indicated in Fig. 6(c). Due to 
their hydrophobicity and surface charge [32,34], the affinity 
between proteins and foulants was generally greater than 
that between polysaccharides and flocs. This effect mainly 
originated from proteins, and the effect of polysaccharides 
may be negligible [35]. Relative high protein/polysaccharide 
(P/C) ratio in MBR-C and MBR-D improved settleability due 

Fig. 5. Effect of SRT on sludge filterability: (a) 10 kPa and 
(b) 30 kPa.

Fig. 6. (a) Protein in SMP, (b) polysaccharide in SMP, and (c) P/C 
ratio in SMP.
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to hydrophobic nature of protein, which was consistent with 
the corresponding lower SVI.

From the perspective of organic matter removal in biore-
actor, the viability of microorganisms and the accumulation 
or biodegradation of SMP, a moderate SRT could be esti-
mated by these phenomena.

3.5. TMP profiles

TMP is a significant parameter for MBR fouling predic-
tion [19]. The time required for TMP to rise to 40 kPa at dif-
ferent SRTs is shown in Fig. 7. During 120 operation days, 
3.5 operation cycles were observed for MBR-B and MBR-D, 
but 2 cycles for MBR-C. The membrane module in MBR-A 
may be ruptured slightly in the second cycle due to mem-
brane cleaning, and its corresponding TMP data could not be 
considered in the context.

The time approaching 40 kPa in the first cycle was 31, 
46, 82, and 45 d for the MBRs, respectively. The significant 

improvement in filterability by extending the filtration time 
as SRT increased, especially for MBR-C. TMP monitoring of 
TMP in the MBRs provided further evidence that membrane 
fouling at prolonged SRT was mitigated. The time needed for 
40 kPa in the second cycle was shorter than that in the first 
cycle, which determined that the irreversible membrane foul-
ing is formed. It is inferred that because all the MBR systems 
were operated under similar feed, SRT was mainly respon-
sible for the improved filtration performance in the MBR by 
modifying the sludge characteristics of the bulk phase and 
the cake layer on the membrane surface.

In order to better understand the fouling rate of the 
MBR systems, the membrane fouling rate K was obtained as 
∆TMP/∆t. The TMP profiles seemed to exhibit two stages of 
fouling, the rapid increase followed by a steep TMP rise. The 
two phases of the K values in the cycles are listed in Table 2. 
The K1 values for all the MBR systems were less than K2, sug-
gesting that the fouling rate in the later stage of each cycle 
was higher than that in the early stage. Especially, the fouling 

(a) (b)

(c) (d)

Fig. 7. TMP variation in the MBRs: (a) MBR-A, (b) MBR-B, (c) MBR-C, and (d) MBR-D.

Table 2
Fouling rate of operation cycles in the MBRs

MBR First cycle Second cycle Third cycle
K1 (kPa/d) K2 (kPa/d) K (kPa/d) K1 (kPa/d) K2 (kPa/d) K (kPa/d) K1 (kPa/d) K2 (kPa/d) K (kPa/d)

A 0.248 1.646 1.295 – – – – – –
B 0.272 2.245 0.714 0.615 3.048 1.430 0.893 2.357 2.008
C 0.271 2.257 0.379 0.349 2.893 0.909 – – –
D 0.253 1.885 0.854 0.566 2.500 1.451 0.967 2.764 1.720

Note: K1, slow phase; K2, rapid phase; and K, average value.
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rates of slow phase in the first cycle were similar among all 
the MBRs with different SRT. Meanwhile, the K values of 
MBR-C were the smallest one among the four MBRs, which 
indicated that MBR-C suffered a slight membrane fouling 
due to the MBR-C system with lower protein and polysac-
charide concentration, though the polysaccharide caused sig-
nificant effect on the irreversible fouling.

3.6. Flux recovery and resistance analysis

The fouled membrane cleaned when TMP 
approached 40 kPa, and the pure water fluxes of each cycle 
were obtained and are showed in Table 3. At each cycle, MBR 
systems had similar pure water flux recovery after the same 
cleaning process. The flux recovery ratio decreased with the 
operation time, determining the membrane fouling increased, 
which may be explained by the irreversible fouling.

The major fouling contributor was the cake resistance 
as indicated in Table 4, having the much higher value com-
pared with membrane and pore-blocking resistance. Thus, 

the reductions of the total resistance for all the MBR with 
increased SRT were due to the decrease in cake resistance. The 
polysaccharide concentration in SMP played an important role 
in the formation of the fouling layer. The cake resistance can 
be physically removed and is usually due to the deposition 
of large particles such as sludge floc. Hence, the total fouling 
resistance was more or less a function of the cake resistance.

The resistance results at the end of the different operation 
cycles are also listed in Table 4. The total resistance increased 
and became closer to each other with operation time for all 
the MBR systems. The irreversible resistance almost doubled, 
which increased from 0.6–0.7×1012 to 0.13×1013 m–1. The poly-
saccharides in SMP are more likely to cause membrane foul-
ing than proteins, and they were responsible for the evolution 
of irreversible fouling [20,36]. However, the cake resistance 
increased compared with the first cycle. Meanwhile, the Rc/Rt 
decreased and Rf/Rt increased with operation time. This can 
be explained by the increased irreversible fouling potential 
due to the foulants that hard to be cleaned increased during 
the longer operation

It should be noted that Rf/Rt ratio for MBR-C at the second 
period was higher than others, which may be due to the two-
fold operation time. It was also found that the Rf/Rt increased 
at prolonged SRT, and the values were close for MBR-B and 
MBR-D. The total filtration resistance and cake resistance of 
the mixed liquor in MBR-C had the minimum values.

3.7. Microscopic characterization of fouled membranes 
(EDS-FTIR)

The data obtained from energy-dispersive spectrometer 
(EDS) of the elements of the virgin and fouled membranes 
were investigated, and the results are shown in Fig. 8.

Fluorine as a base indicator of the membrane material 
PVDF was found to be decreased or diminished in both 
MBR-A, MBR-C, and MBR-D membranes, indicating the for-
mation of cake foulants on the surface covering the whole 

Table 3
Pure water flux recovery of fouled membrane cleaned by 
different method at each cycle

Cycle Cleaning Pure water flux recovery (%)
MBR-A MBR-B MBR-C MBR-D

1 Water 87.54 81.91 79.70 82.39
Alkaline 96.15 93.97 93.28 94.33
Acid 98.62 98.68 97.61 98.66

2 Water – 78.53 77.01 79.25
Alkaline – 87.35 88.36 88.21
Acid – 92.35 90.90 92.39

3 Water – 74.41 – 74.93
Alkaline – 82.79 – 83.73
Acid – 85.88 – 85.52

Table 4
Filtration resistance of different cycles in MBR at different SRT

Cycle Resistance MBR-A MBR-B MBR-C MBR-D

1 Total resistance (Rt, 1013 m–1) 1.50 1.47 1.32 1.40
Cake resistance (Rc, 1013 m–1) 1.40 1.36 1.21 1.30
Irreversible fouling resistance (Rf, 1013 m–1) 0.06 0.07 0.07 0.06
Rc/Rt (%) 93.26 92.85 91.53 92.70
Rf/Rtb (%) 4.07 4.49 5.52 4.44

2 Total resistance (Rt, 1013 m–1) – 1.53 1.39 1.49
Cake resistance (Rc, 1013 m–1) – 1.40 1.26 1.36
Irreversible fouling resistance (Rf, 1013 m–1) – 0.09 0.09 0.09

Rc/Rt (%) – 91.69 90.72 91.58

Rf/Rt (%) – 5.76 6.40 5.72

3 Total resistance (Rt, 1013 m–1) – 1.55 – 1.54
Cake resistance (Rc, 1013 m–1) – 1.38 – 1.37
Irreversible fouling resistance (Rf, 1013 m–1) – 0.13 – 0.13
Rc/Rt (%) – 88.92 – 89.16
Rf/Rt (%) – 8.56 – 8.24
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membrane area. The highest atomic C value was obtained 
on the membrane of MBR-C and MBR-D mainly due to SMP 
adsorbed on the membrane surface. Various other elements 
were found on the membrane surface of MBRs compared 
with that of the virgin membrane, which were attributed 
to the presence of foulants on the surface. Higher ratio was 
obtained for MBR-B and MBR-D membrane, which signified 
more fouling occurred on such surface directly.

To verify the membrane surface chemistry changes, 
Fourier transform infrared (FTIR) analysis of the fouled mem-
branes and the virgin membrane was conducted. Compared 
with virgin membrane (Fig. S2), the peak at 1,520–1,550 cm–1 
was attributed to the secondary amides (CNH band, pro-
tein secondary structures) with nitroso (N=O). The peak at 
1,620–1,650 cm–1 was the stretching of C=O and C–N amide 
I attributed to the presence of primary amines. The peak at 
1,020 cm–1 was polysaccharide substance.The peak at 873 cm–1 
was possibly due to calcit [32]. The peak at 3,674 cm–1 dis-
appeared in all MBR systems, and 2,360 cm–1 disappeared in 
MBR-D, indicating that it had been fouled by protein-like 
and polysaccharides.

To better understand the foulants in the cake layers on the 
membrane surface, the extraction from the cake layers was 
also analyzed by FTIR. The peak stretches at wavenumbers 
of 3,464–3,389 and 1,467–1,412 cm–1, 1,693–1,651, 1,191–1,063, 
and 881–588 cm1 confirmed the existence of the humics, pro-
tein, polysaccharides, and aromatics in the cake layers as 
shown in Fig. 9(b).

4. Conclusions

Sludge filterability and membrane fouling were examined 
at different SRT. MFI and specific cake resistance decreased 
with the increase of SRT. The concentration of polysaccharides 
and protein in SMP also decreased, which correlated with the 
sludge filterability. The TMP profiles and resistance-in-series 
determined membrane fouling propensity mitigated with 
extended SRT, and the formed cake layer was the major fouling 
contributor. MBR operated at an optimum prolonged SRT (40 d) 
could provide a stable and high-quality permeate, together 
with reasonable filtration resistances. This work shows the 
MBR performance systematically that is conducive to choose 
the best operating conditions and decrease operation cost.
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Supplementary material

Fig. S1. Effect of SRT on sludge filterability: (a) 10 kPa, (b) 30 kPa, (c) 50 kPa, (d) 70 kPa, and (e) 100 kPa.

Table S1. Concentration of suspended solids in mixed liquor and 
F/M at different SRT

MBR MLSS (g/L) MLVSS (g/L) MLSS/MLVSS

A 2.86±1.81 1.91±0.95 0.72±0.11
B 2.95±2.10 2.00±1.21 0.75±0.10
C 6.25±0.49 4.51±0.41 0.75±0.07
D 7.66±0.68 5.48±0.86 0.73±0.06

Fig. S2. FTIR spectra of the virgin membrane.


