
*Corresponding author.

1944-3994 / 1944-3986 © 2017 Desalination Publications.  All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi:10.5004/dwt.2017.21380

88 (2017) 67–74
September

Biological nutrient removal and fouling behavior in an UCT-MBR process:  
synergistic effects of aeration intensity and mixed liquor recycling ratio

Zhaozhao Wanga, Kai Zhanga, Changwen Wangb, Lina Yanc, Wei Zhanga,  
Fengbing Tanga, Simin Lia,* 
aCollege of Energy and Environmental Engineering, Hebei University of Engineering, Handan, 056038, China, Tel. +8618303233729, 
email: W-Z-Z@163.com (Z. Wang), hebeizuiqingfeng@163.com (K. Zhang), zhangwei1981@hebeu.edu.cn (W. Zhang),  
fbtang1004@163.com (F. Tang), 18303233729@163.com (S. Li)
bCollege of Resources and Environment, Linyi University, Linyi, 276000, China, email: wangchangwen@lyu.edu.cn (C. Wang)
cGraduate School, Hebei University of Engineering, Handan 056038, China, email: yanlina01@126.com (L. Yan)

Received 17 March 2017; Accepted 27 August 2017

a b s t r a c t

A bench-scale university of cape town-membrane bioreactor (UCT-MBR) process was operated 
treating real municipal wastewater with reference to the synergistic effects of aeration intensity and 
mixed liquor recycling ratio on biological nutrient removal performance and membrane fouling pro-
pensity. Results showed that chemical oxygen demand (COD) and NH4

+-N removal was slightly 
dependent on variations in aeration intensity and recycling ratio. The increase in recycling ratio 
strengthened the enrichment of denitrifying poly-phosphate accumulating organisms (DPAOs) and 
the anoxic dephosphorization efficiency. The largest ratio of DPAOs to poly-phosphate accumulating 
organisms (PAOs) (50.7%) could be obtained when a low aeration intensity (100–125 L/h) and the 
highest recycling ratio (r1: 400%) were demonstrated. In contrast, a higher aeration intensity level 
(250–300 L/h) resulted in the deterioration of the anoxic dephosphorization efficiency, decreasing to 
78%, 77.03% and 70% from 93%, 92.6% and 79.6% (r1 from 400% to 200%), respectively. The bio-cake 
resistance was significantly reduced by a higher aeration intensity notwithstanding higher concen-
trations of extracellular polymeric substances (EPS). The combined shear forces induced by these 
two parameters promoted the smaller-size particles and higher concentrations of soluble microbial 
products (SMP) in the bulking sludge which resulted in the increased resistance of deep pore clog-
ging. Fourier transform infrared spectroscopy (FT-IR) analysis revealed that variations in these two 
parameters had no effect on the main composition of organic matters in the membrane foulants.

Keywords:  Membrane bioreactor; Aeration intensity; Mixed liquor recycling ratio; Denitrifying  
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1. Introduction

Membrane bioreactor (MBR) is a biological wastewater 
treatment process coupling with membrane filtration tech-
nology instead of gravitational settling, which is always 
used for solid-liquid separation in conventional wastewater 
processing. The excellent quality of produced effluent has 
resulted in MBR being increasingly used for waster reuse 
and reclamation [1]. Furthermore, various biological nutri-

ent removal (BNR) processes have been developed based 
on MBR, for enhancing biological nitrogen and phosphorus 
removal, made necessary by the extravagant water-body 
eutrophication [2–4]. The enhanced biological phospho-
rus removal membrane bioreactor process (EBPR-MBR) 
has been widely applied for simultaneous nitrogen and 
phosphorus removal in municipal wastewater treatments. 
Nevertheless, membrane fouling is still a major obstacle for 
the sustainable process operation, significantly increasing 
operation and maintenance (O & M) costs. To date, various 
different BNR-MBR configurations and process conditions 
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have been investigated, to determine their specific mem-
brane fouling behaviors and mechanisms [5–7]. 

Multiple authors have used shear stress induced by the 
scouring aeration of the membrane surface in an attempt 
to mitigate membrane fouling. Braak et al. reported that 
increased aeration intensity substantially prevented the 
formation of the bio-cake which alleviated membrane 
fouling effectively in a submerged MBR system. Moreover, 
aeration intensity was also found to have a significant 
impact on biomass properties (i.e. particle size distribu-
tion, biopolymer production) [8]. Meng et al. revealed 
that the colloidal fraction of bulking sludge increased and 
sludge particle size decreased when the aeration intensity 
varied from 150 to 800 L/h [9]. However, most previous 
studies mainly focused on the effects of aeration intensity 
on membrane fouling behaviors in a submerged mem-
brane bioreactor for organic contaminants and ammonia 
removal. There would be certain conflicting influences 
on enhancing biological nutrient removal, while reduc-
ing fouling if aeration would be performed at high inten-
sity. Generally, the dissolved oxygen (DO) in the bulking 
sludge increases when higher aeration intensity is used. 
In the BNR-MBR process, increased aeration intensity for 
fouling reduction can also increase the DO level, which 
favors the nitrification bioprocess, but affects denitrifica-
tion due to the recycling of mixed liquor from the aerobic 
tank [10]. However, increased recycling ratio can gener-
ate more shear stresses, which results in the destruction of 
microbial flocs [11]. It is crucial to gain more insight into 
the combined effects of the aeration intensity and recycling 
ratio in order to achieve better biological nutrient removal 
and alleviate the membrane fouling. 

In the present study, a submerged membrane bioreactor 
with a UCT configuration was operated to investigate the 
combined effects of two key operating parameters (aeration 
intensity and mixed liquor recycling ratio) on BNR perfor-
mance and membrane fouling behaviors. The efficiency 
of the anoxic dephosphorization was also investigated, 
to examine the dynamic succession of PAOs and DPAOs. 

Moreover, biomass properties, such as sludge particle 
size distribution, extracellular polymeric substances (EPS) 
and soluble microbial products (SMP), were analyzed to 
describe the membrane fouling mechanisms. The biopoly-
mer deposited on the membrane surface was further char-
acterized by FT-IR analysis. 

2. Materials and methods

2.1. Experimental set-up and operational conditions

The bench-scale plant (Fig. 1) comprised a bioreactor 
(total volume 28 L) with UCT configuration: anaerobic tank 
(20% of the total volume), anoxic tank-1 (20%) and anoxic 
tank-2 (20%) with mechanical mixtures, followed by an 
aerobic tank (40%) with one submerged flat-sheet mem-
brane (Kubota corporation: chlorinated polyethylene; pore 
size: 0.4 μm; surface area: 0.1 m2). A pH-DO sensor (WTW 
Multi 340i, Germany) was fitted to monitor the DO levels 
in the aerobic membrane tank. The temperature was main-
tained at 20–23°C by a heater. The plant was provided with 
a programmable logic controller (PLC) and data acqui-
sition system that controlled the flows of all the streams. 
The membrane was operated at a flux of 20 L/(m2·h), with 
intermittent suction (9-min suction and 1-min relaxation). 
Wastewater was pumped from the storage tank to the 
anaerobic tank, followed by the anoxic tank-1, anoxic tank-
2, and the aerobic membrane tank, and finally pumped out 
through the membrane module. The recycling overflow 
from the aerobic tank to the anoxic tank-1 (r1) and the recy-
cling flow from the anoxic tank-2 to the anaerobic tank (r2) 
were achieved using a sludge lift pump and a recycling 
pump, respectively. The hydraulic retention time (HRT) was 
15.5 h and a target sludge retention time (SRT) of 20 d was 
maintained through direct daily discharge of waste sludge 
from the aerobic tank. The mixed liquor suspended solids 
(MLSS) in the aerobic membrane tank was maintained at 
approximately 5000 mg/L.

1 storage tank; 2 influent pump; 3 anaerobic tank; 4 anoxic tank-1; 5 anoxic tank-2; 6 recycling pump;  
7 sludge lift pump; 8 aerobic membrane tank; 9 permeate pump; 10 air compressor; 11 sludge discharge pump;  

12 DO/pH; 13 pressure guage; 14 water level controller; 15 heater. 

Fig. 1. Flow diagram of the bench-scale UCT-MBR process.
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2.2. Characteristics of feeding wastewater and seed sludge

The UCT-MBR plant was fed with real municipal sewage 
water (COD, 296.7 ± 29.6 mg/L; NH4

+-N, 49.9 ± 4.5 mg/L; total 
nitrogen (TN), 50.2 ± 4.5 mg/L; total phosphorus (TP), 6.04 ± 
0.95 mg/L; COD/TN/TP, 49.1/8.3/1), and the seed sludge 
was taken from the East wastewater treatment plant of Han-
dan, Hebei Province, which employs a T-type oxidized ditch 
process, achieving satisfactory biological nitrogen removal. 
After one month of sludge acclimation, a stable performance 
was achieved and experiments commenced according to the 
operational procedures shown in Table 1. The fouled mem-
brane module was taken out from the aerobic tank, flushed 
with pure water and soaked in NaClO solution (0.5%) for 24 h, 
to recover the membrane permeability at the end of each cycle.

2.3. Analytical methods

2.3.1. Wastewater and sludge analyzes

COD, NH4
+-N, NO3

–-N, NO2
–-N, TN, TP, PO4

3–-P, MLSS, 
and mixed liquor volatile suspended solids (MLVSS) were 
measured according to standard methods [12].

2.3.2.  PAOs/DPAOs assays and evaluation of anoxic  
dephosphorization efficiency

The metabolic kinetic activities of PAOs under aerobic 
conditions and of DPAOs under anoxic conditions were 
determined using the method proposed by Wachtmeister et 
al. [13]. The batch tests were conducted in a 1 L sequencing 
batch reactor (SBR) with temperature controller (21 ± 1°C). 
The pH was maintained at approximately 7.2, by adding 
hydrochloric acid. Waste sludge (800 mL) was washed for 
5 min with distilled water to remove the ortho-phosphate in 
the bulk liquid. After that, the sludge was incubated, under 
anaerobic conditions, with sodium acetate for 4 h. The 
anaerobic sludge was then divided into two parts. One part 
was exposed to aerobic conditions with DO (1.5–2.5 mg/L), 
whilst the other was exposed to anoxic conditions with 
NO3

–-N (50 mg/L), for 4 h, respectively. Kaer and Kano were 
the maximum values of specific phosphorus uptake rate 
under aerobic and anoxic conditions, respectively. Kaer and 
Kano were measured and compared, at the end of different 
operational periods.

The anoxic dephosphorization efficiency was calculated 
using Eq. (1):

1 2 ano2

2 ana 1 aer

(1+ + )
1

(1+ ) +
r r c

T
r c r c

= −  (1)

where Cana, Cano2, Caer refer to the effluent phosphate concen-
trations in the anaerobic, anoxic (tank-2) and aerobic mem-
brane tanks, respectively; T indicates that the phosphate in 
the effluent of both the anaerobic tank and the internal recy-
cle (r1) was removed from the anoxic tanks.

2.3.3. Evaluation of fouling resistance and fouling rate 

Specific membrane resistance was evaluated by the 
resistance-inseries model, using Eq. (2):

( )t c p m

= =
+ +

TMP TMP
J

R R R Rµ µ  (2)

where J, μ refer to the permeate flux (L/(m2·h)) and water 
dynamic viscosity (N·s/m2), respectively. The trans-
membrane pressure (TMP) value was corrected for water 
viscosity changes due to the temperature variations, as 
recommended by Rosenberger et al. [14], with 20°C as 
the reference temperature. The experimental procedure to 
obtain each fouling resistance value was as follows: (a) the 
resistance of the membrane (Rm) was estimated by measu-
ring the water flux of de-ionized (DI) water; (b) the total 
resistance (Rt) was evaluated by the final flux of sludge was-
tewater microfiltration; (c) the membrane surface was then 
flushed with water and cleaned with a sponge to remove 
the bio-cake. Subsequently, the DI water flux was re-mea-
sured to obtain the resistance of Rp + Rm. The pore clogging 
resistance (Rp) was calculated from steps (a) and (b), and the 
cake resistance (Rc) obtained from (b) and (c).

Fouling rate (Fr, kPa/d) was calculated as the difference 
in the TMP at 20th day (TMPend) and 1st day (TMPstart) of each 
operational period using Eq. (3):

end start
r =

TMP TMP
F

t
−
∆

 (3)

2.3.4. EPS and SMP analysis 

The extraction of EPS was based on a cation ion exch-
ange resin (CER, Dowex-Na form) method [15]: 50 mL 
sludge suspension was taken and centrifuged at 5000×g 
for 5 min, at 4°C. Next SMP was obtained by filtering the 
supernatant through a 0.45 μm membrane filter. After 
that, the sludge pellets were resuspended to their origi-
nal volume, using a buffer consisting of 2 mM Na3PO4, 4 
mM NaH2PO4, 9 mM NaCl and 1 mM KCl, at pH 7. The 
sludge was then transferred to an extraction beaker with 
baffles and the CER (70 g/g MLSS) added. The suspen-
sion was stirred with the selected stirring intensity (800 
rpm) and extraction time (2 h), at 4°C. The selected EPS 
was harvested by centrifugation of a sample of the CER/
sludge suspension for 1 min, at 12,000×g, performed to 
remove the CER. The supernatant was centrifuged twice 
for 15 min at 12,000×g, at 4°C, in order to remove remai-
ning floc components. Bound EPS was obtained by filte-
ring the supernatant through a 0.45 μm membrane filter. 
The SMP and bound EPS were normalized as the sum of 
carbohydrate and protein, which were analyzed using the 

Table 1
Operational parameters throughout the operations

Operational 
periods

Recycling 
ratio (r1)

Recycling 
ratio (r2)

Aeration 
intensity/
(L/h)

DO / 
(mg/L)

RUN I 200% 100% 100 – 125 1~2
RUN II 300% 100% 100 – 125 1~2
RUN III 400% 100% 100 – 125 1~2
RUN IV 200% 100% 250 – 300 2~4
RUN V 300% 100% 250 – 300 2~4
RUN VI 400% 100% 250 – 300 2~4
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phenol/sulfuric-acid method and the folin method [16], 
respectively.

2.3.5. Particle size and FT-IR analysis 

The particle size distribution of the activated sludge 
from the aerobic membrane tank was measured using a 
Mastersizer counter (Marlvern 2000, UK). 

The fouled membrane module was taken out from the 
aerobic tank and flushed with pure water once each cycle 
was terminated. Approximately 300 mL washed liquid was 
taken and placed in a dryer at 105°C for 24 h, to obtain dry 
foulants. An FT-IR spectrometer (FT-IR 6700, USA) was used 
to characterize the major functional groups of organic mat-
ters in the membrane foulants. KBr pellets, containing 0.5% 
(dry powder) of the sample, were prepared and examined 
using the FT-IR spectrophotometer. The spectrum was cal-
culated as the average of 256 scans, with the wave number 
ranging from 4000 to 400 cm−1, at a resolution of 4 cm−1.

3. Results and discussion

3.1. Performance of organic contaminants and nutrient removal

3.1.1. Removal of organic contaminants 

The performance of COD removal at different aeration 
intensities and recycling ratios was depicted in Fig. 2. It can 
be seen that either the aeration intensity or the recycling 
ratio had a slight impact on COD removal. The COD concen-
tration in the influent distinctly fluctuated between 247 and 
370 mg/L, and was reduced to approximately 41.97 mg/L 
in the aerobic tank after going through the anaerobic, anoxic 
and aerobic tanks. A final 10 mg/L reduction in soluble 
COD levels, which resulted from the membrane filtration, 
was observed in this study, with the average removal effi-
ciency of COD at 89.4%. The average COD concentration in 
the supernatant in RUN IV–VI was approximately 10 mg/L 
higher than that in RUN I–III, which implies, compared 
with the recycling ratio, that the increased aeration inten-
sity had a more significant impact on the release of colloidal 
COD and microbial metabolic productions.

3.1.2. Nitrogen removal

Fig. 3 presents the performance of nitrogen removal 
in UCT-MBR throughout the entire experiments. It can 
be clearly seen that the NH4

+-N concentration in effluent 
was stabilized at approximately 0.14 mg/L, with an aver-
age removal efficiency of 99.7%, implying that ammonia 
removal was independent of aeration intensity and recy-
cling ratio. The DO concentration was maintained above 
1 mg/L, which was sufficient for the nitrifiers to complete 
the nitrification bioprocesses. Interestingly, the TN removal 
was observed to be dependent on both aeration intensity 
and nitrate recycling ratio. The TN concentration in the 
influent was approximately 50.45 mg/L and the removal 
efficiency of TN ranged from 64% to 79.5% when the 
recycling ratio increased from 200% to 400% in RUN I-III, 
which indicates that a higher recycling ratio favors TN 
removal, due to the increased amount of oxidized ammo-
nia (mainly into nitrate). The average removal efficiency of 
TN was approximately 71.56%, with a TN concentration of 
14.35 mg/L in the effluent.

In contrast, TN removal was always lower in RUN 
IV-VI, under the corresponding recycling ratio in RUN 
I-III, with an average removal efficiency of 70%. More spe-
cifically, a higher aeration intensity resulted in a decreased 
removal efficiency by 6.97%, 5.36%, and 9.13%, respec-
tively, at the corresponding recycling ratios. The higher 
DO level that was carried in the mixed liquor recycling 
flow destroyed the anoxic environment for denitrification, 
thus impairing TN removal. It is known that DO can com-
pete with oxidized ammonia to obtain electron donors for 
deoxidized bioreactions, especially when the existing car-
bon source is limited. In a previuos study, Tan and Ng also 
found that when using the same recycling ratio, higher 
DO levels consume more of the available carbon sources, 
which, in turn, reduces the provisions of denitrifying elec-
tron donors, thus exacerbating the overall performance of 
TN removal in an anoxic/aerobic-membrane bioreactor 
process [10].

Fig. 3. Performance of NH4
+-N and TN removal during 

 operations.Fig. 2. Performance of COD removal during operations.
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3.1.3. Phosphorus removal 

The performance of TP removal throughout the oper-
ational periods was shown in Fig. 4. The average TP con-
centrations in the influent were 6.06, 5.95 and 6.1 mg/L 
from RUN I to RUN III, with removal efficiencies of 58.04%, 
73.52% and 92.56%, respectively, which were higher than 
those obtained under the corresponding recycling ratios 
from RUN IV to RUN VI. The TP removal efficiency 
increased with the increase in recycling ratio, under both 
high and low DO levels, which indicates that the mixed 
liquor recycling ratio always exhibited a positive impact on 
TP removal. The highest removal efficiency of TP (92.56%) 
was achieved when a low DO level and the highest recy-
cling ratio were demonstrated (shown in RUN III). In con-
trast, the high DO level resulted in the reduction of TP 
removal to 77%, under the same recycling ratio (shown in 
RUN VI), implying that the high DO level had a negative 
impact on TP removal. It was also observed that combined 
effects of the lowest recycling ratio (200%) and a high DO 
level resulted in the lowest removal efficiency of TP (41.1%, 
RUN IV). 

The combined effects of aeration intensity and recy-
cling ratio on the evolutions of DPAOs, PAOs and anoxic 
dephosphorization efficiency were shown in Fig. 5. It can 
be clearly seen that both Kaer and Kano values increased in 
RUN I-III and RUN IV-VI, revealing that the recycling ratio 
strengthened the enrichments of PAOs and DPAOs. Furthe-
more, the DPAOs activity increased faster than that of the 
PAOs, with the ratio of DPAOs to PAOs and the T value 
increasing from 31% to 50.7% and 38% to 93%, respectively, 
under the respective recycling ratio (r1 from 200% to 400%), 
in RUN I-III. In contrast, the ratio of DPAOs to PAOs only 
increased from 26.6% to 40.2%, with the T value increasing 
from 24% to 78% under the corresponding recycling ratio in 
RUN IV-VI, which proves that the enriching rates of DPAOs 
and PAOs decreased due to the high DO level. 

Fig. 6 plots the removal efficiency of total nitrogen (TNre) 
and the concentration of total nitrogen in the effluent (TNeff) 
as a function of the removal efficiency of total phospho-
rus (TPre) and the concentration of total phosphorus in the 
effluent (TPeff), respectively. A higher TN removal efficiency 

was obtained when a higher TP removal efficiency was 
achieved. Furthermore, the changing trend of TNeff was sim-
ilar to that of TPeff. The positive linear correlations between 
TNre and TPre, and TNeff and TPeff were expressed using Eqns. 
(4) and (5), respectively:

2
12.76 10.46 0.636eff effTN TP R= + =  (4)

2
23.58 44.11 0.679re reTN TP R= + =  (5)

In simultaneous nitrogen and phosphorus removal pro-
cesses, a competition for carbon sources exists between 
heterotrophic denitrifiers and PAOs. DPAOs can ease the 
requirements of electron donors by using poly-β-hydroxy-
butyrate (PHB) as the carbon source for simultaneous 
dentrification and phosphorus uptake, which markedly 
impact on TN and TP removal. The similar changing trends 
between TNre and TPre, and TNeff and TPeff could be explained 
by the behaviors of DPAOs and the denitrifying dephos-

Fig. 4. Performance of TP removal during operations.

Fig. 5. Evolution of PAOs, DPAOs and anoxic dephosphori-
zation.

Fig. 6. Correlations between TNre and TPre, TNeff and TPeff.



Z. Wang et al. / Desalination and Water Treatment 88 (2017) 67–7472

phorization efficiency. The TN and TP removal was higher 
when the enrichment of DPAOs and enhancement of anoxic 
dephosphorization efficiency were achieved, and vice versa.

3.2. Membrane fouling

3.2.1. Membrane fouling behaviors

The membrane fouling behaviors observed during 
the six operational periods are presented in Fig. 7. It is 
obviously that the fouling rates were higher in RUN I-III 
(2.9–3.25 kPa/d) than that in RUN IV-VI (1.0–1.4 kPa/d), 
confirming that a higher aeration intensity results in a 
lower fouling rate. Each resistance term was analyzed to 
examine the fouling tendencies (summarized in Table 2). 
Normally, two opposite actions exist for controlling the 
bio-cake formation rate: permeation drag, which is gener-
ated by permeate flux, increased with operation TMP and 
back transport, consistent of Brownian diffusion and iner-
tial lift, and shear-induced diffusion [17]. It was observed 
that bio-cake resistances in RUN I-III (72.8–77.5 (1011/m)) 
were higher than those in RUN IV-VI (18.7–22.4 (1011/m)), 
which suggests that the shear force generated by high aer-
ation intensity can effectively remove foulants deposited 
on the membrane surface (Table 2). Furthermore, the con-
tribution of bio-cake resistance to total resistance ranged 

between 78.3% and 83.2% in RUN I-III, and 57.3% and 
58.6% in RUN IV-VI, which proves that the contribution of 
bio-cake resistances to membrane fouling decreased when 
a higher aeration intensity was used although it was still 
the main determinant of membrane fouling. The Rp value 
and the ratio of Rp to Rt increased from 6.85 to 11.1 (1011/m) 
(8.2%–17.1%) in RUN I-III and from 8.95 to 13.95 (1011/m) 
(28.1%–32.7%) in RUN IV-VI, revealing that metabolic pro-
ductions and colloidal particles that contribute to irrevers-
ible fouling resistance played an increasingly important 
role in membrane fouling behaviors. 

3.2.2. Particle size distribution of aerobic activated sludge

In this study, the membrane fouling degrees, observed 
in the different operational periods, mainly resulted from 
differences in shear forces and variations in biomass prop-
erties. In addition to the scouring effect on the membrane 
surface, higher aeration intensity also exhibits shear stresses 
on sludge flocs [9]. Moreover, the sludge flocs can also be 
destroyed in a high recycling system due to shear stresses 
resulted from the high flow velocity [11]. Fig. 8 presents 
the size distributions of aerobic activated sludge particles 
during the six operational periods. It can be observed that 
either increased aeration or recycling ratio could result in a 

Fig. 8. Particle size distribution of the aerobic activated 
sludge during operations.

Table 2
Distributions of membrane filtration resistances during operations

Operational periods Items(%)

Rc/(1011/m) Rp/(1011/m) Rm/(1011/m) Rt/(1011/m)

RUN I 72.8 (83.2) 6.85 (8.2) 4.25 (5.1) 83.9
RUN II 77.1 (81.1) 9.25 (10.2) 4.25 (4.7) 90.6
RUN III 77.55 (78.3) 11.1 (17.1) 4.25 (4.6) 91.9
RUN IV 18.7 (58.6) 8.95 (28.1) 4.25 (13.3) 31.9
RUN V 22.5 (58.4) 11.8 (30.6) 4.25 (11) 38.6
RUN VI 24.4 (57.3) 13.95 (32.7) 4.25 (10) 42.6

Fig. 7. TMP variations during operations.
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decrease in size of sludge particles, which further confirms 
that the destruction of sludge flocs originated from the 
combined shear effects. The largest sludge particles were 
observed in RUN I (d (0.5): 73.4 μm), whereas the smallest 
ones, in RUN VI (d (0.5): 27.4 μm).

3.2.3. EPS and SMP productions

Apart from the shear effects on particle size distribu-
tions, the aeration intensity and recycling ratio also exer-
cised substantial effects on microbial metabolites. The 
variations in the concentrations of EPS and SMP are shown 
in Fig. 9. Results indicate that carbohydrates were the dom-
inant components in both EPS and SMP. The concentrations 
of EPS and SMP were higher in RUN IV-VI than in RUN 
I-III, under the corresponding recycling ratios, indicating 
that microbial metabolites increased with the increase in 
aeration intensity, which would appear to be in agreement 
with previous findings [8,9]. Moreover, the concentrations 
of EPS and SMP also increased with the recycling ratio. The 
EPS concentration increased by 22.8% and 24.8%, when the 
recycling ratio increased from 200% to 400% , in RUN I-III 
and RUN IV-VI, respectively, during which the ratio of the 
carbohydrate fraction of EPS (EPSc) to the protein fraction 
of EPS (EPSp) decreased to 3.77 and 3.55 from 4.66 and 4.5, 
respectively. Meanwhile, the average concentrations of car-
bohydrate fraction of SMP (SMPc) and protein fraction of 
SMP (SMPP) in RUN IV-VI increased by 10.8% and 40.7% , 
respectively, from those in RUN I-III. The SMP can be read-
ily deposited onto the membrane surface by permeation 
drag and is not readily detached by shear force due to its 
low back-transport velocity, which leads to irreversible 
membrane fouling [18]. A high aeration intensity combined 
with the highest recycling ratio (RUN VI) resulted in the 
largest amount of SMP, which contributed to the highest 
resistance of deep pore clogging (Table 2, Section 3.2.1). 

However, it was previously reported that higher EPS 
concentrations could cause higher bio-cake resistance 
[19], which is inconsistent with the results obtained in this 
study. The Rc values in RUN IV-VI were lower than those 
in RUN I-III (as discussed in section 3.2.1). Therefore, it can 
be deduced that shear stress induced by a high aeration 

intensity could scour the membrane surface effectively and 
generate high back-transport velocity for bio-solids, which 
would reduce the amount of EPS matrix dragged by the 
permeate flux to deposit on the membrane surface.

3.2.4. FT-IR analysis of membrane foulants

The FT-IR spectra of foulants deposited on the mem-
brane surface during the different operational periods are 
presented in Fig. 10. They are similar in profile, which indi-
cates that the aeration intensity and recycling ratio had no 
effects on biopolymers composition. The spectrum shows 
a broad region of absorption at 3416 cm–1, which is due to 
the stretching of the O-H bond in the hydroxyl functional 
groups, peaking at 2924 cm–1, which might be explained by 
the stretching of C-H bonds [20]. As evidenced by Fig. 10, 
there are two peaks (1654 and 1546 cm–1) in the spectrum, 
which are unique to secondary protein structures, known 
as amides I and II [21]. In addition, a broad peak at 1047 
cm–1 exhibits the character of carbohydrates or carbohy-

Fig. 10. FT-IR spectra of membrane foulants during 
 operations.

 

Fig. 9. Variations in the concentrations of (a) EPS and (b) SMP.
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drate-like substances [22]. These results indicate that pro-
teins and carbohydrates are part of the membrane foulants. 
Based on the peak at 1383 cm–1, it can be concluded that the 
membrane foulants contained a certain amount of lipids 
[23]. The functional groups indicated by the sharp peak at 
673 cm–1, which belongs to the finger print region, could 
hardly be determined. From Fig. 10 it can also be seen that 
the absorption intensities of the FT-IR spectrums, in the 
six operational periods, were different from each other. 
The absorption intensity could reflect the relative amount 
of biopolymers in the total foulants. The intensities were 
given in the order of: RUN IV > RUN V > RUN III > RUN II 
> RUN IV > RUN I, which coincided with results discussed 
in section 3.2.3.

4. Conclusion

Under the processed conditions, the main findings are 
summarized as follows: (1) aeration intensity and mixed 
liquor recycling ratio exhibited significant influences on 
TN and TP removal but only slight impacts on removal of 
organic contaminants and NH4

+-N. The increase in recy-
cling ratio (r1 from 200% to 400%) strengthened the enrich-
ment of DPAOs and anoxic dephosphorization efficiency. 
The highest removal efficiencies of TN and TP (79.5% 
and 92.56%, respectively) as well as the largest fraction 
of DPAOs among the populations of PAOs (50.7%), could 
be obtained simultaneously when a low aeration inten-
sity and the highest recycling ratio were demonstrated. 
(2) The bio-cake resistance was significantly reduced by 
a higher aeration intensity, notwithstanding the higher 
EPS production. The combined shear forces induced by 
the aeration intensity and recycling ratio resulted in small-
er-size particles and higher amount of SMP in the bulk-
ing sludge, which resulted in the increased resistance of 
deep pore clogging. (3) A higher recycling ratio tended to 
induce higher ratio of EPSp/EPSc, whereras the FT-IR anal-
ysis revealed that the variations in aeration intensity and 
recycling ratio had no effect on the main composition of 
membrane organic foulants. 
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