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a b s t r a c t

A lab-scale hybrid membrane bioreactor-microbial fuel cell system (hMBR) and a single MBR sys-
tem (sMBR) were compared to investigate the characteristics of membrane fouling and biopolymers. 
The results indicated that both MBRs had excellent performance in the removal of chemical oxygen 
demand (COD) and ammonia nitrogen. Although the general compositions of the extracellular poly-
meric substances (EPS) and the soluble microbial products (SMP) were very similar, the concen-
trations in the hMBR were lower. An X-ray analysis indicated that Ca, Mg, Si and Fe were prone to 
accumulate on the membrane surface in the sMBR. An excitation-emission matrix (EEM) analysis 
showed that more aromatic proteins (I and II) and fewer humic/fulvic acid-like substances were 
observed in the hMBR. Moreover, almost half of the total components of EPS and SMP were soluble 
microbial metabolites in the hMBR. In conclusion, the hybrid system could alleviate membrane foul-
ing by influencing the characteristics of the biopolymers.

Keywords: �Membrane bioreactor; Microbial fuel cell; Extracellular polymeric substances; Soluble 
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1. Introduction

Membrane bioreactors (MBRs) are widely applied in 
wastewater treatment due to their high-quality effluent, 
small footprint and low sludge production [1–3]. None-
theless, membrane fouling restricts the further application 
of MBRs [4,5]. Membrane fouling mainly results from the 
deposition of suspended solids, the clogging of pores by 

particles (colloids, flocs, etc.) and the adsorption of col-
loids and solutes onto and/or into the membrane module 
[6]. Some studies have suggested that the activated sludge 
supernatant (colloids, solutes, etc.) plays a more significant 
role in the membrane fouling compared with biological flocs 
[7]. The supernatant is mainly composed of soluble micro-
bial products (SMP) containing carbohydrates, nucleic acid 
substances, proteins, and humic substances [8]. For this rea-
son, SMP have been regarded as the main contributors to 
membrane fouling [9,10]. In addition, the fouling is affected 
by the molecular weight (MW) distribution of SMP [11,12]. 
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In recent years, extracellular polymeric substances (EPS) 
were also identified as a primary foulant in membrane foul-
ing since SMP are regarded as soluble EPS [8]. Meanwhile, 
membrane fouling has been researched for years with-
out reaching definitive conclusions due to contradictions 
among the results with respect to the relationship among 
EPS, SMP and membrane fouling [13]. Furthermore, to alle-
viate and control membrane fouling, effective approaches 
have been demonstrated, such as optimizing the operation 
parameters, enlarging the aeration intensity, developing 
novel anti-fouling membrane materials and modifying the 
activated sludge characteristics.

Microbial fuel cells (MFCs) have become a promising 
technology due to their conversion of organic matter into 
electrical energy via microorganisms [14,15]. However, in 
terms of effluent quality and treatment efficiency, the per-
formances were poor due to limited biomass retention 
when MFCs were used to treat wastewater. Along with the 
introduction of the self-sustained and carbon neutral sys-
tems concepts [16], combined MBR-MFCs have emerged to 
increase the energy recovery and enhance the wastewater 
treatment efficiency [17]. Initially, Cha et al. and Zhang et 
al. tried to combine bioreactors with MFCs (immersed or 
separated) [18,19]. Subsequently, a stainless mesh was used 
as both the cathode and the filtering material in a novel 
bioelectrochemical membrane reactor [20]. This process 
combined the advantages of MBRs and MFCs, thereby 
enhancing the performance in terms of the chemical oxy-
gen demand and ammonia nitrogen removal rate (92.4% 
and 95.6%, respectively). Moreover, MFCs could be used 
to alter the activated sludge characteristics through weak 
electrical fields. Although a considerable number of studies 
have investigated MFCs for wastewater treatment, previ-
ous researchers have largely focused on the generation of 
electricity. The research primarily concerning the modifica-
tion of activated sludge has been scarcely reported.

Therefore, the overall aims of this work were to eval-
uate the membrane fouling and to explore the underlying 
role of EPS and SMP in a MBR-MFC hybrid system. A lab-
scale hybrid membrane bioreactor-microbial fuel cell system 
(hMBR) and a single MBR system (sMBR) were studied in 

parallel to compare the membrane fouling in treating syn-
thetic municipal wastewater. In addition, both EPS and SMP 
were analyzed by three-dimensional excitation-emission 
matrix (EEM) fluorescence spectroscopy, Fourier transform 
infrared (FTIR) spectroscopy and molecular weight (MW) 
distribution analysis to compare their specific compositions.

2. Materials and methods

2.1. Experimental setup and operating conditions

As shown in Fig. 1, two laboratory-scale systems were 
performed in parallel to treat synthetic municipal waste-
water: a hMBR and a sMBR. The hMBR with a two-stage 
system consisted of an aerobic MBR and a separated MFC. 
Each MBR has an operating volume of 7 L. The same hollow 
fiber membrane modules (PVDF, 0.02 m2, 0.4 μm nominal 
cutoff, Origin Water Technology Co., Ltd., China) were sub-
merged in the two MBRs, respectively. Microporous aera-
tion discs were also placed at the bottom of the two MBRs, 
providing a constant air flow of 0.15 N m3/h to maintain a 
dissolved oxygen concentration of 3–5 mg/L and mix the 
suspensions throughout the experiments. The single-cham-
ber air cathode MFC with a non-wet-proofed carbon cloth 
anode was used in this research. The wet-proofed carbon 
cloth cathode contained platinum loading of 0.5 mg/cm2 as 
a catalyst [21]. The spacing between the anode and cathode 
was 4 cm. The working volume (8 cm × 8 cm × 4 cm) of the 
anodic chamber was 0.2 L.

The activated sludge was taken from Beijing Gaobeidian 
Wastewater Treatment Plant, and the initial mixed liquid sus-
pended solids (MLSS) was 5000 mg/L. The reactors were fed 
with the same synthetic wastewater (glucose 227 mg/L; starch 
227 mg/L; NaHCO3 254 mg/L; urea 33 mg/L; MgSO4·7H2O 
121 mg/L; MnCl2 0.13 mg/L; KH2PO4 15.4 mg/L; K2HPO4 
19.6 mg/L; MgSO4·7H2O 51 mg/L; FeSO4·7H2O 17.48 mg/L; 
ZnCl2·2H2O 0.07 mg/L) for 10 days [22]. Both MBRs were 
inoculated after the activated sludge properties became sta-
ble. For the two MBRs, the hydraulic retention time was 17 h, 
and the solid retention time was 35 d by discharging 200 mL 
of sludge once a day. Each MBR was operated in a continu-

Fig. 1. Schematic diagram of the laboratory-scale reactors.
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ous flow mode, and the entire experiment was conducted at 
room temperature (22 ± 3). 

The anodic chamber of the MFC was inoculated with 
200 mL of sludge discharged from the hMBR. The sludge 
was first dumped into a beaker and left to rest for 2 h to 
get rid of the remnant dissolved oxygen before inoculation. 
The sludge retention time of MFCs were maintained at 5 d 
to degrade the EPS and SMP. Totally 5 MFCs were operated 
alternately and replaced per day during the whole opera-
tion. Each MFC was operated at a sequencing batch mode. 
Total 200 mL sludge was discharged from MFC and circu-
lated to the hMBR each day. Meanwhile, approximately 200 
mL of the mixed liquor was discharged from the sMBR for 
comparison.

2.2. Fouling analysis

2.2.1. TMP measurements 

For both MBRs, the flux values were maintained at 
20 L/(m2·h). The trans-membrane pressure (TMP) were 
increased with the reactor running time increased. The TMP 
was measured by a pressure meter once a day, respectively. 
When the TMP reached the threshold of the peristaltic 
pump (40 kPa) during operation, the member module was 
taken out, washed with tap water, and then immersed in a 
0.5% sodium hypochlorite solution for approximately 12 h. 

2.2.2. Resistance-in-series model 

The different membrane resistances of the filtration 
analyses were formulated by a series resistance model, as 
shown in Eq. (1).

Rt = Rc + Rf + Rm� (1)

where Rt is the total membrane resistance (m–1), Rc is the 
cake layer resistance (m–1), Rf is the internal fouling resis-
tance due to irreversible adsorption and pore blockage 
(m–1), Rm is the intrinsic membrane resistance (m–1). 

According to Eq. (2), Rm could be calculated by measur-
ing the flux and TMP of the new membrane for the filtration 
of clean water. Rt could be measured from the filtration data 
before cleaning. After physically cleaning, the fouling layer 
on membrane surfaces was removed, and all the mem-

branes were placed in tap water to obtain the flux and TMP 
data and measure Rf + Rm. Subsequently, the Rc and Rf could 
be calculated from Eq. (1). 

R
TMP

J
=

µ
� (2)

where R is the filtration resistance (m–1), TMP is the 
trans-membrane pressure (Pa), J is the permeate flux (m3/
(m2s)) and μ is the permeate viscosity (Pa s). 

2.2.3. MFI measurements

The modified fouling index (MFI) could be measured 
using a batch filtration test (Fig. 2). A stirred ultrafiltration 
cell 8200 (Millipore, US) was used to investigate the filter-
ability characteristics of the mixed liquor (ML), SMP and sus-
pended solids (SS). The working volume of the cells was 200 
mL, and the diameter was 63.5 mm. The effective membrane 
filtration area was 28.7 cm2. The stirring speed of the cells 
was 120 rpm in this research. First, 150 mL of the MLs of the 
hMBR and sMBR sludge were centrifuged at 12,000 rpm for 
15 min. Then, the supernatants were filtered through filter 
paper (0.45 μm) to obtain the SMP samples. After that, the 
pellets were uniformly resuspended in the 150 mL of ultra-
pure water, and the resuspended liquors were considered to 
be the SS samples [23]. All the samples were filtered through 
an ultrafiltration membrane (normal MW limit 100 kDa, Mil-
lipore, US) under a constant pressure of 69 kPa (10 psi) mea-
suring the permeation flux as a function of time [24]. The flux 
was calculated by weighing the filtered liquor on an electrical 
balance, which was controlled automatically using Hyper-
Terminal software (Hilgraeve, US). In addition, the recording 
period of balances was 5 s. The plot of t/V versus V (Eq. (3)) 
was used to determine the MFI (Eq. (4)) [25].

t
V

R
P

C
P

VW m W= +
µ µ α
∆ Ω ∆ Ω2 2

� (3)

MFI
C

P
W=

µ α
2 2∆ Ω

� (4)

where t is the filtration time (s), V is the permeate volume 
(m3), µW is the dynamic viscosity (Pa s), Rm is the initial mem-

Fig. 2. Schematic diagram of MFI measurement device.
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brane resistance (m–1), ∆P is the transmembrane pressure 
(Pa), Ω is the membrane area (m2), α is the specific resistance 
(m kg–1) and C is the macromolecule concentration (kg m–3). 

2.2.4. EDX measurements

Pieces of fouled membranes in the two MBRs were cut 
from the middle of each module at the end of the experiment. 
EPS elemental composition analysis of the fouled membrane 
surface was conducted with energy dispersive X-ray (EDX) 
spectroscopy (Bruker X Flash Detector 5010, Germany). 

2.3. Analytical methods

2.3.1. Analytical methods for water quality parameters

The mixed liquor suspended solids (MLSS) and mixed 
liquor volatile suspended solids (MLVSS), total chemical 
oxygen demand (COD), total nitrogen (TN), and ammo-
nia-nitrogen (NH4-N) concentrations in the influent and 
effluent of the MBRs were measured according to a stan-
dard method [26]. The samples were taken from the two 
reactors and analyzed every 4 d. 

The total extracellular polymeric substances (TEPS), 
which include the EPS and the SMP, were extracted from 
the mixed liquor using a cation exchange resin (CER, Sig-
ma-Aldrich, USA). Briefly, 80 mL of activated sludge was 
centrifuged after the addition of CER to extract the superna-
tant (12000 rpm, 15 min), which was considered the TEPS. 
Meanwhile, 80 mL of the sludge samples was centrifuged 
without the addition of CER, and the resulting supernatant 
represented the SMP solution [27]. After these two super-
natants were filtrated through a filter with a pore size of 
0.45 μm, the penetrating fluids were ready for the TEPS and 
SMP analyses. The concentrations of EPS could be calcu-
lated using Eq. (5).

TEPS = EPS + SMP� (5)

The carbohydrates of the TEPS and SMP were deter-
mined by the anthrone-sulfuric acid method, and glu-
cose was used as a standard reference [28]. The proteins 
were measured using a modified Lowry method and 
bovine serum albumin (BSA) as a standard [29]. The total 
organic carbon (TOC) was measured by a TOC analyzer 
(Shimadzu, Japan). DNA was analyzed with a UV-6100 
spectrophotometer (Metash, China) at 260 nm, and the 
concentration was calculated based on Eq. (6). 

DNA (mg/mL) = OD260/0.02� (6)

2.3.2. EEM analysis

All the EEM spectra were measured using a fluores-
cence spectrophotometer (F-7000 FL, Hitachi, Japan). The 
EEM spectra were collected with subsequent scanning 
emission spectra from 260 to 550 nm at 5 nm increments by 
varying the excitation wavelength from 200 to 450 nm at 5 
nm increments. The scanning speed was set at 1200 nm/
min, and OriginPro 8 software version SR4 (OriginLab Inc., 
US) was used for processing the EEM data.

2.3.3. FTIR analysis

To obtain information about the major functional 
groups of the organic substances [30], the TEPS and SMP 
were placed in a vacuum freeze-dryer (Christ, Germany) 
for 72 h [24]. Then, the powder samples were measured by 
FTIR (Equinox 55, Bruker, Germany).

2.3.4. MW analysis

The MW distribution of TEPS and SMP was estimated 
by filtering the samples through a series of ultrafiltration 
membranes (Millipore, polyethersulfone, nominal MW cut-
off of 1, 10, and 100 kDa) in stirred cell devices 8200 (Milli-
pore, USA). The difference among 1, 10, and 100 kDa was 
taken as the MWs.

3 Results and discussion

3.1. Degradation performance

The initial MLSS was 5000 mg/L, and the concentrations 
decreased to 3250 ± 437 mg/L during the whole operation in 
two MBRs. Both hMBR and sMBR had a satisfied removal effi-
ciency of COD, NH4-N, and TN during the whole operation 
(Fig. 3). The two MBRs could remove more than 93% of COD, 

Fig. 3. Temporal variation of COD (a) NH4-N (b) and TN (c) con-
centration in hMBR and sMBR.
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99% of NH4-N, and 47% of TN, individually. The average 
effluent of COD and NH4-N in the two MBRs  was less than 
12.6 mg/L and 0.16 mg/L, respectively, which could meet 
the national discharge standard (COD at 50 mg/L; NH4-N at 
5 mg/L). However, the hMBR increased the average COD, 
NH4-N and TN removal efficiencies by approximately 0.31%, 

0.12%, and 2.73%, respectively. The results indicated that 
the MFC was slightly beneficial to the removal of pollutants 
(Table 1). Su et al. also observed similar results, in which both 
MBRs could achieve COD and NH4-N treatment efficiencies 
of more than 90%, and the combined system (hMBR) behaved 
slightly better than the sMBR [22]. It was reported that bio-
electrochemical systems have positive effects on the degrada-
tion of organics and removal of nitrogen and could improve 
the stability of the anaerobic system [31,32]. Although the 
removal performance was not significantly different between 
the reactors, and both reactors had quality discharge levels, 
the hybrid system can impact the sludge properties, which 
will lead to an improvement of membrane fouling.

3.2. Fouling characteristics

3.2.1. TMP analysis

As an important parameter, the TMP value was used 
to evaluate the membrane fouling condition. Fig. 4a illus-
trates the variations of TMP in two MBRs. The results 
showed a two-stage process. In Stage 1, the variations of 
TMP between two MBRs were almost the same in the first 
9 d. Then, greater difference of TMP values was noticed in 
two reactors during operation. This stage was characterized 
by a gradual fouling stage, which was probably attributed 
to the accumulation of EPS and the uneven deposition of 

Table 1
Concentrations and removal efficiencies of COD and nitrogen 
in two MBRs

Items COD NH4-N TN

Influent wastewatera 
(mg/L)

192.6 ± 36.9 26.86 ± 2.68 36.33 ± 2.12

hMBR effluenta 
(mg/L)

12.0 ± 3.7 0.13 ± 0.12 18.25 ± 1.53

sMBR effluenta 
(mg/L)

12.6 ± 3.9 0.16 ± 0.09 19.24 ± 1.18

hMBR removal  
efficiency (%)

93.77 99.52 49.77

sMBR removal 
efficiency (%)

93.46 99.40 47.04

avalues are given as mean ± standard deviation (number of mea-
surement = 14).

Fig. 4. Analysis of EPS and SMP in two MBRs: (a) Development of TMP as a function of time, (b) EDX analysis of fouled membrane 
modules, (c) EPS and SMP concentration, (d) FRI distribution.
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other biopolymers. In Stage 2, a rapid rise of TMP in both 
MBRs was observed, which could be due to suspended 
flocs deposited on the membrane module surface and the 
gradual change in the structure of the cake layer [33,34].
The TMP in the sMBR was approximately 5–8 kPa higher 
than in the hMBR after 26 d. The rates of gradual fouling 
and rapid fouling in the sMBRs were 0.47 kPa/d and 1.51 
kPa/d, respectively, which were 14.6% and 17.3% higher 
than those in the hMBRs (0.40 kPa/d and 1.25 kPa/d). It is 
worth nothing that the hMBR alleviated the gradual foul-
ing and the rapid fouling by modifying the sludge, which 
was in accordance with the findings by Su et al. [22]. The 
TMP reached the threshold of the peristaltic pump (40 kPa) 
at day 40, and then the membrane module was taken out 
and cleaned with tap water and a 0.5% sodium hypochlo-
rite solution. It was observed that the fouling speed in both 
MBRs increased, suggesting that chemical cleaning cannot 
recover the membrane to the initial stable performance once 
the membrane module has suffered from fouling. Nonethe-
less, the growth rate of TMP in the hMBR was slower than 
in the sMBR after chemical cleaning, which indicated that 
there were probably certain differences in the sludge char-
acteristics between two MBRs.

3.2.2. Membrane series resistance model

The membrane filtration resistance was used to indi-
rectly characterize the membrane fouling. As shown in 
Table 2, the internal fouling resistance (Rf) and the cake 
layer resistance (Rc) were occupied approximately 70% 
and 27% of the total membrane resistance (Rt) in both 
MBRs, respectively. Surprisingly, there was a big difference 
between Rf and Rc  in the two MBRs. This was probably due 
to irreversible adsorption and severe pore blockage. Fur-
thermore, the intrinsic membrane resistance (Rm) was the 
smallest component of Rt and exhibited a slight difference 
between the MBRs. The average rates of increase of Rc and 
Rf in the hMBR were 0.07 × 109 m–1 d–1 and 0.18 × 109 m–1 d–1, 
respectively, which were 41.7% and 40.0% lower than those 
in sMBR (0.12 × 109 m–1 d–1 and 0.3 × 109 m–1 d–1). This result 
was in accordance with the development of TMP, suggest-
ing that the MFC played an important role in alleviating the 
membrane fouling. 

3.2.3. MFI analysis

The MFI were measured to investigate the filterability 
characteristics of various components of the sludge, includ-

ing the mixed liquor (ML), SMP and suspended solids (SS). 
The MFI value was positively correlated with the mem-
brane fouling potential [35]. As shown in Table 3, the MFIML 
of the sMBR was 38 × 103 s/L2, which was higher than that 
of the hMBR and was consistent with the development of 
the TMP. The MFI of the SMP constituted the main part 
of the MFIML in the two MBRs, which occupied 66.7% and 
73.7% of the whole MFI in the hMBR and sMBR, respec-
tively. Compared with the MFISMP, the MFISS might play a 
less important role in both MBRs.

3.2.4. EDX analysis

To further investigate the elemental composition of the 
fouled membrane surface, the EPS of the gel layer were 
studied with EDX spectroscopy, and the results are shown 
in Fig. 4b. Most of the elements were comparatively low 
except for C and O, which had significant influence on the 
generation of the gel layer even though the quantities of Ca, 
Mg, Si and Fe were very low [36]. In addition, the multiva-
lent Mg2+, Ca2+ and Fe3+ cations likely precipitate with and  
on the surface of the membrane module [37,38]. Once a gel 
layer was formed, the membrane was difficult to clean with 
regular aeration. The percentage of these metal ions in the 
sMBRs was generally higher than in the hMBRs, which was 
one cause of serious membrane fouling in the sMBRs.

3.3. EPS and SMP characteristics

3.3.1. EPS and SMP concentrations

The concentrations of TOC, proteins, carbohydrates 
and DNA were analyzed to represent the EPS and SMP, and 
the average results are shown in Fig. 4c. Compared with 
the EPS concentration, the SMP concentration was lower 
in the two reactors. It could be observed that the EPS con-
centrations (TOC, protein, carbohydrate and DNA) in the 
sMBR were higher than in the hMBR by approximately 
24.0%, 28.5%, 22.6%, and 9.2%, respectively. Meanwhile, 
the protein/carbohydrate (P/C) ratio for the EPS presented 
a similar change in both MBRs. Similarly, these SMP con-
centrations (TOC, protein, carbohydrate and DNA) in the 
hMBR were lower than 57.5%, 16.2%, 28.1% and 16.0% in 
the sMBR, respectively. These results provided the evi-
dence that the sMBR underwent more serious membrane 
fouling. However, one unforeseen result was that the P/C 
ratio for SMP in the sMBR was lower than that in the hMBR, 
which was probably a result of modified sludge from the 
MFC recycling back to the two-stage MBR as a part of the 

Table 2
Resistance terms in hMBR and sMBR

Resistance hMBR sMBR

Values 
(109 m–1)

Percentage 
(%)

Values 
(109 m–1)

Percentage 
(%)

Rt 10.32 17.28
Rc 2.86 27.7 4.83 27.9
Rf 7.23 70.1 12.18 70.5
Rm 0.23 2.2 0.27 1.6

Table 3
Modified fouling index in hMBR and sMBR

Reactors MFI (103 s/L2)

ML SMP SS

hMBR 30 ± 5 20 ± 4 6 ± 1
sMBR 38 ± 4 28 ± 2 7 ± 1

avalues are given as mean ± standard deviation (number of 
measurement = 3).
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influent, which could bring in various SMP into the reac-
tor, thereby changing the P/C relationship. In this current 
study, SMP were reduced from 17 mg/g VSS to 10 mg/g 
VSS after employing the hMBR. Su et al. had seen a reduc-
tion in EPS and an increase in SMP in an integrated system 
[22]. The presence of EPS is considered to be the major cause 
of membrane fouling in the MBRs. Reasonably, a combined 
MBR–MFC system offers the option of membrane fouling 
mitigation.

3.3.2. EEM fluorescence spectra

EEM were classified into five regions, which corre-
sponded to tyrosine and tryptophan (Regions I and II), 
fulvic acid-like (Region III), soluble microbial metabolites 
(Region IV) and humic acid-like (Region V) [39–41]. To com-
pare the composition of the TEPS and SMP in both MBRs, 
the EEM spectra were measured, and the results are shown 
in Fig. 5. The detail fluorescence spectral results, such as 
the peak location, the maximum fluorescence intensity 
(FI) and the ratio of the various peak intensities, are listed 
in Tables 4, 5. It was observed that Peak A at 240/310 nm 
and Peak B at 275/360 nm of the TEPS were visible in both 

MBRs, and those peaks are associated with aromatic pro-
tein-like and tryptophan protein-like substances, respec-
tively [39,42,43]. The FIs in the hMBR were much smaller 
than in the sMBR. Meanwhile, the FIs of peak A and peak 
B in the hMBR downshifted to 342 and 773, respectively, in 
reference to the sMBR.

This implies that aromatic protein-like and tryptophan 
protein-like substances, particularly the latter, might be 
involved in the membrane fouling. Furthermore, there was 
a slight difference in the SMP spectrograms in both MBRs, 

Table 4 
Fluorescence spectral parameters of TEPS in two MBRs

Reactor Peak A Peak B A/B

Ex/Em Intensity Ex/Em Intensity

hMBR 240/310 1618 275/360 7327 0.22
sMBR 240/310 1960 275/360 8100 0.24
Existing Aromatic  

protein-like
Tryptophan 
protein-like

Substances Substances Substances

Fig. 5. EEM fluorescence spectra of TEPS and SMP in two MBRs.
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and the FIs of those peaks, especially the FI of peak B, were 
lower than that of TEPS. Table 5 shows that the FI ratios 
of various peaks are between 0.82 and 1.56, indicating that 
the FI differences among Peaks C, D, and E are relatively 
small. It was obvious that the three SMP peaks were found 
at 275/335–340 nm (Peak C), 275/410–415 nm (Peak D) and 
335/420 nm (Peak E) in both MBRs, which were associated 
with tryptophan, humic-like and visible humic acid-like 
substances, respectively [39,44]. However, it was interesting 
that the FI ratios (A/B, C/D, C/E and D/E) in the hMBR 
were lower than in the sMBR, which indicated less mem-
brane fouling in hMBR.

Fluorescence regional integration (FRI) was used as a 
semi-quantitative technique to further analyze the EEM 
spectra. The FRI results showed a conspicuously differ-
ent distribution of the five regions (Fig. 4d). The aromatic 
proteins (regions I and II) constituted a quarter of the total 
substances for both EPS and SMP in the two MBRs. It was 
obvious that almost half of the total components of EPS 
and SMP were soluble microbial metabolites in the hMBR 
but comprised less than 36% in the sMBR. Interestingly, 
more aromatic proteins (I and II) and fewer humic/fulvic 
acid-like substances were observed in the hMBR. How-
ever, aromatic protein-like substances were thought to be 
more easily biodegraded by microorganisms [44]. These 
substances were closely correlated with the formation and 
degradation of organic matter and played a key role in the 
membrane fouling process. 

3.3.3. FTIR spectroscopy

FTIR spectroscopy was used to investigate the main 
functional groups of the TEPS and SMP. As shown in 
Fig.  6, the spectrum revealed a broad region of adsorp-
tion at approximately 3400 cm–1, which is attributed to the 
stretching vibration of the O-H bond in hydroxyl func-
tional groups [45,46]. The intense bands at approximately 
1350 cm–1 and 1125 cm–1 indicate that C-N bonds, polysac-
charides, and polysaccharide-like substances were abun-
dant in the SMP of the two MBRs [47]. Furthermore, the 
main absorption bands of the TEPS were approximately 
2540 cm–1 (aliphatic C-H stretching), 1625 cm–1 (C=O 
stretching of amide I), 1350 cm–1 (C-N stretching) and 1125 
cm–1 [48]. The sharp peaks at 600–800 cm–1 (part of finger-
print region) could be ascribed to aromatic compounds, 
which are likely humic substances [49]. Briefly, the main 
components of the TEPS and SMP in both MBRs were pro-
teins, humic substances, polysaccharides and polysaccha-
ride-like substances.

3.3.4. MW distribution

The MW distribution presented similar distribution 
between the EPS and SMP in both reactors (Fig. 7). The 
major components of the EPS were composed of large 
MW components (> 100 kDa) and low MW components 
(<1 kDa). Approximately 50.9% and 64.9% of the carbohy-
drates were categorized as large MW components (>100 
kDa) in the hMBR and sMBR, respectively, and approx-
imately 67.8% and 74.3% of the DNA molecules were 
less than 1 kDa. Compared with the sMBR, the hMBR 
enhanced the degradation of carbohydrates with MWs 
larger than 10 kDa. However, other substances (proteins, 
carbohydrates, and DNA) at medium MW components 
(1–100 kDa) were present in lower amounts (approxi-
mately 9.1–13.3%) except proteins with 10–100 kDa. In 
terms of SMP, the low MW components (<1 kDa) were 
the major component (54.3–91.5%) of all the substances, 
and the percentages were higher in the sMBR than in the 
hMBR. The low MW components (<1 kDa) were more 
likely to deposit and clog the membrane pores, thereby 
accelerating the formation of pore fouling layer. It fea-
tures a very dense structure and has a very low per-
meability, resulting in the highest specific biopolymer 
resistance [35,50]. Statistically, the TOC (>100 kDa), DNA 
(>100 kDa) and proteins (1–100 kDa) in the sMBR were, 
on average, slightly higher than in the hMBR. These 
results further confirm that the sMBR is susceptible to 
severe membrane fouling, and the hMBR could alleviate 
the membrane module fouling by modifying the sludge 
characteristics.

Fig. 6. FTIR spectrum of TEPS and SMP in sMBR (top) and 
hMBR (bottom).

Table 5
Fluorescence spectral parameters of SMP in two MBRs

Reactor Peak C Peak D Peak E C/D C/E D/E

Ex/Em Intensity Ex/Em Intensity Ex/Em Intensity

hMBR 275/340 411.1 275/415 496.2 335/420 360.3 0.82 1.14 1.37

sMBR 275/335 413.8 275/410 391.8 335/420 264.1 1.05 1.56 1.48
Existing Tryptophan Humic-like Visible humic
Substances Substances Substances Acid-like substances
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4. Conclusions

Both MBRs demonstrated good performance in the 
removal of COD and ammonium. The MFC played a key 
role in the modification of sludge, thereby alleviating mem-
brane fouling. The membrane filtration resistance model 
indicated that the average rates of increase of Rc and Rf in 
the hMBR were lower than in the sMBR. The MFI of the 
SMP was a main component of the MFIML in the two MBRs, 
and the SMP played a more important role in the sMBR. The 
EDX analysis indicated that Ca, Mg, Si and Fe were more 
likely to accumulate on the membrane surface in the sMBR. 
The EEM analysis showed that fewer aromatic proteins (I 
and II), soluble microbial metabolites and more humic/ful-
vic acid-like substances were observed in the sMBR. Addi-
tionally, more low-MW components (< 1 kDa) of SMP were 
observed in the sMBR.
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