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a b s t r a c t

This work aimed at illustrating a crucial factor towards a sustainable municipal wastewater treatment
process, namely, the membrane fouling caused by different statuses of biomass in the membrane bio-
reactors (MBRs) with no sludge discharge, and tried to explore the essential reasons leading to mem-
brane fouling. By parallelly operating the MBRs with or without bio-carriers for 90 days under the same
conditions, their operating characteristics and the accumulated membrane foulants were comparatively
studied by using multi-methods. The results indicated that the added bio-carriers mitigated the mem-
brane fouling, especially inhibited the formation of the reversible and the permanent resistance of
membrane modules, and reduced the accumulation of foulants on membrane surface. When the trans-
membrane pressure value of the bioreactor with bio-carriers reached 32.5 kPa for the first time, the
trans-membrane pressure value of the bioreactor without bio-carriers had reached 32.5 kPa for the third
time. The growing status of biomass was changed by the bio-carriers, which influenced the micro-habitat
of microorganisms and varied the structure of microbial communities within the MBRs. The variation of
the growing status of biomass is an essential reason leading to exhibiting differences in the membrane
fouling of these MBRs.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Waste activated sludge (WAS) is an inevitable by-product of
running municipal wastewater treatment plants (WWTPs) that
adopt a conventional activated sludge (CAS) process. As the
extensive building and operating of WWTPs around the global
world, large volumes of wastewater are properly purified and
create a positive impact on the surrounding aqueous environment.
However, the volumes of the produced WAS gradually increase as
the continual building and operating of WWTPs (Gourdet et al.,
2017), which also bring about a new environmental issue (Ahmad
et al., 2016), especially in some metropolitan cities. Based on the
practical engineering experiences, the investment and running
costs in related to the treatment and disposal of WAS may account
for around 50e60% in building and operating a WWTP, therefore,
minimization of WAS is a preliminary consideration in running a
WWTP (Collivignarelli et al., 2017), and according to the concept of
sustainable development, the best option is to mitigate the creation
of WAS within the wastewater treatment process itself, thus, a
sustainable wastewater treatment process with minimal WAS
production is of primary requirement.

A membrane bioreactor (MBR), combining the advantages of
CAS and membrane filtration into a single-step process, is regarded
as an alternative process for the CAS to treat both industrial and
municipal wastewater (Krzeminski et al., 2017) in the past two
decades. So far, lots of theoretical and applied research (Judd, 2016),
and even some large-scale engineering cases have demonstrated
the dominant merits of MBRs over traditional CAS, including
smaller space requirement, high quality effluent, less waste acti-
vated sludge production, high biomass content, complete liquid-
solid separation, particularly the MBRs with submerged mem-
brane modules, showing the merits in reducing energy consump-
tion significantly (Rosenberger et al., 2002). However, membrane
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fouling, leading to a sharp flux decline or rapid increase in trans-
membrane pressure (TMP), high energy consumption, and
frequent membrane cleaning or replacement, generally causes
increasing costs in maintenance and operation, and is still a major
obstacle that limits the application of MBRs (Aslam et al., 2017;
Luj�an-Facundo et al., 2017). These factors, such as the concentration
of mixed liquor suspended solids (MLSS), bio-floc size, colloidal
particle size, extracellular polymeric substances (EPS), and soluble
microbial products (SMP), actually in relating to the characteristics
of biomass within an MBR, have been verified to have especially
significant impacts on membrane fouling (Ji et al., 2010), therefore,
full understanding of the fouling effects of biomass on membrane
modules is of essential importance for the design, optimization and
management of MBRs due to their total determination on the life-
span of membrane modules (Jorgensen et al., 2017).

Adding suspended bio-carriers into an MBR would constitute a
moving bed biofilm reactor-MBR (MBBR-MBR), which provides a
multi-habitat for the growth of microorganisms, and further
changes the morphology of biomass. In an MBBR-MBR, the micro-
bial cells attached on bio-carriers provide the advantage of simul-
taneous nitrification and denitrification (Leyva-Díaz et al., 2015). In
recent years, several studies have been conducted on the combi-
nation of MBBR and MBR systems, highlighting the reduction of
sludge yield, the improvement of denitrification and the reduction
of membrane fouling to some extent (Mannina et al., 2017). Recent
reports indicated that the configuration of MBBR-MBR was a
feasible approach to mitigate membrane fouling by inhibiting the
formation of a fouling layer and removing the loose foulants on the
membrane surface by the mechanical scraping of the added bio-
carriers (Iorhemen et al., 2017). In regards of the characteristics of
biomass, EPS and SMP are undoubtedly the most important factors
that have been proved to be the major foulants associated with
membrane fouling (Gao et al., 2014), whose fouling effect on
membrane modules is still a great concern.

The physio-chemical effects of bio-carriers on the production of
EPS and SMP were once revealed to be the main contributor for
mitigating membrane fouling (Hu et al., 2012). A similar phenom-
enon was also observed by Jin et al. (2013), whose investigation
demonstrated that adding bio-carriers into anMBR could obviously
reduce the concentration of EPS and SMP. However, EPS and SMP,
two kinds of metabolic product, actually are both complexmixtures
of proteins, polysaccharides, humic substances, DNA and possibly
other organic compounds, which have very close relationships with
the growing status of biomass, sludge retention time (SRT) and the
microbial community within the bioreactor. Recent investigation
also verified that the attached biofilm and suspended aggregates
were actually distinct microbial lifestyles (Niederdorfer et al.,
2016), which might be caused by different environmental condi-
tions, such as hydraulics, and carbon sources. These two systems
have different compositions in their microbial community and
growing status, and accordingly, the metabolic products in the
related communities are quite distinct no matter in a natural
ecosystem or an artificial bioreactor (such as an MBR). In regards of
an MBR, the status and SRT of biomass are two direct factors
influencing its performance, especially membrane fouling. From a
Table 1
Experimental conditions.

Operational stage COD (mg/L) NH3-N(mg/L) TP(m

I (day 1e10) 300± 20 28± 2 3.0±
II (day 11e22) 100± 20 9± 2 1.0±
III (day 23e34) 150± 20 13± 2 1.5±
IV (day 35e90) 250± 20 24± 2 2.5±
practical viewpoint, long SRT of an MBR means less production of
excess sludge, and greatly reduces the operating costs of disposing
excess sludge. However, long SRT also implies higher MLSS con-
centrations and more metabolites accumulated in MBRs, which
may have a negative effect on oxygen transfer and membrane
fouling. So far, previous researches mainly emphasized the filtra-
tion resistance caused by the deposited solids, and few in-
vestigations have ever considered the differences in the membrane
fouling caused by different growing statuses of biomass in MBRs,
especially under no sludge discharge. Therefore, the presented
investigation aimed at illustrating a crucial factor towards a sus-
tainable municipal wastewater treatment process, namely, the
membrane fouling caused by the different growing statuses of
biomass in MBRs with no sludge discharge, and thus, two aspects
weremainly considered, including: (1) comparing the performance
of a traditional MBR (suspended-growth biomass, SG-MBR) with a
moving bed biofilm reactor-MBR (attached-growth biomass,
MBBR-MBR) under no sludge discharge, especially their difference
in the TMP increasing profile; (2) characterizing the foulants on the
membrane modules of both MBRs by multi-methods, and further
revealing the occurrence of different foulants on/in membrane
modules.
2. Materials and methods

2.1. Details the experimental procedure

Two identical lab-scale MBRs were operated parallelly with the
same operational conditions and influent. One MBR was an MBBR-
MBR (R1), and the other was an SG-MBR (R2). Both bioreactors
were made of Plexiglas and had a rectangular configuration with a
size of 35� 25� 25 cm, their effective volumes were all 20 L. Dur-
ing the experiment, the average temperature of two bioreactors
was 25 �C and the dissolved oxygen (DO) concentration was
maintained at about 3mg/L. The schematic diagram of the used
experimental process is shown in the Supporting Information (SI).

Both MBRs were continuously operated for 90 days, during
which, no excess sludge was discharged except for sampling. The
initial concentration of the inoculated sludge in both MBRs was
controlled at approximately 2000mg/L MLSS. The experimental
conditions are listed in Table 1. At Stage I (Day 1e10), both MBRs
were operated in a batch mode with hydraulic retention time
(HRT)¼ 24 h; at Stage II (Day 11e22), the operation mode of both
MBRs was changed to a continuous mode with HRT¼ 8 h (flux:
5.00 L/m2 h); at Stage III (Day 23e34), the C/N ratio was the same
with Stage I and Stage II, but the concentrations of C and N were
increased proportionally to meet the requirements of biomass
growth; at Stage IV (Day 35e90), other conditions were kept stable
except for HRT decreasing from 8 h to 6 h (flux: 6.67 L/m2 h). TMP
value was automatically recorded every 1min from the 1st day of
Stage II (day 11) by a pressure sensor (DFL-800, Disichuan, China).
The MBRs were operated in a constant flux at each stage by using
synthetic wastewater, whose details were shown in SI. The ratio of
carbon (as chemical oxygen demand, COD), nitrogen and phos-
phorus (COD: N: P) in the influent was set at 100: 10: 1.
g/L) HRT(h) Flux(L/m2$h) Aeration rate(L/h)

0.5 24 250
0.5 8 5.00 300
0.5 8 5.00 400
0.5 6 6.67 450
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2.2. Evaluation of the performance of MBRs

The performance of both MBRs was evaluated by comparing the
difference of the water quality indexes in the influent and effluent.
Regular water quality indexes, such as COD, TN (sum of NH3-N,
NO2

�-N, NO3
�-N) and total phosphorous (TP), were chosen as the

reference parameters to measure their concentration in both the
influent and effluent. Every one or two days, about 30mL influent
and effluent was taken out to measure the regular water quality
indexes. The parameters, including MLSS, mixed liquor volatile
suspended solids (MLVSS), total attached solids (TAS), total
attached volatile solids (TAVS), and total volatile suspended solids
(TVSS) were used to analyze and evaluate the characteristics of
biomass in both MBRs. The concentration of suspended sludge and
the content of biomass attached on bio-carriers were measured
twice a week. Each measurement, about 100mL of sludge samples
and 5 bio-carriers were taken from both MBRs. All the indexes
mentioned above were measured according to the standard
methods (APHA et al., 2005). The apparent viscosity of the mixture
in the bioreactor was measured with a rotational viscometer meter
(NDJ-5S, CHANGJI, China). Dissolved oxygen (DO) was recorded
every 10 s by a DO meter (JPSJ-605F, INESA, China) and the
measured data were automatically processed and stored by a
connected computer.
2.3. SMP/EPS extraction and analysis

Amodified heat extractionmethod (Li and Yang, 2007) was used
to extract SMP and EPS, including loosely-bound EPS (LB-EPS) and
tightly-bound EPS (TB-EPS) from the attached biomass on the
membrane module (the details were shown in SI). The obtained
SMP, LB-EPS and TB-EPS extractions were all used to analyze the
concentration of protein (PN), polysaccharide (PS), humic sub-
stances (HS), and DNA. The concentration of PN and HS was
determined by the modified Lowry method (Frolund et al., 1995)
using bovine serum albumin (BSA) (BR, Sinopharm Chemical Re-
agent Co., Ltd, China) and humic acid (FAS90%, Shanghai Aladdin
Biochemical Technology Co., Ltd, China) as the standard. The PS
concentration was determined with the anthrone-sulfuric acid
method (Raunkjær et al., 1994) using glucose (AR, Tianjin Damao
Chemical Reagent Factory, China) as the standard. DNA content was
measured by the diphenylamine method (Liu and Fang, 2002).
2.4. Resistance analysis

The resistance-in-series model was once used to analyze the
composition of the filtration resistance in MBRs during their
operation, in which, the filtration resistance was classified into two
categories, including the intrinsic resistance (Rm) of the membrane
module itself, and the cake resistance combined with pore block-
ing. The latter was mainly caused by membrane fouling, and
actually it had a very complex composition. For giving a detailed
description of the resistance caused by membrane fouling, it was
further classified into three categories (Rr, Rir, and Rp) in here and
their calculating methods were shown as the following equations:

Rt ¼ Rm þ Rr þ Rir þ Rp (1)

J ¼ dV
dtA

¼ DP
mRt

(2)

where J (L/m2 h) is the permeate flux; V (L) is the collected volume;
A (m2) is the membrane surface area; t (h) is the filtration time; DP
(kPa) is the TMP, m (Pa,s) is the viscosity of the permeate; Rt (m�1) is
the total membrane resistance; Rm (m�1) is the intrinsic resistance
of the membrane module; Rr (m�1) is the reversible fouling resis-
tance; Rir (m�1) is the irreversible fouling resistance; Rp (m�1) is the
irrecoverable or permanent fouling resistance. The specific cleaning
process of the membrane module was shown in detail in SI.

2.5. Fourier infrared transform spectrophotometry (FTIR)
characteristics and CLSM observation

The filtration resistance caused by the reversible foulants is
regarded as Rr, which is heavily influenced by the deposited solids.
The membrane module was taken out from the bioreactor till the
TMP reaching 32.5 kPa. The major functional groups of the
reversible foulants were analyzed by an FTIR spectrometer (Nicolet
6700, Thermofisher, America), and the sampling procedure was
shown in SI.

Two membrane fibers (0.5mm) from the membrane module of
both MBRs, after being removed the fouling layer from its surface
by a physical method, were stained by referencing the procedure of
a published article (Chen et al., 2007) with the detailed stained
protocol listed in Table 2, and then observed with a confocal laser
scanning microscope (CLSM) (Eclipse Cl Plus, Nikon, Japan) to
reveal the in-situ distribution of different foulants on the surface of
membrane module.

2.6. Three dimensional excitation emission matrix (3DEEM)
fluorescence spectra

The foulants in the reversible fouling layer were sampled by a
physical method, after extracting SMP and EPS, they were
measured by using a fluorescence spectrophotometer (F-4600,
Hitachi, Japan) to obtain 3DEEM fluorescence spectra. When
measuring the fluorescence, 3DEEM fluorescence spectra were
obtained by collecting the wavelength of both excitations over a
range of 200e450 nm and emission of 250e550 nm in stepwise by
5 nm. The spectra were recorded at a scan rate of 1200 nm/min,
using excitation and emission slit bandwidth of 10 nm.

2.7. Analysis of the surface structure and element compositions of
membrane foulants

A scanning electron microscope with energy dispersive spec-
trometer (SEM-EDS) (S-3400N, HITACHI, Japan) was used to
analyze the surface structure and element compositions of mem-
brane foulants. Two more membrane fibers (0.5mm) were taken
from the middle of the membrane module of both MBRs to carry
out the SEM-EDS analysis when the TMP reached 32.5 kPa. After
sampling the membrane fibers, the cut fibers of the membrane
module were sealed by re-tieing them together for avoiding the
MLSS being sucked directly in the subsequent operation. The pre-
treatment method of samples and SEM-EDS analysis results were
shown in SI.

2.8. Particle size distribution (PSD) of MLSS in both MBRs

PSD of sludge suspensions was analyzed by using a laser
diffraction particle size analyzer (MS2000, Malvern Instruments
Ltd., UK). For comparison, the distribution of sludge particles was
analyzed under the same operating conditions of both MBRs.

2.9. Microbial community structure of both MBRs

For revealing the microbial community structure, the inoculated
sludge, and the sludge samples from both MBRs at different time
points (the 10th, 35th, 59th and 78th day) were collected, and after a



Table 2
The staining protocol of the irreversible foulants.

Dye Excitation
(nm)

Emission
(nm)

Targets

Calcofluor white 400 410e480 b-1, 4 and b-1, 3
polysaccharides

FITC 488 500e550 Protein, amino-sugars
Nile red 514 625e700 Lipids, hydrophobic sites
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suitable pretreatment (the entire process was described in detail in
SI), they were sent to Novogene, Inc. (Beijing, China) for high
throughput sequencing (HTS). The obtained samples were labeled
as A, R1.1, R1.2, R1.3, R1.4, R2.1, R2.2, R2.3, and R2.4, which stood for
the microbial community of the inoculated sludge, and the samples
collected from R1 and R2 on the 10th, 35th, 59th and 78th day. The
samples from R1 were all the attached biofilm on bio-carriers,
while, the samples from R2 were the suspended biomass.
3. Results and discussion

3.1. General performance and TMP increasing profile of both MBRs

The experiment was continuously operated for 90 days, during
which, the MBBR-MBR and SG-MBR was operated parallelly under
the same operational conditions. The details of pollutants removal
(including COD, TN and TP) are shown in SI (Fig. S2), which indicate
in both MBRs, the removal of COD always kept at a stable level, and
the removal of TN was not very high but increased gradually as the
extension of time, the removal of TP increased first and then
decreased gradually in bothMBRs. In general, the pollutant removal
of the MBBR-MBR was higher than that of the SG-MBR. However,
along with the removal of pollutants, some foulants gradually
accumulated on the membrane module, which formed a fouling
layer and caused the increase of TMP. The results of the TMP
increasing profile of both MBRs are shown in Fig. 1.

In an MBR, a TMP increasing profile is generally regarded as a
fouling indicator to express the variation of filtration resistance. In
Fig. 1, both MBRs were operated at the same flux, but their TMP
increasing profile exhibited quite a different varying trend along
with the time course even under the same operational conditions.
As shown in Fig. 1, from the 11th day to 50th day, the TMP increasing
profile of R2 was a little bit higher than that of R1, but they were
Fig. 1. Comparison of the TMP increasing profile between both MBRs.
close to each other in both MBRs. During this period the build-up of
fouling layer was very slow, due to the relatively low flux and MLSS
concentration. After the 50th day, the TMP of R2 rose very quickly,
which increased from 7.5 kPa to 32.5 kPa in no more than 10 days,
while, the TMP of R1 still increased very slowly in the same period.
At the same time, Fig. S3(a) showed that the concentration of MLSS
in R2 was significantly increased at this stage. Therefore, it was
speculated that the rapid increase of membrane fouling was closely
related to the increase of MLSS concentration in the bioreactors and
more sludge particles deposing on the surface of membrane mod-
ules, which was also confirmed by Deng et al. (2014). After being
operated for 60 days, the TMP of R1 achieved its first jump to reach
32.5 kPa within 20 days (from the 60th to 80th day), while, in the
same period, the TMP jump in R2 occurred twice. After each TMP
jump, the membrane module was taken out from the MBR, and
carried out a thorough cleaning (including physical and chemical
cleaning), during which, the resistance of Rr and Rir was measured
simultaneously. Comparing the TMP increasing profile of both
MBRs, the mitigation of membrane fouling of bio-carrier was quite
obvious. During the period of the initial 78 days, only one TMP
jump in R1 occurred, but three times of TMP jumps in R2. It should
be noted, after a cleaning, the TMP value markedly decreased, but
even after a thorough cleaning, the permeability of the used
membrane module could not be recovered totally, which was
verified by the quick TMP jump occurred shortly after the cleaning.
In R1, it took 78 days to achieve the first TMP jump, but only took 12
days for the second, while in R2, though 59 days was needed to
achieve the first TMP jump, the followed four TMP jumps actually
occurred in nomore than 30 days, and the time intervals among the
subsequent four TMP jumps became shorter and shorter comparing
with its first TMP jump. The results indicated that some membrane
foulants might accumulate on the used membrane modules even
after a total physical and chemical cleaning, whose occurrence was
quite easy to result in a quick increasing of TMP in the succeeding
filtration operation.

Such a phenomenon implied that adding bio-carrier in an MBR
was an effective approach to mitigate membrane fouling, which
reduced the frequency of membrane cleaning. Other researchers
also reported a similar finding (Hazrati and Shayegan, 2016), who
attributed the effect of mitigating membrane fouling to the
increasing of shear force between the bio-carriers and membrane
module. However, in the designed MBBR-MBR configuration of the
presented investigation, a steel screen mesh was used to isolate the
bio-carriers from contacting the membrane module, and totally
avoided the physical effects of bio-carriers on membrane fouling
(mechanic scraping to inhibit the formation of cake layer). This
result implied that the added bio-carriers might have other effects
on mitigating the membrane fouling apart from the mechanical
scraping effect.

3.2. Biomass growth and their growing status

The biomass growth in both MBRs was described in detail in SI,
which indicated that the biomass in both MBRs grew steadily. For
comparing the difference of particle size in both MBRs, the biomass
samples were taken from both MBRs to measure the particle size
distribution of MLSS after they having reached a stable operation
(day 73). The results are shown in Fig. 2.

The results in Fig. 2 indicated that the size of the suspended
particles ranged from 2 to 630 mm with a median particle size of
104 mm in R1. However, the particle size ranging from 2 to 138 mm
with a median particle size of 34 mm of the suspended particles was
found in R2. In the MBR zone of each bioreactor, the movement of
suspended particles was mainly affected by two forces, i.e. the
driving force of the flowing air and water, the suction force of the



Fig. 2. Particle size distribution of the MLSS from both MBRs (day 73).
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peristaltic pump through membrane module. The driving force
made the particles suspending in water, and the suction force
pushed the particles moving close to the membrane and depositing
on its surface. Smaller particles were easier to be pushed to the
membrane surface and formed a compacter fouling layer. A similar
phenomenon was also observed by other researchers, who indi-
cated that the biomass particles with a size smaller than 50 mm
were apt to deposit on the membrane surface and eventually
worsened the membrane permeation (Jamal et al., 2011). In R2,
more small sludge particles (<52.48 mm), accounting for 83.42%,
were found, and its membrane fouling rate was faster than that of
R1, in which, only 25.53% biomass particles had the size smaller
than 52.48 mm.
3.3. Fouling resistance distributions

Fig. 1 described the TMP increase profile in both MBRs, which
indicated that the added bio-carriers played an important role to
mitigatemembrane fouling and reduce the frequency of membrane
cleaning. However, the measured data of TMP reflected the total
filtration resistance, and could not illustrate the detailed compo-
sition of membrane fouling. According to the modified resistance-
in-series model, the membrane fouling is caused by several fac-
tors, which have different contribution to the rising of TMP. In this
section, the sub-filtration resistance was calculated by the pro-
cedure described in Section 2.4, and the results are listed in Table 3.

As shown in Fig. 1, when the TMP of each MBR reached 32.5 kPa,
the membrane module was taken out from the reactor for a thor-
ough physical and chemical cleaning, and then each sub-item of
membrane resistance was calculated according to Eq. (1) and (2). In
Table 3, R2 I, R2 II and R2 III represents for the TMP value of R2
having reached 32.5 kPa on the 59th, 72nd and 78th day. Rm is the
Table 3
Results of the distribution of filtration resistance (� 1011m�1).

Reactor Rm Rr Rir Rp Rt

R1 3.65 (4.8%)a 63.43(83.6%) 2.80 (3.6%) 6.00 (7.9%) 75.88 (100.0%)
R2 I 3.65 (4.8%) 65.68 (86.4%) 1.08 (1.4%) 5.65 (7.4%) 76.06 (100.0%)
R2 II 3.65 (4.8%) 65.58 (86.2%) 0.79 (1.0%) 6.06 (8.0%) 76.08 (100.0%)
R2 III 3.65 (4.8%) 65.43 (85.6%) 1.04 (1.4%) 6.28 (8.2%) 76.40 (100.0%)

a The data in parentheses stand for the percentage of the sub-filtration resistance
accounting for the total resistance.
intrinsic resistance of each membrane module, which is a fixed
value under the same flux after its production and cannot be
changed by any other operational factors. In anMBR, insoluble solid
particles (including some suspended microorganisms) may deposit
on the surface of membrane module, and form a fouling layer. This
layer adheres loosely to the surface of membrane module, by
which, a reversible resistance (Rr) will be caused, and can be
cleaned easily by a physical cleaning method. In Table 3, it shows
that Rr occupies the largest ratio of the total filtration resistance to
more than 80% (Miura et al., 2007a). After depositing on the surface
of the membrane, the suspended microorganisms gradually colo-
nize on and form a new microbial community, whose metabolic
activity secretes lots of EPS and SMP to form a gel layer. Simulta-
neously, some inorganic ions may be adsorbed and precipitate on
the surface to form a hybrid fouling layer with the gel layer, which
cannot be cleaned only by a physical method. In such a scenario, the
hybrid fouling layer causes a quite stable filtration resistance (Rir),
which needs a chemical cleaning method to remove it. The ob-
tained results (Table 3) indicates Rir of both MBRs accounts for a
very small ratio of the total filtration resistance, and in R1, the
measured Rir nearly equals to the sum of that of R2 in its three times
of measurement. Insoluble or soluble foulants may penetrate
through the formed fouling layer and enter into the membrane
module, which cannot be removed by any conventional methods
and generally cause a permanent damage (Rp) to the membrane
module. In here, Rp, representing for the accumulated effects of
membrane foulants, totally determines the working life of a
membrane module, and is the leading obstacle that needs to
overcome in controlling membrane fouling. After having compared
the sum of sub-filtration resistance of both MBRs, the function of
adding bio-carriers in an MBR is very clear, that is, the added bio-
carriers can lead to approximate three-fold reduction of Rr and Rp
during the same operation period, and have no obvious influence
on Rir. Without the mechanical scraping effect of bio-carriers on the
fouling layers, these findings seem more interesting than the pre-
viously reported physical effects of bio-carriers on membrane
fouling, which may have some direct or indirect relationships with
the changing of the characteristics of biomass caused by the added
bio-carriers (Jamal et al., 2012; Wang et al., 2013).

3.4. Reversible fouling layer on the membrane surface

SMP and EPS are all secreted by microorganisms in their
metabolic activity, which contain lots of very complex macro
organic molecules. It was reported that SMP and EPS were the most
important factor inducing membrane fouling in MBRs (Kim and
Jang, 2006). However, the biofilm, grown on the surface of bio-
carriers, were totally isolated by a steel screen mesh from con-
tacting with the membrane module in R1, thus, it was impossible
for the EPS contained in biofilm to have any influence on the
membrane fouling. Section 3.3 (Table 3) revealed that reversible
resistance, irreversible resistance and permanent resistance were
caused by the foulants on membrane module. The reversible
resistance, mainly caused by insoluble solid particles depositing on
the surface, generally accounts for more than 80% of the total
fouling resistance, which is very easily eliminated by a physical
method. Therefore, in this section, SMP and the EPS contained in
the reversible fouling layer of both MBRs were sampled to analyze
their main components, including proteins, polysaccharides, humic
substances and DNA.

First, a 3DEEM spectroscopy was used to characterize the
extracted SMP, LB-EPS and TB-EPS from the reversible fouling layer
(Jacquin et al., 2017), and the results are shown in Fig. 3.

The results in Fig. 3(a) and (b) show the 3DEEM fluorescence
spectra of SMP in the reversible fouling layer of R1 and R2, among



Fig. 3. 3DEEM fluorescence spectra of SMP and EPS in the reversible fouling layer: (a). SMP of R1; (b). SMP of R2; (c). LB-EPS of R1; (d). LB-EPS of R2; (e). TB-EPS of R1; (f). TB-EPS of
R2.
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which, two main peaks are identified from these two fluorescence
spectra. The first main peak locates at the excitation/emission
wavelengths (Ex/Em) of 220/330 nm (peak A), and the fluorescence
intensities of R1 and R2 are 415.0 and 655.3. The second main peak
locates at Ex/Em of 270e275/330 nm (peak B), and the fluorescence
intensities of R1 and R2 are 236.6 and 305.9. These two peaks refer
to protein-like peaks, which are associated with the aromatic
protein-like substances such as tyrosine (peak A) and tryptophan
protein-like substances (peak B) (Wang et al., 2009; Zhu et al.,
2015). The above data indicate that although the profiles of the
3DEEM fluorescence spectra of the extracted foulants are similar,
the protein-like substances are relatively higher in R2 than that in
R1.

Fig. 3(c) and (d) describe the 3DEEM fluorescence spectra of LB-
EPS in the reversible layer of both MBRs. There are four distinct
peaks in Fig. 3(c), which include peak A at Ex/Em of 220/330 nm
with the fluorescence intensity of 460.6, peak B at Ex/Em of 275/
335 nmwith the fluorescence intensity of 197.3, peak C at Ex/Em of
345/438 nmwith the fluorescence intensity of 15.05, and peak D at
Ex/Em of 260/440 nmwith the fluorescence intensity of 38.3, while,
three peaks are observed in Fig. 3(d), which include peak A at Ex/
Em of 220/335 nm with the fluorescence intensity of 533.7, peak B
at Ex/Em of 275/335 nm with the fluorescence intensity of 258.3,
and peak C at Ex/Em of 335/410 nmwith the fluorescence intensity
of 56.8. According to a published article, peak C is regarded as
humic substances and peak D as fulvic acid. The data indicated that
the protein-like substances and humic substances in R2 were
higher than those in R1, and also showed that in addition to
protein-like substances, humic substances were also a main kind of
foulant of the reversible fouling layer.

Fig. 3(e) and (f) demonstrate the 3DEEM fluorescence spectra of
TB-EPS in the fouling layers of the membrane of R1 and R2, which
show that there are three fluorescence peaks, namely peak A, peak
B and peak C. Peak A is detected at Ex/Em of 220/335 nm, and its
fluorescence intensities in R1 and R2 are 543.8 and 722.3, while,
peak B locates at Ex/Em of 275/335 nm, and its fluorescence in-
tensities in R1 and R2 are 263.0 and 407.9. In addition, peak C is
observed at Ex/Em of 330e335/410e415 nm, and its fluorescence
intensities in R1 and R2 are 45.73 and 45.29. It is observed that the
peak intensity accorded with the sequence of peak A> peak
B> peak C, indicating that the two protein-like substances play an
important role in EPS. In summary, the fluorescence intensity of the
reversible fouling layer of themembrane in R2 is higher than that in
R1, which suggests that the accumulation of protein- and humic-
like substances accelerates the membrane fouling, leading to a
faster increasing rate of the filtration resistance in R2 than that of
R1.

The signal of polysaccharides cannot be shown by themethod of
3DEEM spectroscopy. For further revealing more accurate chemical
compositions contained in the reversible fouling layer, an FTIR was
used to analyze the foulants contained in the fouling layer with the
results shown in Fig. 4.

Fig. 4 shows the FTIR spectra of the foulants contained in the
reversible fouling layer on the membrane surface of both MBRs,
which reveals they have a similar profile in their foulants distri-
bution. Both samples display a strong absorption band at
3421 cm�1, indicating the existing of O-H functional group. The
absorption peak at 2926 cm�1 is a C-H functional group (Kumar
et al., 2006), and also it can be observed that there are two peaks
at 1652 cm�1 and 1540 cm�1, which are called amides I and II for
they have the unique spectrum of the secondary structure of pro-
tein. The peaks at 1397 cm�1 and 1241 cm�1, imply the presence of
amide III. The above results accord with the observation of 3DEEM
fluorescence spectra, which verify that proteins are one of the main



Fig. 4. FTIR analysis of the foulants on the membrane surface of both MBRs.
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foulants contained in the reversible fouling layer. In addition, there
is an obvious peak at 1035 cm�1 in the spectrum, which demon-
strates the presence of polysaccharides (Hu et al., 2016). Through
the analysis of FTIR spectra, the major organic components of the
foulants on the membrane surface are identified as proteins and
Table 4
Content of SMP, LB-EPS and TB-EPS in the reversible fouling layer.

Protein(mg/gTVSS) Polysaccharide(mg/gTVSS)

R1 SMP 4.80 32.12
LB-EPS 1.52 7.31
TB-EPS 3.26 11.55

R2 SMP 5.68 32.77
LB-EPS 1.51 8.67
TB-EPS 6.56 12.77

Fig. 5. CLSM images of the distribution of foulants on membrane surface: (a). b-D-glucopyra
lipids on the membrane of R1; (d). combined image of the individual images of (a)e(c);
membrane of R2; (g). lipids on the membrane of R2; (h). combined image of the individua
polysaccharides. Comparing with the two spectra shown in Fig. 4, it
can be found that the adsorption intensities of the main functional
groups in R1 and R2 are significantly different. The higher peaks of
R2 at wavelengths of 1652, 1540, 1397, 1241 and 1035 cm�1 indicate
that more proteins and polysaccharides are detected.

The above results only gave qualitative information about the
composition of the reversible fouling layer. For detecting the
quantitative results, the chemical analysis methods described in
Section 2.3 and SI were used here, and the results are shown in
Table 4.

After operating for 78 days, the TMP of R1 reached 32.5 kPa,
which was the first time point to clean the membrane module.
However, during the same period, the TMP of R2 had reached
32.5 kPa for three times, which indicated the foulants were easier
to accumulate on the membrane module in R2. For making a
comparison, on the same day (day 78), the fouling layers on the
membrane module of both MBRs were removed by a physical
method (representing for a reversible fouling layer), and the ob-
tained foulants were sampled for analyzing their compositions of
SMP, LB-EPS and TB-EPS. Table 4 shows the detailed composition of
SMP and EPS in the reversible fouling layer, which indicated that
higher content of SMP and EPS were measured on the membrane
surface in R2, and especially, polysaccharide was found to be the
main component in both MBRs, whose concentration was signifi-
cantly higher than that of protein, humic substances and DNA. The
reversible fouling layer in R1 was characterized by lower
Humic(mg/gTVSS) DNA(mg/gTVSS) Total(mg/g TVSS)

1.42 1.94 40.28
1.23 0.83 10.89
3.21 1.28 19.3
1.62 0.94 41.01
1.12 1.45 12.75
3.65 2.21 25.19

nose polysaccharides on the membrane of R1; (b). proteins on the membrane of R1; (c).
(e). b-D-glucopyranose polysaccharides on the membrane of R2; (f). proteins on the
l images of (e)e(g).
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concentration of SMPPN, SMPPS and SMPHS than those for R2 even
though it was the first time for a physical cleaning. Such a finding
further verified that the added bio-carriers positively modified the
properties of the suspended biomass and decreased the deposition
of sludge particles on membrane surface, which contributed to
reducing the SMP and EPS values on the surface of membrane
module, and thereby, mitigating membrane fouling.
Fig. 6. Taxonomic compositions of bacterial communities: (a) at the phylum level; (b) at th
community.
3.5. Irreversible fouling layer on the membrane surface

In this experiment, two short membrane fibers (about 0.5 cm in
length) were cut from the membrane module of both MBRs on the
78th day. After removing the reversible layer by a physical cleaning,
the obtained fibers from both MBRs were stained with a protocol
described in Table 2, then observedwith a CLSM to reveal the in-situ
e class level; (c) heat map at the genus level; (d) PCoA of both MBRs in their microbial
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distribution of foulants on the membrane surface. The results are
shown in Fig. 5.

The different colors of CLSM images in Fig. 5 represent for
different foulants on the membrane surface, of which, the blue
color represents for b-D-glucopyranose polysaccharides, the green
for protein and the red for lipid. Fig. 5(a)e(d) exhibit the distribu-
tion of foulants on the membrane of R1, showing a very weak in-
tensity in both green and blue colors. Fig. 5(e)e(h) show a much
higher intensity in the three colors of blue, green and red, which
imply that the accumulated contents of b-D-glucopyranose poly-
saccharides, proteins and lipids on themembrane surface of R2, and
they are higher than those in R1.

Two other fibers from both MBRs were also used for SEM-EDS
analysis with a pre-treatment procedure described in SI. The re-
sults show that both of the used membrane modules are still
covered by a gel layer even after a physical cleaning, and the
membrane surface of R2 has a denser layer than that of R1. Element
F can be found on the surface, since the material (PVDF) of the
membrane contains F. However, there is almost no F being found,
which is attributed to a denser layer of foulants covered on the
membrane surface, and is also an evidence that the surface of
membranemodule in R2 has a denser and thicker fouling layer than
that in R1.

On the surface of themembrane, the elements of C, O, Na,Mg, Al,
Si, P, K, Ca, and Fe are detected in the fouling layer with the relative
contents of these elements being: in R1, C 53.82%, O 14.44%, Na
0.62%, Mg 0.07%, Al 0.52%, Si 0.5%, Cl 0.01%, K 0.82%, Ca 0.06%, and Fe
0.21%; in R2, C 63.64%, O 23.27%, Na 0.97%, Mg 0.1%, Al 1.36%, Si
2.13%, Cl 2.52%, K 1.32%, Ca 0.14%, and Fe 0.33%. The relative con-
tents of the corresponding elements in the fouling layer in R2 are
generally higher than that in R1, which indicate that more inorganic
salts deposit on the membrane surface in R2, and cause a higher
irreversible filtration resistance (Lin et al., 2011).

3.6. Comparison of the composition of microbial community in both
MBRs

Accompanying by the deposition of solid particles on the
membrane surface, some suspendedmicroorganisms also attach on
themembranemodule, and gradually, they colonize on and grow to
a new microbial community. However, due to the effects of
different statuses of biomass within both MBRs, the formed mi-
crobial communities may exhibit quite obvious differences in their
microbial structure and dominant species (Maza-Marquez et al.,
2016). On several typical time points (the 10th, 35th, 59th and 78th

day), the biomass samples were collected from both MBRs, and
their microbial communities were analyzed by an HTSmethodwith
the results shown in Fig. 6.

In Fig. 6(a), five predominant phyla being identified from both
MBRs were Proteobacteria, Planctomycetes, Bacteroidetes, Chloroflexi
and Nitrospirae. The sum of these phyla accounted for 87.54% in the
inoculated sludge, while they eventually increased to 98.07% and
95.72% in R1 and R2. Contrasting the samples of R1.3 and R2.3,
Protebacteria and Bacteroidetes in R2 were found to be higher than
R1, whereas Chloroflexiwere lower than R1. According to a recently
reported literature (Ishizaki et al., 2016), Proteobacteria was found
to be a dominant phylum that played an important role in inducing
the formation of bio-cake, and actually causedmembrane fouling in
MBRs. Bacteroidetes were verified to be capable of releasing more
proteins and providing fimbriae to help other bacteria attach on the
membrane surface, which led to serious membrane fouling (Yu
et al., 2012; Zhang et al., 2011). On the other hand, Chloroflexi
were considered to be responsible for the degradation of SMP, such
as polysaccharides and cell materials, and their increasing might be
beneficial for controlling membrane fouling (Miura et al., 2007b).
Fig. 6(b) describes the relative abundance of species at the class
level. It can be observed that Gamma-proteobacteria, Beta-proteo-
bacteria, Planctomycetacia and Alpha-proteobacteria are the main
class in all samples. Comparing the samples of R1.4 and R2.4,
Gamma-proteobacteria and Beta-proteobacteria in R1 were signifi-
cantly higher than in R2. It was reported that the specific phylo-
genetic groups belonging to Beta-proteobacteria and Gamma-
proteobacteria might be the pioneers colonizing on the membrane
surface, which resulted in severe irreversible membrane biofouling
(Ding et al., 2016). Most of the biomass in R1 attached on the bio-
carriers, and the biomass samples were taken from the biofilm on
the surface, which implied that the added bio-carriers trapped
most pioneer microorganisms and might be one of the reasons to
mitigate the membrane fouling.

A hierarchically clustered heat map at genus level is shown in
Fig. 6(c). The results showed that Gemmata was the dominant
species in the samples of A, R1.2, R2.2 and R2.3 at the genus level,
while the dominant species in R1.1, R2.1, R1.3, R1.4 and R2.4 were
Sphaerotilus, Unidentified-Nitrospiraceas, Flavobacterium, Thiothrix
and Polyangium. It was noteworthy that the dominant species in the
sample R1.4 was Thiothrix, as filamentous bacteria, which was
already identified as the common cause of destructive foaming in
wastewater treatment plants (Ma et al., 2013).

Based on the results of HTS, the Principal Co-ordinates Analysis
(PCoA) was used to analyze the difference and similarity of both
MBRs in the microbial community with the results shown in
Fig. 6(d). In a PCoA diagram, the distance between two points is
used to evaluate their similarity and difference in the compositions.
In this meaning, a shorter distance means a similar composition,
and while, a longer distance indicates more different in the
composition. The first sample of both MBRs was collected on the
10th day. The two points (R1.1 and R2.1) in Fig. 6(d) almost over-
lapped, which indicated they have quite a similar microbial
composition between the two MBRs. The second sample was
collected on the 35th day, when the TMP of R2 was higher than that
of R1, and their microbial compositions (R1.2 and R2.2) exhibited a
little bit of difference. Along with the operational time, the two
MBRs showed more and more obvious difference in their microbial
composition and dominant species (R1.3 and R2.3, R1.4 and R2.4 in
Fig. 6(d)), especially in the latter stage of operation.
4. Conclusions

By continuously operating twoMBRs for 90 days under the same
experimental conditions with no sludge discharge, the membrane
fouling caused by the biomasses in the MBRs with different
growing statuses was compared. Combining with the performance
of the two MBRs, and the characteristics of membrane foulants
revealed by multi-methods, the following conclusions could be
drawn:

1. Changing the growing status of biomass from the suspended to
the attached status by adding bio-carriers into an MBR is an
effective approach to mitigate membrane fouling. During the
same period of operation (78 days), the MBR with bio-carriers
needed to wash the membrane module for only once, while, it
needed for three times for the MBR with no bio-carriers.

2. The added bio-carriers could effectively inhibit the formation of
the reversible and the permanent resistance on/in membrane
module, especially the reversible resistance, which could be
reduced to no more than one third of that with no bio-carriers.

3. The growing status of biomass was an important factor influ-
encing the accumulation of membrane foulants on/in mem-
brane module, such as EPS and SMP.
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4. Five phyla were identified to be predominant in both MBRs,
which included Proteobacteria, Planctomycetes, Bacteroidetes,
Chloroflexi and Nitrospirae, and their sum accounted for 87.54%
in the inoculated sludge, while they eventually increased to
98.07% and 95.72% in R1 and R2. Such a result indicated that
adding bio-carriers in an MBR influenced the micro habitat of
microorganisms and varied the structure of microbial commu-
nities in MBRs, which might be the essential reason resulting in
difference in membrane fouling of both MBRs.
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