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Abstract. In this study, the performance and antifouling properties of polysulfone (PSf) and polyvinylidene
fluoride/polyvinylpyrrolidone (PVDF/PVP) membranes in a membrane bioreactor (MBR) were investigated. The membranes were
prepared via phase inversion method, and then characterized by a set of analyses including contact angle, porosity and water flux
and applied in a lab-scale MBR system. Soluble microbial product (SMP), extracellular polymeric substance (EPS), FTIR, gel
permission chromatography (GPC) and particle size distribution (PSD) analyses were also carried out for MBR system. The results
showed that the MBR with PSf membrane had higher hydrophobic organic compounds which resulted in formation of larger flocs
in MBR. However, in this MBR had high compressibility coefficient of cake layer was higher (n=0.91) compared to MBR with
PVDF/PVP membrane (n=0.8); hence, the fouling was more profound. GPC analysis revealed that compounds with molecular
weight lower than 2 kDa are more formed on PSf membrane more than PVDF/PVP membrane. The results of FTIR analysis
confirmed the presence of polysaccharide and protein compounds on the cake layer of both membranes which was in good
agreement with EPS analysis. In addition, the results showed that their concentration was higher for the cake on PSf membrane.
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1. Introduction

In MBR technology has been utilized for wastewater
treatment since 1969. In current years, the application of
membrane bioreactor (MBR) instead of the conventional
activated sludge process (CASP) is becoming more
common (Drews, 2010). MBR have many advantages over
the CASP such as high removal efficiency and the
flexibility of operations (Hazrati et al. 2016; Kertesz, 2014;
Tobino ef al. 2016). However, the major obstacle for MBRs
is membrane fouling and operational optimization of MBRs
is affected by antifouling properties of membranes
(Behboudi et al. 2018b; Hazrati ef al. 2018; Meng et al.
2017; Nam et al. 2015; Zhou et al. 2010). Parameters like
the sludge and membrane specifications and operational
conditions can also play a major role in membrane fouling
(Mirzavandi et al. 2019). Although EPS is the vital
membrane foulant, floc adhesion and cake formation can be
considered as a next stage of membrane fouling in MBRs.
Four forces applied on single floc nearby the membrane in
the sludge suspension include: 1-the permeate drag force, 2-
the inertial lift force, 3-the net gravity force (gravity force
minus buoyant force), 4-the shear force and Brownian
diffusion force. The motion of floc depends on the
predominant forces on it in MBRs (Qu et al. 2018; Teng et
al. 2019).
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Physical and chemical properties of the membrane play
a crucial role in membrane surface fouling in the MBRs
(Alsalhy ef al. 2018; Lee and Young, 2012; Marbelia et al.
2016). Key physical properties of the membrane such as
pore size distribution, roughness and porosity have different
impacts on fouling rate (Drews, 2010). On the other hand,
chemical factors such as membrane structure, antifouling
properties, hydrophobicity and antibacterial activities
contribute in membrane fouling (Behboudi et al. 2018a).
Moreover, fouling depends on attraction forces between
intra-atomic and hence the materials of membrane. Studies
have shown that polymeric membranes such as
polyethylene, polypropylene, PVDF and PSf can be used in
MBR systems. PSf is hydrophilic but polyethylene,
polypropylene and PVDF are hydrophobic. Therefore, they
need surface modification to become hydrophilic.

The presence of different compounds in MBR system
such as soluble organic compounds, soluble microbial
products (SMP) and extracellular polymeric substances
(EPS) with both hydrophilic and hydrophobic properties
can also play a significant role in performance of
membranes (Campo et al. 2017; Lin et al. 2014; Martin-
Pascual et al. 2016; Zhang et al. 2016). Previous work have
shown that the membrane fouling is affected by some
factors such as hydraulic retention time (HRT), sludge
retention time (SRT), and biomass characteristics such as
floc size, morphology, EPS, SMP, and viscosity
(Krzeminski et al. 2017; Zeng et al. 2018; Zhang et al.
2017). Even it can be said that membrane properties such as
hydrophobicity, pore size and porosity can affect sludge
properties; but it can be claimed that so far, no study has
been conducted in this field. Therefore, in this study, two
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membranes were made out of neat PSf and PVDF/PVP and
their performance was studied in MBR system.
2. Materials and methods

2.1 Materials

Polysulfone (Ultrason 6010) was purchased from BASF
and commercial Polyvinylidene fluoride (PVDF) polymer

(MW = 534,000 g/mol) was purchased from Sigma—Aldrich.

Polyvinylpyrrolidone (PVP, MW = 40,000 g/mol) as pore
former was purchased from Sigma—Aldrich. N-N-
dimethylformamide (DMF, anhydrous, 99.9%) was
purchased Shandong Hualu-Hengsheng Chemical Co., Ltd.

2.2 Preparation of membranes

PSf membrane was prepared via non-solvent induced
phase separation method. PSf (17 wt.%) was dissolved in
DMEF in a sealed vessel by stirring at room temperature (25
°C) for 24 h and then the solution was left to degas
overnight before its using. To begin casting the membrane,
the non-woven polyester fabric was attached to a clean
glass plate and then wet with solvent and any excess solvent
was removed using an air knife. The homogeneous solution
was cast over the non-woven fabric with thickness of
250pum, and then submerged in tap water bath at room
temperature. The phase separation was occurred and
microporous structure was formed.

The PVDF/PVP membrane was prepared via non-
solvent induced phase separation method. Initially, the
mixture of PVDF (14 wt. %) and PVP (1 wt. %) were
dissolved in DMF and stirred for 24 h at room temperature
to obtain homogenies solution. After degassing process,
dope solution was cast on the non-woven fabric with
thickness of 250um which was attached to a clean glass
plate and then submerged in DI water bath at room
temperature for 48 h. The bath was refreshed two times to
remove all the residual solvent. Finally, prepared membrane
was dried at room temperature for further use.

2.3 Characterization of membranes

2.3.1 Contact angle, porosity and mean pore radius
The contact angle between membrane surface and water
droplet was measured using sessile drop method. Membrane
porosity was determined by water wetting method (wet and
dry methods). In this method, membranes were cut into
known dimension and their weights were measured
precisely in dry condition. Then the membranes were
floated in water until their pores were filled with water.
After their withdrawal from water, they were dried by a
cotton pad and they were reweighed. Mass porosity of the
membrane can be calculated by equation (1) (Behboudi et

al. 2018a):

(wy —wy)/p;
0, —

(%) wi/py + Wy —w1)/p; X100 M

In € which shows mean volume porosity of the

membrane, w» is the weight of wet sample (gr), wi denotes
the dry sample weight, p is the density of wetting liquid
and p; is membrane density.

To determine mean surficial pores of the membrane, the
method based on pure water permeability was used. In this
method, first the volume of the pure passed water was
measured. Then wusing Guerout-Elford-Ferry (GEF)
equation (2), the mean radius of the pores can be calculated
(Behboudi et al. 2016):

(2.9 — 1.75¢)8nLQ
Ty = \/ 2
€eAAP

In this equation, rm (mm) is the mean radius of the pores,
n (Pa.s) is the pure water viscosity, L (m) shows the
membrane thickness, Q (m?/s) is the volume of the water
passed from the membrane, &€ denotes the mean volume
porosity of the membrane, A (m?) is the membrane area and
AP (MPa) is the applied pressure on the membrane.

2.3.2 Pure water flux

Membrane water flux was measured by a dead-end
system. The membrane was placed inside the module and
the tank was filled with distilled water. The membrane was
placed under 0.1 bar and after reaching to stable condition,
the amount of passed water was measured. This flux is
called Jo. Three trials were performed per each sample and
the average values were reported as the permeability of
each type of flat sheet membrane.

2.3.4 Investigation of membranes resistance
against fouling

After the filtration in the MBR system, the membrane
module was removed from the bioreactor and again
submerged in water bath to record the water flux after
fouling (J;). Finally, the formed cake layer on the
membrane surface was gently removed and the membrane
was washed with DI water. The pure water flux after
removal of cake layer (J») was measured. The membrane
fouling properties and flux behavior can be obtained by Jo,
Ji and J, parameters.

Having values of Jo, J1, J> and J3, we can obtain valuable
information on membrane fouling and their resistance
against this phenomenon. Total fouling, reversible,
irreversible and recovery flux can be obtained by following
equations relative to pure water flux from clean membrane
module (Behboudi et al. 2017):

Jo—J1

Total fouling rate (TFR) = 3)
Reversible fouling rate (RFR) = ]2]—_0]1 4)
Irreversible fouling rate (IFR) = % &)

Recovery flux (RF) = j—z (6)

As there is a direct relationship between fouling
mechanism and reduction of flux, resistance in serial model
is the simplest method which use Darcy law (equation 7) to
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predict the passing flux (Chang and Kim, 2005):
J = 1 y av, AP [ L ] .
PoA" dt np(R,+R.+R,+R) lmZh M

Where, AP is the pressure difference on two sides of the
membrane [Pa], A represents the membrane useful surface
[m?], V, is the volume of passing flow [L], t denotes the
operation time [h], 1 is the dynamic viscosity of the fluid
[Pa.s], R is the intrinsic resistance of the membrane, R,
shows the cake resistance, R, indicates reversible blockage
resistance and R’ shows the irreversible pore blockage
resistance [1/m]. Each resistance can be calculated by
equations of 8 to 12:

R = TMP ®
(m*Jo)
R, = TMP ©
(m*J1)
p=—MP Ry, (10)
(m*J3)
R, =Ry — TP (11)
(0 *J2)
R,=Ry—(R.+ Ry +R") (12)

2.4 MBR set up

The dimensions of the membrane bioreactor for this
setup were of 30x10x12 c¢cm (Fig 1). The effective volume
in the reactor was 2L. The aerobic sludge used in the MBR
basin was supplied from the activated sludge of the Tabriz
Petrochemical Company then adapted with synthetic feed
for one month. The synthetic wastewater used in this
research was formulated to simulate petrochemical
industrial wastewater in terms of chemical oxygen demand
(COD).
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Fig. 1 A lab scale MBR

2.5 Analytical methods for MBR
2.5.1 Analysis of Fourier transform infrared
spectrometer (FTIR)

FTIR analysis was used to characterize the major
functional groups of organic matters in cake layer that
formed on membrane surface (Wang et al. 2009). The cake
layer that removed from the membrane surface was
dissolved in 500 mL pure water. After that, about 50 mL of
the solution were centrifuged for 10 min at 9000 rpm. The
foulants pellet were placed in incubator for 48 h at 55°.
The dry foulants used for FTIR analysis.

2.5.2 GPC analysis

This test was carried out on membrane cake after
dissolving in 500 ml distilled water. The samples were
centrifuged for 10 min at the rate of 9000 rpm. Then the
remaining EPS was extracted by thermal methods. The
obtained solution was then centrifuged by the same method
and the supernatants were sent for GPC tests after passing
through 0.45 pm filter.

2.5.3 SMP and EPS analysis

SMP and EPS concentrations were measured according
to Chang’s method (Chang and Lee, 1998). Protein fraction
(SMPp and EPSp) was measured by Bradford's method
(Zhang et al. 1999); while the corresponding polysaccharide
fraction (SMPc and EPSc) was measured by phenol-
sulfuric acid method (DuBois et al. 1956).

Relative hydrophobicity of the SMP and EPS was
measured according to Rosengerg’s method (Rosengerg et
al. 1980). 50 ml sludge sample was sufficiently mixed with
50 ml n-hexane in a separating funnel for 0.5 hour. After
that, a 0.5 hour settling was conducted to allow complete
separation of the two phases of aqueous and organic. Then
SMP and EPS values were measured for aqueous phase.
The relative hydrophobicity is expressed as the ratio of the
separated aqueous phase concentration to the initial
concentration of the sample.

2.5.4 Microscope observation

The sludge flocs were examined by light microscopy
and the images were captured on a Yu JIE, XSP21-01T
microscope attached with a PC-based charge-coupled
device.

3. Results and discussion
3.1 Characteristics of the membranes

Table 1 summerizes the characteristics of prepared
membranes. It can be seen that pure water flux of
PVDF/PVP membrane is higher than that of PSf one. This
can be attributed to other characteristics of the membrane
such as mean pore radius and the porosity. Mean pore
radius of PVDF/PVP membrane is about two times of PSf
membrane which can facilitate water permeation through
the former one. It should be noted that even though the
contact angle of PVDF/PVP membrane is higher than that
of PSf membrane, the hydrophilicity of it increased due to
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(a) for first reactor

(b) for second reactor

Fig. 2 Microscopic observation of sludge

Table 1 Mean pore radius, pure water flux, porosity, and
contact angle of prepared membranes

Table 2 SMP and EPS concentrations of sludge and their
hydrophobicity and hydrophilicity values

Mean pore Pure water Porosity = Contact

Membrane radius (um) flux (LMH) (%) angle (°)
0968+ 6538+

PSf 0.141 123 672 603+2.1
2.081+  73.08+

PVDF/PVP 0.103 187 73+£1 719+14

the presence of PVP. It was shown that the contact angle of
neat PVDF/PVP membrane is about 90° (Lii et al. 2016)
and as shown, it decreased to about 72° (Table 1). There is
an oxygen atom double-bonded to a carbon atom in the PVP
chains. Therefore, the interaction between water molecules
and membrane matrix can be increased which improves the
hydrophilicity. The presence of PVP can also help water
permeation throughout PVDF/PVP membrane.

3.2 SMP and EPS concentrations

SMP and EPS concentration of sludge as well as the
hydrophobicity and hydrophilicity value are provided in
Table 2. Results showed that hydrophilic SMP
concentration was decreased in the second reactor resulting
in decline of total SMP. This decrease could be due to
several reasons: they can be destroyed during synthesis by
biomass or enter the membrane pores (Jiang et al. 2010). As
the pores inside in the membrane of the second reactor is
more hydrophilic, some hydrophilic compounds of SMP
entered the pores giving rise to their blockage. But in the
first reactor, total and hydrophobic and hydrophilic SMP
were not changed significantly. Therefore, it can be said that
organic compounds did not enter the pores; hence the
fouling of this reactor is lower compared to second reactor.
In some studies, it has been expressed that one of the major
factors of membrane fouling is higher content of SMP
especially its hydrophilic component (Yuniarto ef al. 2013).

MBR SMP (1 days) SMP (End of operation)
Total hydrophilic hydrophobic Total hydrophilic hydrophobic
First reactor 594
(PVDF/ 5 37+1 22+4 62+4 38+2 24+2
PVP)
Second 58+

35+3 23+1 45+4 21+3 24+1

reactor (PSf) 4

EPS (1 days) EPS (End of operation)
Total hydrophilic hydrophobic Total hydrophilic hydrophobic

First reactor 147
(PVDF/PVP) +8

Second 147
reactor (PSf) +£7

MBR

95+6 52+2 12649 91+8 35+1

93+5 54+2 100+£7 42+3 58+4

Moreover, EPS concentration results showed that
hydrophobicity of EPS was decreased in the first reactor
while the hydrophobic component of EPS of the sludge was
higher in the second reactor in end of operation. One of the
reasons for formation of larger flocs in MBR is higher
hydrophobicity of EPS (Arabi and Nakhla, 2008). Therefore,
it is anticipated the sludge inside the second reactor forms
larger flocs in comparison with the first one. Results of
particle size distribution can prove this prediction. These
results indicate that flocs formation does not require higher
EPS; but the surface properties are also important. It was
also expressed that higher filament bacteria can be a reason
for increased hydrophobicity of EPS (Meng et al. 2006).
Microscopic observations however, showed no filament
bacteria in the bioreactors (See Fig. 2).

3.3 Particle size distribution

Generally, increase of sludge particle size will reduce
their penetration into membrane pores and enhance their
chance to be transmitted from membrane surface to the bulk
phase (Jin et al. 2013). Due to high reverse speed, larger
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Fig. 4 Compressibility coefficient in both MBR

flocs have smaller contribution in membrane fouling (Meng
and Yang 2007). Fig. 3 shows the particle size distribution
for both bioreactors at the end of operation. As it can be
seen, mean of sludge particle size was 35 and 45
micrometer for first and second reactor, respectively. As the
EPS compounds of the second reactor are more
hydrophobic (PSf membrane is more hydrophilic; so
hydrophobic compounds were accumulated in MBR),
biomass bulks were attached to each other giving rise to
increase of flocs size. Regarding larger sludge particle size
in second reactor, it was anticipated to have cake layer with
lower compressibility (see Fig. 4); however the cake layer
in the first reactor had lower compressibility coefficient;
hence, the membrane fouling was lower (n=0.91 for the
second reactor and n=0.80 for the first one). The reason
could be presence of hydrophilic compounds entering the
pores of second reactor which had lower porosity which
gave rise to a compressible cake layer.

3.4 Variation of permeate flux

In this study, both MBRs were working under constant
pressure of 0.1 bar in which flux reduction indicated
membrane fouling. Fig. 5 shows flux reduction for both
membranes until the end of operation. As it was shown, for

0 24 48 72

96 120 144 168 192
Time(hr)

Fig. 5 Permeate flux for both MBR

Table 3 The results of fouling resistance distribution and
fouling rate

R * 1071 Rp * 107" Re * 1071 R * 107" R * 107!
m) (mH () (mh (D

First reactor
(PVDF/PVP) 1.897 1.001 4.506 0.105 7.509

Second
reactor (PSf)

Fouling rate

Resistance

2.120 2.253  40.551 0.133  45.056

RFR (%) IFR (%) TFR (%) RF (%)

First reactor
(PVDF/PVP)

Second reactor (PSf) 89 6 95 94

69 5 75 95

PVDF/PVP membrane, initial flux was more than PSf
membrane; moreover, flux reduction occurred earlier in PSf
membrane. The reason for this results, it is that sludge
properties were important which will be discussed in
pervious sections. Furthermore, although hydrophilicity of
PS is higher, but PVDF/PVP membrane porosity was more
than PSf. In general, flux reduction can be due to three main
reasons: resistance of membrane, membrane pores fouling
and formation of more cake layer. To estimate the fouling
mechanism, each of the resistances was separately
calculated (Table 3). Results showed that the membrane
resistance was higher in the second reactor; also, pores and
cake layer resistances of this reactor were more than the
first one. These results indicated that membrane type such
as its hydrophilicity for alone can’t reduce membrane
fouling in biological systems. Other factors such as sludge
properties should be also investigated simultaneously.
Moreover, results in Table 3 revealed that total (TFR),
reversible (RFR) and irreversible fouling rate (IFR) of
PVDF/PVP membrane were far better (smaller) than PSf
membrane. Also recovery flux percentage (RF) for
PVDF/PVP membrane was higher than PSf membrane.

3.5 FTIR analysis

FTIR analysis was performed on both reactors as
depicted in Table 4. The most important peaks were related
to wavenumber of 2944 reflecting O-H functional groups
and 1061 showing C=0 bind. These peaks were assigned to
polysaccharide compounds (Jin et al. 2010, 2013). On the
other hand, comparison of cake layers indicated that
polysaccharides of the second reactor are lower compared
to first one. In addition to these two peaks, two other peaks
emerged at wavenumbers of 1651 and 1555 indicating C-N
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Table 4 The results of FTIR for cake layers in both reactors

. Absorbance (%)
Functional .
Wavelength group First reactor ~ Second reactor
(PVDF/PVP) (PSH)
1061 Cc=0 65 78
1555 (C-N) Amid (II) 58 83
1651 (C-N) Amid () 69 95
2944 O-H 51 78

55+

50| =  First reactor (PVDF/PVP) ©
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Fig. 6 Molecular weight distribution for both MBR

functional group of first and second type amides (Shariati et
al. 2011). Therefore, protein compounds also existed in the
cake in addition to polysaccharides. Also, regarding their
adsorption level, similar to polysaccharides, protein content
of the second reactor was significantly reduced. EPS results
also showed that polysaccharide and protein contents of the
cake in the first reactor were lower than the second one. In
this content, FTIR test is a reliable test for checking these
items.

3.6 GPC analysis

Organic compounds with low molecular weight play a
prominent role in membrane fouling (Hazrati et al. 2018).
Therefore, GPC analysis was conducted to determine the
molecular weight of organic compounds to investigate the

effect of membrane type on improvement of cake properties.

The results are provided in Figure 6. As it is clear, second
reactor has more organic compounds with molecular weight
below 2 kDa; therefore, it can be said that these compounds
play important role in fouling of PSf membranes. The
reason for accumulation of these compounds could be
presence of hydrophilic organic compounds. It must be
noted that compounds with higher molecular weight did not
change significantly probably due to the fact that
compounds with molecular weight over 4 kDa are mainly
eliminated by biological method (Ji et al. 2010).

4. Conclusion

In this study, two membranes were synthesized from
PVDF/PVP and PSf and studied in terms of MBR

membrane fouling. Results are as follows:

1)  Both membranes had proper flux in the pure
water due to improvement of their hydrophilicity and
porosity; but in MBR system, PSf membrane showed
intense flux reduction.

2) In contrary to our expectation, PVDF/PVP
membrane not only reduced cake layer but also decreased
the pore fouling relatively.

3)  GPC analysis showed that organic compounds
with molecular weights below 2 kDa have higher
accumulation on PSf membrane; therefore, they can be one
of the reasons of flux reduction in this membrane.

4)  FTIR analysis of the cake showed that EPS of the
cake is mainly composed of polysaccharides and proteins.

References

Alsalhy, Q.F., Al-Ani, F.H., Al-Najar, A.E., Jabuk, S.I.A. (2018),
“A study of the effect of embedding ZnO-NPs on PVC
membrane performance use in actual hospital wastewater
treatment by membrane bioreactor”, Chem. Eng. P. P. Inten.,
130, 262-274. https://doi.org/10.1016/j.cep.2018.06.019.

Arabi, S., Nakhla, G. (2008), “Impact of protein/carbohydrate ratio
in the feed wastewater on the membrane fouling in membrane
bioreactors”, J.  Membr.  Sci.,  324(1-2), 142-150.
https://doi.org/10.1016/j.memsci.2008.07.026.

Behboudi, A., Jafarzadeh, Y., Yegani, R. (2016), “Preparation and
characterization of TiO2 embedded PVC ultrafiltration
membranes”, Chem. FEng. Res. Des., 114, 96-107.
https://doi.org/10.1016/j.cherd.2016.07.027.

Behboudi, A., Jafarzadeh, Y., Yegani, R. (2017), “Polyvinyl
chloride/polycarbonate blend ultrafiltration membranes for water
treatment”, J. Membr. Sci., 534, 18-24.
https://doi.org/10.1016/j.memsci.2017.04.011.

Behboudi, A., Jafarzadeh, Y., Yegani, R. (2018a), “Enhancement
of antifouling and antibacterial properties of PVC hollow fiber
ultrafiltration membranes using pristine and modified silver
nanoparticles”, J. Env. Chem. Eng., 6(2), 1764-1773.
https://doi.org/10.1016/j.jece.2018.02.031.

Behboudi, A., Jafarzadeh, Y., Yegani, R., (2018b), “Incorporation
of silica grafted silver nanoparticles into polyvinyl
chloride/polycarbonate ~ hollow  fiber = membranes  for
pharmaceutical wastewater treatment”, Chem. Eng. Res. Des.,
135, 153-165. https://doi.org/10.1016/j.cherd.2018.03.019.

Campo, R., Capodici, M., Di Bella, G., Torregrossa, M. (2017),
“The role of EPS in the foaming and fouling for a MBR operated
in intermittent aeration conditions”, Biochem. Eng. J., 118, 41-
52. https://doi.org/10.1016/j.bej.2016.11.012.

Chang, L.-S., Kim, S.-N. (2005), “Wastewater treatment using
membrane filtration—effect of biosolids concentration on cake

resistance”,  Process  Biochem.,  40(3-4), 1307-1314.
https://doi.org/10.1016/j.procbio.2004.06.019.
Chang, [.-S., Lee, C.-H. (1998), “Membrane filtration

characteristics in membrane-coupled activated sludge system—
the effect of physiological states of activated sludge on
membrane  fouling”,  Desalination,  120(3), 221-233.
https://doi.org/10.1016/S0011-9164(98)00220-3.

Drews, A. (2010), “Membrane fouling in membrane bioreactors—
characterisation, contradictions, cause and cures”, J. Membr.
Sci., 363(1-2), 1-28.
https://doi.org/10.1016/j.memsci.2010.06.046.

DuBois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.t., Smith, F.,
(1956), “Colorimetric method for determination of sugars and
related  substances”, Anal.  Chem., 28(3), 350-356.



Performance and antifouling properties of PVDF/PVP and PSf membranes in MBR 165

https://doi.org/10.1021/ac60111a017.

Hazrati, H., Jahanbakhshi, N., Rostamizadeh, M. (2018), “Fouling
reduction in the membrane bioreactor using synthesized zeolite
nano-adsorbents”,  J. Membr. Sci., 555, 455-462.
https://doi.org/10.1016/j.memsci.2018.03.076.

Hazrati, H., Shayegan, J., Mojtaba Seyedi, S. (2016), “The effect
of HRT and carriers on the sludge specifications in MBR to
remove VOCs from petrochemical wastewater”, Desal. Wat.
Treat., 57(46), 21730-21742.
https://doi.org/10.1080/19443994.2015.1125800.

Ji, J., Qiu, J., Wai, N., Wong, F.-S., Li, Y. (2010), “Influence of
organic and inorganic flocculants on physical-chemical
properties of biomass and membrane-fouling rate”, Water Res.,
44 (5), 1627-1635. https://doi.org/10.1016/j.watres.2009.11.013.

Jiang, T., Kennedy, M.D., Schepper, V.D., Nam, S.-N., Nopens, 1.,
Vanrolleghem, P.A., Amy, G. (2010), “Characterization of
soluble microbial products and their fouling impacts in
membrane bioreactors”, Environ. Sci. Technol., 44(17), 6642-
6648. https://doi.org/10.1021/es100442g.

Jin, L., Ong, S.L., Ng, H.Y. (2010), “Comparison of fouling
characteristics in different pore-sized submerged ceramic
membrane bioreactors”, Water Res., 44(20), 5907-5918.
https://doi.org/10.1016/j.watres.2010.07.014.

Jin, L., Ong, S.L., Ng, H.Y. (2013), “Fouling control mechanism
by suspended biofilm carriers addition in submerged ceramic
membrane bioreactors”, J. Membr. Sci., 427, 250-258.
https://doi.org/10.1016/j.memsci.2012.09.016.

Kertesz, S. (2014), “Industrial dairy wastewater purification by
shear-enhanced membrane filtration: The effects of vibration”,
Membr. Water. Treat., 5(2), 73-86.
https://doi.org/10.12989/mwt.2014.5.2.073.

Krzeminski, P., Leverette, L., Malamis, S., Katsou, E. (2017),
“Membrane bioreactors — A review on recent developments in
energy reduction, fouling control, novel configurations, LCA and
market prospects”, J. Membr. Sci, 527, 207-227.
https://doi.org/10.1016/j.memsci.2016.12.010.

Lee, T.H., Young, S. (2012), “Effects of membrane orientation on
permeate flux performance in a submerged membrane
bioreactor”,  Membr. Water. Treat.,  3(3), 141-149.
https://doi.org/10.12989/mwt.2012.3.3.141.

Lin, H., Zhang, M., Wang, F., Meng, F., Liao, B.-Q., Hong, H.,
Chen, J., Gao, W. (2014), “A critical review of extracellular
polymeric substances (EPSs) in membrane bioreactors:
characteristics, roles in membrane fouling and control
strategies”, J. Membr. Sci., 460, 110-125.
https://doi.org/10.1016/j.memsci.2014.02.034.

Li, X., Wang, X., Guo, L., Zhang, Q., Guo, X., Li, L. (2016),
“Preparation of PU modified PVDF antifouling membrane and
its hydrophilic performance”, J. Membr. Sci., 520, 933-940.
https://doi.org/10.1016/j.memsci.2016.08.018.

Marbelia, L., Bilad, M.R., Piassecka, A., Jishna, P.S., Naik, P.V.,
Vankelecom, LF. (2016), “Study of PVDF asymmetric
membranes in a high-throughput membrane bioreactor (HT-
MBR): Influence of phase inversion parameters and filtration
performance”, Sep. Purf. Technol., 162, 6-13.
https://doi.org/10.1016/j.seppur.2016.02.008.

Martin-Pascual, J., Reboleiro-Rivas, P., Mufiio, M.M., Gonzalez-
Lopez, J., Poyatos, J.M. (2016), “Membrane fouling of a hybrid
moving bed membrane bioreactor plant to treat real urban
wastewater”, Chem. Eng. P P Inten., 104, 112-119.
https://doi.org/10.1016/j.cep.2016.02.014.

Meng, F., Yang, F. (2007), “Fouling mechanisms of deflocculated
sludge, normal sludge, and bulking sludge in membrane
bioreactor”, J. Membr. Sci., 305(1-2), 48-56.
https://doi.org/10.1016/j.memsci.2007.07.038.

Meng, F., Zhang, H., Yang, F., Li, Y., Xiao, J., Zhang, X. (2006),
“Effect of filamentous bacteria on membrane fouling in

submerged membrane bioreactor”, J. Membr. Sci., 272(1-2), 161-
168. https://doi.org/10.1016/j.memsci.2005.07.041.

Meng, F., Zhang, S., Oh, Y., Zhou, Z., Shin, H.-S., Chae, S.-R.
(2017), “Fouling in membrane bioreactors: An updated review”,
Water Res., 114, 151-180.
https://doi.org/10.1016/j.watres.2017.02.006.

Mirzavandi, A., Hazrati, H., Ebrahimi, S. (2019), “Investigation of
influence of temperature and solid retention time on membrane
fouling in MBR”, Membr. Water. Treat, 10(2), 179-189.
https://doi.org/10.12989/mwt.2019.10.2.179.

Nam, A., Kweon, J., Ryu, J., Lade, H., Lee, C. (2015), “Reduction
of biofouling using vanillin as a quorum sensing inhibitory agent
in membrane bioreactors for wastewater treatment”, Membr:
Water. Treat., 6(3), 189-203.
http://dx.doi.org/10.12989/mwt.2015.6.3.189.

Qu, X., Cai, X., Zhang, M., Lin, H., Leihong, Z., Liao, B.-Q.
(2018), “A facile method for simulating randomly rough
membrane surface associated with interface behaviors”, Appl.
Surface Sci., 427, 915-921.
https://doi.org/10.1016/j.apsusc.2017.08.013.

Rosengerg, M., Gutnick, D., Rosengerg, E. (1980) “Adherence of
bacteria to hydrocarbons: a simple method for measuring
cellsurface hydrophobicity”, FEMS Microbiology Lett., 9(1), 29—
33. https://doi.org/10.1111/j.1574-6968.1980.tb05599.x.

Shariati, S.R.P., Bonakdarpour, B., Zare, N., Ashtiani, F.Z. (2011),
“The effect of hydraulic retention time on the performance and
fouling characteristics of membrane sequencing batch reactors
used for the treatment of synthetic petroleum refinery
wastewater”,  Bioresour.  Technol., 102(17), 7692-7699.
https://doi.org/10.1016/j.biortech.2011.05.065.

Teng, J., Zhang, M., Leung, K.-T., Chen, J., Hong, H., Lin, H.,
Liao, B.-Q. (2019), “A unified thermodynamic mechanism
underlying fouling behaviors of soluble microbial products
(SMPs) in a membrane bioreactor”, Water research, 149, 477-
487. https://doi.org/10.1016/j.watres.2018.11.043.

Tobino, T., Chen, J.,, Sawai, O., Nunoura, T., Yamamoto, K.
(2016), “Inline thickener-MBR as a compact, energy efficient
organic carbon removal and sludge production devise for
municipal wastewater treatment”, Chem Eng. P. P. Inten., 107,
177-184. https://doi.org/10.1016/j.cep.2015.11.010.

Wang, Z., Wu, Z., Tang, S. (2009), “Extracellular polymeric
substances (EPS) properties and their effects on membrane
fouling in a submerged membrane bioreactor”, Water Res., 43(9),
2504-2512. https://doi.org/10.1016/j.watres.2009.02.026.

Yuniarto, A., Noor, Z.Z., Ujang, Z., Olsson, G., Aris, A.,
Hadibarata, T. (2013), “Bio-fouling reducers for improving the
performance of an aerobic submerged membrane bioreactor
treating palm oil mill effluent”, Desalination, 316, 146-153.
https://doi.org/10.1016/j.desal.2013.02.002.

Zeng, K., Zhou, J., Cui, Z., Zhou, Y., Shi, C., Wang, X., Zhou, L.,
Ding, X., Wang, Z., Drioli, E. (2018), “Insight into fouling
behavior of poly(vinylidene fluoride) (PVDF) hollow fiber
membranes caused by dextran with different pore size
distributions”, Chin. J. Chem. Eng., 26(2), 268-277.
https://doi.org/10.1016/j.cjche.2017.04.008.

Zhang, D., Trzcinski, A.P., Kunacheva, C., Stuckey, D.C., Liu, Y.,
Tan, S.K., Ng, W.J. (2016), “Characterization of soluble
microbial products (SMPs) in a membrane bioreactor (MBR)
treating synthetic ~wastewater containing pharmaceutical
compounds”, Water Res., 102, 594-606.
https://doi.org/10.1016/j.watres.2016.06.059.

Zhang, D., Zhou, Y., Bugge, T.V., Mayanti, B., Yang, A., Poh, L.S.,
Gao, X., Majid, M.b.A., Ng, W.J. (2017), “Soluble microbial
products (SMPs) in a sequencing batch reactor with novel cake
filtration system”, Chemosphere, 184, 1286-1297.
https://doi.org/10.1016/j.chemosphere.2017.06.110.

Zhang, X., Bishop, P.L., Kinkle, B.K. (1999), “Comparison of



166 Hossein Hazrati, Naser Karimi and Yoones Jafarzadeh

extraction methods for quantifying extracellular polymers in
biofilms”, Water  Sci. Technol., 39(7),  211-218.
https://doi.org/10.1016/j.cep.2018.06.019.

Zhou, J., Li, W., Gu, J.-S., Yu, H.-Y. (2010), “Surface modification
of polypropylene membrane to improve antifouling
characteristics in a submerged membrane-bioreactor: Ar plasma
treatment”, Membr. Water. Treat., 1(1), 83-92.
https://doi.org/10.12989/mwt.2010.1.1.083.

cC





