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a b s t r a c t

In order to achieve a better understanding of the fouling phenomenon, the fouling properties of two 
nanocomposite microfiltration membranes (poly(vinylidene-fluoride) (PVDF) and polyethersulfone 
(PES)) treating anaerobic baffled reactor effluent were studied. Silver nanoparticles were incorpo-
rated into the membrane surface as an anti-bacterial agent. Furthermore, the biogas produced by the 
anaerobic baffled reactor were applied to clean the membrane surface fulfilling the anti-biofouling 
approach. Fouling characteristics of both modified and unmodified membranes were investigated 
through the flux reduction and EPS formation measurements. The morphology of the modified 
and unmodified membranes surface were studied by SEM. Regarding the difficulties faced in EPS 
measurement, the authors proposed the resistance-in-series control as a substitute for EPS. Results 
showed that the gel layer (Rg) resistance progress was limited after each backwashing step while the 
resistance of the cake layer (Rc) decreased which is in line with extracellular polymeric substances 
experiment results. The highest reduction belonged to modified PVDF which was more than 49% in 
Rg and 78% in EPS. These findings were confirmed by the flux reduction improvement result confirm-
ing the adequacy of the employed anti-biofouling approach.

Keywords:  Nanocomposite membrane bioreactor; Biofouling; Fouling resistance; Extracellular 
 polymeric substance (EPS); Backwash

1. Introduction

Membrane bioreactor (MBR) process has been regarded 
as a technology capable of efficient organic substances and 
microbial loads removal with no need to a following dis-
infection or post filtration step [1]. Widespread application 
of MBR in wastewater treatment is indebted to its advan-
tages such as small footprint, high quality permeate,and 
low hydraulic retention time [2]. Moreover anaerobic mem-
brane bioreactors (An-MBR) combining both membrane 
technology and anaerobic process, is attractive for both 
industrial sector, and researchers [3].

One of the major drawbacks in MBR application is foul-
ing, which can be distinguished in the form of pore clogging, 
cake layer or gel layer formation, and cake layer changes, 
since it could influence the membrane performance and 

lifespan negatively [4–6]. Gel layer formation as a result 
of soluble macromolecules, colloids, and inorganic solutes 
participation has been addressed to be the important foul-
ing form in MBR where the cake layer is due to the retained 
solids accumulation [7,8]. Biopolymers, either in the form 
of soluble microbial products (SMP) or extra cellular poly-
meric substances (EPS) have been reported to be the main 
factors in the membrane fouling [9–11]. Since SMP is the 
soluble part of EPS [12], it can be concluded that total EPS 
is mainly responsible for biofouling in MBR and controlling 
its concentration would result in fouling control [13]. Hong 
et al. [14] reported that when SMP content is quite high in 
the sludge, the gel layer is more easily formed in compar-
ison to the cake layer. EPS calculation could be performed 
by five physical and chemical methods [15], some of which 
reported to be sensitive to time or complicated to use [16,17]. 
On the other hand, separation of the biofilm from the mem-
brane to extract EPS could include some errors. Therefore 
it is reasonable to seek some solutions with the objective 
of facilitating these determinations in MBR operation. The 
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resistance-in-series has been proposed with the aim of bet-
ter understanding of fouling concept and its mechanism. 
Using this model makes it possible to determine every indi-
vidual fouling component separately [18,19].

Polymeric nanocomposite membranes have attracted 
great attention as a key substance in nanotechnology during 
last two decades. The reason for emergence of this material 
as a novel technology could be related to their unique per-
formance, their improved characteristics comparing to their 
components, design flexibility, reduced life span cost, and 
enormous application in various industries [20,21]. Poly-
meric nanocomposites are developed by either distribution 
of nanoparticles in the polymer matrix or modification of 
the polymer surface [22]. Since nanosilver has significant 
antibacterial effect on one hand, and minor influence on 
humans’ health on the other hand, it has been addressed as 
a promising possibility to develop antifouling membranes 
[23,24].

In this study, the efficiency of nanocomposite membrane 
bioreactor (NMBR) was studied with the objective of find-
ing a technique which can overcome biofouling issue. The 
combination of the applying process and the membrane 
material was assessed in this study in order to discover a 
straightforward way to interpret the fouling behaviour 
according to the operational parameters, which are often 
available in wastewater treatment plants, not complicated 
microbial terms. The membranes hydrophobicity and mor-
phology was measured as an influential parameter on the 
subject. The hydraulic operational parameters of the NMBR 
was monitored carefully to determine resistanece-in-series. 
So the gel layer resistance and EPS formation was calcu-
lated and observed as the representative of the two sides 
of the study.

2. Materials and methods

A laboratory scale MBR was used to study the flux 
reduction differences between the nanocomposite (sil-
ver nanoparticles at thicknesses of 30 nm were applied to 
modify the commercial surface of PVDF and PES; herein-
after called PVDF30 and PES30, respectively) and the pure 
membrane. Nanocomposite membranes were prepared by 
a physical deposition method called physical vapor depo-
sition (PVD). First, the membranes were immersed in the 
deionized water. Then the samples were put in an ultrasonic 
shaker for 10 min to remove any probable contamination. 
After preparation, the membrane were installed precisely in 
the vacuum chamber and the pressure was reduced to 6–8 
× 10–5 m bar with the coating rate of 0.9–1 Å/s to control the 
process speed. When the mentioned pressure was achieved, 
silver nanoparticles were deposited on the surface at thick-
nesses of 30 nm.

The hydrophobicity of the membrane surface was 
observed by a contact angle meter (DSA100, Krüss, Ger-
many). Distilled water was dropped onto the active layer 
of the surface using a micro liter syringe with a flat needle, 
and then the contact angle was calculated. In order of min-
imizing the experimental error, the data were collected at 
least 3 times from 2 different places. The mean values were 
reported as the contact angle measurements. The morphol-
ogy of the membranes surface was investigated by perform-
ing Scanning Electron Microscope (SEM) test to study the 

silver presence, and its impact on fouling before and after 
backwash. Prior to SEM performance for anti-biofouling 
study, the samples were fixed as described by Li et al. [23].

Since the synthetic wastewater can guarantee the con-
sistency of the influent flow properties, it was used to feed 
the reactor. A cross-flow microfiltration set-up was used as 
illustrated in Fig. 1. The pilot fitted with flat sheet (PVDF) 
and (PES) microfiltration membranes with a mean pore 
size of 0.22 μm (Millipore, Durapore©) with the dimension 
of 15 cm× 15 cm was operated for 7 d. The wastewater was 
pumped from the anaerobic baffled reactor (ABR) efflu-
ent via a booster pump (KJ-2500, Deng yuan, Taiwan).The 
initial feed flux was 104 L/m2·h for the both modified and 
unmodified PVDF and PES membranes. A further step to 
improve the performance of the combined system of ABR 
and the membrane bioreactor is using the gas produced in 
ABR to backwash the membranes with the aim of reach-
ing a better mixing on one hand and preventing the solids 
deposition on the membrane surface on the other hand. 
To achieve the goal of complete backwash the feed flow 
crossed the feed side synchronically with the biogas blow-
ing underneath the membranes with the ratio of 0.7:0.3, 
and the concentrate valve was fully opened during back-
wash. This method seems to be hopeful to optimize the 
anti-fouling efficiency as much as possible. The biogas was 
scoured onto the membrane surface in the combination 
with a recirculation flow in order to backwash the mem-
brane (Fig. 1).

The experiment has two stages, the first one was opera-
tion and the other was the backwashing with mixed flow of 
the biogas (produced by anaerobic baffled reactor) and the 
feed flow. The backwash process was conducted for 15 min, 
once every 24 h. The trans-membrane pressure (TMP) was 
measured by pressure sensors (Pakkens, Turkey) and TMP 
was constant during operation stage and it was equal to 1.2 
bar, approximately. The feed quality during microfiltration 
test was summarized in Table 1. The reduction in perme-
ation flux was considered as an index for the membrane 
fouling behaviour.

In order to reach a better understanding of the signifi-
cance of this study, the resistance result was accommodated 
by the EPS measurements. EPS was extracted via centrifug-
ing method as illustrated by Liu and Fang [15].

In addition to monitor qualitative performance, indi-
cating by pollution removal efficiency, and the quantitative 
determination, calculated by permeation flux, the filtration 
hydraulic function should be analysed as well [25]. As Dar-
cy’s law illustrated, the resistance-in series was calculated 
according to the following equation:

J t
A

dV
dt

P
R

P

R Rm t m f

( ) = = =
+( )

1 Δ Δ
µ µ

 (1)

where J is the permeation flux of the membrane (m3/m2·s), 
V is the permeate total volume (m3), Am is the area of the 
membrane (m2), ΔP is the membrane pressure (Pa), μ is the 
viscosity of the permeate (N·s/m2), Rt is the total resistance 
of the membranes (m–1), Rm is the intrinsic resistance of the 
membrane (m–1), Rf is the resistance of the fouling (m–1). 
Since the TMP is constant in this research, the reduction of 
the permeate flux would be associated with fouling occur-
rence. As it can be interpreted from the Eq. (1), at constant 
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TMP, by increasing the resistance, the flow filtration will 
decrease [26].

The fouling resistance is consisting of the cake layer 
resistance (Rc) and the resistance of the gel layer (Rg). The 
first one is reversible made by MLSS particles and the latter 
is associated with the blocking of the pores and irreversible 
deposition. Hence the fouling resistance would be stated as:

R R Rf c g= +  (2)

In order to calculate the mentioned equation, Rm was 
measured using pure water according to the second part of 

the Eq. 1 R
P
Jm =







Δ
µ

. Rt could be calculated at the end of 

the filtration process as Rm. Subsequently, Rf gains by sub-
tracting Rm from Rt. The produced biogas by the anaerobic 
reactor was used to rinse the cake layer, and then Rc was 
determined from the permeation flux and ΔP values. By cal-
culation of all the resistances, Rg could be calculated from 
Eq. (2). 

For EPS extraction, the membranes were immersed 
in 90% NaCl and shaked 5 times, then they were dipped 
in tween®20 with the concentration of 5% and stirred 20 
times. After suspending in the mentioned solution, 10 μL 
of the samples were taken, diluted in 10 cc of 90% NaCl 
and completely stirred. This solution was used for the EPS 
extraction by a physical method; centrifugation. After the 
high-speed (20000G, 4°C, 20 min) centrifugation, the micro-

bial cells were eliminated through the filtration by a 0.2 μm 
membrane and then the supernatant were used as EPS sam-
ples [15].

3. Results and discussion

30 nm silver deposition resulted in greater hydropho-
bic effect on PES surface compared to PVDF. The measure-
ments revealed that the contact angle of the membranes 
was 75º, 120º, 61º, 128º for pristine PVDF, PVDF30, pure 
PES, PES30, respectively. SEM was applied to inspect the 
membranes surface after modification (Fig. 2) and before 
and after conducting backwash (Fig. 3) as well. From Fig. 
2 it can be observed that silver deposited properly on the 
surface of both membranes but the deposition was more 
uniform on the PVDF.

As depicted in Fig. 3, the bacteria adhesion on nano-
composite membranes surface reduced even in the absence 
of backwash procedure. Another significant result is the 
impact of biogas on the biofilm adhesion on the membranes 
surface which is augmented on nanocomposites surface. 
This means that the combined applying process and the 
material modification is capable of efficient fouling reduc-
tion as assumed. A further point which should be noted is 
intensified hydrophobic property of the membranes after 
modification according to the result of the contact angles. 
Comparing the result of hydrophobicity with SEM images 
before and after backwash, it can be declared that the mod-
ified surface had a less tendency of bacteria captivating 
which is applicable to both PVDF and PES. As shown in Fig. 
3, for both PVDF and PES, the bacteria adhered on nano-
composite membranes less than pure membranes. This sit-
uation improved even more after biogas backwashing for 
all membranes. In other words, the combination of apply-
ing backwash system and surface modification is capable 
of biofilm reduction, significantly. As it is evident from Fig. 
3, the combination is more effective in PVDF membranes 
(both nanocomposite and pure). This result was confirmed 
by EPS measurements as well. Additionally since the foul-
ing resistance and EPS formation appeared to be less on 
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Fig. 1. Schematic of the microfiltration setup.

Table 1
Characteristics of ABR effluent used as feed to MF process

Water quality index Average amount

pH 6.9
Turbidity (FTU) 37
TS (mg/L) 48
COD (mg/L) 500
CFU 2.3*106
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(d) (c) (b) (a) 

Fig. 2. SEM images of modified membrane surface before antibacterial test; (a) PVDF 30, (b) pure PVDF, (c) PES30, (d) pure PES.
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Fig. 3. Morphology of the membranes surface (a) pure membranes without backwashing, (b) pure membranes backwashed by bio-
gas, (c) nanocomposite membranes without backwashing, and (d) nanocomposite membranes backwashed by biogas.
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PVDF nanocomposite membrane, it is compatible to com-
mon sense to consider the physical coating more proper for 
PVDF.

The gel layer resistance was determined according to 
the previous section calculation. 7 d of filtration by nano-
composite and pure membranes showed that gel layer 
resistance is the increasing part of the fouling with time 
processing. This means that the irreversible part of the 
fouling is augmenting over the time leading to permanent 
flux reduction and decline in the membrane life span sub-
sequently.

As depicted in Fig. 4a–d, the cake layer resistance 
decreased after backwashing step and reaching steady state 
after rinsing for both PES and PVDF membranes. A more 
precise comparison between PES and PVDF revealed that 
even though PES had a higher initial flux due to its more 
hydrophilic inherent, PVDF gel layer amount was less 
(Fig. 4a and 4c). The situation was even more comparable 
in their nanocomposites as PVDF30 gel layer was much 
smaller (Fig. 4b and 4d). This means the flux reduction is 
more in PES membranes regardless of its primary higher 
water permeability (as it was equal to 31.7 and 37% for pris-
tine PVDF and PES whereas this reduction was 9 and 17.8% 
for modified PVDF and PES respectively). Comparing pure 
and modified PVDF (Fig. 4a and 4b), it could be concluded 
that not only the gel layer resistance is smaller, but also the 
resistance of the cake layer is lower which can be related 
to the surface modification. This effect existed for PES as 
well (Fig. 4c and 4d) but it was less impressive. The reduc-
tion of gel layer resistance (Rg) was 42.4% for PES and 49.9% 

for PVDF in their nanocomposites. This could be described 
by the difference of the hydrophobicity of PES and PVDF. 
Hence the more the hydrophobic the membrane is, the less 
resistance would be encountered. 

Accommodating the gel layer resistance data with EPS 
amount formed on the membranes surface after backwash-
ing illustrated that the gel layer resistance can be addressed 
as the hydraulic substitute for EPS. In other words, instead of 
measuring EPS and SMP as the foulants, the gel layer resis-
tance can be measured based on the controlling operation 
parameters which are monitored daily. Membrane fouling 
is divided into either reversible, which can be removed by 
backwash or surface rinsing, or irreversible fouling, which 
can be restored through chemical cleaning. As the results 
showed, the biogas scouring was able to recapture a part 
of TMP even in irreversible mode of fouling and improve 
the pore plugging or chemisorption mechanisms. A further 
outcome from the resistance (Fig. 4a–d) could be the rela-
tion between the backwashing time and the resistance. As 
it shown, more the backwashing was performed, more the 
resistance would be. This means, although backwashing 
could mitigate the resistance in each step, the amount of the 
irreversible fouling increased over time which is in a good 
agreement with EPS determination. 

The reason for the above discussion can be the relationship 
between the fouling resistance components and the logical 
correlation between EPS and the gel layer. As depicted in Fig. 
5a–d, The EPS decreased by surface modification and biogas 
scouring yet it increased over time. This findings confirmed 
that biofouling occurrence and progress could be postponed 
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Fig. 4. (a). The cake layer and the gel layer resistance changes in 7 d for pure PVDF, (b). The cake layer and the gel layer resistance 
changes in 7 d for PVDF30, (c). The cake layer and the gel layer resistance changes in 7 d for pure PES, (d). The cake layer and the 
gel layer resistance changes in 7 d for PES30.
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by the synchronous combination of the nanosilver coating 
and the biogas sparging on the membrane surface. After 7 
d of operation and daily backwash, EPS decreased 53.9%, 
78.3%, 47.7%, and 62.8% in PVDF, PVDF30, PES, and PES30 
respectively. This confirms the anti-bacterial effect of silver 
and the reduction of EPS by biogas as described by [14]. The 
EPS reduction result is in line with the gel layer resistance 
amounts. In other words EPS decrease with decreasing Rg. As 
the following figure reveals, biogas backwashing has a signif-
icant impact on EPS and the resistance mitigation. This effect 
could be justified as cleaning by biogas reduced the fouling 
related to the cake layer formation at first. The second notion 
could be the effect on the proper growth condition for bio-
film provided by the biofilm attachment over time. It should 
be noticed that a part of the deduction is associated with the 
modification according to Fig. 5a–d.

As it shown in Fig. 5, passing the time increased EPS 
amount formed on the surface of both unmodified and 
modified membranes. The difference between EPS amount 
in nanocomposites and pure membranes is an evident to 
approve the positive antibacterial influence of nanosilver in 
both anti-growth and anti-adhesion aspects.

4. Conclusion

The results of this investigation confirmed that the 
hydraulic resistance-in-series could apply as a fouling 
determinant instead of EPS formation control in MBR 
operation. Backwashing by biogas would affect these resis-

tance especially for the cake layer as the gel layer has been 
addressed as the irreversible part. The SEM images verified 
the assumption of this article which was the study of back-
wash effect on the reversible part of the fouling (demon-
strated by Rc). Additionally, the study results illustrated 
that PVDF, which has a lower initial flux and a more hydro-
phobic inherent, exhibited more improvement in anti-bac-
terial adhesion, flux reduction control and EPS formation. 
This is a significant finding since it would pave the way of 
using hydrophobic membrane in filtration industry. These 
results would defend the application of the applied system, 
combination of backwash biogas and surface modification, 
even though for hydrophobic membranes.
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