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Abstract−The aim of this research was to synthesize a polysulfone/Zinc oxide nanocomposite membrane (PSf/ZnO
NCM) in order to mitigate membrane fouling. ZnO nanoparticles with an approximate size of 20 nm were blended
with PSf matrix. To fabricate an efficient PSf/ZnO NCM, polyethylene glycol and polyvinyl pyrrolidone were used as
pore former agent, based on which PEG-NCMs and PVP-NCMs were fabricated. The effect of the type of pore former
and concentration of nanoparticles was evaluated on the structure and performance of nanocomposite membrane.
According to SEM images, with the increase in the concentration of nanoparticles, membrane porosity grew as well.
AFM analysis confirmed increased roughness with contact angle measurement showing enhanced hydrophilicity. The
filtration performance implied that the presence of ZnO nanoparticles improves water flux. Moreover, ZnO nanoparti-
cles elevated humic acid rejection up to 99.7% and 94.2% and decreased total filtration resistance up to 89% and 30%
for PEG-NCMs and PVP-NCMs, respectively.
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INTRODUCTION

Water purification and wastewater treatment have changed into
significant environmental issues [1-4]. For industrial and munici-
pal wastewater treatment, biological treatments such as activated
sludge and bio filtration have been widely utilized [5]. The mem-
brane bioreactor (MBR) is one of the approaches for this purpose;
it is a combination of separation by membrane and employing acti-
vated sludge for treatment of water and wastewater [6,7].

The main obstacle in using MBRs is fouling that occurs during
filtration, which results in formation of cake in membrane surface,
affecting the permeate flux and causing difficulties in operational
conditions [8,9]. One of the macromolecules that cause fouling in
wastewater treatment systems is humic acid. Humic acid (HA) is a
mixture of natural organic macromolecules that has a range of
physicochemical properties and exhibits different activities across
environmental systems [10]. Due to the presence of different func-
tional groups in HA structure like COOH, OH and COH, this mol-
ecule tends to attach and deposit on surfaces and other molecules
[11]. In addition to membrane fouling, the presence of humic acid
attached to chlorine, ozone, chlorine dioxide and chloramines mol-
ecules produces an undesirable and potentially harmful disinfec-
tion by-product [11-13]. Humic acid can react with chlorine to
create carcinogenic compounds and also form different complexes
with heavy metals [14,15]. It has also been reported that the inter-
action of humic acid can be harmful for human red blood cells.
Further, discharge of humic acid through industrial sewage may

cause soil erosion and damage marine water life [16]. High con-
centrations of humic acid exist in raw wastewater as well as in pri-
mary, secondary and tertiary effluents of municipal wastewater
treatment systems [17,18]. In addition, studies have noted that humic
acid is used as a model molecule to investigate the fouling behav-
ior of membrane in wastewater treatment application [15,19,20].
Accordingly, recognition of humic acid compounds in different
steps of wastewater and water treatment and also the fouling be-
havior of the compounds is extremely important.

Based on the hydrophobic nature of polymeric membranes, hy-
drophobic materials attach to the surface of membrane during fil-
tration process in MBRs; therefore, different routes have been ap-
plied for mitigation of hydrophobicity of polymeric membranes to
avoid fouling. There are various methods to achieve this aim [21].
All of these methods are based on increasing hydrophilicity of the
whole membrane or the surface of membrane. In recent years, ap-
plying nanoparticles, especially metal oxide nanoparticles, has at-
tracted a great deal of attention among other existing methods [22,
23]. A nanocomposite membrane which contains regular distribu-
tion of nanoparticles in the casting solution and thus in polymeric
film brings about enhancement of hydrophilicity of membrane and
consequently decreased membrane fouling [24]. Among various
metal oxide nanoparticles, zinc oxide nanoparticles have attractive
properties such as hydrophilicity, photo catalytic activity and anti-
bacterial properties which have attracted a great deal of attention
among recent studies [23]. Different studies have been carried out
on humic acid filtration using nanocomposite membranes. Yunos
et al. used 18 wt% PSF, PEG, 2, 4, 6-triaminopyrimidine (TAP) as
compatibilizer, ZnO nanoparticles and NMP for humic acid filtra-
tion. The results showed developed flux and rejection levels [25].
Leo et al. synthesized PSF/ZnO nanocomposite membrane with
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poly vinyl alcohol (PVA) to reduce fouling of oleic acid. Nanocom-
posite membrane with 2 wt% of ZnO nanoparticles exhibited less
reduction in flux in comparison with PSF membrane without nano-
particles [26]. Balta et al. used ZnO nanoparticles in polyethersul-
fune and found that nanocomposite membranes had lower flux
decline compared to neat polymeric membranes. In addition, rejec-
tion of methylene blue increased from 47.5% for neat membrane
to 82.3% for blended membranes [23]. Ahmad et al. synthesized
ZnO nanocomposite membrane by 15.75 wt% PES as polymer and
PVP as pore former for filtration of humic acid. The optimum con-
centration of nanoparticles was 1.25 wt% offering a pure water
flux of about 317.45 LMH [15]. In these studies, different compo-
sitions and percentages of materials were used, leading to different
weight percentage of ZnO nanoparticles and amount of flux.

In this study, since the efficiency of ZnO nanoparticle depends
on its arrangement around membrane pores, two different pore
former agents, PEG and PVP, were examined. Based on surface
properties, structural morphology and filtration performance, the
optimum membrane structure with a low filtration resistance was
introduced. Finally, the impact of zinc oxide nanoparticles on hy-
drophilicity, pure water flux, HA flux and the polysulfone mem-
brane fouling behaviour was studied.

MATERIALS AND METHODS

1. Materials
BASF Polysulfone (PSF) as the main polymer matrix was sup-

plied by Ultrason. N-methylene-2-pyrrolidone (NMP) was pro-
vided by Merck and used as a solvent. Poly (ethylene glycol) (PEG)
and poly (vinyl pyrrolidone) (PVP) with respective average molec-
ular weights of 20000 and 29000 were purchased from Merck and
Sigma Aldrich, respectively, and used as pore former. ZnO nano-
particles (20 nm) synthesized via wet chemical method, were pur-
chased from Research Institute of Petroleum Industry, Iran. Humic
acid powder and NaOH pellets were purchased from Sigma Aldrich
and Merck, respectively.
2. Membrane Synthesis

Nanoparticles with an average size of 20 nm were dispersed in

NMP by an ultrasonic bath (Elmasonic S 30H) for about 2 hours
in 70 oC. Then polysulfone films containing ZnO nanoparticles
were synthesized via phase inversion method. The details on film
fabrication have been reported previously [27].

In the first step, the first type of nanocomposite polysulfone mem-
branes was synthesized with PEG as a pore former agent. In the
composition of this type, NMP and PEG 20000 were used as a sol-
vent and pore former, and polysulfone 16 wt% as polymer was uti-
lized. Concentrations of ZnO nanoparticles were 0.3, 0.5, 0.6, 1,
1.5 and 2 wt% of polymer.

In the second step, the second type of nanocmposite membrane
was fabricated with PVP as a pore former. Polysulfide 16 wt% was
used in the composition of membrane, NMP as a solvent and PVP
29000 as a pore former. ZnO nanoparticles were used as much as
0.3, 0.5, 0.6, 1 and 1.5 wt% of polymer in this nanocomposite mem-
brane. The name and composition of fabricated membranes are
provided in Table 1. To name a membrane, the abbreviation of the
pore former comes first, followed by NCM as the abbreviation of
nanocomposite membrane and eventually comes the weight per-
centage of ZnO nanoparticle. Note that PEG-blank and PVP-blank
are membranes without nanoparticles.
3. Membrane Characterization and Evaluation of the Perfor-
mance

The structure and functionality of synthesized nanocomposite
membranes containing PEG or PVP pore former were assessed.
The morphology and surface properties of the synthesized mem-
branes were evaluated using SEM and AFM analysis, calculation
of porosity and pore size, and contact angle measurement. There-
after, the filtration performance of the synthesized nanocomposite
membrane was compared in terms of pure water flux, humic acid
rejection and membrane filtration resistance.
3-1. Scanning Electron Microscopy (SEM) Analysis

To observe the presence of nanoparticles and structural form of
membranes and pores, SEM images were taken by Hitachi, S-4160
apparatus, Japan. So as to see the cross-section, membrane sam-
ples were broken by liquid nitrogen. All of the samples were dried,
then covered with a thin gold layer to make them conductive and
prepared to be observed by SEM. The effect of the amount of ZnO

Table 1. Composition of synthesised membranes
No. Membrane type PSF% NMP% PEG% PVP% (ZnO/PSF)%
01 PEG-blank 16 75 9 - 0.0
02 PEG-NCM0.3 16 75 9 - 0.3
03 PEG-NCM0.5 16 75 9 - 0.5
04 PEG-NCM0.6 16 75 9 - 0.6
05 PEG-NCM1 16 75 9 - 1.0
06 PEG-NCM1.5 16 75 9 - 1.5
07 PEG-NCM2 16 75 9 - 2.0
08 PVP-blank 16 79 - 5 0.0
09 PVP-NCM0.3 16 79 - 5 0.3
10 PVP-NCM0.5 16 79 - 5 0.5
11 PVP-NCM0.6 16 79 - 5 0.6
12 PVP-NCM1 16 79 - 5 1.0
13 PVP-NCM1.5 16 79 - 5 1.5
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nanoparticles and the pore former type was investigated through
the obtained images.
3-2. Atomic Force Microscopy (AFM) Analysis

AFM test was employed to investigate the changes in the mor-
phology and roughness of the surface of membranes synthesized
under various conditions. The parameter of roughness is import-
ant in membrane fouling, which is among the properties of the
membrane itself and measurable by AFM images. AFM images
were also taken by Veeco machine in 2 Hz and 256*256 resolu-
tions, to investigate the membrane roughness. RMS roughness for
membranes was calculated based on equations presented in our
previous studies [24,28].
3-3. Contact Angle Analysis

Contact angle measurements were performed for analyzing the
hydrophilicity of membranes. The angle between water droplet and
membrane was recorded by Canon EOS 50D+EF 100 mm f/2.8L
Macro IS USM and then calculated by ImageJ software [29,30]. The
porosity of membranes and mean pore size were calculated by dry-
wet weight [31] and filtration velocity [32,33] methods, respec-
tively [4].
3-4. Pore Size and Porosity Measurement

To calculate the porosity of synthesized membranes, each mem-
brane was cut into a specific size and then immersed in distilled
water for one day. After that, the water on the surface of the mem-
branes was wiped carefully by a clean tissue and the membranes
were weighed (Ww). Then the membranes were dried for one day
in a desiccator and weighed again (Wd). The porosity of membrane
was calculated through the equation presented in the equation sec-
tion. The mean pore radius was determined by Guerout-Elforl-
Ferry equation [34] presented as Eq. (2) in the equations section.

(1)

(2)

4. Evaluation of the Membrane Filtration Performance
To evaluate the membrane performance, both cross flow and

dead-end filtration set-ups were used, since each one had a specefic
advantage at some stage. Membrane fouling experiments are dead-

end experiments [35,36], whereas membrane filtration in practice
is carried out in a cross-flow mode [37].

Therefore, the membrane resistance and fouling in humic acid
filtration were evaluated (including initial pure water flux, the final
pure water flux, flux of humic acid solution measurement) by a
dead-end filtration system equipped with a stirrer for preventing
concentration polarization with a filtration area of 4.52 cm2 at 25 oC
and pressure of 3 bars. This was because of its low feed volume
(100 mL) without recycling which limited loss of humic acid solu-
tion during filtration [23,38].

On the other hand, since for industrial applications, a cross-flow
operation is preferred because of the lower fouling tendency rela-
tive to the dead-end mode [37], the membrane pure water flux was
evaluated in a crossflow system with a filtration area of 21 cm2 at
25 oC and pressure of 3 bars. This system was chosen due to its
high feed volume (15 L), feed recycling, and consequently its appli-
cability in long time runs.

A schema of experimental cross-flow and dead-end set ups is
demonstrated in Fig. 1. Permeate was collected and weighed by
digital balance which was connected to a computer for recording
permeate weight for every one-tenth of a second and then was con-
verted to flux. In both systems, the stabilization period for mem-
brane compaction was 15 minutes and unsteady state period was
30 to 45 minutes, after which data was recorded.

The permeate flux was calculated using Eq. (3) and fouling of
membrane was calculated using the serial resistance model [15]
through Eqs. (4) to (8) presented in the equations section.

(3)

(4)

Rt=Rm+Rc+RP (5)

(6)

(7)

ε = 
Ww − Wd

ρw V×
---------------------

rp = 
2.9 −1.75ε( ) 8ηlQ×

ε A× ΔP×
---------------------------------------------

Jp = 
Vp

A Δt×
--------------

J = 
ΔPT

μRt
---------

Rm = 
ΔPT

μJw1
----------

Rp = 
ΔPT

μJw2
---------- − Rm

Fig. 1. The Schema of Cross flow (a) and Dead end (b) filtration systems.
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(8)

Total filtration resistance, Rt (m−1) consists of membrane resis-
tance (Rm), cake resistance (Rc) and fouling resistance in pores,
which is irreversible for the absorption of substances onto pore
walls and membrane surface (Rp). For measurement of Rp, the cake
layer was physically removed from the membrane surface, fol-
lowed by rinsing the membrane surfaces by deionized water for
10 minutes [15].

Since humic acid dissolves in alkaline solutions, for preparation
of 25 ppm of the desired solution, a suitable quantity of humic
acid powder was dissolved in NaOH 0.1 N solution. The HA rejec-
tion experiment was calculated based on Eq. (9) presented in the
equations section. The concentration of humic acid in the perme-
ate solution was measured using UV spectrophotometer (Unico
2100 Spectrophotometer) at a wavelength of 254 nm [15].

(9)

RESULTS AND DISCUSSION

The structure and functionality of the synthesized nanocompos-
ite membranes containing PEG or PVP pore former were assessed.
The morphology and surface properties of the synthesized mem-
branes were evaluated through SEM and AFM analysis, porosity
and pore size calculation and contact angle measurement. There-
after, the filtration performance of the synthesized nanocomposite
membrane was compared with that of the blank membrane in
terms of pure water flux, humic acid rejection and membrane fil-
tration resistance.
1. Scanning Electron Microscopy (SEM) Analysis

The cross-sectional SEM images of PEG-NCM and PVP-NCM
membranes containing different concentrations of ZnO nanopar-
ticle are presented in Figs. 2 and 3, respectively. The processed SEM
images are also presented showing skin layer thickness and mem-
brane pores (the right images in Figs. 2 and 3). As can be seen, larger
quantities of ZnO nanoparticles to the casting solution of PEG-
NCM and PVP-NCM membranes cause an increase in the size of

Rc = 
ΔPT

μJs
--------- − Rm − RP

HA Rejection %( ) = 1− 
CP

Cf
------⎝ ⎠

⎛ ⎞ 100×

Fig. 2. Coss-sectional SEM images (left) of PEG-blank (a), PEG-NCM0.5 (b), PEG-NCM2 (c) membranes and processed SEM images (right)
showing skin layer and finger-like pores.
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finger-like pores and a decrease in thickness of dense layer on mem-
brane surface. Changes in the structure of pores, which is due to
the increased number of ZnO nanoparticles in the casting solu-
tion, could be an outcome of changes that have been made in the
phase inversion speed. Indeed, the tendency of hydrophilic ZnO
nanoparticles to the hydrophilic non-solvent bath (water) has caused
enhanced phase separation speed, hence instantaneous phase sep-
aration occurs and more porous structures are created [24].

Moreover, based on the structural comparison of PEG-NCM
and PVP-NCM type nanocomposite membranes in Figs. 2 and 3,
it is concluded that the skin layer of PEG-NCMs is thicker than
PVP-NCM’s. This can be related to the difference in the speed of
phase inversion process during formation of these two types of mem-
branes. Han and Nam showed that at low PVP concentrations
(below 20 wt%), instant demixing occurred and contributed to
enlargement of membrane pores, thinness of the membrane top
layer. In contrast, for high PVP concentrations (more than 20 wt%),
delayed demixing occurred due to the increase in the polymer solu-

tion viscosity, suppressing the macro-void formation in the mem-
brane structure [39]. For the membrane using PEG as pore former,
Panda and De showed that macro-void formation increases and
the top layer thickness diminishes from 0 wt% of PEG to 5 wt% of
PEG, followed by reduction in the macro-void formation and ele-
vation of the top layer thickness [40]. This is the reason why PVP-
NCMs have a thin top layer and more finger like pores with less
width, while PEG-NCMs have a thicker skin layer and fewer fin-
ger like pores with a larger width.
2. Atomic Force Microscopy (AFM) Analysis

Three-dimensional AFM images of both PEG-NCM and PVP-
NCM are provided in Fig. 4.

Based on Fig. 4, the more nanoparticles are used in the casting
solution, the higher the roughness is. This happens because of hy-
drophilicity of nanoparticles and their tendency to remain in the
coagulation bath [41,42]. For better explanation, the RMS (root mean
square) roughness of the synthesized membranes is presented in
Table 2. In addition, the RMS roughness of some ZnO-containing

Fig. 3. Coss-sectional SEM images (left) of PVP-blank (a), PVP-NCM0.3 (b), PVP-NCM1.5 (c) membranes and processed SEM images (right)
showing finger-like pores.
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nanocomposite membranes, which has been reported recently
[25,43-45], is included for further comparison.

As presented in Table 2, by raising ZnO nanoparticles from 0 to
2 wt%, RMS roughness increases from 11 to 61 nm in accordance
with other studies [15,25]. As implied in the presented data, the
effect of ZnO loading on the roughness enhancement in this research
is more noticeable than in other presented research. This could be
due to delayed demixing of PEG-NCMs casting solution and giv-
ing enough time to nanoparticles to move towards the membrane
surface and make the membrane surface rougher.
3. Contact Angle Measurement

To evaluate the of membrane surface hydrophilicity, contact angle
analysis was done. According to Table 3, in synthesized nanocom-
posite membranes, the more nanoparticles were used, the less the
contact angle was. For PEG-NCM membranes, by 2 wt% increase
in nanoparticle concentrations, 40% decrease was observed in con-
tact angle. For PVP-NCMs 11.6% reduction in contact angle was
reported for PVP-NCM1.5.

It can be concluded that the effect of nanoparticle loading on
hydrophilicity enhancement of PEG-NCM membranes is more
noticeable than for PVP-NCM membranes. Indeed, during the
phase inversion process, ZnO nanoparticles tend to be in coagula-
tion bath because of their hydrophilic nature. Therefore, the larg-
est population of nanoparticles is present in the membrane skin
layer [28]. For PVP-NCMs, phase inversion occurs instantly [46];
therefore nanoparticles do have enough opportunity to move to-
wards membrane surface, resulting in less effectiveness of ZnO
nanoparticle loading on membrane surface hydrophilicity in com-
parison with PEG-NCMs with delay demixing.
4. Pore Size and Porosity Measurement

The average porosity and mean pore size of different nanocom-
posite membranes were calculated are presented in Table 4. As a
clearer explanation on the size of pores, it was proven that ZnO
nanoparticle loading had no significant effect on PEG-NCM mem-
brane pore size, but for PVP-NCM all nanocomposite membranes
had a larger pore size than PVP-blank. In PEG-NCM type, all nano-
composite membranes were more porous than PEG-blank, and
for PVP-NCM the porosity increased for the membrane that con-
tained 1 wt% ZnO, after which the porosity declined. As a result,
the porosity of PEG type membrane increased up to 30%, while
for PVP-NCM type 5% enhancement was observed. This trend
was also observed in cross-sectional SEM images (Fig. 2) in which
a conspicuous increase in the porosity of PEG-NCM membranes
occurred by ZnO nanoparticle loading. This is because of delayed
demixing of PEG-NCMs during which nanoparticles can act as
promoter agent and speed up the phase inversion and make mem-
brane more porous. In contrast, for PVP-NCM because of instant
demixing of casting solution, the effect of nanoparticles on demix-
ing promotion is less obvious.
5. Filtration Performance

The filtration performance of all synthesised nanocomposite
membranes was evaluated in terms of pure water flux, membrane
resistance, and humic acid rejection. Pure water flux of PEG-NCM
evaluated in both cross-flow and dead-end modules is presented
in Fig. 5. It confirms that for all membranes regardless of the
nanoparticle dosage, pure water flux measured in dead end mod-
ule is larger than in their cross-flow counterparts. Indeed, in the
dead-end filtration the feed flow is perpendicular to the mem-
brane surface so in a similar pressure, dead end module shows
higher permeate flux than cross flow system [37].

Fig. 5 also indicates that by adding nanoparticles to the casting
solution up to 0.5 wt%, the pure water flux increased in both cross-
flow and dead-end modules. This occurred because of the forma-
tion of larger pores (see SEM images in Fig. 2) and enhanced hy-
drophilicity (see Table 3) as well as the increment in porosity (see
Table 4) for PEG-NCM0.5. Flux elevation is also a result of great
distribution of nanoparticles in the casting solution leading to in-
creased hydrophilicity [21]. AFM images also demonstrated greater
roughness as more nanoparticles were used; therefore, the area for
water to diffuse into the membrane increased and affected the flux
pattern [25]. Flux decrement after threshold limit (0.5 wt%,) is due
to aggregation of nanoparticles in pores and viscosity increment of
casting solution resulting in prolongation of coagulation process
and formation of pores with a small size [42]. The calculation of

Fig. 4. AFM images of PEG-blank membrane (a), PEG-NCM0.5 (b)
and PEG-NCM2 (c) nanocomposite membranes.
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porosity also proved that PEG-NCM0.5 is the most porous nano-
composite membrane which, based on Fig. 5, showed 51% enhance-
ment in pure water flux in comparison to PEG-blank.

Pure water flux of PVP-NCM evaluated in both cross-flow and
dead-end modules is shown in Fig. 6 which as with PEG-NCM
shows greater water flux for dead-end module rather than the
cross-flow system.

In Fig. 6 PVP-NCM0.3 and PVP-NCM1.5 show a better pure
water flux with 22% enhancement rather when compard with PVP-
blank. In comparison of PVP and PEG type membranes, because
there is greater polymeric propertyin PVP than PEG, the flux of
PVP type membranes is lower than PEG type counterparts. SEM
images presented in Figs. 2 and 3 also confirm the higher porosity

of PEG-NCMs rather than PVP-NCM. This can be due to sol-
vent-nonsolvent exchange rate during phase inversion and forma-
tion of little pores in PVP-NCM type membrane [47].

The filtration resistance of humic acid by PEG-NCMs is repre-
sented in Table 5. In general, all synthesized nanocomposite mem-
branes have a lower filtration resistance compared to the blank
ones. According to Table 5, PEG-NCM0.5, as expected from pure
water flux data in Fig. 5, has the lowest membrane resistance (Rm);
therefore, this nanocomposite membrane has the best performance
in water filtration. Considering other filtration resistances, PEG-
NCM1.5 with 89%, 95% and 75% decrease in total, cake and pore
resistances respectively, have the best performance. It seems that
even though PEG-NCM1.5 has a lower pure water flux than PEG-

Table 2. RMS roughness of synthesised nanocomposite membranes along with RMS roughness reported in literatures for ZnO containing
nanocomposite membranes

No. Composition Membrane name ZnO wt% RMS Roughness (nm) Reference

1 PSF/PEG/ZnO
PEG-blank 0. 11.0

This studyPEG-NCM0.5 00.5 30.0
PEG-NCM2 2. 61.0

2 PSF/PEG/TAP/ZnO
1 0. 018.56

Yunos et al. [25]2 00.5 024.91
3 2. 030.21

3 PSF/ZnO
Pure PSu 0. 15.1

Alhoshan et al. [47]0.1 wt% PSu/ZnO 00.1 16.0
0.2 wt% PSu/ZnO 00.2 23.0

4 PSF/ZnO

PSf-0 0. 092.92

Moradihamedani et al. [48]
PSf-0.1 00.1 080.31
PSf-1 1. 072.51
PSf-3 3. 174.50
PSf-5 5. 195.20

5 PSF/ZnO

Pristine PSF 0. 25.0

Gaur et al. [49]3 mass% ZnO/PSF 3. 10.0
5 mass% ZnO/PSF 5. 14.0
10 mass% ZnO/ PSF 10.0 85.0

Table 3. Cotact angle contents of synthesized membranes
Membrane Contact angel content
PEG-blank 69
PEG-NCM0.3 66
PEG-NCM0.5 55
PEG-NCM0.6 55
PEG-NCM1 51
PEG-NCM1.5 45
PEG-NCM2 40
PVP-blank 77
PVP-NCM0.3 75
PVP-NCM0.5 73
PVP-NCM0.6 71
PVP-NCM1 71
PVP-NCM1.5 68

Table 4. Average porosity and mean pore radius of synthesized mem-
branes

Membrane εaverage Mean pore radius (nm)
PEG-blank 0.399 64.96
PEG-NCM0.3 0.526 55.94
PEG-NCM0.5 0.532 65.58
PEG-NCM0.6 0.400 78.09
PEG-NCM1 0.510 65.65
PEG-NCM1.5 0.445 58.89
PEG-NCM2 0.413 69.27
PVP-balnk 0.440 47.29
PVP-NCM0.3 0.464 50.46
PVP-NCM0.5 0.458 49.77
PVP-NCM0.6 0.468 49.77
PVP-NCM1 0.368 53.88
PVP-NCM1.5 0.430 52.62
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NCM0.5, the presence of three times more ZnO nanoparticles in
its matrix makes this membrane have a better filtration perfor-
mance in terms of resistance. In general, considering membrane
resistance PEG-NCM0.5 is the best membrane, while considering
total, cake and pore resistance, PEG-NCM1.5 is the best membrane.

Considering the data presented in Tables 5 and 6, it is import-
ant to mention that with a specific amount of increase in ZnO nano-
particle loading, the membrane cake resistance increases, which
can be related to membrane surface roughness [24], as shown in

Fig. 4 and Table 2; it indicates that the surface under the mem-
brane has a good potential for attachment of substance onto it.

According to Table 4 (related to PVP-NCMs), and as expected
from Fig. 6, PVP-NCM0.3 and PVP-NCM1.5 have the best behav-
ior in water filtration with 14.9% decrease in membrane resistance.
Considering total, cake and pore resistances, PVP-NCM1.5 has
30%, 4.6% and 50% resistance decrement, respectively. It can be
concluded that even though the presence of 0.3 and 1.5 wt% ZnO
nanoparticles in the membrane matrix creates similar effect on
water filtration, greater loading of nanoparticles in PVP-NCM1.5
shows dramatic effects on humic acid filtration. Indeed, higher
concentration of nanoparticles in PVP-NCM1.5 provides better foul-
ing properties rather than PVP-NCM0.3, even though their mem-
brane resistance is similar.

The performance of nanocomposite membranes in humic acid
rejection was investigated. In Fig. 7, rejection of humic acid grows
in the membrane for membranes containing up to 0.5% of nano-
particles. Thereafter, the greater the amount of nanoparticles, the
lower the level of rejection, showing a decreasing trend. Indeed,
PEG-NCM0.5 with a separation efficiency of 99.7% has the best
performance in humic acid separation. The membrane containing
a higher concentration than 0.5 wt% shows lower rejection effi-
ciency which could be due to the increased amount of nanoparti-
cles, their aggregation and pore plugging/clogging by accumulated
nanoparticles and formation of individual large pores [15,48].

Unlike the research done by Junaidi et al. [12], PSF/ZnO nano-
composite membranes synthesized in this research had a better
humic acid rejection, which amounts to 99.72%.

Humic acid rejection of PVP-NCMs is also presented in Fig. 7.
The presented data shows that all nanocomposite membranes have
a higher rejection than blank membrane. However, by adding dif-
ferent amount of nanoparticles to the casting solution, rejection of
HA solution declined. Based on measurement of the mean pore
size (Table 4) and SEM images (Fig. 3), the increment in the pore
size could be the main cause of rejection loss.

CONCLUSIONS

For better arrangement of ZnO nanoparticles around mem-
brane pores, two categories of ZnO/PSf NCMs were synthesized
through phase inversion method. Dope solution containing PEG

Fig. 5. Pure water flux of PEG-NCM membranes in both cross-flow
and dead-end modules.

Fig. 6. Pure water flux of PVP-NCM membranes in both cross-flow
and dead-end modules.

Table 5. Humic acid filtration resistance for PEG-NCM type nano-
composite membranes

Rt*1011

(m−1)
RC*1011

(m−1)
RP*1011

(m−1)
Rm*1011

(m−1) Membrane type

303.25 237.33 48.79 17.13 PEG-blank
284.96 235.91 32.71 16.34 PEG-NCM0.3
035.99 013.19 12.28 10.52 PEG-NCM0.5
029.58 005.32 4.7 19.56 PEG-NCM1.5
131.84 64.8 07.11 60.65 PEG-NCM2

Table 6. Humic acid filtration resistance for PVP-NCM type nano-
composite membranes

Rt*1011

(m−1)
RC*1011

(m−1)
RP*1011

(m−1)
Rm*1011

(m−1) Membrane type

31.92 03.04 14.61 14.27 PVP-blank
45.77 10.30 21.73 12.14 PVP-NCM0.3
67.38 09.62 07.64 50.12 PVP-NCM0.5
22.46 2.9 07.43 12.13 PVP-NCM1.5

Fig. 7. Humic acid rejection of PEG-NCMs and PVP-NCMs.
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and dope solution containing PVP produced PEG-NCMs and
PVP-NCMs, respectively. Surface, structural and functional inves-
tigation were conducted to find a better pore former and optimum
nanoparticles’ concentration. Membrane surface analysis was per-
formed by AFM analysis and contact angle measurement. Based
on AFM analysis, any increase in ZnO nanoparticles’ concentra-
tion results in elevation of membrane roughness. Contact angle
measurement confirms improved hydrophilicity of nanocompos-
ite membranes. In structural evaluation, SEM analysis and porosity
measurement both confirmed that PEG-NCMs are more porous
than PVP-NCMs.

The filtration performance of PEG-NCMs in terms of pure water
flux and humic acid rejection was evaluated, which introduced
PEG-NCM0.5 as the membrane with a higher pure flux (503 LMH)
and higher humic acid rejection (99.7%). Similarly, the filtration
performance of PVP-NCMs was examined in which PVP-NCM0.3
offered the most acceptable performance in terms of pure water
flux with a value of 245 LMH and humic acid rejection as large as
94.2%. Structural and performance investigation confirmed a pos-
itive effect of ZnO nanoparticles. It also emphasized that PEG-
NCMs have a larger porosity, higher pure water flux and humic acid
rejection than PVP-NCMs. This finding was also validated in resis-
tance experiments in which 1.5 wt% ZnO nanoparticle decreased
total filtration resistance for PEG-NCM1.5 and PVP-NCM1.5 by
89% and 30%, respectively. As a consequence, it is concluded that
PEG has a better functionality as a pore former and to arrange
ZnO nanoparticles.
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NOMENCLATURE

A : effective area [m2]
AFM : atomic force microscopy
CA : contact angle [o]
Cf : humic acid concentration in feed solution [gr/lit]
Cp : humic acid concentration in permeate solution [gr/lit]
HA : humic acid
J : output flux [m3/m2s]
Jp : permeate flux [m3/m2s]
Js : humic acid solution flux [m3/m2s]
Jw1 : initial pure water flux [m3/m2s]
Jw2 : final pure water flux [m3/m2s]
l : membrane thickness [m]
NCM: nanocomposite membrane
NMP : N-methyl pyrrolidone
NOM: natural organic matter
PEG : polyethylene glycole
PES : polyethersulfone
PSF : polysulfone
PVA : polyvinyl alcohol
PVP : poly vinylpyrrolidone

Q : volumetric flow rate [m3/s]
R : rejection [%]
Rc : cake filtration resistance [m−1]
Rm : membrane filtration resistance [m−1]
Rp : pore filtration resistance [m−1]
rp : pore radius [nm]
Rt : total filtration resistance [m−1]
RMS : root mean square roughness [nm]
SEM : scanning electron microscopy
TAP : 2,4,6-triaminopyrimidine
V : volume of membranein the wet state [cm3]
Vp : permeate volume [m3]
Wd : weight of dry membranes
Ww : weight of wet membranes
zno : zinc oxide
ΔP : operational pressure [3 bar]
ΔPt : pressure between the two side of embrane [Pa]
Δt : filtration duration [s]
ρw : density of pure water flux at room temperature [g/cm3]
ε : porosity
εaverage : average porosity
μ : viscosity of output solution [Pa·s]
η : viscosity of water [8.9*10−4 Pa·s]
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