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In this study, modification of polyvinyl chloride (PVC) ultrafiltration membranes with zinc oxide (ZnO)
nanoparticle addition was taken into consideration. The ZnO at five different weights was added to the
polymeric solution, and the membranes were fabricated by the phase inversion method using water as
a nonsolvent and PEG 6 kDa as a pore former additive. The results showed that the pure water flux of
the modified membranes increased up to 3 wt% ZnO addition, which was the optimized amount of the
nanoparticle addition in this study. Also, at 3 wt% ZnO addition, flux recovery ratio reached from 69%
to above 90%, indicated that the nanocomposite membranes were less susceptible to be fouled. BSA rejec-
tion of the membranes also enhanced up to 97% by 3 wt% ZnO addition. The membranes were further
characterized by SEM images and remarkable changes in their morphologies were observed, and they
became more porous with higher interconnectivity between the pores. Furthermore, EDAX analysis
was applied to study ZnO dispersion in the membrane structure and except for 4 wt% ZnO addition which
particles aggregation was noticeable, ZnO was dispersed finely in the membrane structure. In addition,
the modified membranes had higher hydrophilicity and lower contact angle that was effective to obtain
higher water flux.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

During the last decades, using membrane separation processes
for different applications like gas separation [1], protein concentra-
tion [2] and water treatment [3] has been quite remarkable. These
processes show interesting separation efficiency, technical benefits
and reasonable operating costs. For the case of water and wastew-
ater treatments, these types of separation and purification seem
more under attention due to serious concerns about drinking water
shortage and methods of resolving within the last decades and
future [4]. In this regard, different types of membranes have been
used for the case of water treatment, such as reverse osmosis (RO)
[5], forward osmosis (FO) [6], filtration membranes [7–9] and
membrane bioreactor (MBR) [10]. Among these processes, water
purification with filtration membranes and its modification has
been always a hot topic in the membrane science applications.
The membranes for this purpose are usually prepared via nonsol-
vent induced phase separation (NIPS) or thermally introduced
phase separation (TIPS), of which NIPS is rather more considered
due to more flexibility and ease of the process [11,12].
The filtration membranes are normally made of some polymeric
highly used materials like: polyvinylidene fluoride (PVDF) [13],
polysulfone (PSf) [14], polyethersulfone (PES) [15], cellulose acet-
ate (CA) [16], polyacrylonitrile (PAN) [17,18], polyvinyl chloride
(PVC) [7,19] and polyether imide (PEI) [20]. Among these materi-
als, PVC seems to be a suitable choice for membrane preparation
because of excellent chemical, thermal and mechanical properties
and also reasonable cost in comparison with the others. Recently,
our group [7] have prepared emulsion PVC UF membranes via
the phase separation using N-methyl-pyrrolidinone (NMP) as a sol-
vent and investigated addition of polyethylene glycol (PEG 6 kDa)
in the membrane structure. The results showed that the mem-
branes fabricated with PVC possess good water flux and interesting
flux recovery and rejection properties. Moreover, as PVC can be
dissolved in various industrial solvents like N,N dimethyl aceta-
mide (DMAc) [21–23], NMP [7], tetrahydrofuran (THF) [24] and
dimethylformamide (DMF) [25], it is quite flexible for industrial
applications and units.

Performance of ultrafiltration PVC membranes with addition of
different additives have been studied by Mei et al. [26], and they
reported that existence of PVP additives in polymeric solution
leads to faster instantaneous demixing and solvent–nonsolvent
exchange during membrane preparation and consequently, more
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fingerlike porous structure [26]. Addition of Pluronic F127 has also
led to better antifouling properties of the PVC membranes; how-
ever, pure water flux through the membranes reduced, which is
due to reduction in surface pore size and overall porosity [22].
These methods and preparation situations were considered to
modify membrane morphology and improved membrane separa-
tion ability along with higher water flux. As, commonly used poly-
meric materials are usually very hydrophobic, they can be fouled
easily in the presence of hydrophobic microorganisms and pro-
teins, thereby their efficiency changes [27]. Therefore, the other
methods of membrane modification have been taken into consid-
eration during the last decades, as well.

Membrane preparation from mixture systems with two poly-
mers with different properties has been considered either
[23,28–30]. This is an easy way to get advantages of both polymers
and especially reduce membrane’s hydrophobicity by blending
with a less hydrophobic one.

Another method of membrane modification which has been
fairly successful to fabricate membranes with better antifouling
properties is incorporation of the nanoparticles. In this regards,
various types of particles such as: alumina (Al2O3) [31], silica
(SiO2) [32], titanium oxide (TiO2) [33–35], boehmite [36], graphene
oxide [37], carbon nanotube [38,39], ZrO2 [40,41] and zinc oxide
(ZnO) [42–45] were used in the preparation of mixed matrix mem-
branes. Addition of TiO2 nanoparticles into PVC structure has been
recently studied by our group, and the results showed that TiO2

addition up to 2 wt% caused to higher water flux, more recovery
ratio and better antifouling properties, which were mainly due to
increment of membrane hydrophilicity and more fingerlike pores
across the membranes [8]. Likewise, for the case of TiO2 addition
into PES UF membranes, lower fouling ratio and higher water flux
was observed [35]. It is also found that due to inorganic nature of
the nanoparticles, their addition led to better thermal stability and
mechanical strength of the fabricated membranes. TiO2 nanoparti-
cles in various types have been studied for membrane modifica-
tion, and the research carried out in this respect shows that
TiO2–P25 nanoparticles has the least tendency to aggregate, and
they are more desirable to enhance antifouling properties of filtra-
tion membranes [33]. Maximus et al. precisely inspected incorpo-
ration of Al2O3 and ZrO2 nanoparticles into PES UF membranes and
observed that the both particle-modified membranes had higher
porosity, better antifouling properties and be more permeable for
water [31,40,46]. Vatanpour et al. have lately studied the effect
of amine modified carbon nanotubes on PES flat sheet nanofiltra-
tion membranes and observed higher surface hydrophilicity and
water flux, compared to the bare one [39].

In comparison with TiO2, SiO2 and Al2O3, less attention has been
paid to utilize ZnO for membrane modification. Shen et al. pre-
pared ZnO-modified PES membranes with using PEG400 as the
pore former additive [42]. They showed that addition of ZnO in
PES structure led to improved hydrophilicity, porosity and
enhancement in water flux, flux recovery and antifouling ability
of the membranes. Zhao et al. have recently studied the effect of
ZnO nanoparticles on PES membranes either, and reported about
110–220% increment in water permeation, and also observed
reduction in irreversible resistance of the membranes [45]. Liang
et al. modified internal surface of the PVDF membranes with ZnO
addition up to 27% of polymer weight [44]. Their result in recovery
was excellent, and all the modified membranes were able to main-
tain the constant initial fluxes in multi-cycle filtration (100% recov-
ery) while for the bare membrane, they reported 78% recovery.
They related this outstanding promotion to increment of inner sur-
face hydrophilicity. Additionally, they observed twice water flux
compared to the bare membrane for the modified membranes.
Similar results were also reported for ZnO addition to PSf
membranes indicated highly enhanced water flux and better
thermal stability [43].

As recently, the incorporation of TiO2 nanoparticles in PVC
membranes has been widely studied by our group and to the best
of our knowledge, effects of ZnO addition of PVC UF membranes
have not been worked on yet, therefore, the current research con-
centrates on PVC/ZnO UF membranes. The membranes are pre-
pared via nonsolvent induced phase inversion with NMP as the
solvent and water as the nonsolvent. ZnO at different loadings
was added to membrane structure and pure water flux, BSA per-
meation and flux recovery ratio were measured and calculated.
The membranes’ morphology was studied by SEM images, and
their hydrophilicity was studied using contact angle results.
2. Experimental

2.1. Materials

Emulsion polyvinyl chloride (EPVC) was supplied from Arvand
Petrochemical Co., Iran. 1-Methyl 2-pyrrolidone (NMP) as the poly-
mer solvent and polyethylene glycol (PEG) with molecular weight
of 6 kDa were purchased from Merck, Germany. ZnO nanoparticles
were purchased from US Nano with particle size of 20–30 nm.
Bovine serum albumin (BSA) was used as a foulant and was bought
from Sigma.
2.2. PVC/ZnO UF membrane preparation

The PVC/ZnO UF flat sheet asymmetric membranes were pre-
pared via the immersion precipitation phase inversion method
which has been explained elsewhere [8]. Briefly, at the first step,
the specific amounts of ZnO were mixed and dispersed in NMP
and sonicated for around 2 h to obtain homogenous suspensions.
Based on the literature ZnO at 5 different percentages (0.3, 1, 2, 3
and 4 wt%) was added to membrane structure [43,44]. After that,
PEG 6 kDa were added to the mixtures, and stirred to dissolve.
The amount of PEG in the final polymeric solution was 4 wt%.
The PEG dissolved firstly because it improves the dispersion of
the ZnO nanoparticles. Subsequently, 10 wt% of PVC was added
to the suspensions and stirred for 24 h to be dissolved completely.
Then, the remaining amounts of polymer were added to have poly-
meric solutions with 15 wt% PVC. After having complete homoge-
nous PVC/PEG/NMP/ZnO mixtures, the solutions were sonicated
for 1 h to remove any possible air bubbles. After that, the mem-
branes were casted on a glass plate using of a 150 lm casting knife
at room temperature. Then promptly, the coated glass was
immersed in a nonsolvent bath, which is full of water at room tem-
perature. After 15 min, the prepared samples were placed in
another bath full of fresh water to be sure that the solvent and
the additives were leached. The compositions of the fabricated
samples are shown in Table 1.
2.3. Membrane characterization

2.3.1. SEM and EDAX
The surface and cross-sectional morphologies of the mem-

branes were investigated using scanning electron microscopy
(SEM). The prepared membranes were fractured in liquid nitrogen
and coated with gold before SEM analysis. SEM device was
equipped with dispersive X-ray analysis (EDAX) detector to inspect
dispersion of nano-ZnO particles in the cross-section of the fabri-
cated membranes. SEM images were taken under very high-
vacuum conditions, operating at 20 kV.



Fig. 1. Dead-end setup for testing performance of the membranes.
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Fig. 2. Static water contact angle of the bare and the nanocomposite membranes.

Table 1
The compositions of the fabricated membranes.

Membrane PVC (wt%) PEG 6 kDa (wt%) ZnO (wt%) NMP (wt%)

Unmodified EPVC 15.0 4.0 0.0 81.0
0.3 wt% ZnO/PVC 15.0 4.0 0.3 80.7
1 wt% 15.0 4.0 1.0 80.0
2 wt% 15.0 4.0 2.0 79.0
3 wt% 15.0 4.0 3.0 78.0
4 wt% 15.0 4.0 4.0 77.0
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2.3.2. Pore size and porosity
The average porosity of the fabricated membranes was mea-

sured by the gravimetric method, as indicated below [34]:

p ¼ x1 �x2

A� l� dw
ð1Þ

where x1 and x2 are the weight of the wet and dry membrane,
respectively. A is the membrane area (m2), l is the membrane thick-
ness (m) and dw is the water density (0.998 g/cm3). For porosity
measurement, at first pieces of membrane with specific area were
immersed in distillated water at least for 12 h to ensure that all
the pores of the membranes were filled. Immediately after that
water on the surface of the samples were cleaned cautiously and
they were weighted. Subsequently, the samples were put in oven
for 2 h at 60 �C to evaporate water from membrane pores and
weighted again.

Guerout–Elford–Ferry relation (Eq. (2)), was used to measure
mean pore radius (rm) of the membranes [34]:

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75pÞ � 8glQ

p� A� DP

s
ð2Þ

where Q is water flux (m3/s), g is the water viscosity
(8.9 � 10�4 Pa s) and DP is the operation pressure (0.2 MPa).

2.3.3. Contact angle
Deionized water was used as a probe liquid to specify the

changes in the hydrophobicity of the membrane surface. The
results were obtained using OCA20, Dataphysics Instruments,
Germany, which were taken at 25 �C. A deionized water droplet
was placed on the surface of the membranes, and then the contact
angle between the water and the membrane was measured until
no change was observed. At least, five measurements were taken
at different locations on the membrane surface to determine the
average contact angle value.

2.4. Performance experiments

2.4.1. Ultrafiltration test apparatus
UF tests were done by an apparatus that was explained in our

previous paper [8]. Briefly, water and BSA flux through the mem-
branes were measured by a dead-end cell which had an effective
area about 20 cm2. The feed (pure water or BSA) enters the cell
from the tank above it, and N2 pressure provides the needed driv-
ing force for the feed to permeate through the membranes. More-
over, as the feed in the cell was continuously stirred by a magnetic
stirrer, concentration of the feed in cell can be considered homoge-
nous. The permeation through the membranes was weighted by a
balance every 10 min and a computer records this data for further
analysis. Fig. 1 shows the applied dead-end setup.

2.4.2. Calculation of permeation, flux recovery and BSA rejection
Water and BSA flux measurements were carried out at operat-

ing pressure of 2 bar and BSA concentration was 500 ppm. First,
the setup was allowed to work with higher pressure (3 bar) for
30 min. Then, for 90 min pure water flux was calculated as follows:
J ¼ M
ADt

ð3Þ

where J, M, A and Dt were flux, the mass of permeated water, mem-
brane effective area and permeation time.

After water flux calculation, in order to analyze antifouling
properties of the membranes, the feed tank was filled with
500 ppm BSA solution and BSA permeation was obtained. BSA flux
test was done for 90 min. After that, before filling the feed tank
with distillated water to calculate second water flux after BSA,
the membranes were put in fresh water for 1 h for washing.

Finally, the flux recovery ratio (FRR) was measured with having
the first and second water flux, as follows:

FRR ð%Þ ¼ Jwater;1

Jwater;2

 !
� 100 ð4Þ

where Jwater,1 and Jwater,2 were flux of pure water after and before
BSA flux, respectively.

The percentage of BSA rejection (R) was another factor to eval-
uate membranes’ performance and was calculated using the fol-
lowing equation:

R ð%Þ ¼ 1� Cp

Cf

� �
� 100 ð5Þ

where Cp and Cf are BSA concentration in permeate and feed,
respectively.
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3. Results and discussion

3.1. Characterization of the nanocomposite membranes

Contact angle test was applied at 25 �C to study changes in sur-
face hydrophilicity of the membranes, as shown in Fig. 2. As it is
obvious, contact angle decreases continuously with increasing
ZnO loading. It is due to increment of ZnO presence in the surface
Fig. 3. Cross-sectional SEM images of the bare PVC and the Zn
of the membranes. Thereby, the membranes become more hydro-
philic after ZnO addition, and they will have more water flux with
better antifouling properties [47].

SEM images and EDAX analysis were utilized to investigate
changes in cross-section and surface morphology of the mixed
matrix membranes after ZnO addition and the results are pre-
sented in Figs. 3–6. The cross-section images are shown in Fig. 3,
and as it can be seen, all the membranes have typical asymmetric,
O/PVC nanocomposite membranes at two magnifications.



Fig. 3 (continued)

H. Rabiee et al. / Separation and Purification Technology 156 (2015) 299–310 303
highly porous and inhomogeneous morphology with a dense top
layer which is responsible for permeation and rejection [44]. Mor-
phologies of the asymmetric membranes fabricated via phase
inversion are highly influenced by thermodynamic and kinetic of
the system and ZnO addition affects these two factors. For the bare
PVC ultrafiltration membranes because of high affinity between
solvent (NMP) and nonsolvent (water), membrane cross section
has large and finger-like pores. This affinity between NMP and
water increases the rate of NMP-water exchange in the process
of membrane formation and leads to faster instantaneous demix-
ing; consequently, membranes with high porosity are formed
[12,48].

With ZnO addition, the amount of pores in the hybrid mem-
branes increases and for ZnO/PVC membranes, seems that porosity
is on the growth as ZnO content increases. In addition, the con-
nectivity between top-layer and the bottom improves with ZnO
addition. Also, the macro-void volume of all the ZnO/PES hybrid
membranes appears to be greater than the bare PVC membrane,



Fig. 4. Surface SEM images of the bare PVC and the ZnO/PVC nanocomposite membranes.
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in particular up to 3 wt% ZnO and after that it reduces. This obser-
vation is in accordance with the data of porosity, which is pre-
sented in Table 2. However, for the case of 4 wt% ZnO/PVC
membrane the volume of pores of the membrane is obviously
lower than that for 3 wt% ZnO/PVC membrane, which means that
after 3 wt% ZnO addition the desired morphology disappeared.
The reason for this phenomenon is higher chance of aggregation
for ZnO nanoparticles at high loading, which it can be seen in sur-
face SEM images (Fig. 4f). In addition, as ZnO loading increases, the
viscosity of polymeric solution goes up and although the viscosities
were not measured precisely in this study, increment in viscosity
of the polymeric suspension with ZnO addition was visually
observed, and also this has been reported at similar papers
[34,49,50]. These observations are consistent with other similar
studies about nanocomposite membranes [42]. Improvement in
pores connectivity across the membranes and porosity have con-
siderable effect on water flux, which will be discussed later.

The SEM images were also used to visualize changes in surface
morphology after ZnO addition and the images are shown in Fig. 4.
As it can be seen, as ZnO was added to the membrane structure,
more nanoparticles were agglomerated in the surface of the
membranes. This observation can be clearly seen from the EDAX



Fig. 5. EDAX of cross section of the ZnO/PVC nanocomposite membranes.
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analysis of Zn element, depicted in Fig. 6. The EDAX is an appropri-
ate method to study particles dispersion in membrane and also
shows how with addition of more nanoparticles, they move more
toward the surface of membrane and have a tendency to make
cluster [42,51]. Based on Fig. 6, ZnO agglomeration in surface for
membranes with 4 wt% ZnO is quite visible. This agglomeration
of the nanoparticles at the surface can lead to pore blockage and
consequently, membrane water flux is expected to reduce for this
membrane [8].
This nanoparticle agglomeration can be also seen in the cross-
section, as it is shown in Fig. 5. At low ZnO concentrations, the
nanofillers are homogeneously dispersed and particle aggregation
is negligible. As ZnO increases to 3 wt%, low agglomeration can
be observed, however, at higher loading this phenomenon is clear.
EDAX analysis is also useful to investigate and compare the
amount of added nanoparticles in polymeric solution with the pre-
pared and dried membranes. The results of this section show that
ZnO nanoparticles in the prepared membranes are 0.29 ± 0.02,



Fig. 5 (continued)
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0.95 ± 0.09, 1.91 ± 0.19, 2.89 ± 0.24 and 3.92 ± 0.28 for 0.3, 1, 2, 3
and 4 wt% ZnO/PVC membranes, respectively. These results con-
firm that nanoparticle leaching during membrane formation is
negligible.
3.2. Filtration properties

3.2.1. Permeation and rejection results
Pure water and BSA flux of the prepared membranes were mea-

sured at operating pressure of 2 bar. As it is shown in Fig. 7, the
pure water flux increases continuously with addition of ZnO
nanoparticles up to 3 wt%, then it decreases. Increment in water
flux is indeed due to higher surface hydrophilicity of the mem-
branes (Fig. 2) and also, more porous structure of the membranes
(see Table 2) [43,50,52]. However, as the amount of the nanoparti-
cle reaches 4 wt%, they are more likely to aggregate and causing
pore blockage at membrane surface (see Fig. 4), therefore perme-
ation reduces [42]. This feature was observed in EDAX analysis
and agglomeration of the nanoparticles at high loading was almost
noticeable. When membranes surface become hydrophilic (as seen
in Fig. 2), they attract water molecules easier, which means water
permeation occurs faster [33]. Plus, as the membranes become
more porous with higher interconnectivity in the structure of the
membranes, resistance to water permeation reduce, consequently,
the flux increases. Membranes mean pore size also increases after
ZnO addition (Table 2), which indicates water penetration, and flux
takes place easier. These reasons were concluded from membrane
characterization results.

However, ZnO addition causes changes in both prepared mem-
branes and polymeric solution, which can neutralize the effect of
flux-increasing factors. First, as mentioned earlier, ZnO addition
leads to more viscous polymeric solution [34,49,50], and as the vis-
cosity increases, it leads delay in instantaneous demixing and sol-
vent–non solvent exchange rate; thereby membranes with denser
structure are formed [45]. It was found out by measuring mem-
branes’ porosity andmean pore size, which are presented in Table 2
and reduction in both parameters at high nanoparticle contents
was observed. Although all the fabricated membranes have poros-
ity above 68%, which is mainly because of existence of PEG in poly-
meric solution and acting as a pore former during membrane
formation [7,53], ZnO addition even leads to more porous mem-
branes. This is indeed due to positive effect of ZnO addition in hav-
ing instantaneous demixing and faster water-NMP diffusion;
however, as discussed above, at 4 wt% ZnO content, porosity decli-
nes [8]. The same trend was also seen for the case of mean pore
size because of the same reason [44].

First, according to Fig. 3f, it is obvious that the pores of mem-
branes become less connected for this ZnO content. Thereby, water
penetration becomes harder. Second, the nanoparticles aggrega-
tion at 4 wt% loading seems inevitable. All the polymeric solutions
in this study were sonicated for several hours to eliminate the pos-
sibility of this phenomenon, but as observed in EDAX analysis, at
this ZnO concentration, it happens and causes pore blockage at



Fig. 6. Surface EDAX of the ZnO/PVC nanocomposite membranes.

Table 2
Mean pore size and porosity of the prepared membranes.

Membrane Mean pore size (nm) Average porosity (%)

Unmodified EPVC 9.3 (±0.4) 67.9 (±2.9)
0.3 wt% ZnO/PVC 9.8 (±0.5) 70.5 (±3.5)
1 wt% 10.5 (±0.5) 75.1 (±3.3)
2 wt% 11.2 (±0.6) 77.3 (±3.9)
3 wt% 12.1 (±0.8) 79.8 (±4.1)
4 wt% 11.5 (±0.7) 76.2 (±3.8)
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the surface. Therefore, the flux though UF nanocomposite mem-
branes are a trade-off between the above-mentioned parameters
and reasons and similar results are reported in literature
[33,42,54].

In addition to high water flux, the modified UF membranes
should be able to reject BSA at high percentages. Based on the
BSA rejection results, shown in Fig. 8, all the membranes reject
BSA more than 90% and ZnO addition leads to even better BSA
rejection (above 97%) [31]. BSA, which is used as a foulant in this
study, has more affinity with more hydrophobic materials and
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Fig. 7. Pure water flux through the unmodified and the ZnO-modified PVC UF
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can be attracted by them. Hence, the increment in BSA rejection
can be justified because of more hydrophilic surface after ZnO
addition. Slight changing in this trend after 4 wt% ZnO addition is
related to the nanoparticles aggregation, which blocks surface
pores, in particular, smaller pores, therefore, more large pores are
active and this leads to reduction in BSA rejection [8,33,55].
Fig. 9. Flux of water and BSA in three 90 min sections: first for pure water, second
for BSA and third for pure water after washing the membranes for 30 min.
3.2.2. Antifouling ability of the membranes
One of the most important factors that should be improved for

filtration membranes is antifouling characteristic. Especially, this
issue is more serious for hydrophobic materials like PVC and PVDF.
Fouling means that some components (like proteins, whey or
micro-organism) have a tendency to adsorb on or in the surface
of pores; thereby they affect water flux over time. That is why in
many industrial processes where membranes are used for water
purification, membranes should be washed after a particular time
to recover their separation capacity [56]. However, the fouling is
not always reversible and removable through washing, and this
makes modification of the membranes to prepare membranes for
anti-reversible fouling more required [44,57]. For investigation this
ability, water flux of the membranes should be calculated after
they have been in contact with foulant agents. Therefore, water
flux before and after being in contact with BSA has been measured
and compared, and the results are shown in Fig. 9. Permeation
results indicate that in all the steps, they follow a similar trend.
They usually start with higher flux and after a while; they become
steady. Pure water flux is much more than flux of feed containing
500 ppm BSA, thereby membranes are more permeable for water
than BSA.

However, as BSA passes through the membranes, it can interact
with internal surface and form a layer on them. This will result in
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Fig. 8. BSA rejection from the unmodified and the ZnO-modified PVC UF
membranes.
lower flux due to increased resistance. Therefore, in order to
improve antifouling ability of the membranes, their surface should
be less to attract BSA. Addition of hydrophilic nanoparticles results
in a less hydrophobic surface, as a result antifouling enhances
[47,51,58].

The FRR data (Fig. 10) shows that incorporation of ZnO nanopar-
ticles results in much better antifouling properties of PVC mem-
branes. Unmodified EPVC membranes are able to recover 69% of
their pure water flux after BSA permeation, which for the mem-
branes containing 3 wt% ZnO, this number rises to around 92%,
thereby antifouling of PVC membranes has been quite improved.
Similar results are also reported in other nanocomposite mem-
branes [8,43,44,59].

The comparison of pure water flux, BSA flux and FRR in this
work with our previous study about PVC/TiO2 UF membranes [8]
at the optimized nanoparticle addition (2 wt% for TiO2 and 3 wt%
for ZnO) shows that although that PVC/TiO2 had more water flux,
the recovery ratio and BSA flux for PVC/ZnO is higher. It is probably
due to higher hydrophilicity of the 3 wt% ZnO/PVC related to 2 wt%
TiO2/PVC membrane. The contact angle of 3 wt% ZnO/PVC is 54.5�,
whereas this is 57.2� [8] for 2 wt% TiO2/PVC membrane. High
hydrophilicity decreases the protein attachment to the membrane
surface and therefore, the flux reduction of 3 wt% ZnO/PVC is lower
than 2 wt% TiO2/PVC membrane. Consequently, as it is shown in
Fig. 11, PVC/ZnO seems to be less susceptible to fouling, and they
are more suitable where fouling is a serious issue.
69.3 

77.1 

85.8 
88.7 

91.8 88.2 

50 

60 

70 

80 

90 

100 

Bare EPVC 0.3 wt% 1 wt% 2 wt% 3 wt% 4 wt% 

Fl
ux

 re
co

ve
ry

 ra
�o

 (%
) 

Fig. 10. Flux recovery ratio of the prepared membranes.
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Fig. 11. Comparison between PVC/ZnO and PVC/TiO2 UF membranes.
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4. Conclusions

ZnO nanoparticles were chosen to modify morphology and per-
formance of PVC UF membranes. ZnO at five different percentages
from 0.3 wt% to 4 wt% was added to the polymeric casting solution,
including PEG 6 kDa as a pore former and NMP as a solvent. The
membranes were fabricated via the phase inversion method. The
SEM images indicated remarkable changes in the membranes’
structure and higher connectivity among channels with ZnO addi-
tion up to 3 wt%. Also, EDAX analyses showed fine dispersion of the
nanoparticles in the membranes’ structure. ZnO led to increase in
water flux of the membranes from 213 kg/m2h for the bare PVC
membrane to 402 kg/m2h for 3 wt% ZnO/PVC membrane, mainly
because of higher surface hydrophilicity of the modified mem-
branes and more porous structure. However, with more ZnO addi-
tion permeation declined, which is due to the nanoparticles’
agglomeration and denser morphology at this ZnO content. Flux
recovery ratio improved with ZnO addition, and the membranes
showed much better antifouling properties in comparison with
the bare membrane. The results showed that addition of 3 wt%
ZnO was optimum to obtain the best results for water flux, flux
recovery and BSA rejection and more ZnO addition caused a reduc-
tion in these parameters.
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