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ABSTRACT

In the present study, ultrafiltration (UF) membranes were manufactured using different polymeric
backbone materials such as polyvinyl chloride (PVC) and polysulfone (PSf) and modified with ZnO
nanoparticles using a varying ratio of 0.1-2.0 wt.% in order to achieve the best filtration performance.
Moreover, compositions of the casting solutions of the pristine membranes in terms of polymer/
solvent and polymer/pore-former ratios were varied to determine the best pristine membrane recipe.
The results showed that 0.5% ZnO loading provided the highest water flux performance for both PVC
and PSf based membranes, which were found as 420 and 426 L/m?h, respectively, under the transmem-
brane pressure of 0.7 bar. Several characterization techniques were carried out to examine thermal
and mechanical properties, as well as morphological structures in comparison to the pristine mem-
branes. The type of polymeric backbone material exhibited a significant effect not only on the filtration
performance but also on the lifetime and mechanical properties of the UF membranes. The results
clearly indicate that the compatibility of ZnO nanoparticles with PVC is better than PSf under identical

fabrication conditions.
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1. Introduction

Ultrafiltration (UF) membrane technology has been
considered as one of the most important areas in water
treatment technologies in recent years. UF technology offers
cost-effective and environmentally friendly process with
high selectivity and efficient separation of pollutants from
water compared to other purification technologies such as
chemical and biological treatment processes [1,2]. An effec-
tive UF membrane exhibits important features such as high
flux, high rejection, low fouling tendency, good mechan-
ical properties, and chemical resistance. Selecting proper
membrane materials along with the membrane preparation
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technique plays a major role in membrane performance.
Organic polymers are the most widely used materials in
ultrafiltration membrane fabrication. Although all poly-
mers can be used as a barrier or membrane material, chem-
ical, and physical properties may differ so much that only
a limited number can be used as membrane material [3].
The composition of the casting solution along with the
specific preparation technique determines the final mor-
phology and hence filtration performance of the membrane
[4]. UF membranes can be prepared by using a single poly-
mer or a mixture of two different polymer blends. In prac-
tice, frequently used polymeric materials for UF membrane
fabrication are polyvinylchloride (PVC), polysulfone (PSf),
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polyvinylidene fluoride (PVDEF), polyethersulfone (PES),
polyacrylonitrile (PAN), and polyethyleneimine (PEI) [5,6].
Among these polymers, PVC based membranes provide
excellent chemical properties and high resistance to pH,
chemical, temperature, and microbial corrosion with a low
material cost, which encourages the growth of production
on industrial scale [7]. PSf based membranes exhibit wide
pH tolerance, high temperature limit, and good oxidant
resistance [8]. Molecular configuration of the polymer in
the membrane matrix and functional groups in the poly-
mer chain has significant effects on membrane performance
[9]. In general, polymers with low surface energy and high
hydrophobicity cause flux decline and irreversible fouling
which subsequently reduces the membrane performance
and lifetime. PVC based membranes are hydrophobic due
to their hydrocarbon chains while PSf based membranes
contain hydrophobic aromatic groups in their structure
[10,11]. However, membrane fouling remains a major prob-
lem, which is usually caused by the deposition of organic
pollutants on the membrane surface or adsorption into the
membrane pores which increases the operating costs and
restricts the practical applications of UF membranes [12].

Several methods have been developed in order to
enhance some of the membrane properties including water
flux, hydrophilicity, mechanical strength, rejection, and sur-
face formation of membranes [13]. One of these methods is
the incorporation of various types of hydrophilic nanopar-
ticle fillers into membrane matrix. Inorganic nanoparticles
usually have high surface energy by their nature. Therefore,
it makes them highly hydrophilic and very suitable for
embedding into the membrane matrix [14]. Inorganic
nanoparticles can be categorized as oxide nanomaterials,
carbon-based nanomaterials, silicon-based nanomaterials,
and metal nanomaterials [2]. Some commonly used met-
al-oxide nanoparticles are TiO,, AL,O,, Zn0O, SiO,, Fe,O,, and
ZrO, [15-36].

Incorporation of nanoparticles into membrane struc-
ture will result in the formation of weak Van der Waals
interactions between functional groups in polymer chain
and nanoparticles, which in turn makes the membrane less
hydrophobic. There will be two possible outcomes of such
an approach. First, during the phase inversion, the exchange
rate between solvent and non-solvent will be affected; there-
fore, pore characteristics of the membranes will be altered
[37]. Secondly, during filtration, a water layer between the
membrane and foulant molecules will be formed due to the
hydrophilic structure. Accordingly, foulant molecules will
not be able to contact and stick to membrane surface [38].

Among the nanoparticles used in membrane fabrica-
tion, ZnO shows very promising properties, due to hav-
ing a high surface to volume ratio, high catalytic activity,
effective antibacterial, and bactericide capabilities and also
lower cost in comparison to other nanoparticles used in the
fabrication of nanocomposite membranes. However, stud-
ies related to the incorporation of ZnO nanoparticles into
membranes are still limited. Rabiee et al. [29] found that
embedding ZnO nanoparticles into PVC based membrane
matrix significantly increased flux and flux recovery ratio
and brought along remarkable changes in pristine mem-
brane morphology. Alhoshan et al. [39] fabricated a mixed
matrix membrane consisting of a PSf and ZnO nanoparticles.

They found that incorporation of ZnO nanoparticles into the
membrane matrix resulted in a more hydrophilic, smooth,
and tightly packed surface, which offered a high flux and an
effective permeability barrier. Ahmad et al. [31] embedded
ZnO nanoparticles in PES based membranes with N-methyl-
2-pyrrolidone (NMP)-acetone mixture as solvent. They
concluded that improving hydrophilicity encourages pore
formation; however, agglomeration of ZnO nanoparticles
cannot be avoided with increasing amount of ZnO loading.
Leo et al. [27] fabricated PSf based membranes in the pres-
ence of ZnO nanoparticles and achieved the highest flux
value with 2 wt.% ZnO loading. However, they also observed
a tendency of increased agglomeration with increasing ZnO
addition. Hong and He [40] studied on the fabrication of
ZnO added PVDF membranes and found out that morpho-
logical properties, especially mechanical strength of PVDF
based membranes significantly enhanced with 1% ZnO
addition. They stated that the cross-links formed between
ZnO nanoparticles and polymer chains and increase of
ZnO loading caused decrease in mechanical strength due
to the agglomeration of nanoparticles reducing the flexibil-
ity of the polymer chains. Rajabi et al. [41] synthesized PES
based membranes using ZnO nanoparticles with two dif-
ferent shapes (equiaxed and nanorod) and concluded that
a small amount of nanorod-shaped ZnO was more effective
than equiaxed ZnO particles. Javdaneh et al. [42] prepared
ZnO/Psf nanocomposite membranes for enhanced antifoul-
ing and filtration performance of biological macromole-
cules. They stated that the best antifouling performance was
achieved by a membrane containing 0.5% of ZnO. Yunos et
al. [43] studied the effects of different ZnO concentration on
the properties of PSf based membranes. They reported that
the pure water flux of the pristine membrane increased as
ZnO increased up to 1% and tended to decrease with higher
loadings. Shen et al. investigated the effect of ZnO addi-
tion on thermal properties of ZnO/PES hybrid membranes.
They proposed that the addition of ZnO particles improved
the thermal stability of the nanocomposite membranes [44].
Zhang et al. [45] manufactured PVDF based nanocomposite
membranes with blending ZnO nanoparticles. It has been
observed that the nanocomposite membranes have good
surface properties and hydrophilic behavior with enhanced
filtration performance and high fouling resistance which was
attributed to the distribution of ZnO nanoparticles on the
surface of the membranes having hydrophilic characteristics.

Although to date, incorporation of ZnO nanoparticles
to various matrix phases has been studied, the compatibil-
ities of polymer matrices with ZnO nanoparticle additives
from the filtration performance point of view have not been
investigated. Therefore, the research objective of this study
was to compare and contrast PVC and PSf matrices in the
presence of ZnO nanoparticles for ultrafiltration mem-
brane application. Accordingly, to achieve this objective,
PVC and PSf based nanocomposite ultrafiltration mem-
branes were fabricated using ZnO nanofillers with vary-
ing loading levels. Prior to fabrication of nanocomposite
membranes, effects of polymer percentage, and polymer/
pore former ratio of the casting solutions which gave the
best membrane performances were determined to further
apply the recipe in nanocomposite membrane fabrication.
Filtration properties of the nanocomposite membranes in
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terms of flux, rejection, and antifouling properties as well
as morphological structure, thermal, and mechanical prop-
erties were investigated in comparison to pristine PVC and
PSf membranes. Performance of nanocomposite membranes
fabricated using different polymers were discussed con-
sidering the interaction of ZnO with either of the polymers
and the resulting properties.

2. Experimental
2.1. Materials

Polyvinyl chloride (PVC, high molecular weight,
K-value of 69-71) and PSf (average molecular weight of
36,000 Da) were used as main membrane polymers, polyeth-
ylene glycol (PEG, molecular weight of 6,000 Da) was used
as a pore-forming agent and NMP (99.5% purity) was used
as a solvent in the fabrication of membranes. Zinc oxide
(ZnO, particle diameter <100 nm, Sigma-Aldrich, Germany)
was used as a filler. Sodium alginate (SA) (Sigma-Aldrich,
Germany) and humic acid (HA) (Sigma-Aldrich, Germany)
were used as model foulants to represent polysaccha-
ride-like and acidic substances in wastewater, respectively.

2.2. Membrane preparation

PSf and PVC based membranes were prepared using
immersion precipitation phase-inversion method. A cast-
ing solution, which consisted of polymer (PVC or PSf),
pore former (PEG), and solvent (NMP) with different pro-
portions were mixed into a homogenous solution and cast
onto a glass plate using an adjustable casting blade (Paul N.
Gardner Company Inc., USA) followed by immersing into
a coagulation bath containing a nonsolvent (i.e., water) at
25°C, which resulted in a pore formation due to the exchange
between solvent and nonsolvent (Fig. 1). Evaporation time
between casting and immersion to the coagulation bath
was kept as 15 s. The polymer/solvent ratio was changed
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between 14 and 22 wt.% whereas the pore former/polymer
ratio was applied as 1/2, 1/3, 1/4, and 1/5 (Tables 1 and 2).
For the preparation of nanocomposite membranes, certain
amounts of ZnO nanoparticles (0.1-2.0 wt.%) were first
dispersed in NMP using an ultrasonic bath for about 4 h
and the same procedure was followed as in the prepara-
tion of pristine membranes. Membranes were kept in fresh
distilled water for 24 h to ensure water-soluble compo-
nents are leached out of the membrane before filtration
performance tests. All the membranes were fully dried in
a vacuum oven at 50°C for 24 h to remove the moisture
content prior to characterization.

The composition of the casting solutions of PVC and
PSf based nanocomposite membranes are given in Tables 3
and 4, respectively.

2.2.1. Viscosity measurement

Viscosity of each casting solution (with compositions
given in Tables 3 and 4) was measured using a Rotational
Viscometer (Fungilab, Smart R, Spain) at room temperature
with 50 rpm speed and 60% torque. At least two separate
measurements were carried out on each casting solution
and the average values are reported.

2.3. Filtration performance tests

Filtration performance of the membranes was tested in
terms of pure water flux, SA rejection, HA rejection, and
flux recovery ratio. A dead-end UF system (Millipore, USA)
was used for the filtration tests. In a typical filtration test,
a membrane sample with an effective area of 28.7 cm? was
placed in a stirred cell of 200 mL and water was introduced
into the cell using a compressed nitrogen gas at a constant
transmembrane pressure (TMP) of 0.7 bar. Before filtra-
tion tests, membrane samples were compacted at a TMP
of 2.1 bar for 30 min in order to rearrange the polymer
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Fig. 1. Schematic view of membrane formation via phase inversion with immersion precipitation technique.
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Table 1
Compositions of the casting solutions for pristine PVC
membranes with varying ratios

Polymer PEG/PVC PVC PEG NMP Total
(%, wt/wt)  (wt/wt) (8) (8) (8) (8)
14 1/4 11.2 2.8 86 100
16 1/2 10.7 5.3 84 100
16 1/3 120 4.0 84 100
16 1/4 12.8 3.2 84 100
18 1/2 12.0 6.0 82 100
18 1/3 13.5 45 82 100
18 1/4 144 3.6 82 100
20 1/4 160 4.0 80 100

Table 2
Compositions of the casting solutions for pristine PSf
membranes with varying ratios

Polymer PEG/PSt PSt PEG NMP Total
(%, wtiwt) — (wt/wt) ®) &) ®) (&)
16 1/4 12.8 32 84 100
18 1/4 14.4 3.6 82 100
20 1/3 15.0 5.0 80 100
20 1/4 16.0 4.0 80 100
20 1/5 16.7 3.3 80 100
22 1/3 16.5 5.5 78 100
22 1/4 17.6 44 78 100
22 1/5 18.3 3.7 78 100
Table 3

Compositions of the casting solutions for PVC/ZnO nano-
composite membranes (polymer/solvent ratio: 18%, PEG/PVC
ratio: 1/3)

MembraneID PVC PEG NMP ZnO ZnO/PVC
g (@ (@© (8 (%, w/w)

Pristine PVC 13.5 45 82.000 O 0
PVC/0.25ZnO 135 45 81.966 0.03375 0.25
PVC/0.50ZnO 135 45 81.932 0.06750 0.50
PVC/0.75ZnO 135 45 81.899 0.10125 0.75
PVC/1.00ZnO 135 45 81.865 0.13500 1.00
PVC/2.00ZnO 135 45 81.730 0.27000 2.00

chains and segments with a lowered volume of porosity
and hence to have a stable flux value at the operating TMP.
Permeate was weighed in 1 min time intervals and the data
was collected using a special software supplied by Radwag
(Poland). Water flux values were calculated using the
following equation [32]:

Q
Ax At

Water flux (]O) = (1)

Table 4

Compositions of the casting solutions for PSf/ZnO nano-
composite membranes (polymer/solvent ratio: 22%, PEG/PSf
ratio: 1/3)

Membrane ID  PSf PEG NMP ZnO ZnO/PSf
& (©® (8) (8) (%, wiw)
Pristine PSf 165 5.5 78.000 0 0
PS£/0.10ZnO 165 5.5 779835 0.0165 0.10
PS£/0.25ZnO 165 5.5 779588  0.0413 0.25
PS£/0.50ZnO 165 5.5 779175 0.0825 0.50
PS£/0.75ZnO 165 55 778763  0.1238 0.75
PSf/1.00ZnO 165 55 77.8350  0.1650  1.00

where ] is the water flux (L/m* h), Q is the volume of the
permeate (L), A is the effective membrane area (m?), and
At is the time interval for the measurement (h).

After the pure water flux tests, membranes were condi-
tioned using 10 mM NaCl solution for 2 h prior to fouling
tests in order to adjust the ionic strength of water [46,47].
Then a solution containing sodium alginate with a pH and
concentration of 5.2 and 20 mg/L, respectively, and 10 mM
NaCl was fed to the system in order to subject membranes
to fouling for 8 h. In the very first 10 min of the fouling
test, a permeate sample was taken to calculate the rejection.
In order to investigate the humic acid rejection of the pre-
pared membranes, a solution containing 20 mg/L HA was
prepared by adjusting the pH of the solution to 10 using
0.1 M NaOH [48]. The collected permeate and feed concen-
trations of each membrane were determined using a TOC-L
analyzer (Shimadzu, Japan). After the determination of total
carbon concentrations, the percentage of rejection of each
membrane was calculated using the following equation [29]:

o) =|1-Ce |«
R(A))—{l c} 100 )

F

where C, and C, denote the concentrations of the permeate
and feed, respectively. At the end of each fouling experi-
ment, membranes were physically cleaned with deionized
water and water flux was measured again to calculate flux
recovery ratio using the following equation:

FRR(%) = PW“} x100 ®)
w,1

where ], and ]  are the water flux of membranes before and
after fouling with SA foulant solution. Resistance in series
model, which considers membrane resistance, adsorption
resistance, pore plugging resistance, and fouling resistance,
has been used in order to better understand the fouling
mechanism [49].

R,=R, +R +R, (4)

where R, is the total resistance during filtration (m™), R is
the membrane internal resistance (m™), R is the reversible
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membrane resistance (m™), R, is the irreversible membrane
resistance (m™).

where R and R, values were calculated by mea-
suring the pure water flux and water flux after fouling
membranes with SA solution using the following equations.

AP
R = 5
= (acly) ©
AP
R=—"o 6
“ o (vxT,) ©

where AP is the TMP (MPa) and p is the viscosity (Pa s)
of the water at the operating temperature. After the
backwash cleaning of the membrane, water flux was
measured again (J,) and hence R and R values were calcu-
lated using Eqs. (7) and (8), respectively.

)
)

Rir = Rt - Rm - Rr (8)

2.4. Characterization
2.4.1. Morphological properties

Morphological properties (pore diameter and distribu-
tion, porosity, and cross-section images) of the pristine (PVC
and PSf based) and ZnO doped nanocomposite membranes
were analyzed by scanning electron microscopy (SEM,
Hitachi, Regulus 8230, Japan) at an accelerating voltage of
5-10 kV. For surface imaging, samples were coated with gold
with a thickness of 2-3 nm (Leica, EM ACE600, Germany)
and attached to the carbon strips on the sample holder. For
cross-section imaging, samples were immersed in an alcohol
and then liquid nitrogen to get them fractured properly.

2.4.2. Porosity, mean pore diameter, and water uptake

Membrane porosity was calculated by the ratio of total
pore volume to geometric volume of the membrane [50].
Furthermore, the water uptake value, which provides
information about void content and porosity, was deter-
mined using the following experimental method. A sample
of the membrane having a certain area was kept in water,
weighed after carefully wiping the water on the surface and
the back of the membrane. The sample was weighed after
drying at 60°C in a vacuum oven to evaporate excess water.

Porosity and water uptake values were calculated
using the equations below:

Wwet - Wdrv
g=—7-——""-x100 9)
P vater X (TE x 1% x l)

(Wwef B Wde) %100

Water uptake = (10)

dry

where ¢ is the porosity, W, and W, are masses of the
wet and dry membranes (g), respectively. p_  is the den-
sity of water at 25°C (g/cm?), r is the radius (cm), and [ is
the thickness of the membrane (cm).

The overall mean pore diameter values of membranes
were determined by Guerout-Elford-Ferry equation by
using flux values measured at constant TMP and other
membrane properties as given below [51].

u:\/(2.9—1.758)><(8><uwaater) o

ex AxAP

where a denotes overall mean pore diameter (m), € is
porosity, u is viscosity (Pa s) of the water to be filtered at
room temperature, [ is the thickness of the membrane (m),
Q. 18 water flux (in m%s), A is the surface area of the
membrane sample (m?), and AP is TMP (Pa).

Furthermore, surface mean pore size (r) and finger-like
pore width of the fabricated membranes were determined
using Image]J software.

2.4.3. Water contact angle

The static water contact angles of the fabricated mem-
branes were measured using a contact angle goniometer
(Dataphysics, OCA). A water droplet (50 uL) was applied
on different spots of the previously dried membrane
sample and the resultant angle was measured. An average
of five measurements was reported.

2.4.4. Thermogravimetric analysis

Thermogravimetric analysis was carried out in order
to investigate the effect of ZnO addition on thermo-chemi-
cal properties of PSf and PVC based pristine membranes.
Approximately 10 mg of sample was placed in a platinum
pan, which was then heated up to 750°C with a heating rate
of 10°C/min using nitrogen as a sweeping gas (30 mL/min).
The weight change of the sample was recorded as a function
of temperature until the weight of the sample was stabilized.

2.4.5. Mechanical property analysis

To investigate the compressive mechanical performance
of the fabricated membranes in terms of surface roughness
and Young’s modulus, a nanoindentation test was con-
ducted using a nanoindenter (Hysitron, Triboindenter TI
950, USA) utilizing a conical diamond flat punch Berkovich
type indenter. The analysis was carried out under a
maximum load of 800 puN according to the Oliver-Pharr
analysis technique. Based on the measurements, the load
displacement curve was obtained and mechanical proper-
ties such as hardness and elastic modulus (Young’s mod-
ulus) of the membrane samples were calculated from the
curve. The measurement was carried out on five different
spots of each membrane surface and the average of these
values was reported.

2.4.6. X-ray diffraction analysis

The crystal structure of the pristine and nanocompos-
ite membranes was determined using an X-ray diffraction



164 B.M. Erdugan et al. / Desalination and Water Treatment 213 (2021) 159-176

(XRD) instrument (Rigaku, MiniFlex 600 W, Japan) at a
scanning range of 20: 5°-~100°.

3. Results and discussion
3.1. Water flux and rejection tests for pristine membranes

In order to determine the membrane recipe for the
pristine PVC and PSf membranes, polymer/solvent ratio,
and PEG/polymer ratio were investigated in terms of
water flux and rejection, and the best performing recipe
were used for the fabrication of nanocomposite mem-
branes. Fig. 2 demonstrates the effects of polymer/solvent
ratio and PEG/polymer ratio on pure water flux and SA
rejection of membranes fabricated using different polymers.

According to Fig. 2a, the pure water flux of PVC
membrane decreased from 505 to 40 L/m?h, whereas SA
rejection increased from 70.6% to 95% with an increase in
polymer/solvent ratio from 14% to 20%, which indicated
that higher polymer/solvent ratio hinders pore formation
[52]. In order to investigate the effect of PEG/PVC ratio, fur-
ther experiments were carried out at a constant polymer/
solvent ratio of 16% and 18% for varying PEG/PVC ratios
of 1/4, 1/3, and 1/2. As it can be observed from Fig. 2b,
pure water flux increased from 297 to 1,314 L/m?h and SA
rejections decreased from 95% to 92% for a constant PVC
ratio of 16% when the PEG/PVC ratio was increased from

1/4 to 1/2. In addition, pure water flux increased from
106 to 550 L/m?h, while SA rejections decreased from 94%
to 86% for a constant polymer/solvent ratio of 18% when
the PEG/PVC ratio was increased from 1/4 to 1/2 (Fig 2c).
These results showed that higher amounts of pore for-
mer resulted in a more porous structure in the mem-
brane matrix. However, it is well-known that higher pore
former ratio and hence higher porosity usually reduce
the mechanical strength of the membranes [44,53]. Due to
the trade-off between flux and rejection and considering the
mechanical strength, an optimum balance of two should
be selected. Accordingly, 18% polymer/solvent ratio and
1/3 PEG/PVC ratio was considered to be the most suitable
recipe for the casting solution since it gave appreciable
values both for flux (350 L/m?h) and rejection (93%).
Furthermore, as it can be shown in Fig. 2d, pure water
flux of the PSf based membranes decreased from 782 to
104 L/m*h whereas SA rejections increased from 75% to
98% when the polymer/solvent ratio was increased from
16% to 22%, which can be attributed to the much higher
polymer concentration at the interface and a lower poros-
ity resulting in a lower flux [31]. The effect of PEG/PSf
ratio was tested at constant polymer/solvent ratios of 20%
and 22% since lower polymer concentrations (for 16% and
18%) gave lower rejection values (below 85%). For a con-
stant polymer/solvent ratio of 20%, when the PEG/PSf ratio
was reduced from 1/3 to 1/5, a gradual decrease in water
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Fig. 2. Effect of (a) polymer/solvent ratio on pure water flux and rejection (PEG/PVC ratio is constant as 1/4), (b) PEG/PVC ratio on
pure water flux and rejection (polymer/solvent ratio is constant as 16%), (c) PEG/PVC ratio on pure water flux and rejection (polymer/
solvent ratio is constant as 18%), (d) polymer/solvent ratio on pure water flux and rejection (PEG/PSf ratio is constant as 1/4), (e) PEG/
PSf ratio on pure water flux and rejection (polymer/solvent ratio is constant as 20%), and (f) PEG/PVC ratio on pure water flux and

rejection (polymer/solvent ratio is constant as 22%).



B.M. Erdugan et al. / Desalination and Water Treatment 213 (2021) 159-176 165

flux was observed and the rejection did not change signifi-
cantly. Water flux and SA rejection at a PEG/PSf ratio of
1/3 were determined as 520 L/m*h and 88%, respectively.
For a constant polymer/solvent ratio of 22%, pure water
flux and rejection values were obtained as 326 L/m?h and
90%, respectively. Considering the mechanical strength
and hence lifetime of the membrane along with the trade-
off between flux and rejection, the most suitable PSf and
PEG/PSf ratios were selected as 22% and 1/3, respectively
with a water flux of 326 L/m*h and a rejection of 90% to
carry out further studies with ZnO nanoparticles [44].

3.2. Water flux and rejection tests for nanocomposite membranes

Fig. 3 demonstrates pure water flux and rejection values
of PVC and PSf membranes as a function of ZnO loading
levels.

Fig. 3a shows that water flux of pristine PVC mem-
brane increased from 350 to 420 L/m*h (20% increase) when
0.5% ZnO was added into the casting solution. As shown
in Fig. 3b, SA and HA rejection of pristine PVC membranes
were 93.2% and 82.3%, respectively, and with the addition
of ZnO, SA, and HA rejections increased to 98.0% (with
0.5% ZnO loading) and 89.4% (with 0.75% ZnO loading),
respectively.

The same trend in water flux was observed with PSf
based membranes. The flux value was improved by 23.5%
(from 326 to 426 L/m*h) while SA rejection increased
from 90% to 92% and HA rejection increased from 96.3% to
98.7% with addition of 0.5 wt.% ZnO (Fig. 3b). The increase
in flux may be due to the combined effects of porosity,
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change in the pore structures, and improvement in hydro-
philicity of the polymeric matrices due to the presence of
hydrophilic ZnO, which enhanced the phase separation
and resulted in bigger pore size, hence a higher water flux
[31,39]. Water flux and rejection values tended to decrease
beyond 0.5 wt.% ZnO addition both for PVC and PSf based
nanocomposite membranes due to the increase in the vis-
cosity of the casting solutions (Fig. 4), thereby delaying the
interchange between the solvent and nonsolvent result-
ing in smaller pore sizes hence lower pure water flux val-
ues. In addition, high loadings of ZnO nanoparticles tend
to agglomerate due to strong Van der Waals interactions
between them, causing membrane surface pores to clog
and reduce the flux as also reported earlier by Choi et al. [54].

The dynamic viscosities of casting solutions have been
given in Fig. 4 as a function of ZnO loading. As it can be
observed from Fig. 4a, the viscosity of PVC based mem-
brane casting solution increased gradually from 2,175 to
2,504 cP with the increasing amount of ZnO nanoparticles
added into the solutions. A similar trend was also observed
for the PSf based casting solutions, that is, the viscosity of
the casting solution for the pristine membrane was 581 cP
and it gradually increased up to 641 cP when 1% by wt.
ZnO was added.

3.3. Antifouling properties of nanocomposite membranes

In addition to the water flux and rejection properties
of the prepared membranes, the resistance of the pores to
clogging or fouling without chemical cleaning after expo-
sure to the contaminant solution is also very important.
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Fig. 3. (a) Water flux, (b) rejection values of PVC based, (c) water flux, and (d) rejection values of PSf nanocomposite membranes

as a function of ZnO loading levels.
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Fig. 4. Dynamic viscosity of (a) PVC based and (b) PSf based pristine and nanocomposite membranes as a function of ZnO loading.

Anti-fouling properties of the pristine and nanocompos-
ite membranes were determined in terms of flux recovery
ratio and individual resistances.

Fig. 5 shows integrated flux profile of PVC and PSf
based pristine and ZnO doped nanocomposite membranes
starting from the measurement of pure water flux, exposure
of the membrane to the foulant solution and measuring the
pure water flux again after cleaning and backwashing steps.
Permeation results indicate that in all steps, they follow a
similar trend, that is, starting with higher flux and becoming

steady after a period of time. Pure water flux is higher than
SA flux values in all cases (region I). Solution containing
SA is less permeable than pure water and the flux tends to
decrease with time due to the concentration polarization and
cake layer formed on the membrane surface which further
leads to adsorption of contaminant particles on the surface
and inside the channels (region II) resulting in reduced flux
and increased resistance. The recovery of flux after SA foul-
ing test (region III) especially in the case of PVC based nano-
composite membranes has been substantially (90.2% for
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Fig. 5. Integrated flux profiles of (a) PVC based, (b) PSf based pristine and nanocomposite membranes (region I = measurement of
pure water flux, region II = flux of SA filtration, region III = flux after SA fouling test, and region IV = flux after backwashing).
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PVC/0.50ZnO membrane) increased and a small improve-
ment can be observed after backwashing (region IV). The
recovery of flux after physical cleaning and backwashing
was not enhanced considerably for PSf based membranes,
which exhibit low anti-fouling characteristics as well as high
resistance behavior (Fig. 5).

Flux recovery ratio and resistance values for both poly-
meric based membranes as a function of ZnO loadings are
given in Figs. 6 and 7, respectively.

According to Fig. 6a, FRR of pristine PVC membrane
was 73.6% and it was improved by almost 22% (90.2%) with
the addition of 0.5 wt.% ZnO. The increase in flux recov-
ery ratio by the incorporation of ZnO into the membrane
matrix can be attributed to the reduction of the interaction
between the contaminant and the membrane surface due
to the hydrophilic ends of the ZnO nanoparticles. Further
addition of ZnO nanoparticles beyond 0.5% caused FRR
value to decrease probably due to agglomeration of
nanoparticles on the surface and throughout the finger-like
structure as also stated by Yang et al. [55].

FRR value of PSf based pristine membrane was 53.7%
and gradually increased to 59.9% with the addition of ZnO
into the membrane casting solution (Fig. 6b). The lower flux
recovery ratios of both pristine and ZnO doped nanocompos-
ite membranes indicated that the foulant molecules blocked
the surface as well as finger-like pores after 8 h of fouling
tests, which could not be recovered with physical cleaning.
In addition, the slight improvement in flux recovery ratio
by the addition of ZnO to pristine PSf membranes shows
that intermolecular interactions between ZnO and PSf poly-
mer chains are weaker than those between ZnO and PVC.

In order to better understand and quantify anti-fouling
properties of fabricated membranes, resistances of PVC and
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Fig. 6. Flux recovery ratio of (a) PVC based and (b) PSf based
membranes as a function of ZnO loading.
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PSf based pristine and nanocomposite membranes in terms
of R, R, R, and R, were investigated and the results are
presented in Fig. 7.

In Fig. 7, R shows the internal or hydraulic membrane
resistance, R, shows the reversible membrane resistance,
which can be removed by simple hydraulic cleaning and
shows poor bonding of the foulant to the membrane surface
(cake layer), R, represents irreversible membrane resistance,
which shows clogging of membrane surface and finger-like
pores due to contaminant molecules and R, indicates
total membrane resistance [56]. As shown in Fig. 7a, the
resistance of the pure PVC membrane gradually decreased
with the addition of ZnO and the lowest resistance val-
ues were achieved in the presence of 0.5% ZnO loading.
This may be attributed to the increased hydrophilicity that
decreased the interaction between foulants and membrane,
which in turn inhibited the adsorption of foulant molecules
onto membrane pores. In other words, PVC membranes
could be cleaned by simple hydraulic cleaning as stated
by Maximous et al. [23]. Further addition of ZnO led to an
increase in resistance values probably due to non-homoge-
nous distribution of ZnO on the surface as well as through-
out the membrane cross-section, which weakened the
interaction of ZnO and polymer.

The resistances of the PSf based membranes decreased
with the addition of ZnO into the membrane structure and
the lowest resistance values were reached in the case of
0.5% ZnO loading. However, due to the weak interaction
between PSf and ZnO, resistance of the pristine membrane
has not been improved sufficiently. This is also clearly
observed from the large difference between irreversible
and reversible resistance values in Fig. 7b. Therefore, PSf
based membranes have higher fouling tendency than PVC
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based membranes. The hydrophilic-hydrophobic proper-
ties of the membrane surface have a significant effect on
the antifouling property and permeability. The reason for
reduced membrane permeability after fouling is that pol-
lutant molecules can adsorb onto the membrane surface
and clog the channels. Membranes with hydrophobic sur-
face enable organic pollutants to diffuse more rapidly and
cause more pores to block after pollution [57]. This behav-
ior can be attributed to having different chain structures of
the polymers. PSf polymer chains are more hydrophobic
compared to PVC chains due to the presence of aromatic
groups [24]. This nature of PSf, will cause organic pollutants
to diffuse more easily into the active layer and form Van
Der Waals (hydrogen) bonds between the pollutant mole-
cules and polymer chains. This is why the FRR value of the
pristine PSf membrane is much lower compared to that of
pristine PVC membrane. The addition of ZnO nanoparticles
into the membrane matrix caused high surface hydrophilic-
ity so organic pollutants cannot diffuse onto the membrane
surface due to the hydrogen bonds formed between the
water molecules and the polymer on the hydrophilic mem-
brane surface [58]. Fig. 8 represents an illustration of the
interaction of foulant molecules with a pristine membrane
and PVC and PSf based nanocomposite membranes during
fouling experiment. The scheme shows that the pollutant
molecules form a cake layer on the pristine membrane
surface (Fig. 8a) [59,60]. For PVC based membrane, after
the addition of ZnO nanoparticles, the membrane surface
hydrophilicity increases, and a water layer forms on the
surface. Therefore, most of the organic foulant molecules
cannot diffuse directly onto the membrane surface and also
into the finger-like pores (Fig. 8b) [61]. However, due to the
weak interaction between ZnO and PSf chain, most of the
ZnO nanoparticles do not remain on the surface but precip-
itate onto the bottom of the membrane matrix during phase
inversion process, hindering the hydrophilic property of the
surface, which in turn becomes more susceptible to fouling
[11]. This is also confirmed by the contact angle values of
the pristine and nanocomposite membranes. The contact
angle value of pristine PVC membrane decreased from 64.5°
to 38.5° with the addition of 0.5 wt.%Zn0O, whereas that of
pristine PSf membrane decreased from 68.7° to 57° with
the addition of 0.5 wt.%ZnO nanoparticles, which means
that ZnO nanoparticles could not be well-incorporated
onto the PSf surface.

The interaction of ZnO with either of the polymer
chains can be explained by the proposed schematic given

in Fig. 9. According to Fig. 9a, PVC chain has more polar
characteristics compared to the PSf chain due to the pres-
ence of Cl atoms. Therefore, PVC chains with a definite
length tend to have a more effective interaction with
ZnO nanoparticles than a PSf chain with the same length
(Fig. 9b). Due to the strong interaction of ZnO and PVC
chain, the amount of ZnO nanoparticles uniformly distrib-
uted over the surface of the membrane will be higher, which
in turn helps to enhance the surface antifouling properties
as also illustrated in Figs. 6 and 7 [22]. Due to the weak
intermolecular forces of attraction between ZnO nanopar-
ticles and PSf chains, ZnO nanoparticles will be directed
under the active layer during membrane formation [59].

3.4. Characterization of membranes
3.4.1. Morphological properties

Pore size, pore size distribution, and cross-sectional
structures of PVC and PSf based pristine and nanocom-
posite membranes were visualized by SEM in Figs 10
and 11 for PVC and PSf based membranes, respectively.
Thickness value of each membrane was measured care-
fully from five different sections using image ] software
and average values are depicted in the figures. In addition,
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Fig. 9. Schematic view of the interaction of ZnO molecules
with (a) PVC and (b) PSf polymer chains.
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Fig. 8. Schematic image of pristine and nanoparticle added membrane morphologies after SA fouling (a) pristine membrane,

(b) PVC based, and (c) PSf based nanocomposite membranes.
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Fig. 10. Surface and cross-section images of PVC based membranes as a function of ZnO loading (a) surface image of pristine
PVC membrane, (b) cross-section image of pristine PVC membrane, (c) surface image of PVC nanocomposite membrane with
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nanocomposite membrane with 2.0% ZnO loading.
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surface mean pore size of the fabricated membranes was
analyzed using Image] software.

Fig. 10 shows that all the fabricated membranes exhibit
a typical asymmetric porous microstructure with a dense
skin layer supported by finger-like pores encompass-
ing most of the volume on a porous substrate. For PVC
nanocomposite membrane fabricated with 0.5% ZnO load-
ing, the porosity and the mean pore size of the top layer
was increased significantly and both connectivity and
macro void volume of finger-like pores were enhanced
in comparison to pristine PVC membrane, which plays
an important role in improving membrane permeability
(Figs. 10a-d). The pore-forming effect of ZnO nanoparti-
cles was also confirmed by the surface mean pore size val-
ues highlighted in Fig. 10 along with porosity and overall
mean pore size data given in Table 5. Hydrophilic struc-
ture of ZnO nanoparticles facilitates the phase inversion,
that is, water penetrates the structure easily enhancing the
exchange between solvent and non-solvent, which results
in having a more porous top layer as well as improved
finger-like structure [29,32]. When the ZnO loading was
beyond 0.5% (1% and 2%), the surface porosity and the
mean pore size decrease and become irregular, less uni-
form, and disorderly as also highlighted in Figs. 10e and g.
Similar trend was also observed with the cross-section of
the membrane, that is, the finger-like volume pores were
obviously lower than that for 0.5% ZnO added mem-
brane, which means that the desired morphology disap-
peared. This may be attributed to the increased viscosity
of the casting solution delaying the exchange rate between
solvent and nonsolvent.

The size and the distribution of the pores along with the
pore connectivity through the cross-section of the pristine

Table 5
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PSf membranes were enhanced with 0.5% ZnO loading
(Figs. 11a—h). The addition of hydrophilic ZnO to the pure
membrane matrix caused a rapid exchange between solvent
and water during the phase inversion. This has led nano-
composite membranes to have more developed morpholog-
ical properties than pristine membranes [29,30]. However,
when ZnO loading increased beyond 0.5%, the size of the
surface pores became irregular, and the pore width and
connectivity were reduced, which was due to the increase
of the casting solution viscosity and delaying the exchange
of solvent and nonsolvent, which subsequently resulted
in a reduction of water flux [28,62].

Cross-section SEM images of pristine and nanocom-
posite membranes with 0.5 wt.% ZnO nanoparticle content
were further analyzed in detail in terms of the finger-like
pore width using Image] Software as illustrated in Fig. 12.
The size distribution of finger-like pores in terms of pore
width is increased from 0.5-3.0 um to 3.0-7.0 um for PVC
based membranes whereas it increased from 1.0-4.5 um to
2.0-5.5 um for PSf based membranes with addition of 0.5%
ZnO nanoparticles (Fig. 12). Effect of nanoparticle addition
on the membrane formation is clearly observed in SEM
images. Hydrophilic nanoparticles increased the exchange
rate between solvent and nonsolvent which resulted in
larger pore formation.

Morphological properties of PVC and PSf based pris-
tine and nanocomposite membranes are given in Tables 5
and 6, respectively. As shown in Table 5, the porosity and
average pore size of pristine PVC membranes increased
up to 84.2% and 41.3 nm, respectively, with the addition of
0.5 wt.% ZnO to the casting solution. Addition of hydro-
philic nanoparticles into casting solution facilitates the
demixing process between solvent and nonsolvent which

Morphological properties for PVC based pristine and nanocomposite membranes

Membrane ID ZnO/PVC Porosity Water Thickness Overall mean pore diameter
(%, wiw) (%) uptake (%) (um) (calculated from Eq. (11)) (nm)
Pristine PVC 0 78.4 76.9 72+2 39.2+0.5
PVC/0.25ZnO 0.25 82.8 80.9 76+2 39.3+0.8
PVC/0.50ZnO 0.50 84.2 86.4 73+2 413+03
PVC/0.75ZnO 0.75 82.4 81.1 75+2 414 +0.6
PVC/1.00ZnO 1.00 77.5 81.2 74+2 347+1.1
PVC/2.00ZnO 2.00 79.4 80.7 76+2 324+1.0
Table 6
Morphological properties for PSf based pristine and nanocomposite membranes
Membrane ID ZnO/PSt Porosity Water Thickness Overall mean pore diameter
(%, wiw) (%) Uptake (%) (um) (calculated from Eq. (11)) (nm)
Pristine PSf 0 83.8 83.2 87+2 32.7+03
PS£/0.10ZnO 0.10 84.7 82.0 81+2 348+0.4
PS£/0.25Zn0O 0.25 88.6 83.4 82+2 37.6+0.8
PS£/0.50ZnO 0.50 92.3 84.9 79+2 39.0+0.2
PS£/0.75ZnO 0.75 87.1 83.5 84+2 37.0+0.9
PS£/1.00ZnO 1.00 88.0 83.7 85+2 340+12
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Fig. 11. Surface and cross-section images of PSf based membranes as a function of ZnO loading (a) surface image of pristine
PSf membrane, (b) cross-section image of pristine PSf membrane, (c) surface image of PSf nanocomposite membrane with 0.5%
ZnO loading, (d) cross-section image of PSf nanocomposite membrane with 0.5% ZnO loading, (e) surface image of PSf nanocom-
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surface image of PSf nanocomposite membrane with 1.0% ZnO loading, and (h) cross-section image of PSf nanocomposite membrane
with 1.0% ZnO loading.
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in turn increases the transport of water into membrane
matrix resulting in a higher porosity and surface pore size.
Higher loadings of ZnO beyond 0.5 wt.% resulted in a
reduction in porosity and mean pore diameter, which was
probably due to the agglomeration of nanoparticles [12].
Furthermore, decrease of porosity and surface pore size
can be attributed to the increase of the casting solution vis-
cosity with higher nanoparticle loading which slows down
the phase inversion process between solvent and nonsol-
vent. Such a trend was also observed in SEM surface and
cross-section images and is in good agreement with flux
values. For PSf based membranes, the porous structure
and pore size were improved with the incorporation of
ZnO particles into the membrane up to 0.5 wt.% loading
level and tended to decrease with further addition, which
can be attributed to pore blocking with a high concentra-
tion of ZnO nanoparticles. This was also visualized in the
SEM images.

3.4.2. Water contact angle

Hyrophilicity of fabricated membranes were quantified
using a water contact angle goniometer and the results are
given in Fig. 13. The water contact angle of the pristine PVC

membrane was measured as 64.5° and gradually decreased
with the addition of ZnO into the membrane matrix and
reached the lowest value (38.5°) with 0.5 wt.% ZnO loading.
Similarly, with the addition of hydrophilicZnOnanoparticles
into the PSf membrane matrix, the contact angle of pristine
PSf membrane was reduced from 68.7° to 57° (Fig. 13a). This
reduction in contact angle is due to the hydrophilicity of
the ZnO nanoparticles as also observed by Alhashan et al.
[39]. During the phase inversion, ZnO nanoparticles move
toward the membrane surface to form a more hydrophilic
surface. This change on the membrane surface results in
a higher water flow through the membrane and hence a
lower tendency to fouling which was supported by water
flux and flux recovery ratio values (Figs. 3 and 6) [32]. The
increasing tendency of contact angle values for both poly-
meric based membranes with higher loading levels of ZnO
was due to the uneven distribution of nanoparticles over
the surface of the membranes formed by the agglomeration
of nanoparticles.

3.4.3. Thermo-chemical properties

Thermal stabilities of PVC and PSf based membranes
were analyzed by thermogravimetric analysis as a function
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Fig. 13. Static water contact angle values of (a) PVC based and (b) PSf based membranes as a function of ZnO loading.

of ZnO loading (Fig. 14). As shown in Fig. 14a, the PVC
polymer chains were degraded thermally between 203°C
and 358°C, where the main weight loss (~60% weight loss)
occurred for all membranes. The carbonization took place
between 414°C to 501°C. The incorporation of ZnO into the
membrane matrix disturbed the Van der Waals interaction
between PVC chains, which resulted in a reduction of decom-
position temperature from 241°C for pristine membranes to
203°C in the case of 2% ZnO loading and the nanocomposite
membranes displayed lower weight loss compared to pris-
tine PVC membrane [63]. As the ZnO ratio increased, the
amount of remaining material increased from 9.6% to 24.7%
(Fig. 14a) [6].

As shown in Fig. 14b, the PSf polymer chains in the PSf
based membranes were degraded thermally between 381°C
and 443°C, where the main weight loss (~60% weight loss)
occurred. In the second decomposition temperature region
(476°C-580°C) the material is carbonized [27]. For PSf based
pristine and nanocomposite membranes, the change in
thermal stability is not as significant as that of PVC based
membranes. The addition of ZnO to the structure did not
significantly affect the thermal properties of PSf based mem-
branes. This is probably due to the weak bonding nature
between the PSf polymer chain and ZnO as illustrated
above in Fig. 9. As ZnO loading increased for nanocom-
posite PSf membranes, the amount of remaining material
increased from 26.4% to 28.3%.

3.4.4. Mechanical properties

When a force is applied perpendicular to the surface of
the membrane with repulsive force differential pressure,
it is inevitable that deformation in the pore structure will
occur after a certain time of exposure to this force. The
mechanical strengths of the prepared PVC and PSf based
pristine and ZnO doped nanocomposite membranes were
determined by nanoindentation analysis based on Young's
modulus and hardness values and the results are given
in Fig. 15.

Young’s modulus and hardness of pristine PVC mem-
brane were found to be 8.9 and 2.7 MPa, respectively, and

those values gradually increased up to 113.7 and 5.3 MPa,
respectively, with 0.5% ZnO loading and tended to decrease
beyond further ZnO addition (Fig. 15a). For PSf based pris-
tine membranes, Young’s modulus and hardness values
were found as 4.0 and 2.1 MPa, respectively, and increased
with the addition of ZnO nanoparticles up to 0.75% load-
ing reaching 139.6 and 10.0 MPa, respectively (Fig. 15b).
The improvement in the mechanical properties may be
associated with the interaction of nanoparticles with poly-
mer chains. Further increase of ZnO amount in the casting
solution inhibited the interaction between the polymer and
the nanoparticles creating stress-convergence points, which
resulted in a decrease of mechanical strength [22,64].

3.4.5. Crystal structure analysis of membranes

The XRD analysis was performed to determine the
presence of ZnO nanoparticles in the membrane matrix.
XRD patterns showing the crystal structures of pure ZnO
nanoparticles, PVC based, and PSf based pristine and
nanocomposite membranes are given in Fig. 16.

In Fig. 16a the clear peaks observed at 20 = 31.8°, 34.5°,
36.3°, 47.5°, and 56.6° are the characteristic peaks of ZnO
nanoparticles representing a Wurtzite crystal structure.
The non-sharp peaks seen in Fig. 16b at 26 = 16.5° and 24.6°
correspond to pristine PVC polymer. Weak peaks of pure
ZnO are seen in the X-ray patterns of nanocomposite mem-
branes containing a low percentage of ZnO. Peak intensity
increased with increasing ZnO loading and peaks became
apparent at 2% ZnO loading. This result indicates that the
crystal structure of ZnO is not disturbed by the presence of
PVC and can be successfully added to the membrane [65].
Fig. 16c indicates that PSf based membranes have a wide
peak and amorphous structure in the X-ray diffraction pat-
tern in the range of 20 = 17°-30° [66]. The decrease of the
area under the peaks by the loading of ZnO nanoparticles
to the PSf membrane matrix indicates the presence of ZnO
in the structure. Significant peaks for ZnO nanoparticles
could not be observed in the XRD pattern of PSf based
nanocomposite membranes due to the weak interaction
between PSf and ZnO nanoparticles [38].
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Fig. 16. X-ray diffraction patterns of (a) ZnO nanoparticles, (b) PVC based, and (c) PSf based pristine and nanocomposite membranes.

4. Conclusions

In the present study, filtration performance and char-
acteristics of the nanocomposite membranes were inves-
tigated by the incorporation of ZnO nanoparticles into the

membrane matrix composed of PVC and PSf as polymeric
backbone materials. Composition of casting solution has
a significant impact on the filtration properties as well
as morphology of membranes so before nanocomposite



B.M. Erdugan et al. / Desalination and Water Treatment 213 (2021) 159-176

membrane fabrication, polymer, and pore former concen-
trations of the casting solutions were investigated and the
recipe which gave the best results was used in nanocom-
posite membrane fabrication. For PVC based pristine mem-
branes, 18% polymer/solvent ratio with a PEG/PVC ratio of
1/3 yielded the best performance for flux (350 L/m?h) and
SA rejection (93%), while for PSf based pristine membranes,
22% polymer/solvent ratio with a PEG/PSf ratio of 1/3 pro-
vided the most suitable flux performance (326 L/m?h) and
SA rejection (90%). Incorporation of ZnO nanoparticles into
the membrane matrices enhanced both PVC and PSf based
membrane performance in terms of flux, rejection, and
antifouling properties due to the alteration of the morpho-
logical structure. For PVC nanocomposite membranes, the
highest water flux (420 L/m?h) and SA rejection (98%) were
achieved with the addition of 0.5 wt.% ZnO. On the other
hand, while the SA rejection has almost remained constant
at about 90% with 0.5 wt.% ZnO addition, the water flux was
increased by 23.5% (from 326 to 426 L/m*h) for PSf mem-
branes. Although antifouling properties of PVC membranes
have been successfully enhanced, those of PSf membranes
could not be improved significantly as observed with flux
recovery ratio test and resistance evaluation due to the fact
that the interaction between PSf and ZnO is weaker than
that between PVC and ZnO, which is attributed to the cor-
responding structure and the intermolecular forces between
polymer and nanoparticle, which were also supported by
the SEM images, water contact angle measurements, ther-
mal, and mechanical properties. Finally, the results sug-
gest that ZnO nanoparticles are more compatible with PVC
than PSf polymer for the manufacturing of nanocomposite
membranes in practice.
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