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ABSTRACT

Zinc oxide nanoparticles (ZnO-NPs) were incorporated into polyethersulfone (PES) matrix
to prepare mixed matrix membranes. The separation performance of mixed matrix
membranes with respect to humic acid (HA) removal was significantly improved through
the addition of ZnO-NPs. The membranes were synthesised by dispersing various amounts
of hydrophilic ZnO-NPs (0–3.75 wt.%) into a dope solution containing PES, polyvinylpyrrol-
idone (PVP) and dimethylacetamide in the appropriate proportions. SEM and AFM were
employed to investigate the dispersion of the ZnO-NPs within the polymer matrix and char-
acterise the surface properties of the particles. The pure water flux, HA flux and rejection
rate, and the fouling resistance were investigated to evaluate the membrane performance.
The characterisation results indicated that all of the PES/ZnO membranes possessed a smal-
ler pore size than that of the pristine PES membrane. The HA rejection rates were observed
to increase with the amount of added ZnO. In particular, the PES/ZnO membrane with
1.25 wt.% ZnO exhibited the highest pure water and HA fluxes. Additionally, the fouling
analysis revealed that all of the PES/ZnO membranes exhibited a decrease in their HA
fouling tendency.
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1. Introduction

The soaring world population has led to an
increase in the demand for drinking water, the quality
of which has become the foremost issue of this era.
Thus, the academic and the industrial community
have devoted serious attention to defining the relevant
problems surrounding this issue and their solution to
furnish high-quality drinking water. Recently, research
concerning membrane technologies for the purification

of drinking water has been undertaken. The perfor-
mance measure of such technologies is the extent to
which natural organic matter (NOM) is removed [1,2].
It is well established that the presence of NOM in
aquatic resources is not harmful, but concern arises if
such water is treated with chlorine in the disinfection
step. The presence of organic matter, such as humic
acid (HA) and fulvic acid (FA), may lead to the forma-
tion of chlorinated by-products in drinking water via
their reaction with organic compounds. Trihalometh-
ane and haloacetic acids are good examples of such
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by-products and are considered carcinogenic [3]. In
nature, the mixture of these acids (HA and FA) is het-
erogeneous and possesses three main functional
groups, i.e. carboxylic acid (COOH), phenolic alcohols
(OH) and methoxy carbonyls (C=O) [4]. It is widely
reported that HA is considered a model compound
for the investigation of membrane efficacy in water
treatment applications [1,5].

Polyethersulfone (PES) is one of the most impor-
tant polymeric materials applied in water treatment
membranes [6,7]. The knowledge of glass transition
temperature (Tg) is essential in the selection of poly-
meric materials, which could be defined as the tem-
perature at which an amorphous polymer becomes
soft upon heating or brittle upon cooling. The mea-
surement of polymer Tg could help in the evaluation
of the rigidity and the excess free volume of the poly-
mer [8], also it gives an indication about the miscibil-
ity of the polymer with the additive. The high Tg

(225˚C) and amorphous nature [9] are the main attrac-
tive characteristics of PES, which make it applicable in
the preparation of asymmetric membranes with differ-
ent pore sizes and varying surface geometry [9–11].
However, PES-based membranes often cause serious
fouling when applied in water treatment due to their
hydrophobicity.

One of the possible ways to improve the membrane
fouling resistance of PES membranes is by increasing
their hydrophilicity. It is reported that the incorporation
of inorganic materials into a PES membrane matrix
may improve the hydrophilicity [2,12–16]. Adding
nanoparticles (NPs) to PES membranes may potentially
enhance the membranes’ structure and improve their
separation performance, which can be attributed to the
stable physical properties of NPs, such as high surface
area and thermal/mechanical stability. The fabrication
of membranes with high fouling resistance can be
achieved using these particles. Indeed, the improved
fouling resistance of such membranes may be ascribed
to the functional groups as well as the hydrophilic char-
acteristics of these particles [17]. One of the crucial
issues in the preparation of mixed matrix membranes is
the dispersion of the NPs. Improper distribution of
these NPs in the membrane matrix leads to decrease in
performance and affect the surface characteristics of
these membranes. In addition to the mechanical disper-
sion of NPs, the incorporation of chemicals such as
polyethylene glycol (PEG) [18], polyvinylpyrrolidone
(PVP) [1] and polyvinyl alcohol [19] in the dope solu-
tion has been used to improve the dispersion of various
types of NPs such as TiO2 and ZnO.

ZnO-NPs have garnered special attention due to
their low cost, superior surface area, photo-catalytic
activity and anti-bacterial properties [20–22]. In several

studies, ZnO-NPs have been incorporated into differ-
ent membrane materials and have led to improved
performance [18,19,23–26]. Leo et al. [19] improved the
hydrophilicity of polysulfone membranes by incorpo-
rating 1–4 wt.% ZnO-NPs and polyvinyl alcohol. The
authors observed a 12-fold improvement in membrane
permeability due to presence of ZnO-NPs (2 wt.%) in
polysulfone membranes. Moreover, this type of mem-
brane exhibited the highest fouling resistance during
oleic acid filtration. Balta et al. [24] used high PES con-
centrations (25–32wt.%) with a wide range of ZnO-NP
concentrations (0.035–4 wt.%) to develop a mixed
matrix membrane. The authors observed a significant
improvement in water permeability as well as HA
rejection. However, at high-polymer concentration, the
composite membrane showed decrease in permeability
due to a reduction in the NP dispersion rate. Addi-
tionally, Shen and co-workers [18] reported the disper-
sion of ZnO-NPs (0.199–0.793 wt.%) in a solvent using
a low concentration of PES (15.87–16wt.%) and PEG.
The researchers claimed that the membrane hydrophi-
licity increased, as the ZnO concentration increased.
Moreover, the membrane permeability was improved
by 254% (obtained at 0.398 wt.% ZnO-NPs) relative to
that of a pristine PES membrane.

To the best of our knowledge, formulation of
mixed matrix membrane containing high ZnO-NPs to
PES ratio was not yet reported. Therefore, the aim of
the present work is to develop the high ZnO content
nanocomposite membranes with the aid of PVP as a
dispersing agent. Emphasis was placed on the method
of preparation and performance assessment of the
mixed matrix membranes in HA removal. In addition,
the prepared mixed matrix membranes were charac-
terised using scanning electron microscopy (SEM),
atomic force microscopy (AFM), contact-angle, mem-
brane filtration experiments and fouling analysis.

2. Experiment

2.1. Materials

Polyethersulfone (PES Ultrason E6020P with
Mw= 58,000 g/mol) was supplied from BASF. PVP
(with Mw= 40,000 g/mol), sodium hydroxide, HA and
N,N-dimethylacetamide (DMAc), as a solvent, were
supplied from Sigma Aldrich (USA). A commercial
form of zinc oxide NPs, ZnO nanopowder (particle
size range of 10–30 nm; purity > 99%), was supplied
by US Research Nanomaterials, Inc. (Houston, TX).

2.2. Preparation of PES/ZnO composite membranes

Flat-sheet composite membranes were prepared by
phase inversion via the immersion precipitation

3258 A.L. Ahmad et al. / Desalination and Water Treatment 54 (2015) 3257–3268



technique. Membrane solutions were prepared by dis-
persing varying amounts of NPs (ranging from 0 to
3.75 wt.%) in DMAc solvent (ranging from 76.75 to
80.5 wt.%). The solutions were mechanically stirred
(600 rpm) at room temperature for 3 h. Then, the mix-
tures were ultrasonicated for 10min and stirred for
3 h. Subsequently, the appropriate amount of PVP
(corresponding to 3.75 wt.%) was added, and stirring
was continued for another 5 h. A calculated amount of
PES polymer (corresponding to 15.75 wt.%) was then
added over a period of 2 h, and the mixture solutions
were kept under mechanical stirring (500 rpm) at 60˚C
for 24 h. Table 1 presents the composition of the cast-
ing solution. To remove bubbles from the solutions,
the homogeneous polymeric solutions were placed in
an ultrasonic bath for 5 h. Each polymeric solution
was cast with a casting knife measuring 200 μm in
thickness onto a glass plate using a filmograph (K4340
automatic Film Applicator, Elcometer). Then, the
membrane was exposed to air for 45 s, subsequently
moved to a non-solvent bath (containing distilled
water) at 20˚C and left for 24 h to allow for precipita-
tion. The as-obtained membranes were thoroughly
washed and stored at 25˚C in distilled water (DI) for
1 day to ensure the complete removal of the pre-used
solvent and stored wet. For each polymeric solution
composition, three identical membranes were
prepared and tested to obtain an average value of the
fluxes and HA solution rejection.

2.3. Membrane characterisation

2.3.1. SEM analysis

The surface morphologies of the prepared PES/
ZnO membranes were studied by SEM using a HIT-
ACHI Tabletop Microscope instrument (TM-3000-
Japan) operated at 20 kV. The morphology of cross-
sectional area of all membranes was observed under
field emission SEM (FESEM CARL ZEISS SUPRA
35VP, Germany). Membrane samples were cut into
small sizes and mounted on a double-sided carbon
adhesive foil as the sample holder. Prior to the SEM
test, sputtered coating was used (Quorum-SC7620) to

coat the membrane surface and cross-sectional area
with a thin layer of gold under vacuum to avoid the
effect of electrostatic charging.

2.3.2. Atomic force microscopy

The surface roughness of the prepared membranes
was investigated by AFM (Park System XE100, Korea).
The membrane samples were observed at room tem-
perature under tapping mode to obtain images with a
scan size of 1 × 1 μm at a scan speed rate of 0.25 Hz.
Roughness parameters such as the mean roughness
(Ra), the standard deviation of the height in the
scanned area (Rq) and the mean difference in height
between the highest peaks and five lowest valleys (Rz)
were obtained.

2.3.3. Contact-angle measurements

To evaluate the membranes’ surface hydrophilicity,
the contact angle between water and each membrane
surface was directly measured using a contact-angle-
measuring system (Rame-Hart 250-F1, USA). A water
droplet (0.2 μL) was placed on a dry flat membrane
surface, and the contact angle between the droplet
and substrate was calculated. To reduce experimental
error, the average value of a series of seven measure-
ments for each membrane sample was considered.

2.3.4. Membrane pore size

The pore sizes of the membranes were determined
via a gas flow/liquid displacement method using a
Porolux 1,000 capillary flow porometer (Benelux Scien-
tific, Belgium). Prior to testing, membrane samples
with a diameter of 10mm were immersed in perfluo-
roether (for 5min) and then characterised using the
“dry up-wet up” method. The mean pore size was
then determined using LabView software.

The viscosity of dope solutions was measured
using programmable Rheometer (Brookfield, USA) in
a thermostatted oil bath at 26 ± 1˚C. The rotation speed
was fixed at 15 rpm and the viscosities were measured
after shearing for 30 s. For each polymer solution, the
average of three viscosity values was obtained.

2.3.5. Filtration experiments

The membrane flux and separation performance of
the prepared membranes were measured using a
cross-flow filtration set-up [18]. All experiments were
performed at an ambient laboratory temperature of
22 ± 1˚C. Typically, the experiments were conducted

Table 1
Composition of casting solutions (wt.%)

Membrane ID PES ZnO PVP DMAC

A1 15.75 0 3.75 80.5
A2 15.75 1.25 3.75 79.25
A3 15.75 2.5 3.75 78
A4 15.75 3.75 3.75 76.75
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through a cross-flow cell with an effective membrane
area of 42 cm2 and constant flow rate of 1,000mL/min
using a Flex-Pro-A4 V Peristaltic Metering Pump
(Blue-White, USA). Initially, each of the tested mem-
branes was compressed with pure water at 150 kPa for
1 h. The pure water flux measurement was performed
at 100 kPa, and the flux was measured after 60min of
water filtration. A 5 L feed solution containing
10mg/L (pH 7.7) of the HA solution was prepared
and re-circulated at 100 kPa through the aforemen-
tioned cell. A HA solution was used to investigate
membrane rejection and fouling. The HA concentration
in the permeate was recorded after 60min of the filtra-
tion experiment, fully recycling both the permeate and
retentate in the process except during flux sampling.

The pure water flux (JWF) was computed according
to Eq. (1):

JWF ¼ V

A � t (1)

where JWF is the pure water flux (L/m2 h), V is the
permeate volume (L), A is the effective membrane sur-
face area (m2) and t is the measurement time (h).

The HA concentration in the feed and permeate
flux were determined using a UV–vis spectrophotome-
ter (Pharo 300, Merck-Germany) at a wavelength of
254 nm. As such, the membrane rejection was calcu-
lated according to Eq. (2):

Rejection ¼ 1� Cp

Cf

� �
� 100% (2)

where Cp (mg/L) and Cf (mg/L) represent the solute
concentrations in the permeate and feed, respectively.

2.3.6. Membrane fouling analysis

The HA flux measurement was performed at
100 kPa for 180min and at 22˚C; this flux was
recorded as JHA. Then, each membrane was thor-
oughly washed with DI for 10min to remove the cake
layer, and the pure water flux was measured after
120min and recorded as JWF2. The flux recovery ratio
(FRR) was obtained by Eq. (3):

FRR ¼ JWF2

JWF
� 100 (3)

Normally, membrane fouling is categorised based on
the various forms of resistance that occur during the
filtration process. To this end, Darcy’s law was used

to calculate the fouling resistances due to various
mechanisms, as indicated in Eq. (4).

JWF ¼ �P

l
P

R
¼ �P

lRt
(4)

where ΔP, μ and ∑R or Rt are the transmembrane
pressure (Pa), viscosity of the permeate (Pa s), and total
resistance (m−1), respectively. The total membrane
resistance generally combines the intrinsic membrane
resistance (Rm) and fouling resistance (Rf). The intrinsic
membrane resistance (Rm) can be calculated from
Eq. (5).

Rm ¼ �P

lJWF
(5)

Due to the difficulty of distinguishing fouling effects
from concentration polarisation effects, these effects
are combined and considered as membrane fouling
effects [27]. This conceptualisation led to the assump-
tion that Rf comprises the reversible fouling resistance
(Rr) and the irreversible fouling resistance (Rir), as
indicated in Eqs. (6)–(9).

Rt ¼ Rm þ Rf ¼ Rm þ Rr þ Rir (6)

Rir ¼ �P

lJWF2
� Rm (7)

Rf ¼ �P

lJHA
� Rm (8)

Rr ¼ Rf � Rir (9)

where Rf captures fouling and concentration polarisa-
tion effects.

3. Results and discussion

3.1. SEM analysis

Fig. 1 shows the surface images of the PES and
PES/ZnO membranes. Inspection of these images
revealed the formation of pore-like structures on the
membrane surfaces. In this formation process, the size
of these pores was varied in all of the ZnO/PES mem-
branes. It is generally accepted that the addition of
ZnO-NP to a membrane polymeric solution can
increase the solution viscosity (Fig. 2) during phase
separation. At a low ZnO-NP concentration in the
membrane casting solution (less than 0.4 wt.%), the
hydrophilicity effect is dominant, as reported elsewhere
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[18]. However, at a low-polymer concentration and
high-ZnO-NP concentration (more than 0.4 wt.%), the
viscosity effect hinders polymer demixing during the
phase separation. In addition, the ZnO-NP concentra-
tion used in this study was relatively high (>1wt.%),
which resulted in a notable difference between the
viscosity of the pristine and that of the modified
membranes. Moreover, it can be observed that the
ZnO-NPs aggregated on the membrane surface, and the
degree of aggregation was observed to increase with
the ZnO content. This aggregation of the NPs on the
membrane surface increased the probability of pore
plugging, especially for the A3 and A4 membranes.

Cross-sectional SEM images of the prepared mem-
branes are shown in Fig. 3. A comparison between the
cross-sectional images of membranes prepared with
different amounts of zinc oxide NPs indicate that all
membranes possessed a finger-like structure. In addi-
tion, macrovoid formation was clearly enhanced as the
ZnO-NP concentration increased. This enhancement

Fig. 1. SEM surface images of membranes prepared with different concentrations of ZnO: (a) 0 wt.%, (b) 1.25 wt.%,
(c) 2.5 wt.% and (d) 3.75 wt.%.
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Fig. 2. The viscosity of casting dope solutions of A1, A2,
A3 and A4 membranes.
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may logically be explained by the effect of the ZnO
material added to the dope solution containing a low
polymer concentration. The cast thickness of all mem-
branes, before immersion in coagulation bath, is
200 μm (this is based on casting knife). The resulting
membrane thickness was found to be thinner than the
casting thickness. The difference in membranes’ thick-
ness is due to different degree of polymer densifica-
tion after gelling. Similar observations were found by
other researchers [28,29] during the fabrication of flat-
sheet polymeric membranes.

3.2. Atomic force microscopy

Fig. 4 shows AFM surface images (1 × 1 μm) of
membranes prepared with varying concentrations of
ZnO-NPs in the casting solution. In these images, the
dark areas indicate valleys and the brightest region
represents the highest point of the membrane surface.
The surface roughness parameters of the membranes
were calculated by XEI data processing analysis soft-
ware version 1.7.6 for a 5 × 5 μm scan size and are pre-
sented in Table 2. These results confirm that the
roughness of the modified PES–ZnO membranes sur-
face increased. Mainly, there are two important factors
that indirectly affected on the membrane roughness;
the PVP to ZnO-NPs ratio and the dope viscosity. For
instance, at a concentration of 2.5 wt.% ZnO-NPs in
the casting solution, there was a significant increase in
the viscosity of the casting solution (Fig. 2). The high
viscosity of the casting solution precluded the
exchange between the solvent and the non-solvent
(water), leading to the formation of a membrane with
a smooth surface, smaller pores and denser structure,
as demonstrated in Fig. 1(C) and Table 3.

However, it could be seen that A2 and A4 mem-
branes possessed a higher roughness parameters than
that of A3 membrane. In the case of A2 membrane,
there was only (13%) increase in solution viscosity so
the increase in roughness parameters is due to the
presence of NPs in the dope solution (1.25%). In the
case of A4 membrane, the solution viscosity was
approximately double than that of pristine membrane.
However, the increase in roughness parameters of this
membrane might be due to low PVP to ZnO-NPs
ratio. These conditions produced a rougher surface
due to severe NPs aggregation on the membrane sur-
face. Analogous trend had also been seen by other
authors [30], when TiO2 NPs loading increased to
some extent. These changes in surface roughness
parameters with NPs loading have also been observed
by other workers during the preparation of mixed
matrix membrane [9].

3.3. Contact-angle measurements

To assess the effect of ZnO-NPs on membrane
hydrophilicity, the angle between a small droplet (2 μl)
of water and the membrane surface was measured by
a contact-angle instrument. The obtained results are
shown in Fig. 5, which indicate that the addition of
ZnO-NPs helped to improve the membrane hydrophi-
licity (decrease the contact angle) by approximately
6.29, 16.12 and 30.48% for the A2, A3 and A4 mem-
branes, respectively. Additionally, there are two
parameters that may have affected the contact angle;
the hydrophilicity and the roughness of the membrane
surface. As shown in Fig. 5, all of the PES/ZnO mem-
brane samples exhibited a lower contact angle than
that of the pristine PES membrane. Logically, this dis-
parity in the contact-angle values between the pristine
and the modified membranes could be attributed to
the effect of the added ZnO-NPs. Physically, this phe-
nomenon is manifested in the modified membranes
due to the hydrophilicity of the added ZnO-NPs,
which was interrupted within the membrane structure
and possibly resulted in a membrane material with a
higher affinity for water molecules. As explained pre-
viously in the section of AFM analysis, the A4 mem-
brane showed the highest roughness parameters
among all of the PES/ZnO membrane samples. The
combined effects of hydrophilicity and roughness
resulted in a low contact angle for the A4 membrane
[31]. This phenomenon can be explained by Wenzel
model [32]. In this model, it is stated that when a
droplet of water is placed on the surface, it can follow
the surface contours and roughness of the surface. In
which, the degree of roughness could amplify either
the hydrophilicity or the hydrophobicity of the surface
as indicated in Eq. (10)

cos h ¼ r cos he (10)

where θ is apparent contact angle, θe is the contact
angle on the flat surface and r is the roughness factor
(the ratio of the actual solid/liquid contact area to its
vertical projection). According to this model, r value
represents the surface morphology and θe refer to the
surface chemistry. Additionally, Kang et al. [33] also
observed that the surface hydrophilicity/ hydropho-
bicity could be varied significantly by changing the
surface roughness.

3.4. Membrane pore size

The average pore size of the PES and PES/ZnO
membranes is listed in Table 3. It can be observed that
there is a steady decrease in pore size due to the pres-
ence of the guest ZnO-NPs. This may be ascribed to the
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Fig. 3. SEM images of membranes prepared with different concentrations of ZnO-NPs: (1) cross-section; (2) skin layer;
(a) 0 wt.% ZnO; (b) 1.25 wt.% ZnO; (c) 2.5 wt.% ZnO and (d) 3.75 wt.% ZnO.
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decrease in the inter-diffusion rate during phase inver-
sion (as also discussed in the SEM analysis). The
obtained results are in good agreement with those
obtained for the incorporation of analogous hydrophilic
NPs into PES materials, as indicated in the literature [9].

3.5. Filtration performance

Table 3 summarises the average pure water fluxes
(measured for three membrane samples). It can be

clearly observed that the highest pure water flux was
obtained at a ZnO concentration of 1.25 wt.% (A2 mem-
brane). Over the A2 membrane, the recorded water flux
was 317.45 L/m2 h, which represents an improvement
of 39.8% in membrane permeability relative to that of
the pristine membrane (A1). This enhancement in mem-
brane permeability was due to the improved membrane
hydrophilicity (Fig. 5). Ngang et al. [34] found that the
pore hydrophilization is playing an important factor for
improving the permeability of mixed matrix

Fig. 4. Three-dimensional surface AFM images of membranes prepared with different concentrations of ZnO: (a) 0 wt.%,
(b) 1.25 wt.%, (c) 2.5 wt.% and (d) 3.75 wt.%.

Table 2
Surface roughness parameters of PES/ZnO membranes

Membrane Rq (nm) Ra (nm) Rz (nm)

A1 22.4 18.75 74.6
A2 41.16 32 139.3
A3 27.16 21.5 78.8
A4 47.8 38.4 144

Table 3
Pure water flux and pore size of PES/ZnO membranes

Membrane PWF (L/m2 h) Pore size (nm)

A1 227.04 75
A2 317.45 72
A3 210.68 69
A4 180.44 63
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membrane. In which, the hydrophilic NPs could form a
hydroxyl group on membrane surface and pore wall
that attract the water molecules to pass through the
membrane. Vatanpour et al. [35] also observed that 1
wt.% of TiO2 improved the membrane permeability by
31.1% over 5% increase in membrane pore size. This
confirmed that the improved permeability of mixed
matrix membrane-containing TiO2 NPs is due to
increase in both membrane pore size as well as hydro-
philicity. However, other researchers believe that pore
size plays the most important role in flux improvement
[36,37]. The water flux was observed to decrease as the
concentration of added ZnO exceeded 1.25 wt.%, which
can be explained by the decrease in the pore size (as
seen in Table 3).

Fig. 6 presents the rejection rates of the pristine
PES and PES/ZnO membranes in filtering the HA
solution. Two factors strongly affected the membrane
performance: (i) membrane surface and sub-layer mor-
phology and (ii) membrane surface properties, includ-
ing hydrophilicity and roughness. As shown in the
figure, all of the modified membranes exhibited a
higher rejection rate than that of the pristine PES
membrane (A1 membrane). This enhancement in the
rejection rate exhibited by each membrane is in accor-
dance with the decrease in pore size (Table 3) as a
result of the addition of ZnO-NPs.

The normalised flux ratios (JHA/JWF) of all the pre-
pared membranes are shown in Fig. 7. The flux ratios
for the A1 and A2 membranes decreased rapidly dur-
ing the first 30min of HA filtration. After 30min of
HA filtration, there was a slight difference in the
behaviour of the A3 and A4 membranes.

The maximum normalised flux ratios were
achieved for the lowest-pore-size membranes (A3 and
A4 membranes). These membranes were less prone to
solute deposition, mainly because of the relatively
smaller pores on the membrane surface (Table 3). A
smaller membrane pore size prevents HA solutes from
entering the pore length and thereby reduces the
probability of pore blockage. In addition, the com-
bined effect of the improved hydrophilicity and the
low surface roughness was observed to play a key role
in decreasing the fouling tendency of A3 membrane.
These results and the conclusions drawn are in good
standing with those of the pioneering study reported
by Hamid et al. [1].
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3.6. Membrane fouling analysis

The most common way to investigate fouling miti-
gation on a membrane surface is via FRR. This tech-
nique can simply indicate the adsorption per cent of
the foulant on a membrane surface (irreversible foul-
ing). A high value of FRR indicates a strong resistance
to membrane fouling. The FRR and the water fluxes
due to various types of fouling mechanisms for all of
the prepared membranes are presented in Table 4.
Among all of the PES/ZnO-modified membranes, the
A4 membrane showed the highest FRR.

To further investigate the membrane fouling resis-
tance, a detailed analysis (as shown in Fig. 8) was per-
formed in terms of intrinsic membrane resistance
(Rm), which is related to membrane properties, total
filtration resistance (Rt), reversible resistance (Rr) due
to the attached foulant on the membrane surface and
irreversible resistance (Rir) due to the adsorption of a
foulant on the membrane surface/pore surface, which
were calculated using Eqs. (5)–(9).

It can be observed that among all of the intrinsic
membrane resistances, the resistance of the A4 mem-
brane was the highest, which may be explained by the
fact that it possessed the smallest pore size among the
prepared membranes. Also, this might be the result of
NPs agglomeration, which leads to pore plugging and
provides extra hydraulic resistance. However, the
membrane resistance was the lowest for the A2 mem-
brane, which was expected because the pure water
flux was the highest for this membrane (Table 3).

Fig. 8 demonstrates that the fouling tendency for
all of the membranes was lower than that of the pris-
tine PES membrane. As mentioned previously, the
fouling of the ZnO-modified membranes was
enhanced mainly by the increased hydrophilicity and
decreased roughness. However, the roughness param-
eters for all of the PES/ZnO membranes were greater
than those of the PES membrane.

It is generally accepted that a membrane with
smoother surface has more resistance to fouling [1].
The fouling tendency increased with roughness due to
accumulating of solute (HA) in the “valleys” of the

rough membrane surface. As indicated in Table 2, the
roughness parameters of A2 and A4 membranes were
increased and led to more reversible fouling resistance
(Rr). While, the Rr for A3 membrane shows lowest
value, this could be attributed to the smooth surface
among the modified membranes. More investigation
on Fig. 8 indicated that the Rir of the prepared mem-
branes decrease dramatically with ZnO content and
reached to the lowest value of 1.89 for A4 membrane.
This is mainly due to decrease in membrane pore size
and improved hydrophilicity with more NPs loading.
In fact, the pore size is the dominant factor that pre-
vents the pore plugging by solute molecules in filtra-
tion process. At high membrane pore size, there will
be a more solute penetration through the membrane
pores and this leads to adsorption/deposition of the
foulant onto pore surface. However, when there is a
minor difference between the pore size of pristine and
modified membranes, other factors owning the
improvement of fouling resistance such as the hydro-
philicity and surface roughness [1]. As indicated in
Table 4 and Fig. 8 the pure water flux, HA solution
flux and fouling resistance were enhanced due to the
incorporation of ZnO-NPs into the PES membranes.

4. Conclusions

Dry/wet-phase inversion induced by the immersion
precipitation technique was used to form membranes
in this study. Due to the low PES concentration and rel-
atively high ZnO concentration used, the dope viscosity
increased with the addition of ZnO, which resulted in a

Table 4
Membrane fluxes due to different fouling mechanisms

Membrane
JWF× 10−5

(m3/m2 s)
JHF× 10−5

(m3/m2 s)
JWF2× 10−5

(m3/m2 s)
FRR
(%)

A1 6.29 4.59 4.85 77.08
A2 8.79 6.60 7.20 81.90
A3 5.84 5.13 5.19 88.90
A4 5.00 4.40 4.61 92.23

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

20.00

A1 A2 A3 A4

R
es

is
ta

nc
e 

(x
 10

11
m

-1
)

Membrane

Rm

Rf

Rr

Rir

Fig. 8. Various types of filtration resistances of A1, A2, A3
and A4 membranes.
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decrease in the pore size of the membranes obtained. It
was observed that the addition of ZnO-NPs resulted in
a reduction in the membrane’s contact angle. Mem-
brane performance analysis proved that the pure water
flux and HA flux attained their ultimate values at the
optimum concentration of 1.25 wt.% ZnO-NPs. The HA
rejection rates were observed to increase with amount
of ZnO-NPs added in the formulated membranes.
Upon the addition of ZnO-NPs, the FRR of the ZnO-
modified membranes was increased to 92.23%, which
represented an improvement compared to the 77%
recovery ratio obtained using the unmodified PES
membrane. The irreversible fouling resistance was seen
to decrease as the pore size decreased and hydrophilic-
ity of the PES/ZnO membrane increased. The revers-
ible fouling resistance was found to be affected by the
surface hydrophilicity and roughness. As a result, the
prepared PES/ZnO membranes demonstrated a reduc-
tion in HA fouling tendency and an improvement in
the permeation flux.
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