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A B S T R A C T

Two series of thin film nanocomposite membranes were fabricated by incorporating montmorillonite (Mt) and
modified-Mt (m-Mt) within a poly (vinyl alcohol) (PVA) film on a porous polysulfone (PSf) support membrane.
The m-Mt was modified by incorporating of poly (4-styrenesulfonic acid-co-maleic acid) (PSSMA) to produce
functionalized clay. The m-Mt showed uniform topographies for the prepared modified thin film nanocomposite
membranes (TFN-m). The maleic acid groups around the m-Mt layers promoted good dispersion within the PVA
film and prevented agglomeration presenting a procedure to reduce the difficulties encountered in the synthesis
of state-of-the-art nanocomposite membranes. The permeation properties of the membrane samples were studied
for Na2SO4 inorganic salt and the pharmaceuticals cephalexin, amoxicillin and ibuprofen. The higher solute
rejection performance of the TFN-m membranes in comparison with thin film nanocomposite membranes in-
corporated with unmodified clay (TFN) confirmed the enhancement of the compatibility of m-Mt in comparison
with Mt. Although the pure water flux (PWF) of TFN membranes increased from 6.8 l/m2 h for thin film com-
posite (TFC) membrane to 14.4 l/m2 h, the salt rejection decreased from 95.7% to 78.1%. For TFN-m membranes
PWF increased from 6.8 l/m2 h to 10.8 l/m2 h with 92.99% salt rejection. For the pharmaceuticals, TFN-m
membranes presented comparable separation rates with TFC membrane, but the rejection values of the TFN
membrane decreased considerably. Among pharmaceutical solutes, cephalexin with the lowest hydrophobicity
showed rejection rate of 94.05%, 86.36%, 98.8% and 98.16% for TFN-0.4, TFN-0.6, TFN-m0.4 and TFN-m0.4,
respectively.

1. Introduction

Accessibility to high quality water is an important issue around the
world. Population growth along with the development of cities and
industries in the past few years, have caused many environmental
problems such as water shortage and contamination. Pharmaceuticals
are one group of emerging organic micropollutants because of their
continual release into the environment due to increasing production
and consumption. Pharmaceuticals concentrations are not regulated in
many water directives, but they are recommended for extreme removal
using efficient treatment techniques. Generally, pressure-driven mem-
brane separation is an effective process in water purification, water
softening, waste water treatment and other industries. For micro-
pollutant removal, membrane separation processes particularly reverse
osmosis (RO) and nanofiltration (NF) membranes, have shown en-
couraging performances (Luo et al., 2014; Rivera-Utrilla et al., 2013).
Membrane processes are also suitable for retrieval and retreatment of
antibiotics and other valuable pharmaceutical compounds from wastes

(Homayoonfal and Mehrnia, 2014; Kosutic et al., 2007; Li et al., 2004).
RO and NF membranes are mostly polyamide thin film composite

(TFC) membranes. TFC membranes are composed of two layers with
different polymers. Polyamide TFC membranes are fabricated by the
interfacial polymerization of amine and acyl chloride monomers to
porous support membranes (Baker, 2004). However, their polyamide
active film is hydrophobic, and some organic solutes can pass easily
through it while salts are mostly rejected. As a result, inefficient per-
formances were observed in the removal of some pesticides, pharma-
ceuticals and endocrine disrupting compounds (Comerton et al., 2008;
Semiao et al., 2013; Verliefde et al., 2009). In addition, polyamide
degradation by chlorine attack restricted the durability of the mem-
brane in water recycling applications (Rahmati et al., 2017). A reduc-
tion in efficiency was observed in pharmaceuticals removal by various
types of polyamide membranes after exposure to hypochlorite solution
(Simon et al., 2009; Van der Bruggen et al., 2008). Hence, surface
modifications of available commercial polyamide membranes have
been studied to enhance pharmaceuticals removal (Ben-David et al.,
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2010; Drazevic et al., 2013; Kim et al., 2008). Poly (vinyl alcohol)
(PVA) can be used for preparation of selective layer of TFC membrane.
PVA is one of the best candidates because it is chemically stable and
hydrophilic polymer. The PVA TFC membrane has high stability, good
chlorine tolerance and low fouling because of advantages such as in-
trinsic hydrophilicity; remarkable chemical, thermal and mechanical
stability; and good commercial availability (Peng et al., 2010, 2011).
PVA is coated on a support membrane. After crosslinking, a selective
layer for reverse osmosis and nanofiltration membranes is formed
(Gohil and Ray, 2009; Jahanshahi et al., 2010; Lang et al., 1994).
However the relatively low permeability and/or selectivity of PVA TFC
membranes are the most important challenges of their commercial use
(Peng et al., 2010, 2011). Therefore, the modification of these types of
TFC membranes to obtain better permeability and selectivity has been
studied using various methods, such as the incorporation of nanoma-
terial in the PVA layer (Barona et al., 2012; Pourjafar et al., 2012;
Rajaeian et al., 2015).

Mixed matrix membranes, a new category of membranes fabricated
by combining polymers and nanomaterials, are being introduced as
promising membranes to overcome the trade-off challenge between the
permeability and selectivity of polymeric membranes. These nano-
composite membranes can be developed to have specific intrinsic
properties (e.g., hydrophilicity, porosity and charge) for use in deferent
water treatment applications (Yin and Deng, 2015). In many studies,
hydrophilic nanomaterials have been applied to fabricate TFN mem-
branes with high permeability (Jeong et al., 2007; Yin et al., 2012;
Zhang et al., 2011). The increase in membrane hydrophilicity increases
solubility and the diffusivity of water through the membrane based on
the solution-diffusion theory (Bellona et al., 2004; Li et al., 2004; Roh
et al., 2006). The upper layer of PVA TFC membranes mostly affects the
permeability and selectivity of a separation process (Lang et al., 1995).
The incorporation of nanomaterials in PVA film can change the surface
properties of the membrane, such as hydrophilicity and cross-linking. In
addition, new water path ways may be created, and all of these changes
may alter the permeability and selectivity trade-off.

Barona et al. (2012) fabricated PVA thin film nanocomposite (TFN;
TFC membrane with nanofiller embedded in at least one layer) mem-
branes by incorporating aluminosilicate single-walled nanotubes
(SWNTs) within the PVA matrix. The prepared TFN membrane showed
higher permeate water flux while sustaining high rejection of salts.
Pourjafar et al. (2012) coated TiO2 nanoparticles on a PVA/poly-
ethersulfone (PES) TFC membrane. The optimum surface-located TFN
membrane presented a higher performance in terms of flux and salt
rejection. In another study, TiO2 nanoparticles were modified by car-
boxylation reaction and combined within PVA solution to make the thin
upper layer of a TFN membrane. Improvement was observed in mem-
brane solute rejection, antifouling properties, and flux recovery ratios

because of better dispersion or less agglomeration of carboxylated TiO2

nanoparticles within the PVA layer (Rajaeian et al., 2015). Agglom-
eration is an important problem in nanocomposite membrane pre-
paration because of reduction in interactions between the polymer and
nanoparticles and the generation of defects (Kango et al., 2013).

Clay minerals are hydrophilic-natured hydrated phyllosilicate ma-
terials, which are mostly classified into the three main categories of
kaolinite, smectite, and illite (or Mica). Among them, the smectite
group, particularly montmorillonite (Mt), has many advantages such as
good dispersion properties, non-toxicity, exuberance in nature, and low
cost (Adoor et al., 2006; Choudalakis and Gotsis, 2009). Mt is a two-
dimensional layered nanomaterial which is composed of two tetra-
hedral sheets sandwiched with a single octahedral sheet. A cation (e.g.,
Na+) placed between layers. The thickness of the layers is around 1 nm,
and the lateral dimensions may vary in a range from 30 nm to several
micrometers. Many studies have investigated Mt-PVA nanocomposite
membranes for different applications (Adoor et al., 2006; Yang, 2011;
Yang et al., 2011). However, its application in PVA TFN membranes is
restricted because of improper clay layer diameter for embedding in
PVA thin film. Recently, Dong et al. (2015) used the top-down method
including vigorous stirring of dispersed Mt in water and obtained small
lateral dimension fillers for incorporation in the ultra-thin polyamide
film of TFC membrane due to breakage of the swollen Mt during me-
chanical stirring.

In our previous study; which involved the incorporation of PSSMA
into the PVA layer of PVA TFC membrane, it was shown that the in-
corporation of PSSMA at an optimum level (1% wt) could increase
membrane pure water flux with acceptable removal efficiency. It was
found that the carboxyl and sulfonate groups of PSSMA could react with
PVA hydroxyl groups and enhance the cross-linking extent of PVA layer
(Medhat and Pakizeh, 2018). Herein, Mt was incorporated in the PVA
film of TFC membranes to fabricate PVA TFN membranes. Treating Mt
with vigorous stirring and modifying it with polyelectrolyte poly (4-
styrenesulfonic acid-co-maleic acid) (PSSMA) were employed before
applying it in membrane fabrication. The PSSMA chains around mod-
ified Mt with reactive groups could be expected to decrease Mt ag-
glomeration in the PVA selective layer and enhance removal efficiency
as a result of improvement in dispersion property of nanoclays through
the thin layer of the membrane. The characteristics of the TFN mem-
branes prepared with Mt and modified-Mt were analyzed by field
emission scanning electron microscopy (FESEM), atomic force micro-
scopy (AFM), x-ray diffraction (XRD), and contact angle measurements.
The performance of the prepared membranes in the removal of salt and
of pharmaceuticals was also studied. The structure and physicochemical
characteristics of the pharmaceuticals are shown in Table 1. These se-
lected substances are popular in human medical care as antibiotic and
analgesic compounds.

Table 1
Physicochemical properties of the pharmaceuticals (Kong et al., 2015; Rana et al., 2012; Zazouli et al., 2009).

Pharmaceutical Molecular structure Mw(Da) pKa Log P rs (nm)

Amoxicillin 365.4 2.4
7.4
9.6

0.87 0.49

Cephalexin 347.4 2.56
6.88

0.076 0.47

ibuprofen 206.3 4.4 3.97 0.34
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2. Experimental

2.1. Materials

PSf (Ultrason-6010) was supplied by BASF (Germany) as a polymer
for the preparation of the support membrane. Di-methyl formamide
(DMF) as solvent and sulfuric acid (98%) as catalyst were supplied by
Merck Company. PVA (86–88% hydrolysis, Mw 130,000 g/mol),
PSSMA (Mw 20,000 g/mol), and glutaraldehyde (GA) (50% solution) as
cross-linking agent were purchased from Sigma-Aldrich. Na2SO4 salt
(Merck) of analytical grade was used as the model solute to determine
the salt rejection characteristics of the TFN membranes. Pharmaceutical
powders were kindly supplied by Daana Pharmaceutical Company
(Iran). Mt powder with a density of 0.7–1.1 g/cm3, ionic exchange
capacity of 48meq/100 g and average particle size of< 25 μm was
obtained from Iranian Nanomaterials Pioneers Company (Iran). De-io-
nized (DI) water was used to prepare aqueous solutions and to soak and
rinse the membrane samples during experiments.

2.2. Preparation of Mt and modified-Mt

The as-received Mt powders were first dispersed in water by soni-
cation for about 30min. Then the dispersed Mt/water was heated at
80 °C for 3 h and vigorously stirred (DRAGON LAB magnetic stirrer, MS-
H-Pro+; china) at 800 rpm for about 1 week. Afterward the mixture
was allowed to stand for about 8 h to sediment undispersed and large
particles. The above fine and dispersed Mt was collected and dried at
100 °C for about 3 days (Dong et al., 2015). In order to prepare mod-
ified-Mt fillers, the above procedure was done by adding PSSMA
polymer to the Mt solution at a ratio of 1 to 4 as the first step. The
PSSMA-blended Mt was designated as the modified-Mt (m-Mt) in this
work. The dried Mt and m-Mt powders were stored in tight closed
containers for subsequent use.

2.3. Preparation of TFN membrane

Asymmetric support membranes were prepared using a phase in-
version technique. PSf solution in DMF (16% w/w) was prepared under
constant stirring for 15 h. The solution was kept stagnant for 4 h to
remove air bubbles. Afterwards, the homogeneous solution was cast on
(i) a glass plate for characterization and (ii) non-woven polyester (a
fibrous film) for permeation experiments using an adjustable casting
bar (Neurtek 2,281,205). The adjusted thickness was 175 μm. The glass
plate with the cast solution was kept for 10 s under ambient conditions
and then immersed in a distilled water bath for at least 24 h for solvent
removal. The prepared PSf support membrane was driven out from the
bath, rinsed with DI water, and surface dried under an intense nitrogen
gas stream for a few seconds just before PVA coating. This support
membrane was a porous and asymmetric ultrafiltration membrane with
a thickness of 70–80 μm and a sponge-like structure; it was used as the
substrate of the thin film composite membrane.

PVA powder was stirred into DI water at 90 °C for about 8 h. Mt or
m-Mt powder was dispersed in DI water at ambient temperature using
ultrasonication for 30min and magnetic stirring for about 8 h. Next, the
PVA solution was cooled to room temperature, and the dispersed Mt or
m-Mt was added under continuous stirring for 12 h to prepare the

coating solution. The coating solution contained 1% wt PVA and a
certain amount of either Mt or m-Mt. The porous PSf support membrane
was immersed in the coating aqueous solution for 5min. Excess solu-
tion was removed and the membrane was air-dried until a uniform dry
surface was observed. Then the membrane was immersed in a 4% wt
aqueous solution of GA as cross-linker and 0.5% wt H2SO4 as catalyst
for 20 s. The prepared membrane was finally heat-cured at 100 °C for
3min. The resultant TFN membrane was washed thoroughly with DI
water and stored wet until it was used. Membranes prepared with
coating solutions containing different amount of Mt and m-Mt herein-
after are referred to as TFN and TFN-m, respectively. The compositions
of the coating solutions are shown in Table 2.

2.4. Membrane characterization

2.4.1. Field emission scanning electron microscopy (FESEM)
The morphology of the surface of the PSf support, TFN and TFN-m

membranes was observed with FESEM (TESCAN, Czech Republic). The
samples were coated under high vacuum with a thin layer of gold for
electrical conductivity in a sputter system.

2.4.2. Fourier-transform infrared spectroscopy (FTIR)
FTIR spectra of the samples were recorded using a spectrometer

(Thermo Nicolet Avatar 370; USA) with a resolution of 4 cm−1. All FTIR
spectra were presented at wavenumbers in the range of
400–4000 cm−1.

2.4.3. Atomic force microscopy (AFM)
AFM images were obtained using Easyscan 2 Flex AFM (Nanosurf,

Switzerland). The surface roughness parameters of the membranes were
calculated from the AFM images by the system software.

2.4.4. Contact angle measurement
The sessile drop contact angle method of deionized water OCA15

plus goniometer (DataPhysics, CA) was used to measure membrane
sample contact angles. Data is reported as the mean value of the three
samples.

2.4.5. X-ray diffraction
The crystal structures of the Mt, m-Mt, and nanocomposite mem-

branes were observed using x-ray diffraction (XRD; Panalytical X'Pert,
Netherlands) with a radiation source of Cu and step size of 0.02 oper-
ated at 40 kV, 40mA, and 25 °C.

2.4.6. Transmission electron microscopy (TEM)
A transmission electron microscope (TEM, Leo 912 AB, Jeol) was

employed to observe the morphology of Mt operated at an accelerating
voltage of 120 kV acceleration voltage. A dispersion of clays was

Table 2
Composition of the coating solution for membrane preparation.

Membrane PVA (%wt) Mt (%wt) m-Mt (%wt)

TFC 1 – –
TFN-0.4 1 0.4 –
TFN-0.6 1 0.6 –
TFN-m0.4 1 – 0.4
TFN-m0.6 1 – 0.6

Fig. 1. A schematic diagram of cross-flow filtration system.
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prepared under ultrasonication, and a drop of the solution was de-
posited on a TEM grid.

2.5. Membrane testing experiments

Membrane separation performances in terms of pure water flux
(PWF) and solute rejection were evaluated through cross-flow per-
meation tests (Fig. 1). All permeation tests were conducted under the
circulation model at a constant temperature of 25 °C, pressure of 8 bar,

and pH of 7. A cross-flow filtration apparatus with a circular filtration
cell and an effective membrane area of 0.00138m2 was used. All cir-
cular TFC membrane coupons loaded in the filtration cell were pres-
sured at 9.0 bar with deionized water for at least 3 h for stable PWF
before each test.

PWF (l/m2h) was calculated as:

=PWF V
At (1)

Fig. 2. TEM images of the (a) Mt 4000×, (b) Mt 8000×, (c) m-Mt 4000×, (d) m-Mt 8000×.

Fig. 3. XRD patterns of the Mt and m-Mt powder.
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Fig. 4. FTIR transmittance spectra of the Mt, m-Mt and PSSMA powder.

Fig. 5. FESEM images of (a) PSf 50,000×, (b) TFC 50000×, (c) TFN-0.6 6000×, and (d) TFN-m0.6 6000×, membranes and (e, f, g) EDX results of the corresponded
point on (c)TFN-0.6.
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where V is the permeate volume (l), A is the membrane area (m2), and t
is the permeation time (h).

The solute rejection (R) was calculated as:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×R 1 C
C

100P

F (2)

where CP and CF are the solute concentration in permeate and feed
streams, respectively. Na2SO4 salt concentration was obtained through
conductivity measurements of the aqueous solution using an electrical
conductivity meter (Extech EC-400; USA). The concentrations of
amoxicillin, cephalexin, and ibuprofen were determined from their UV
absorbance at 229, 263 and 265 nm, respectively, measured using a
UV–Visible spectrophotometer (OPTIZEN POP; Korea). The filtration
system was operated for the individual pharmaceutical or salt solution
in a separate run.

3. Results and discussion

3.1. Characterization of Mt and modified-Mt

The TEM pictures in Fig. 2 show the morphology of Mt and m-Mt. As
can be seen, both Mt and m-Mt exhibited layered structures with

irregular shapes. Furthermore, very large sized Mt particles (about
25 μm based on supplier data), was not observed. It can be due to the
removal of larger-sized particle fraction during preparation process of
Mt and m-Mt or TEM sample preparation. However, the MT and m-Mt
was collected as the powder state by drying, which may cause the
partially restack of the layers. The observed sheets for m-Mt are more
transparent in comparison with dark ones in Mt, suggesting that there
are more individual layers in m-Mt than stacked ones in Mt.

Fig. 3 shows the powder XRD patterns of Mt and m-Mt. From the
figure, a reflection at 2θ=7.3° corresponded to the (001) basal plane of
Mt, was observed. Penetration of PSSMA polymer molecules between
the swollen clay layers can cause two dispersion morphologies: inter-
calation or partial exfoliation of Mt. In intercalated structures, polymer
chains enter the clay interlayer space, resulting in weaker layer inter-
actions. For the case of an exfoliated structure, clay layers are dispersed
individually (Muralidharan et al., 2008; Zulhairun et al., 2014). For m-
Mt, there were two broad peaks. The basal reflection of Mt moved to a
lower angle, however the broad peak at 2θ=7.3° was also dis-
tinguished, indicating that the basal spacing of m-Mt increased but not
for the all interlayers. The placement of polymer chains in small spaces
between layers must be driven by an energetic attraction between the
polymer and the clay, resulting in the interlayer space expansion and

Fig. 6. Schematic dispersion process of the m-Mt in the PVA matrix.
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acting as a precursor of exfoliation (Paul and Robeson, 2008). The new
reflection was appeared in m-Mt. This reflection was not observed in
the XRD patterns of PSSMA (Fig. 3s). It was possibly due to the con-
tamination of the m-Mt.

The FT-IR spectra in Fig. 4 represent the chemical structures of Mt,
m-Mt and PSSMA. The spectrum of m-Mt was composed of the peak of
Mt and PSSMA. The bands at around 3400 to 3700 cm−1 were ascribed
to the free –OH and the hydrogen-bonded –OH stretching. This area of
the spectrum for m-Mt can be affected by acidic –OH of PSSMA,
amounts of water in Mt and hydrogen-bonded –OH of maleic acid
groups of PSSMA with the surface of Mt. Inferring H-bonding between
PSSMA and clay in this region was not possible because of different
–OH stretching. However, applications of maleic acid-grafted polymers
to prepare Mt nanocomposites were reported by previous researchers
(Kawasumi et al., 1997; Nam et al., 2001; Sharmal et al., 2010). It was
suggested that there was strong hydrogen bond of the maleic group (or
hydrolyzed maleic group) with the polar clay surface. The band at
1640 cm−1 was also assigned to OH bending. The bands at 516 and
460 cm−1 were AleO stretching and SieO bending. The strong peak at
around 1000 cm−1 was assigned to the stretching of the SieO bonds of
Mt. For m-Mt, the peak at 1034 cm−1 was assigned to the S]O sym-
metric and asymmetric stretching vibration bands, and the peak at
1080 cm−1 was ascribed to CeO bands from the PSSMA polymer
change to the peak shape in this region. In the spectrum of m-Mt, new
peaks appeared at 1400, 1680, 1712, and 2940 cm−1 caused by CeH
and C]O stretching and bending absorptions in the PSSMA polymer
chain.

The XRD pattern of Mt with matched phases was also provided in
supplementary material, Fig. 4s. According to the Mt characterizations,
the applied clay was best described as a bentonite. However the peaks
related to montmorillonite were strong and the Mt was used for the
applied clay through the next sections.

3.2. Characterization of TFC membranes

Surface images of the membranes were presented to illustrate the
dispersion quality of clay in the PVA film. Several pieces of each fab-
ricated TFC and TFN membrane were analyzed, and the most re-
presentative images are presented here. Fig. 5 shows the surface images
of the PSf support, PVA TFC, TFN, and TFN-m membranes. The support

PSf membrane was porous and asymmetric ultrafiltration membrane
with 70–80 μm thickness and sponge-like structure which was used as
the substrate of thin film composite membrane. SEM cross-sectional
micrographs of the porous PSf support membrane is provided in the
Supplementary material (Fig. 1S). The surface view of the PSf mem-
brane showed distributed pores (Fig. 5a), while the PVA TFC membrane
showed a uniform and pore-free surface (Fig. 5b). The clays in-
corporated in the PVA film could be distinguished based on their ap-
pearance characteristics where the bright features matched the clay
layers (Fig. 5c and d). EDX results of the bright spots indicated by a
black circle on the surface of Fig. 5c are presented in Fig. 5e, f, and g
that show the presence of Si and Al elements in the polymeric back-
ground. As can be seen from the membrane top surface in Fig. 5c, the
Mt with a layered structure were embedded in the PVA film. The ac-
cumulated Mt layers can be seen, which presumably results from the
low dispersion of Mt and poor penetration of PVA chains into the clay
structure. As shown in Fig. 5d, for TFN-m with 0.6% m-Mt loading, a
few m-Mt can be seen on the membrane surface, and most of them are
embedded within the PVA film. The possible connections between the
–OH groups of PVA and PSSMA around clay layers, facilitated polymer
penetration, leading to the homogenous dispersion of clay and accu-
mulated clay was not observed on the surface of the TFN-m membranes
(Kang et al., 2002). These connections included hydrogen bonds be-
tween OH groups of PVA and SO3H or COOH groups of PSSMA around
m-Mt occurring in PVA and m-Mt mixing step and chemical crosslinking
reaction between COOH groups of PSSMA around m-Mt and OH groups
of PVA (esterification) during heat treatment process of the TFN-m
membranes. Fig. 6 represents the schematic dispersion process of m-Mt
in the PVA matrix with the aid of PSSMA. At modification step of Mt,
PSSMA placed around Mt layers. During TFN-m membranes prepara-
tion the functional groups of PSSMA connected to PVA through dif-
ferent interactions as discussed before.

The SEM images of the membrane surfaces with applying pristine
Mt as a filler of PVA are shown in the in Fig. 4s in supplementary
material. In this figure for all membranes large size particles can be seen
that show the inappropriate clay size before treating and modifying.

Fig. 7 presents the spectra of the TFN-0.6 and TFN-m0.6 membranes
at two important wavelength ranges. For TFN-m0.6, the band in the
3200–3600 cm−1 range was attributed to –OH stretching in the PVA
polymer chain and the pendent –COOH groups of PSSMA. This was also

Fig. 7. FTIR transmittance spectra for TFN-0.6 and TFN-m0.6, (a) wavenumber of 1100–2000 cm−1 and (b) wavenumber of 3100–3700 cm−1.

F. Medhat Bojnourd, M. Pakizeh Applied Clay Science 162 (2018) 326–338

332



Fig. 8. Two and three dimensional AFM images of (a) TFC, (b) TFN-0.4, (c) TFN-0.6, (d) TFN-m0.4, (e) TFN-m0.6.
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related to the hydrogen bond between the –OH of PVA and –SO3H of
PSSMA as well as that between clay and PSSMA. There is also poten-
tially H-bonding between OH of PVA and clay. The existence of PSSMA
around the clay layers changed the peak shape in comparison with TFN-
0.6. In the range of 1100 to 2000 cm−1, difference between two spectra
occurred at peak around 1720 cm−1 which is the stretch of the –C=O–
groups. The peak had more intensity for TFN-m0.6 as a result of –C=O–
groups of PSSMA. This group could be distinguished in spectra of m-Mt
at about 1720 cm−1. The For TFN-m0.6, the stretching of S]O group at
the range of 1340 to 1360 cm−1 is also observed as a result of PSSMA
existence on membrane surface. The same intensity absorbance of TFN-
0.6 and TFN-0.6 m at 1230 cm−1 was attributed to the ether bond
stretching due to cross-linking reaction of glutaraldehyde and PVA
(Kang et al., 2002; Kang et al., 2005; Kim et al., 2006).

Two and three-dimensional surface AFM images of TFC and TFN
membranes are displayed in Fig. 8, where bright and dark areas cor-
respond to the peak and valleys, respectively. The root mean square
roughness (RMS) and peak-to-valley distance (Rpv) of the membrane
surfaces, calculated from AFM images, are listed in Table 3. Membranes
with the same content of clay presented different topographies in AFM
images. Quantitative data of roughness (Table 3) indicated that all TFN
membranes had a rougher surface compared with TFC membranes.
However, the roughness parameters of the TFN membranes in-
corporated with m-Mt were lower than those of TFN membranes with
unmodified Mt. This difference between TFN and TFN-m series of
membranes demonstrated the good dispersion property of m-Mt in the
presence of PSSMA. The interactions between functional groups of PVA
and PSSMA around the Mt layers facilitated PVA penetration through
clay layers. As a result, the interfacial crosslinking between clay layers
and the polymeric network of the membrane surface increased greatly,
and relatively uniform distributions of peak-to-valley topographies
were formed for TFN-m membranes. The same result was observed by
Rajaeian et al. when the carboxylate functional groups on the TiO2

surface facilitated a strong interfacial crosslinking reaction with the
hydroxyl groups in PVA chains (Rajaeian et al., 2015). In contrast, the
deposition of unmodified Mt with stacks of clay layers on TFN

membranes resulted in roughest surfaces for the TFN series based on the
roughness data shown in Table 3.

The measured contact angles between the membrane surfaces and
the air–water interface are also listed in Table 3. All TFN membranes
had lower contact angles than the TFC membranes. It suggests the more
hydrophilic nature of the TFN surfaces upon incorporation of hydro-
philic clay. The presence of PSSMA with sulfonate and carboxyl groups
increased the membrane surface hydrophilicity of TFN-m membranes
(Medhat and Pakizeh, 2018). However, the surface roughness of
membranes also affected the contact angle values. TFN-0.6 had the
lowest contact angle value, which was attributed to the hydrophilic
surface nature as well as its rough surface morphology.

The XRD patterns of TFN-0.6, TFN-m0.6 and TFC membranes are
shown in Fig. 9. The semi-crystalline structure of PVA was determined
by the large reflection at the angle of about 19°. From Fig. 4, the main
characteristic reflection of Mt was at 7.3°. The composite film on the top
surface of the membrane was very thin and it is very difficult to obtain a
decent XRD. Although the peak of the semi-crystalline structure of PVA
was determined, the locating the peak position for embedded clay was
not possible.

3.3. Membrane permeation properties

3.3.1. PWF and salt separation performance
Fig. 10 shows the pure water flux (PWF) and salt rejection

Table 3
RMS, Rpv and contact angle values of the TFC membranes.

Membrane RMS (nm) Rpv (nm) Contact angle ()ͦ

TFC 0.854 5.69 60.61 ± 0.22
TFN-0.4 1.212 13.2 53.15 ± 1.43
TFN-0.6 1.627 20.76 52.12 ± 0.85
TFN-m0.4 0.861 5.76 57.70 ± 0.34
TFN-m0.6 1.1 10.83 56.04 ± 0.93

Fig. 9. XRD patterns of TFC, TFN-0.6 and TFN-m0.6 membranes.

Fig. 10. Pure water flux (PWF) and salt rejection performance of (a) TFN and
(b) TFN-m membranes.

F. Medhat Bojnourd, M. Pakizeh Applied Clay Science 162 (2018) 326–338

334



performance of TFN and TFN-m membranes. The water flux increased
considerably for all TFN membranes compared with TFC membranes.
The PWF increased from 6.8 l/m2 h for TFC to 11.2 and 14.4 for TFN-
0.4 and TFN-0.6, respectively. For the TFN-m membranes with 0.4 and
0.6% wt modified-clay loading, the PWF increased from 6.8 l/m2 h for
TFC to 8 and 10.8 l/m2 h. The increase in the PWF of TFN membranes
can be attributed to the higher hydrophilicity and roughness properties
(higher effective surface) as well as the greater number of water paths
through the PVA film because of the embedding of clay and the re-
sulting defects. Even though the clay layers were not porous nanoma-
terial, their interlayer galleries of the layered structure of Mt provided
enough space for water passage through the relatively dense PVA film.
The diffusion coefficient of water molecules in these routes is the same

as their diffusion coefficient through bulk water (Malikova et al., 2006).
The results of the previous work revealed that the addition of optimum
level of PSSMA (1% wt) in PVA aqueous solution enhance the PWF
(Medhat and Pakizeh, 2018). The existence of PSSMA increased hyr-
ophilicity and formed looser but defect-free polymeric network on
membrane surface. The selected concentrations of PSSMA in TFN-m
series were much lower than 1% wt. Thus the rejection behavior of the
membranes could not be interpreted only by the effect of addition of
PSSMA in the applied concentration levels. Non-exfoliated Mt could
create defects on the uniform surface of the PVA film, as can be seen in
Fig. 6. Less dispersed clay through the PVA film formed extra void
spaces for water flow. However, these defects also created paths for
solutes. Consequently, it was expected that the separation ability of the
membranes would decrease with increased defect formation. The trade-
off between pure water flux and salt rejection of TFN membranes
confirmed the defect formation by Mt.

The salt rejection values of TFN-m membranes indicated that for the
TFN-m series, the role of defects in flux enhancement was negligible,
because the rejection values of TFN-m membranes were almost con-
stant. The higher performance of TFN-m membranes in terms of salt
rejection can be attributed to the incorporation of m-Mt with maleic
acid groups, which eliminates defects because of the bonding between
polymer and clay surface. The interaction between ―COOH groups
around Mt and ―OH groups of PVA chains through hydrogen bonding
or esterification results in more cross-linked PVA film and a reduction
of gaps between mineral layers and the organic polymer.

3.3.2. Pharmaceuticals separation performance
The performance of TFC and TFN membranes in terms of the re-

jection of pharmaceuticals is presented in Fig. 11. The rejection of
pharmaceutical solutes by membranes is affected by the micropollutant
and membrane properties determined by (i) size exclusion (sieving,
steric effect), (ii) charge exclusion (electrical, Donnan), and (iii) phy-
sicochemical interactions between the solute, solvent, and membrane
(Bellona et al., 2004; Radjenovic et al., 2008). For TFN membranes, the
rejection of cephalexin slightly decreased; for TFN-m with incorporated
modified Mt membranes, no changes were observed compared with the
TFC membrane (Fig. 11a). For amoxicillin, TFN-m samples had the
same separation performance as the TFC membranes, but the perfor-
mance of TFN samples decreased as clay loading increased. For ibu-
profen, the rejection values of both TFN and TFN-m membranes de-
creased in comparison with those of TFC. Generally, for all TFN
membranes, the rejection of all compounds decreased as clay loadings
increased. The reduction in rejection of the TFN membranes for low
molecular weight and size compound (ibuprofen) was great. Increasing
the clay concentration in PVA produced more aggregated and stacked
Mt and resulted in more defects on membrane surfaces. For TFN-m
samples, the rejection of amoxicillin and cephalexin with larger size
and molecular weight (rs≥ 0.47 nm, Mw≥ 347 g/mol) did not change.
For m-Mt, the crosslinking between PVA hydroxyl groups and maleic
acid groups of PSSMA around the m-Mt layers enhanced the compat-
ibility of m-Mt and PVA. These factors caused the homogeneous dis-
persion of reactive m-Mt within the polymer film and reduced the gaps
between inorganic m-Mt and organic PVA. As a result, the separation
properties of TFN-m membranes did not change compared with TFC
membranes, especially for larger compounds. However, for TFN-m
membranes, a slight decrease was observed in the rejection values of
ibuprofen. The incorporation of m-Mt into PVA film changed the uni-
formity of the polymeric network on the top as a result of the presence
of an inorganic phase leading to relatively looser polymer packing. This
looser structure affected small solute permeability.

Fig. 12 shows the rejection values of the tested membranes versus
the size and hydrophilic properties of the pharmaceutical compounds.
Amoxicillin was the largest molecule considering both molecular
weight and radius (Table 1) but the related rejection values for all
membranes presented lower values than cephalexin. The rs (Stokes

Fig. 11. Rejections of pharmaceuticals (a) Cephalexin (b) Amoxicillin (c)
Ibuprofen.
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radius of a solute) is the radius of a hard sphere that diffuses at the same
rate as that solute. Although the difference between amoxicillin size (rs)
as well as related rejections was not large, the study of the other
properties could be elucidating. Fig. 12c shows the rejection values of
the tested membranes versus log P. As mentioned before, the hydro-
phobic interactions of pharmaceuticals and membranes surfaces may be
an impressive factor on solute permeability and observed rejection.
Hydrophobic properties are defined as the parameter of log P, the ratio
of the equilibrium solubility of a component in two immiscible solvents
(n-octanol and water). For dissociative systems the solubility of both
ionized and non-ionized forms of a component is considered (Nghiem
et al., 2006). The order in the log P of studied pharmaceuticals was:
cephalexin < amoxicillin < ibuprofen. Considering that the smaller
log P means the higher partition of solute to the aqueous phase, the
above order indicated that cephalexin was the least strongly adsorbed
pharmaceutical to the membrane surface. The amoxicillin with higher
log P could adsorb stronger and pass through the membranes.

Ibuprofen the smallest as well as most hydrophobic compound
showed the lowest rejection values for all membranes (Table 1 and

Fig. 12). For this compound hydrophobic adsorption was not an im-
pressive factor, because ibuprofen is negatively charged in operating
conditions. By considering the dissociation constant (pKa) value of the
solutes (Table 1) at pH=7 ibuprofen was completely ionized by ne-
gative charge, whereas cephalexin and amoxicillin were almost neutral.
All studied membranes also had negative charges due to the presence of
hydroxyl groups of PVA, ionizable sulfonate groups, unreacted maleic
acid (MA) groups of PSSMA, and negatively surface charged Mt sheets
(Dong et al., 2015; Medhat and Pakizeh, 2018). As a result ibuprofen
could not adsorb on membranes surfaces. The great reductions in re-
jection of the TFN membranes for ibuprofen with its small size con-
firmed defects in these membranes.

It is difficult to find data in the literature about separation perfor-
mance of membranes in exactly the same conditions; however Table 4
presented a comparison between the best results of this study and some
literature about pharmaceuticals removal from aqueous solutions. The
data were related to different types of membrane applied for cepha-
lexin, amoxicillin and ibuprofen removal from water. The results
showed that TFN-m0.6 had comparable performance with the other

Fig. 12. Rejections of tested membranes versus (a) molecular weight, (b) stokes radius and (c) log P.

Table 4
Comparison of pharmaceuticals removal by different membranes.

Membrane Membrane type Cephalexin rejection (%) Amoxicillin rejection (%) Ibuprofen rejection (%) Reference

SR2 Commercial poly amide ~100 64.9 90 Zazouli et al. (2009); Simon et al. (2009)
SR3 Commercial poly amide 88 95 – Zazouli et al. (2009)
PAA/PSf (polyacrylic acid /PSf) – 91 – Homayoonfal and Mehrnia (2014)
CA Cellulose acetate – – 59.1 Rana et al. (2012)
PVA TFC PVA/PSf 99 95.7 92.1 Medhat and Pakizeh (2018)
TFC1 PVA+PSSMA/PSf 99 97.7 74 Medhat and Pakizeh (2018)
TFN-m0.6 Mt/PSSMA+PVA/PSf 98.16 95.4 83.37 This study
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types of membrane especially in amoxicillin and cephalexin removal.

4. Conclusions

A series of novel thin film nanocomposite membranes were fabri-
cated by incorporating Mt and modified Mt (m-Mt) within the PVA film
on PSf support membranes. The membranes and clay were character-
ized by FESEM, AFM, FT-IR, XRD, and contact angles. The permeation
properties of the membrane samples were studied for an inorganic salt
(Na2SO4) and three pharmaceuticals (cephalexin, amoxicillin, and
ibuprofen). The lateral dimension of Mt and m-Mt was reduced through
the pretreatment step with vigorous stirring. The m-Mt was embedded
with poly (4-styrenesulfonic acid-co-maleic acid) (PSSMA). The maleic
acid groups of PSSMA formed strong hydrogen bonds with the surfaces
of Mt layers. Moreover, the interaction between free maleic acid groups
of embedded PSSMA around the m-Mt layers and PVA led to good
dispersion properties. Consequently, the resultant TFN membranes with
incorporated m-Mt in PVA film (TFN-m) displayed uniform surfaces
with good interfacial adhesion between the organic and inorganic
phases compared to the incorporation of Mt without modification. The
TFN membranes incorporated with unmodified Mt displayed ag-
gregated and stacked Mt on the membrane surfaces, which resulted in
the formation of defects. The permeation results indicated that TFN-m
membranes had the highest pure water flux with comparable solute
rejections. For TFN samples, the pure water flux was greatly enhanced,
but their separation ability for all tested solutes (salt and pharmaceu-
ticals) was considerably reduced.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2018.06.029.

References

Adoor, S.G., Sairam, M., Manjeshwar, L.S., Raju, K.V.S.N., Aminabhavi, T.M., 2006.
Sodium montmorillonite clay loaded novel mixed matrix membranes of poly(vinyl
alcohol) for pervaporation dehydration of aqueous mixtures of isopropanol and 1,4-
dioxane. J. Membr. Sci. 285, 182–195.

Baker, R.W., 2004. Membrane Technology and Applications, second ed. John Wiley &
Sons Ltd., Chichester.

Barona, G.N.B., Choi, M., Jung, B., 2012. High permeate flux of PVA/PSf thin film
composite nanofiltration membrane with aluminosilicate single-walled nanotubes. J.
Colloid Interface Sci. 386, 189–197.

Bellona, C., Drewes, J.E., Xu, P., Amy, G., 2004. Factors affecting the rejection of organic
solutes during NF/RO treatment—a literature review. Water Res. 38, 2795–2809.

Ben-David, A., Bernstein, R., Oren, Y., Belfer, S., Dosoretz, C., Freger, V., 2010. Facile
surface modification of nanofiltration membranes to target the removal of endocrine-
disrupting compounds. J. Membr. Sci. 357, 152–159.

Choudalakis, G., Gotsis, A.D., 2009. Permeability of polymer/clay nanocomposites: a
review. Eur. Polym. J. 45, 967–984.

Comerton, A.M., Andrews, R.C., Bagley, D.M., Hao, C., 2008. The rejection of endocrine
disrupting and pharmaceutically active compounds by NF and RO membranes as a
function of compound and water matrix properties. J. Membr. Sci. 313, 323–335.

Dong, H., Wu, L., Zhang, L., Chen, H., Gao, C., 2015. Clay nanosheets as charged filler
materials for high-performance and fouling-resistant thin film nanocomposite mem-
branes. J. Membr. Sci. 494, 92–103.

Drazevic, E., Kosutic, K., Dananic, V., Pavlovic, D.M., 2013. Coating layer effect on per-
formance of thin film nanofiltration membrane in removal of organic solutes. Sep.
Purif. Technol. 118, 530–539.

Gohil, J.M., Ray, P., 2009. Polyvinyl alcohol as the barrier layer in thin film composite
nanofiltration membranes: preparation, characterization, and performance evalua-
tion. J. Colloid Interface Sci. 338, 121–127.

Homayoonfal, M., Mehrnia, M.R., 2014. Amoxicillin separation from pharmaceutical
solution by pH sensitive nanofiltration membranes. Sep. Purif. Technol. 130, 74–83.

Jahanshahi, M., Rahimpour, A., Peyravi, M., 2010. Developing thin film composite poly
(piperazine-amide) and poly(vinyl-alcohol) nanofiltration membranes. Desalination
257, 129–136.

Jeong, B.H., Hoek, E.M.V., Yan, Y., Subramani, A., Huang, X., Hurwitz, G., Ghosh, A.K.,
Jawor, A., 2007. Interfacial polymerization of thin film nanocomposites: a new
concept for reverse osmosis membranes. J. Membr. Sci. 294, 1–7.

Kang, M., Choi, Y., Moon, S., 2002. Water-swollen cation-exchange membranes prepared
using poly(vinyl alcohol) (PVA)/poly(styrene sulfonic acid-co-maleic acid) (PSSA-
MA). J. Membr. Sci. 207, 157–170.

Kang, M., Kim, J.H., Won, J., Moon, S., Kang, Y.S., 2005. Highly charged proton exchange

membranes prepared by using water soluble polymer blends for fuel cells. J. Membr.
Sci. 247, 127–135.

Kango, S., Kalia, S., Celli, A., Njugunad, J., Habibi, Y., Kumar, R., 2013. Surface mod-
ification of inorganic nanoparticles for development of organic–inorganic nano-
composites- a review. Prog. Polym. Sci. 38, 1232–1261.

Kawasumi, M., Hasegawa, N., Kato, M., Usuki, A., Okada, A., 1997. Preparation and
mechanical properties of polypropylene-clay hybrids. Macromolecules 30,
6333–6338.

Kim, D.S., Guiver, D.M., Nam, S.Y., Yun, T., Seo, M.Y., Kim, S.J., Hwang, H.S., Rhim, J.W.,
2006. Preparation of ion exchange membranes for fuel cell based on crosslinked poly
(vinyl alcohol) with poly(styrene sulfonic acid-co-maleic acid). J. Membr. Sci. 281,
156–162.

Kim, J.H., Park, P.K., Lee, C.H., Kwon, H.H., 2008. Surface modification of nanofiltration
membranes to improve the removal of organic micro-pollutants (EDCs and PhACs) in
drinking water treatment: graft polymerization and cross-linking followed by func-
tional group substitution. J. Membr. Sci. 321, 190–198.

Kong, F.X., Yang, H.W., Wu, Y.Q., Wang, X.M., Xie, Y.F., 2015. Rejection of pharma-
ceuticals during forward osmosis and prediction by using the solution-diffusion
model. J. Membr. Sci. 476, 410–420.

Kosutic, K., Dolar, D., Sperger, D.A., Kunst, B., 2007. Removal of antibiotics from a model
wastewater by RO/NF membranes. Sep. Purif. Technol. 53, 244–249.

Lang, K., Chowdhury, G., Matsuura, T., Sourirajan, S., 1994. Reverse osmosis perfor-
mance of modified polyvinyl alcohol thin-film composite membranes, J. Colloid
Interface Sci. 166, 239–244.

Lang, K., Matsuura, T., Chowdhury, G., Sourirajan, S., 1995. Preparation and testing of
polyvinyl alcohol composite membranes for reverse osmosis. Can. J. Chem. Eng. 73,
686–692.

Li, S.Z., Li, X.Y., Wang, D.Z., 2004. Membrane (RO-UF) filtration for antibiotic waste-
water treatment and recovery of antibiotics. Sep. Purif. Technol. 34, 109–114.

Luo, Y., Guo, W., Ngo, H.H., Nghiem, L.D., Hai, F.I., Zhang, J., Liang, S., Wang, X.C.,
2014. A review on the occurrence of micropollutants in the aquatic environment and
their fate and removal during wastewater treatment. Sci. Total Environ. 473,
619–641.

Malikova, N., Cadene, A., Marry, V., Dubois, E., Turq, P., 2006. Diffusion of water in clays
on the microscopic scale: modeling and experiment. J. Phys. Chem. 110, 3206–3214.

Medhat, Bojnourd F., Pakizeh, M., 2018. Preparation and characterization of a PVA/PSf
thin film composite membrane after incorporation of PSSMA into a selective layer
and its application for pharmaceutical removal. Sep. Purif. Technol. 192, 5–14.

Muralidharan, M.N., Kumar, S.A., Thomas, S., 2008. Morphology and transport char-
acteristics of poly (ethylene-co-vinyl acetate)/clay nanocomposites. J. Membr. Sci.
315, 147–154.

Nam, P.H., Maiti, P., Okamoto, M., Kotaka, T., Hasegawa, N., Usuki, A., 2001. A hier-
arachical structure and properties of intercalated polypropylene/clay nanocompo-
sites. Polymer 42, 9633–9640.

Nghiem, L.D., Schafer, A.I., Elimelech, M., 2006. Role of electrostatic interactions in the
retention of pharmaceutically active contaminants by a loose nanofiltration mem-
brane. J. Membr. Sci. 286, 52–59.

Paul, D.R., Robeson, L.M., 2008. Polymer nanotechnology: nanocomposites. Polymer 49,
3187–3204.

Peng, F., Huang, X., Jawor, A., Hoek, E.M.V., 2010. Transport, structural, and interfacial
properties of poly(vinyl alcohol)–polysulfone composite nanofiltration membranes. J.
Membr. Sci. 353, 169–176.

Peng, F., Jiang, Z., Hoek, E.M.V., 2011. Tuning the molecular structure, separation per-
formance and interfacial properties of poly(vinyl alcohol)–polysulfone interfacial
composite membranes. J. Membr. Sci. 368, 26–33.

Pourjafar, S., Rahimpour, A., Jahanshahi, M., 2012. Synthesis and characterization of
PVA/PES thin film composite nanofiltration membrane modified with TiO2 nano-
particles for better performance and surface properties. J. Ind. Eng. Chem. 18,
1398–1405.

Radjenovic, J., Petrovic, M., Ventura, F., Barcelo, D., 2008. Rejection of pharmaceuticals
in nanofiltration and reverse osmosis membrane drinking water treatment. Water
Res. 42, 3601–3610.

Rahmati, N.O., Chenar, M.P., Namaghi, H.A., 2017. Removal of free active chlorine from
synthetic wastewater by MEUF process using polyethersulfone/titania nanocompo-
site membrane. Sep. Purif. Technol. 181, 213–222.

Rajaeian, B., Heitz, A., Tade, M.O., Liu, S., 2015. Improved separation and antifouling
performance of PVA thin film nanocomposite membranes incorporated with car-
boxylated TiO2 nanoparticles. J. Membr. Sci. 485, 48–59.

Rana, D., Scheier, B., Narbaitz, R.M., Matsuura, T., Tabe, S., Jasimd, S.Y., Khulbe, K.C.,
2012. Comparison of cellulose acetate (CA) membrane and novel CA membranes
containing surface modifying macromolecules to remove pharmaceutical and per-
sonal care product micropollutants from drinking water. J. Membr. Sci. 409,
346–354.

Rivera-Utrilla, J., Sánchez-Polo, M., Ferro-Garcia, M.A., Prados-Joya, G., Ocampo-Perez,
R., 2013. Chemosphere 93, 1268–1287.

Roh, I.J., Greenberg, A.R., Khare, V.P., 2006. Synthesis and characterization of inter-
facially polymerized polyamide thin films. Desalination 191, 279–290.

Semiao, A.J.C., Foucher, M., Schafer, A.I., 2013. Removal of adsorbing estrogenic mi-
cropollutants by nanofiltration membranes: part B-model development. J. Membr.
Sci. 431, 257–266.

Sharmal, S.K., Nema, A.K., Nayak, S.K., 2010. Effect of modified clay on mechanical and
morphological properties of ethylene octane copolymer–polypropylene nanocompo-
sites. J. Compos. Mater. 46, 1139–1150.

Simon, A., Nghiem, L.D., Le-Clech, P., Khan, S.J., Drewes, J.E., 2009. Effects of membrane
degradation on the removal of pharmaceutically active compounds (PhACs) by NF/
RO filtration processes. J. Membr. Sci. 340, 16–25.

F. Medhat Bojnourd, M. Pakizeh Applied Clay Science 162 (2018) 326–338

337

https://doi.org/10.1016/j.clay.2018.06.029
https://doi.org/10.1016/j.clay.2018.06.029
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0005
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0005
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0005
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0005
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0010
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0010
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0015
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0015
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0015
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0020
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0020
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0025
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0025
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0025
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0030
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0030
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0035
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0035
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0035
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0040
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0040
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0040
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0045
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0045
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0045
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0050
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0050
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0050
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0055
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0055
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0060
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0060
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0060
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0065
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0065
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0065
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0070
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0070
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0070
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0075
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0075
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0075
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0080
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0080
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0080
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0085
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0085
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0085
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0090
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0090
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0090
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0090
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0095
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0095
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0095
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0095
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0100
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0100
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0100
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0105
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0105
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0110
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0110
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0110
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0115
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0115
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0115
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0125
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0125
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0135
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0135
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0135
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0135
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0140
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0140
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0145
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0145
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0145
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0150
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0150
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0150
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0155
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0155
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0155
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0160
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0160
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0160
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0165
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0165
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0170
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0170
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0170
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0175
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0175
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0175
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0180
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0180
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0180
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0180
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0185
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0185
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0185
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0190
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0190
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0190
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0195
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0195
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0195
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0200
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0200
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0200
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0200
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0200
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0210
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0210
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0215
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0215
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0220
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0220
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0220
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0225
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0225
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0225
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0230
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0230
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0230


Van der Bruggen, B., Manttari, M., Nystrom, M., 2008. Drawbacks of applying nanofil-
tration and how to avoid them: a review. Sep. Purif. Technol. 63, 251–263.

Verliefde, A.R.D., Cornelissen, E.R., Heijman, S.G.J., Hoek, E.M.V., Amy, G.L., Van Der
Bruggen, B., Van Dijk, J.C., 2009. Influence of solute membrane affinity on rejection
of uncharged organic solutes by Nanofiltration membranes. Environ. Sci. Technol. 43,
2400–2406.

Yang, C., 2011. Fabrication and characterization of poly(vinyl alcohol)/montmorillonite/
poly (styrene sulfonic acid) proton-conductin composite membranes for direct me-
thanol fuel cells. Int. J. Hydrog. Energy 36, 4419–4431.

Yang, C., Chiu, S., Kuo, S., 2011. Preparation of poly(vinyl alcohol)/montmorillonite/
poly(styrene sulfonic acid) composite membranes for hydrogeneoxygen polymer
electrolyte fuel cells, current. Appl. Phys. 11, S229–S237.

Yin, J., Deng, B., 2015. Polymer-matrix nanocomposite membranes for water treatment.

J. Membr. Sci. 479, 256–275.
Yin, J., Kim, E.S., Yang, J., Deng, B., 2012. Fabrication of a novel thin-film nanocomposite

(TFN) membrane containing MCM-41 silica nanoparticles (NPs) for water purifica-
tion. J. Membr. Sci. 424, 238–246.

Zazouli, M.A., Susanto, H., Nasseri, S., Ulbricht, Mathias, 2009. Influences of solution
chemistry and polymeric natural organic matter on the removal of aquatic pharma-
ceutical residuals by nanofiltration. Water Res. 43, 3270–3280.

Zhang, L., Shi, G.Z., Qiu, S., Cheng, L.H., Chen, H.L., 2011. Preparation of high-flux thin
film nanocomposite reverse osmosis membranes by incorporating functionalized
multi-walled carbon nanotubes. Desalin. Water Treat. 34, 19–24.

Zulhairun, A.K., Ismail, A.F., Matsuura, T., Abdullah, M.S., Mustafa, A., 2014.
Asymmetric mixed matrix membrane incorporating organically modified clay par-
ticle for gas separation. Chem. Eng. J. 241, 495–503.

F. Medhat Bojnourd, M. Pakizeh Applied Clay Science 162 (2018) 326–338

338

http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0240
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0240
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0245
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0245
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0245
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0245
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0250
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0250
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0250
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0255
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0255
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0255
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0260
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0260
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0265
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0265
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0265
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0270
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0270
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0270
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0275
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0275
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0275
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0280
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0280
http://refhub.elsevier.com/S0169-1317(18)30283-7/rf0280

	Preparation and characterization of a nanoclay/PVA/PSf nanocomposite membrane for removal of pharmaceuticals from water
	Introduction
	Experimental
	Materials
	Preparation of Mt and modified-Mt
	Preparation of TFN membrane
	Membrane characterization
	Field emission scanning electron microscopy (FESEM)
	Fourier-transform infrared spectroscopy (FTIR)
	Atomic force microscopy (AFM)
	Contact angle measurement
	X-ray diffraction
	Transmission electron microscopy (TEM)

	Membrane testing experiments

	Results and discussion
	Characterization of Mt and modified-Mt
	Characterization of TFC membranes
	Membrane permeation properties
	PWF and salt separation performance
	Pharmaceuticals separation performance


	Conclusions
	Supplementary data
	References




