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ABSTRACT: The current study focuses on the preparation of a
polydopamine (PD)-modified PVDF membrane and its application for
drug removal. The effect of adding an inorganic compound (TEOS) on the
characteristics and performance of the PD/PVDF thin-film composite
(TFC) membrane has also been investigated. For this purpose, the PD layer
was coated using TEOS for in situ synthesis of a silica layer. The resultant
membrane was coated at different dosages of as-synthesized TNTs to
prepare thin-film nanocomposite membranes (TFN(S-T)). The prepared
TNT, TFC, and TFN membranes were characterized by employing
transmission electron microscopy (TEM), attenuated total reflection Fourier
transform infrared (ATR-IR) spectroscopy, field emission scanning electron
microscopy (FESEM), energy-dispersive X-ray (EDX), atomic force
microscopy (AFM), ζ potential, and contact angle measurements. The
results confirmed the formation of a hydrophilic nanocomposite layer with a negative charge. The separation performance of the as-
prepared membranes was evaluated via diclofenac removal. The results revealed that diclofenac rejection increased from 81.5% for
the PVDF membrane to 91.6% for the PD/silica/PVDF membrane with a permeability of 2.5 L/(m2·h·bar). In the case of the
TFN(S-T) membrane, drug rejection increased to 93.2% at 0.1% TNTs and the permeability improved to 5.8 L/(m2·h·bar). Also,
the effects of pH and feed concentration on diclofenac separation performance were studied. The results implied that the rejection of
diclofenac increased from 93.2 to 95.6% with an increase in pH from 7 to 10.

1. INTRODUCTION

Pharmaceutical compounds enter the environment through the
production process or domestic effluents.1 These contaminants
cause health, environmental, and economic concerns due to
their unwanted effect on the aquatic system.2,3 It is worth noting
that the consumption, toxicity, and persistence of drugs such as
beta blockers, anti-inflammatory drugs, and steroid hormones
used for cancer treatment and antibiotics are considered
environmentally important.4 Among all, diclofenac, being a
highly toxic, nonsteroidal, and anti-inflammatory drug, has been
considered one of the most widely introduced pharmaceutical
pollutants into the environment. It has varying toxic effects on
several aquatic organisms such as Daphnia magna, trout,
embryos, and larvae.2 Due to its hazardous effects, the
elimination of diclofenac from wastewater is of primary concern.
Cost and energy-efficiency as well as environmentally friendly

purification technologies are the subjects of new research being
conducted on treating water. Different techniques like
adsorption, oxidation, membrane processes, and membrane
bioreactors (MBRs) are applied to remove pharmaceutical
compounds from wastewater.5 Membrane techniques are
particularly favored over other water treatment techniques due

to their distinct advantages resulting in better water quality,
nonuse of chemical additives, and excellent separation efficiency.
High-pressure membrane techniques, including nanofiltration
(NF) and reverse osmosis (RO), are considered promising
technologies in the removal of trace pharmaceutical compounds
with high reliability and stability.6,7 A literature review shows
that there have so far been few studies on diclofenac removal
from aqueous solutions. For instance, Vergili8 studied the
performance of the commercial NF membrane for the
separation of carbamazepine, diclofenac, and ibuprofen. He
reported that a maximum rejection of 88% with a water
permeance of 7 L/(m2·h·bar) was obtained for diclofenac using
an FMNP010 membrane. Ge et al.9 applied an NF270
commercial membrane to remove 14 kinds of drugs from
water. They achieved a maximum rejection of 85% with a water
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permeance of 10.5 L/(m2·h·bar) for diclofenac. Wang et al.10

studied the performance of a TFN zeolite nanofiltration
membrane for the removal of diclofenac. They reported a
rejection of 92% and a permeance of 2 L/(m2·h·bar). Maryam et
al.11 investigated the performance of an NF50 commercial
membrane via drug separation. They used dead-end filtration
module to remove 99.74% of diclofenac from water while the
permeability was very low. In all of the mentioned cases,
commercial membranes were thin-film composite or polymeric
membranes.
Over the past decades, polymers have remained the most

widely used materials for the preparation of water treatment
membranes because of their good separation performance.2

Among the different polymers, poly(vinylidene fluoride)
(PVDF) has become a much-coveted research topic in the
membrane industry due to its excellent chemical resistance and
thermal stability.12 However, low surface energy and strong
hydrophobic properties of the PVDF membrane limit its
practical application in wastewater treatment.13,14 Polymeric
membranes are usually used in the development of a thin, dense
active layer on the top of a porous substrate.15 Among the
various available compounds, polydopamine (PD) has been
demonstrated as a promising material due to its compact
structure and strong adhesion property on a wide range of
substrates that find applications in various fields.16 Additionally,
hydrophilic nanomaterials can be used in the form of nanotubes,
nanosheets, or nanoparticles to improve the surface properties
and morphology of the resultant membranes. In this case, the
resultant nanocomposite membranes can be formed via solution
blending or in situ synthesis of a hybrid inorganic−polymer
nanocomposite. Besides, nanomaterials are most probably
coated or covalently bonded on the membrane surface to
improve hydrophilicity, surface charge density, and antifouling
property of membranes.15 For instance, Xu et al. applied a
graphene oxide-TiO2 nanocomposite to improve the photo-
degradation efficiency of the PVDF UF membrane.17 Ma et al.
reported the positive effect of oxidized multiwall carbon
nanotubes (MWCNTs) on the performance of the PVDF UF
membrane.18 They proved that the oxygen-containing groups of
MWCNTs played a key role in improving the structural
properties and the performance of the resultant membranes.
Other nanomaterials such as TiO2, Al2O3, SiO2, and Fe3O4 are a
proper group of inorganic fillers that can be used for the
modification of membranes. Pertaining to the additives
mentioned above, TiO2 is considered an appropriate modifier
because of its stability, commercial availability, ease of
preparation, low cost, and super hydrophilic properties.19,20 As
reported in the literature, titania nanotubes (TNTs) demon-
strate high specific surface area and pore volumes, which provide
abundant adsorption sites and diffusion channels for water
molecules.21 Accordingly, direct water passage can be provided
by TNTs, leading to improved water permeability. Additionally,
as it is known, well-dispersed nanoparticles such as silica can be
formed on membrane surfaces via in situ synthesis techniques.
Tetraethoxysilane (TEOS) is the most common source of silica,
which is applied to prepare silica−polymer matrices via
hydrolysis and condensation processes.22 As reported by Zhao
et al.,23 the silica−polydopamine hybrids were appropriately
formed on the surface of the polypropylene support membrane.
Based on investigations that have been conducted and the

observations that have been made to date, there are no reports
that have considered the effect of both thin-film coating and

nanomaterials simultaneously on the performance of the PVDF
membrane for drug removal.
Accordingly, the current work aimed at the preparation of a

surface-modified PD/PVDF thin-film membrane using silica
and as-synthesized TNTs as additives to improve the rejection
and permeability. The effects of the TNT dosage on the surface
chemistry and morphology of the resultant TFN membranes
were investigated by ATIR-FTIR, FESEM, ζ potential, EDX,
AFM, and contact angle analysis. Additionally, the potential
application of the as-prepared membranes was evaluated for
diclofenac removal from aqueous solutions. Finally, the effects of
feed concentration and the solution pH on the separation
performance of the prepared membranes were investigated.

2. EXPERIMENTAL SECTION

2.1.Materials. Poly(vinylidene fluoride) (MW= 440 000 g/
mol, Kynar 761) was purchased from Arkema Co.; LiCl powder,
N-methyl-2-pyrrolidone (NMP, ≥99%), TEOS, and n-hexane
were obtained from Merck KGaA (Germany); dopamine
hydrochloride, trimesoyl chloride (TMC), and Tris base were
purchased from Sigma-Aldrich; and ammonium hydroxide was
purchased from Fluka Co. (Switzerland). Titanium dioxide
nanoparticles (TiO2, Degussa P25, Evonik) were used to
synthesize titania nanotubes (TNTs). Sodium hydroxide
(NaOH, Merck) and hydrochloric acid (HCl, Merck) were
also used to modify the TNTs. Diclofenac (MW = 369.3 g/mol,
≥99.9%) was supplied by Sobhan Pharmaceutical, Iran.
Deionized (DI) water was used to prepare feed solutions and
also to soak and rinse the membrane samples during the
experiments.

2.2. Preparation of TNTs. TNTs were synthesized via the
hydrothermal method.24 For this, 0.5 g of commercial anatase
TiO2 powder was added to 50 mL of 10 M NaOH. The mixture
was stirred at ambient temperature for 30 min. Then, the
mixture was heated in a Teflon autoclave at 150 °C. A white
product was centrifugally separated, washed with 1 M HCl and
deionized water, and then dried at 80 °C for 4 h. Finally, the as-
synthesized TNTs were posttreated at 500 °C for 3 h.

2.3. Preparation of Membranes. 2.3.1. Support Mem-
brane. PVDF was dissolved in NMP to prepare a casting
solution containing 14 wt % PVDF at 50 °C. A pore former was
added into the solution with a LiCl/PVDF weight ratio of 0.1.
Then, the solution was stirred for 4 h. The homogeneous
solution was degassed for 24 h. The polymeric solution was cast
on a clean glass plate using a casting knife (200 μm gap). The
film was immediately immersed in a coagulation water bath for
24 h at 24 °C.

2.3.2. Preparation of the PD/PVDF Membrane. A coating
solution was prepared by mixing dopamine hydrochloride and a
Tris base buffer solution (pH = 8.5). The PVDF support
membrane was immersed in the dopamine solution for 20 h to
ensure self-polymerization of dopamine. Then, PD was cross-
linked with TMC (0.4 wt %) through interfacial polymerization
for 2 min. Then, the composite membrane was dried in an oven
at 40 °C for 30 min.

2.3.3. Preparation of the Silica/PD/PVDF Membrane. First,
the PVDFmembrane was immersed in a dopamine solution (pH
= 8.5) for 20 h and was thoroughly rinsed with deionized water
and dried in an oven (50 °C) to get the PD-PVDF film. A TEOS
solution was prepared by dissolving 0.3 g of tetraethylorthosi-
licate in water/ethanol/ammonium hydroxide (3:40:1 mL).
The PD/PVDF membrane was placed in the TEOS solution
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under stirring for 24 h and was then dried in a vacuum oven (50
°C) for 30 min.
2.3.4. Preparation of the TNTs/Silica/PD/PVDF Membrane.

TNTswere incorporated on the surface of the PD/silica layer via
two distinct methods. In the first method, a certain amount of
the as-synthesized TNTs (0.05, 0.1, 0.3%) was dispersed in
deionized water via 1 h sonication. Then, the PD/silica/PVDF
membrane was placed in contact with TNT suspensions for 1 h
to form TFN membranes including both silica and TNTs
nanofillers (TFN(S-T)). The as-prepared membranes were
named based on the TNT concentrations.
In the second method, 0.1% TNT was added to the TEOS

solution to prepare the TEOS-TNT dispersion. The resultant
membrane was named TFN(S-T)-0.1(b) to differ from TFN(S-
T). The membrane at the same TNT concentration via the first
method was named TFN(S-T)-0.1(a). Other steps of
preparation were conducted exactly similar to the one in the
PD/silica/PVDF preparation method. Table 1 shows the codes
of the as-prepared membranes.

2.4.Membrane Characterizations.Transmission electron
microscopy (TEM) analysis was performed to study the
morphological structure of the produced TNTs (LEO 912
AB, Germany). The topography of the surface and cross-
sections of the as-prepared membrane samples were observed
using a field emission scanning electron microscope (FESEM;
Tescan; Czech Republic). The functional groups and bonds of
the TFC and TFN membranes were analyzed using attenuated
total reflectance infrared (ATR-IR) spectroscopy. ATR-FTIR
was applied using a ThermoNicolet Nexus 100 ATR-IR coupled
to a ZnSe crystal at a 45° operating angle. Atomic force
microscopy (AFM) was used to analyze the surface morphology
and roughness of the prepared membranes. The AFM device
was an Easyscan 2 Flex instrument (Nanosurf AG, Switzerland).
For comparative analysis, the scan area was kept constant at 5 ×
5 μm2 for all of the samples. The sessile drop contact angle
method of DI water and an OCA15 plus goniometer
(DataPhysics Instruments USA Corp.) were used to measure
the membrane contact angles of samples. The data of water
contact angles were reported as the average of measurements
obtained from at least five water droplets on each membrane
surface. The ζ potential of the surface of composite membranes
was measured at neutral pH by employing a streaming potential
analyzer (Anton Paar; Austria) in a 0.001 mol/L KCl aqueous
solution at 25 °C.
2.5. Membrane Performance. The performance of the as-

prepared membranes was investigated by the diclofenac removal
from aqueous solutions. Experiments were carried out at a
diclofenac concentration of 50 mg/L using the cross-flow
permeation test as shown in Figure 1 with an effectivemembrane

area of 0.0096 m2. All permeation tests were conducted at a
constant temperature of 25 °C and a pressure of 7.0 bar.
Performance parameters were evaluated in terms of PWF (pure
water flux) and diclofenac rejection. All membranes were
pressured at 8.0 bar with DI water for at least 1.5 h to reach a
stable PWF before each test.
The flux and permeability (L/(m2·h·bar)) were calculated as

follows

=
·Δ

J
V

A t (1)

=
Δ

p
J
P (2)

where V is the permeate volume (L), A is the effective
permeation area of the membrane (m2),Δt is the collection time
of the permeate (h), and P is the pressure (bar).
The solute rejection (R) is calculated as follows

= − ×
i
k
jjjjj

y
{
zzzzzR

C

C
1 100p

F (3)

where CP and CF are the solute concentrations in the permeate
and feed streams, respectively. For all experiments, the permeate
flux and rejection were determined after 1.5 h. All of the
experiments were performed at least three times. The ultra-
violet−visible (UV−vis) concentration of different diclofenac
solutions was measured with an ultraviolet spectrophotometer
(Optizen POP; Mecasys; South Korea) at 276 nm.

3. RESULTS AND DISCUSSION
3.1. Morphology of TNTs. Figure 2 illustrates the TEM and

FESEM images of as-synthesized TNTs, showing the nano-
tubular structure with an average inner diameter of about 14 nm.
It was observed that the TNTs are in the shape of cylindrical
tubes. Nanotubes were obtained by the heat treatment of
crystalline titania nanoparticles in NaOH solution followed by
washing of the suspension by DI water and dilute hydrochloric
acid solution.24 The mechanism of TNT formation was
explained by Kasuga et al.25 as follows. During the synthesis
procedure, some Ti−O−Ti bonds of titania nanoparticles were

Table 1. Code of TFC and TFN As-Prepared Membranes

code membrane

PVDF support membrane
TFC PVDF/PD membrane
TFN(S) PVDF/PD/silica membrane
TFN(S-T)-0.05 PVDF/PD/silica/TNT (0.05%) membrane
TFN(S-T)-
0.1(a)

PVDF/PD/silica/TNT (0.1%) membrane

TFN(S-T)-0.3 PVDF/PD/silica/TNT (0.3%) membrane
TFN(S-T)-
0.1(b)

PVDF/PD/silica + TNT membrane (0.1 wt % in layer
matrix)

Figure 1. Schematic of the cross-flow recirculation membrane filtration
setup.
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broken; subsequently, Ti−O−Na bonds were formed in the
presence of the NaOH solution. These bonds were substituted
by TiOH bonds after washing with water. Finally, TiOH of the
resultant nanosheet was dehydrated to form Ti−O−Ti or Ti−
HO−Ti bonds, owing to treatment with dilute HCl solution.
This led to bond distance shrinkage and felting of nanosheets.

3.2. ATR-FTIR Spectra of the As-Prepared Membranes.
The surface properties of the as-prepared membranes were
studied using ATR-FTIR analysis. The ATR-FTIR spectra of
neat and modified PVDFmembranes are shown in Figure 3. For
the PVDFmembrane, the peak at 1180 cm−1 was associated with
CF2. The peak at 1280 cm

−1 was assigned to the vibration of the
C−F bond.26 The absorption peak appearing at 1400 cm−1 was
attributed to the CH wagging vibration.27 The peaks at 880 and
740 cm−1 were assigned to the C−C−C asymmetrical stretching
vibration and the vibration of the crystalline phase of PVDF,
respectively.26 After PD coating, the support membrane became
dark brown, indicating that the PD layer was deposited on the
PVDFmembrane surface (Figure 4b).27 This finding was further
confirmed via ATR-FTIR spectra. As can be seen, in the case of
TFC, new peaks were observed at 3100−3600 cm−1 related to
N−H/O−H stretching and 1620 cm−1 corresponding to CO
stretching in the benzene aromatic ring. These peaks confirmed
the presence of catecholamine and quinone in the PD layer.14

For the TFN(S) membrane, the peak at 980 cm−1 was assigned
to the Si−O stretching of the Si−O−Si of the silica chain.28 In

Figure 2. (a) TEM and (b) FESEM images of TiO2 nanotubes.

Figure 3. ATR-IR spectra for the surfaces of TFN, TFC, and support membranes.

Figure 4. (a) PVDF surface and (b) PVDF/PD surface.
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the case of the TFN(S-T) membrane, increasing peak intensity
between 3200 and 3500 cm−1 was attributed to the stretching
vibrations of the hydroxyl groups of TNTs.21 These active
groups formed hydrogen-bonding interactions with Si−OH on

the silica so that the composite coating was firmly fixed to the
surface of the membrane. The band at 1649 cm−1 was attributed
to the H−O−H binding vibration due to the presence of
nanotubes.29,30

Figure 5. FESEM surface images of (a) PVDF, (b) TFN(S), (c) TFN(S-T)-0.05, (d) TFN(S-T)-0.1(a), (e) TFN(S-T)-0.3, and (f) TFN(S-T)-
0.1(b).
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3.3. MembraneMorphology. FESEM analysis was used to
investigate the effect of PD coating, silica, and TNTs on the
morphology of the as-prepared membranes.
Figure 5 shows the surface images of the samples. As can be

seen in Figure 5b, for the TFN(S) membrane, the surface
morphology has noticeably changed due to the formation of the
PD/silica layer, which was confirmed by the ATR-FTIR results.
A similar PD structure has been reported in other studies.14,31

TEOS was hydrolyzed and condensed during the coating
procedure; as a result, SiO2 nanoparticles were formed over the
PVDF/PD membrane.23 In the case of the TFN(S-T)
membrane, some TNTs can be observed at a high magnification
of FESEM surface images. At a low dosage of 0.05 and 0.1%
TNTs, nanotubes were well deposited on the surface of the PD/
silica/PVDF membrane (Figure 5c,d). As can be seen clearly
from Figure 5e, by increasing the TNT dosage from 0.1 to 0.3%,
nanotubes aggregated on the surface of the resultant membrane.
The cross-sectional images of the support membrane, TFC,

TFN(S), and (TFN(S-T)-0.1(b)) are presented in Figure 6.
As can be seen, for the TFCmembrane, the PD thin layer was

formed on the surface of the PVDF membrane after the coating
process (Figure 6b). In the case of the PVDF/PD/silica
membrane, the PD/silica selective layer was uniformly formed
on the top surface of the PVDFmembrane (Figure 6c). It is to be
noted that in situ synthesized silica nanoparticles have interacted
with the PD chain during the coating process. For the TFN(S-
T)-0.1(b) membrane, Figure 6d shows the presence of TNTs in
the layer matrix. TNTs interacted with silica and the PD layer,
simultaneously.
EDX analysis was performed to confirm the concept of silica

formation in the top layer matrix of the PVDF/PD/silica
membrane. Additionally, the presence of TNTs on the structure

of the TFN(S-T)-0.1(b) membrane was confirmed by the EDX
spectra. Figure 7 presents the EDX spectra of both TFN(S) and
TFN(S-T)-0.1(b) membranes. As can be observed, for both
cases, the characteristic peaks of C and F are those belonging to
the PVDF support. Additionally, the peaks of N and Si elements
confirm the formation of silica and the PD layer. In Figure 7b,
the peaks of the Ti element confirm the dispersion of TNTs in
the selective layer of TFN(S-T)-0.1(b).

3.4. Surface Roughness, Charge, and Hydrophilicity of
the As-Prepared Membranes. The three-dimensional AFM
images of the as-prepared membranes are illustrated in Figure 8.
The surface roughness parameters of the abovementioned
membranes were also evaluated, and the average values of three
replicates are reported in Table 2. As shown, the PVDF
membrane accounts for the lowest roughness value of 3.09 nm
and increased to 4.75 nm for TFN(S). The results indicated that
the surface roughness of the PVDF membrane increased after
coating with the PD/silica layer. This can be attributed to the
formation of PD and silica particles, which imposed inhomoge-
neous deposition on the membrane surface.32 By incorporation
of TNTs (0.05%), Ra remained approximately unchanged.
However, by increasing the TNT dosage, at 0.1%, the surface
roughness increased to a higher value due to the presence of
TNTs for both TNF(S-T)-0.1(a) and TNF(S-T)-0.1-
(b).19,33−35 For TFN(S-T)-0.3, the roughness increased
significantly to 14.36 nm due to the agglomeration of nanotubes
on the surface.
The surface hydrophilicity of the as-prepared membranes was

evaluated by measuring the water contact angle, and the average
values are shown in Figure 9a. As illustrated, the contact angle
for the PVDF membrane was 87°. After surface modification of
PVDF with the PD/silica layer, the contact angle decreased to

Figure 6. Cross-sectional images of the prepared membranes: (a) PVDF, (b) TFC, (c) TFN(S), and (d) TFN(S-T)-0.1(b).
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69°. When 0.05 and 0.1% of TNTs were deposited on the PD/
silica/PVDF membrane surface, the contact angle decreased to

60 and 44°, respectively. This trend could be due to the presence
of hydroxyl groups of TNTs on the top surface of the resultant

Figure 7. EDX analysis of (a) TFN(S) and (b) (TFN(S-T)-0.1(b)).

Figure 8. AFM images of (a) PVDF, (b) TFN(S), (c) TFN(S-T)-0.05, (d) TFN(S-T)-0.1(a), (e) TFN(S-T)-0.3, and (f) TFN-0.1(b).
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TFN(S-T) membrane.19,36 By increasing the TNT dosage from
0.1 to 0.3%, no obvious reduction in the contact angle was
observed due to the agglomeration of TNTs.
The electrical charge of the PVDF and TFN(S-T)membranes

was also determined by the ζ potential analysis (Figure 9b). As
indicated, the surface of the TFN(S-T)-0.1(a) membrane
became more negatively charged. The absolute value of the
surface ζ potential at a pH of 7.0 increased from 14.7 mV for the
PVDF membrane to 21 mV for TFN(S-T). This was attributed
to the presence of hydroxyl groups related to TNTs and the PD/
silica layer.37

3.5. Separation Performance. The performance parame-
ters including permeability and drug rejection of pure PVDF,
TFC, and TFN membranes are shown in Figure 10. For pure
PVDF, a permeability of 9.5 L/(m2·h·bar) and a rejection of
81.5% were obtained. By dopamine coating on the PVDF
surface (TFC), the permeability decreased to 2.5 L/(m2·h·bar)
and the rejection increased to 87%. Also, for the TFN(S)
membrane, diclofenac rejection increased to 91.6% with a
permeability of 2.6 L/(m2·h·bar). According to the FESEM and
contact angle results, the hydrophilicity of the PD/silica/PVDF
membrane increased due to the presence of amine and hydroxyl
functional groups, while the surface pore size decreased. In the
case of the TFN(S) membrane, it seems that the effect of the
membrane morphology has overcome the surface hydro-
philicity; as a consequence, permeability has decreased.38

Actually, the improvement in diclofenac rejection was due to
the formation of the PD and SiO2 protective layer.

23

Figure 10 shows that the deposition of TNTs on the TFN(S)
membrane has slightly improved the rejection of diclofenac. By

increasing the TNT dosage from 0 to 0.1%, the solute rejection
increased from 91.6 to 93.2%, which was the maximum rejection

Table 2. Surface Roughness Parameters of the As-Prepared
Membranes

membrane Rq (nm) Ra (nm)

PVDF 3.91 ± 0.03 3.094 ± 0.59
TFN(S) 5.97 ± 0.93 4.71 ± 0.56
TFN(S-T)-0.05 6.23 ± 0.95 5.04 ± 0.51
TFN(S-T)-0.1(a) 10.87 ± 1.14 8.75 ± 0.87
TFN(S-T)-0.3 17.58 ± 1.01 14.36 ± 0.83
TFN(S-T)-0.1(b) 19.69 ± 1.47 17.95 ± 1.04

Figure 9. (a) Contact angle of the as-prepared membranes and (b) ζ potential of the membranes.

Figure 10. Performance of the as-prepared membranes through
diclofenac removal (pH = 7, T = 24 °C, and ΔP = 7 bar).

Figure 11. Effect of dopamine concentration (pH = 7, T = 24 °C, and
ΔP = 7 bar).
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value. In addition, permeability increased from 2.5 to 5.8 L/(m2·
h·bar). These trends can be explained according to the following
mechanisms.
Diclofenac may be rejected by the as-prepared membranes

through one or a combination of three mechanisms: (i)
molecular sieving, (ii) electrostatic repulsion, and (iii)
adsorption. The presence of the hydroxyl groups of TNTs
increases the surface hydrophilicity, thereby enhancing the
transportation of water molecules through the membrane.39

Additionally, TNTs plug the surface pores, resisting the passage
of diclofenac through the membrane and thus decreasing the
diclofenac rejection.19 Moreover, diclofenac with a dissociation
constant of 4.15 has a negative charge at pH = 7. The ζ potential
results (Figure 9b) depict that TFN(S-T)-0.1(a) is more
negatively charged than the PVDFmembrane. In this case, more
solute removal has been detected due to electrostatic
repulsion.40 However, by increasing the TNT dosage to 0.3%,
the nanotubes were agglomerated and heterogeneously
distributed on the membrane surface. Accordingly, the TNTs
plugging the pores and the negative charge on the TFN
membrane surface reduced, leading to the lower solute rejection
of TFN(S-T)-0.3 compared with that of TFN(S-T)-0.1(a).
For the TFN(S-T)-0.1(b) membrane, a solute rejection of

90% and a permeability of 7.3 L/(m2·h·bar) were observed. The
results revealed that the formation of the silica-TNT composite
improved the water flux. Both the tubular structure and hydroxyl
functional groups of TNTs played a critical role in increasing the
water transportation rate.41 Since the water molecules are about
the size of an Angstrom, they can easily pass through the
structure of the nanotubes. Indeed, the inner cores of the
nanotubes and the less compact in situ synthesized silica-TNT
layer created an additional passage for the transportation of the
solvent or diclofenac molecules.41 Additionally, the octanol−
water partition coefficient (Kow) of pharmaceuticals can be
applied as an important factor to explain the separation
mechanism. As known, molecules with log Kow > 2 are
hydrophobic.8,42 Since the log Kow of diclofenac is 4.51, it can
be considered as a moderate hydrophobic material. Therefore,
by improving the surface hydrophilicity of the membrane, more
diclofenac molecules may be rejected due to their hydrophobic
nature.
3.6. Effect of Different Factors onMembrane Perform-

ance. 3.6.1. Effect of Dopamine Concentration.To investigate
the effect of the concentration on the performance of the
selective layer of the TFCmembrane, different concentrations of

dopamine (0.2, 0.5, and 0.8%) were used to form the PD layer.
Figure 11 represents the rejection and permeability values of the
resultant TFC membrane. As can be seen, by increasing the
dopamine concentration, the permeability first decreased and
then increased. However, diclofenac rejection depicted an
inverse trend, and at 0.5 wt % dopamine, a drug rejection of 87%
and a permeability of 2.5 L/(m2·h·bar) were obtained. Lee et
al.14 reported that at a low concentration of dopamine, a loose
layer was formed, and by increasing its concentration, a denser
layer was obtained. Indeed, the low density of the PD layer was
related to poor cross-linking at low dopamine concentrations.43

On the other hand, at high dopamine concentrations, the TMC-
to-dopamine ratio decreased and excess dopamine particles
caused defects in the PD layer.14

3.6.2. Effect of Feed Concentration. The effect of feed
concentration (50, 80, and 100mg/L) and an operating pressure
of 7 bar on the performance of the TFN(S) membrane was
investigated. Figure 12a showed that by increasing the feed
concentration from 50 to 100 mg/L, both permeability and drug
rejection were decreased, which can be explained via fouling
formation.44 As it is known, the increase of feed concentration
results in concentration polarization and consequently more
surface fouling.19

3.6.3. Effect of pH on Separation. In general, the solution pH
affects the charge of most organic contaminants. Thus, the effect
of the solution pH (3, 7, and 10) on the TFN(S-T)-0.1(a)
membrane performance was investigated (Figure 12b). As can
be observed, the drug rejection increased from 92% at pH = 3 to
95.6% at pH = 10. Regarding the dissociation constant of
diclofenac (pKa = 4.15), solute molecules have a positive charge
at pH = 3 and a negative charge at pH = 7 and 10. Moreover, the
as-prepared TFN membrane depicted a negative charge due to
the presence of hydroxyl groups. Accordingly, it can be stated
that electrostatic interaction and repulsion play a critical role in
the separation mechanism.
At pH values less than pKa, positively charged diclofenac

molecules tend to adsorb on the surface of the membrane due to
electrostatic interactions. By increasing the solution pH from 3
to 7, the solute attained a negative charge, which led to
electrostatic interaction between the solute and the surface of
the membrane. At higher pH values (≥10), the strong
electrostatic repulsion between the functional groups caused
membrane swelling and pore shrinkage of the selective layer.37

Figure 12. Effect of (a) feed concentration on the TFN(S) membrane (pH = 7) and (b) solution pH on the TFN(S-T)-0.1(a) membrane.
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4. CONCLUSIONS
In this work, the characteristics and performance of the PD/
silica/TNT/PVDF membrane were investigated. For this
purpose, the TEOS solution was coated on the PD layer
where silica was synthesized via the hydrolysis and condensation
of TEOS. FESEM and EDX analyses confirmed the formation of
the PD nanocomposite layer. Additionally, the TEOS-modified
PD layer was coated at different dosages of as-synthesized TNTs
to prepare the TFN(S-T) membrane. For comparison, the
optimum dosage of TNTs was added to the TEOS coating
solution. The as-synthesized TNT, TFC, and TFN membranes
were characterized and the obtained results confirmed the
formation of a negatively charged nanocomposite layer.
Moreover, the surface hydrophilicity of the PVDF membrane
significantly increased in the presence of PD and inorganic
additives. The performance of the as-prepared membranes was
determined for diclofenac removal. The results revealed that the
diclofenac rejection of the PVDF membrane increased by about
14% through the PD/silica/TNT modification of PVDF. Also,
the effects of pH and feed concentration on the diclofenac
separation performance were studied. The results indicated that
the rejection of diclofenac increased from 93.2 to 95.6% with an
increase of pH from 7 to 10.
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