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ABSTRACT

There is an urgent need for an antifouling membrane to treat the large volume of dye-containing wastew-
ater generated annually by the dyeing and printing industry. PDA@ZnO/PVDF membranes were synthe-
sized by doping polydopamine (PDA) and zinc oxide (ZnO) nanoparticles into the polyvinylidene fluoride
(PVDF) membranes via non-solvent induced phase separation (NIPS) method in which polyvinylpyrroli-
done (PVP) and lithium chloride (LiCl) were chosen as the porogens respectively. Their microstructures
were characterized, and the membranes were examined for antifouling properties and membrane sepa-
ration performance. The presence of PDA@ZnO nanoparticles on the PVDF membrane was evidenced by
X-ray diffraction (XRD), scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) mea-
surements. The addition of PDA@ZnO enhanced the mechanical strength and hydrophilicity of the
nanocomposite membranes. The PVDF membranes’ water permeability and antifouling properties
improved following mixing modification, according to the dye filtration test. The pure water flux of
PDA@ZnO/PVDF hybrid membranes changed from 260.0 L-m~2h~!-bar~' to 1339.2 L m~2-h~"-bar! by
varying the concentration of PDA@ZnO nanoparticles from 0 wt% to 1.6 wt%. The retention performance
of the modified membranes was shown to be significantly superior to the pure PVDF membrane. The
modified membranes with the addition of 2.0 wt% PVP and 1.6 wt% PDA@ZnO nanoparticles had highly
disperse blue 79 (DB 79) retentions (88.5%), indicating that the modified membrane possessed the char-
acteristics of a promising membrane for the purification of dye. Tests found that PDA@ZnO significantly
improved the membrane’s antifouling performance.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Because membrane-based separation technology successfully
rejects contaminants from wastewater, it has been used in various

One of the most essential resources for human survival is water.
Water contamination has emerged as a global issue as a result of
the world’s rapid economic development and population growth.
Globally, the printing and textile industries are responsible for sev-
ere water pollution (da Silva et al., 2020). These industries produce
a large proportion of wastewater contaminated with dyes. Many
dyes are toxic and difficult to degrade. Therefore, the efficient
removal of organic dyestuffs has become a vital issue to be
addressed in the deep treatment and reuse of dye wastewater.
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fields for water treatment (Zhao et al., 2019). Polyvinylidene fluo-
ride (PVDF) is a popular membrane material due to its good
mechanical strength, chemical resistance, thermal stability and
other properties (Mahdavi et al., 2022). However, pure PVDF mem-
branes are extremely hydrophobic because of the insufficient sur-
face energy of PVDF. High pressure filtration is needed for very
hydrophobic membranes because hydrophobic particles that are
deposited on the membrane surface or in the membrane pores
might seriously clog the membrane (Sun et al.,, 2020). Therefore,
low-contamination PVDF membranes can be created by improving
the PVDF membrane’s hydrophilicity (Muchtar et al., 2019).
Modified PVDF membranes have become popular in recent
years for filtering out dyes and other organics from wastewater.
Numerous studies have reported employing polymers, monomers,
nanoparticles, plasma treatment, and other modifications to PVDF
membranes for dye removal (Gopakumar et al., 2019, Talavari
et al., 2020). After 5 h of UV exposure, the PVDF-P(L-DOPA)-ZnO
photocatalytic membrane created by Popa et al. (2021)
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demonstrated 80% rhodamine B degradation efficiency. Direct yel-
low 4 and direct blue 14 were removed by PVDF membranes mod-
ified with dopamine (DA) and halloysite nanotubes (HNT) to a
respective extent of 85% and 93.7% (Zeng et al., 2017). PVDF mem-
branes modified with ionic liquids (ILs) and Na-montmorillonite
(Na" MMT) removed mango red and methylene blue in the range
of 93.2%-99.67% with an FRR of 85.4% (Lv et al, 2023). The
PVDF@PDA@ZnO membrane prepared by Wang et al. through sur-
face modification showed good separation performance (separa-
tion efficiency and separation flux reached 99.1% and 654
L-m~2h"1, respectively) for a variety of emulsions with photocat-
alytic function (Wang et al., 2020). Although these materials have
proved promising for dye removal, considerable attempts are still
being made to improve the retention and antifouling properties
of modified PVDF membranes due to the modified materials’ limi-
tations. Additionally, modified membranes’ antifouling perfor-
mance is impacted by nanoparticle-modified materials’ low
compatibility with organic membranes (Zheng et al., 2021).

The high adherence of polydopamine (PDA) to most organic and
inorganic materials is well recognized (Zhou et al., 2020). Addition-
ally, PDA, frequently utilized in PVDF membrane modification, can
be created when DA self-polymerizes in an alkaline aqueous solu-
tion (Cheng et al., 2019). PDA contains amino and phenolic hydro-
xyl groups, increasing the hydrophilicity of the modified
membrane (Xi et al., 2009). In addition, adding PDA to PVDF mem-
branes can significantly improve the retention of contaminants by
the modified membranes. Jiang et al. (2014) prepared a PVDF/PDA
hybrid membrane with a rejection rate of over 80% against BSA at
1 bar pressure. It has been shown that the modification of PVDF
membranes with PDA can improve the antifouling performance
of the PVDF membrane (Li et al., 2018). Additionally, PDA can aid
in the uniform dispersion of nanoparticles by immobilizing the
ions and assisting nanoparticles in attaching to the base membrane
with excellent stability (Nambikkattu et al., 2023).

PDA has strong hydrophilic and adhesive properties and can
form coordination bonds with metal oxides. Zhang et al. (2017)
used PDA to firmly bind TiO, nanoparticles to the surface of a thin
film composite membrane. It was shown that nanometals and
metal oxides have good adsorption properties for cadmium,
arsenic, chromium, uranium, and phosphate. Additionally, under
UV light, spray-pyrolyzed TiO, and ZnO films may efficiently
decompose reactive red 152 and terephthalic acid (Deshpande
et al., 2020). Combining PDA and different types of nanoparticles
into PVDF membranes can give new properties to the modified
membranes, such as adsorption and photocatalytic properties.
Zn0 nanoparticles are a multifunctional agent that is more promis-
ing for wastewater remediation due to their distinctive qualities,
which include catalysis, photochemical capabilities, therapeutic
effects, fungicidal, antibacterial, and UV filtering (Rambabu et al.,
2021). The major disadvantage of ZnO nanoparticles is that they
are difficult to be recovered, recycled, and reused. In addition,
the agglomeration of ZnO nanoparticles is a challenge. However,
PDA can facilitate the dispersion of nanomaterials in the polymer
matrix by increasing interfacial interactions (charge transfer, m-
stacking, hydrogen bonding interactions and hydrophobic
interactions).

Inspired by the reports above, modifying PVDF membranes by
combining the advantages of PDA and ZnO nanoparticles provides
a new idea for removing dyes from water. However, the PDA and
ZnO nanoparticles attached to the PVDF membrane surface by sur-
face coating and surface grafting are easily washed off. A combina-
tion of PDA and ZnO can be added to PVDF membranes to prepare a
comprehensive hybrid membrane and study their effect on
nanocomposite membranes. On the other hand, PVDF hybrid mem-
branes with PDA and ZnO additions have been used for dye
removal in relatively few studies (Popa et al., 2021). Lithium chlo-
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ride (LiCl) increases the membrane’s mechanical strength and pen-
etration flow while preventing the formation of macropores (Yuan
et al., 2022). Polyvinylpyrrolidone (PVP) improves membrane pore
structure and hydrophilicity (Ozekmekci et al., 2021). LiCl and PVP
were chosen as the porogens for the preparation of the
membranes.

In this research, PDA@ZnO nanoparticles were innovatively
added to the PVDF matrix containing different porogens for dye
effluent treatment. The surface morphology, chemical composition,
hydrophilicity, mechanical strength, permeability and antifouling
properties of the hybrid membranes were studied in detail. Fur-
thermore, it is worth mentioning that the prepared PDA@ZnO/
PVDF hybrid membranes have excellent results in treating dye
wastewater. It also elucidates the retention mechanism and
antifouling mechanism of the modified membranes when treating
different dye solutions. It is expected to establish a polymeric
membrane modification method that can easily and efficiently
remove dyes from water.

2. Experimental section
2.1. Materials

PVDF (FR904, MW = 300,000 g/mol) powder was purchased
from Shanghai San Aifu Co. Ltd. (China). DA (98%) was purchased
from Aladdin Reagent Co. Ltd (China). LiCl (>99%), PVP (MW = 44,
000 g/mol), N,N-Dimethylacetamide (DMAc, >99%), disperse blue
79 (DB 79) and reactive orange 5 (RO 5) were purchased from Tian-
jin Kemiou Chemical Reagent Co. Ltd. (China). Tris(hydroxymethyl)
aminomethane hydrochloride (Tris, >99%) obtained from Shanghai
Blue Season Reagent Co. Ltd. (China). ZnO nanoparticles (particle
size 50 nm) were obtained from Sichuan Xilong Chemical Reagent
Co. Ltd. (China).

2.2. Synthesis of PDA@ZnO nanoparticles

First, 1 g of DA was dissolved in 100 mL of Tris in a conical flask
for 2 h while magnetically stirring at 25 °C. Then, 1 g of ZnO
nanoparticles were dissolved in the conical flask’s solution for
24 h at 25 °C with magnetic stirring. The resulting solution was
centrifuged, and the black solid was obtained. Next, the black solid
was dried at 105 °C. The black solid block was finely ground to the
PDA@ZnO nanoparticles.

2.3. Preparation of the PDA@ZnO/PVDF hybrid membranes

The best approach for making fluoropolymer membranes for
industrial production is non-solvent induced phase separation
(NIPS) (Karkhanechi et al., 2018). The casting solution’s polymer-
rich phase transforms into the membrane matrix throughout the
preparation process, while the polymer-poor phase becomes
microporous as the liquid membrane is submerged in a coagula-
tion bath (Rahimi and Mahdavi 2019). The preparation process of
PDA@ZnO/PVDF membrane is shown in Fig. 1. In the first step, a
certain amount of porogens (2.0 wt% according to the membrane
weight) were added to the DMACc solvent, and the mixed solutions
were received after stirring. Secondly, a certain amount of synthe-
sized PDA@ZnO nanoparticles were added to the solvent and dis-
persed under the stirring treatment for 2 h. In the third step, the
PVDF powder was poured into the above solution and stirred at
60 °C for 12 h to obtain the homogenous casting solution. Before
usage, PVDF powder was dried for 24 h at 60 °C in a vacuum oven.
During the fourth step, the air bubbles are removed from the cast-
ing solution in a vacuum oven for 24 h. The casting solution was
cast on a glass plate, and a membrane maker was used to create
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the membrane. The final procedure involved quickly submerging
the membranes in deionized water to remove the remaining
solution.

Pure PVDF membrane was fabricated using the same procedure,
except no PDA@ZnO nanoparticles were added. The membrane
thickness was approximately 200 pm. The chemical composition
of the PDA@ZnO/PVDF hybrid membranes is shown in Table 1.

2.4. Characterizations

Scanning electron microscopy (SEM, JEOL JSM-6300, Hitachi,
Tokyo, Japan) was used to examine the morphologies of the mem-
branes’ surfaces and cross-sections at a 5 kV acceleration voltage. A
Rigaku D/max-2550 pc X-ray diffractometer (XRD, Rigaku D/max-
2550, Hitachi, Tokyo, Japan) with CuK radiation under the settings
of 40 kV and 40 mA was used to evaluate the crystal structure of
the modified membranes. Fourier transform infrared spectroscopy
(FTIR, Nicolet 5700, Thermo Nicolet Corporation, Fitchburg, WI,
USA) was used to analyze the modified membranes, and the KBr
compression method was used to identify the wavelength mea-
surement range of 400-4000 cm~'. The membrane’s surface
hydrophilicity was identified by measuring water contact angle
(WCA). The WCA of the membrane surface was measured with a
contact angle analyzer (JY-82, Chengde Ding Testing Equipment
Co. Ltd) at 25 °C. Deionized water is dropped onto the surface of
the sample to measure the contact angle (Gopakumar et al,
2019). The WCA for each modified membrane was determined by
averaging the measurements for three independent membranes.
The mechanical property of the membrane was tested using a ten-
sile strength tester (HK-202A, Dongguan Hengke Automatic Equip-
ment Co. Ltd). The prepared membrane was cut into 80 x 10 mm
spline and applied to the tensile test. The machine stretched the
sample at a speed of 25.0 mm/min. Each sample had three mea-
surements, and the average value was computed.

The gravimetric method was used to determine the overall
porosity (€) (Ocakoglu et al., 2021). The membrane was desiccated
for 24 h before being weighed to determine its weight under dry
conditions (Wy,y). The dried membrane was then divided into
squares measuring (40 mm x 40 mm) and submerged in distilled
water for five minutes. The membranes were then gently cleansed
of any remaining water on their surface using a clean cloth before
being weighed (Wyet). Using Eq. (1), the produced membrane’s
overall porosity (€) was calculated (Sakarkar et al., 2020).

_ Wet — Wdry
€= W x 100% (1)
PDA@ZnO ENE
-~ o
\ S
Porogens

) o) |
‘ ‘\ ) <
NS’

DMAc
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where € (%) is the overall porosity, Wy (g) is the weight of the wet
membrane, Wy (g) is the weight of the dry membrane, py
(0.998 g-cm~3) is the density of pure water at room temperature,
A (cm?) is the effective area of the membrane, and L (cm) is the
membrane thickness.

Additionally, using data from the pure water flux and porosity,
the Guerout-Elford-Ferry Eq. (2) was used to calculate the mean
pore radius (ry,) (Tan et al., 2019).

 [29-1.75¢) x 8]
r“‘*¢ €< Ax AP (2)

where 1, (nm) is the mean pore radius, € (%) is the overall porosity,
A (m?) is the effective area of the membrane, 1 (8.9 x 107 Pa-s) is
water viscosity, L (m) is the thickness of the membrane, ] (m3.s~ 1) is
the volume of the permeate water per unit time, AP (0.1 MPa) is the
operating pressure.

2.5. Filtration tests

2.5.1. Permeability

Our lab-built dead-end ultrafiltration equipment conducts test-
ing on the flux and antifouling of pure water. The permeation test
was carried out at 25 °C and 0.1 MPa, and the membrane’s effective
filtering area was 7.07 cm?. The permeate flux was pre-compacted
with deionized water under 0.15 MPa for each test sample until it
stabilized. After lowering the transmembrane pressure, the perme-
ate was measured for 30 min at 0.1 MPa to determine the deion-
ized water flux (Jw). Using Eq. (3), the membrane’s pure water
flux was determined (Han et al., 2023).

\Y
o= a5 T AP 3)
where J,, (LLm~2h~".bar™') is the pure water flux, V (L) is the vol-
ume of permeated water for the membranes, A (m?) is the mem-
brane area, T (h) is the time of recording, AP (1 bar) is the
operating pressure.

2.5.2. Separation performance

The most popular dyes in the paint and textile industries are
reactive and dispersion dyes (Gholami et al., 2022). In this experi-
ment, RO 5 (C25H]7C1N7N3301053, MW = 788.1 g/n’lol) and DB 79
(C24H27BrNgO19, MW = 639.4 g/mol) were selected for testing
among reactive and disperse dyes, respectively. In the experi-
ments, 50 mg-L! solutions of RO 5 and DB 79 were prepared.
The pH of 50 mg/L of RO 5 and DB 79 at 25 °C were 8.04 and 7.8,
respectively. The optimum absorbance wavelengths for RO 5 and

PDA@ZnO/PVDF
—> <Ay

Deionized water

Fig. 1. Schematic illustration of pda@zno/pvdf preparation process.
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Table 1

The chemical composition of the PDA@ZnO/PVDF hybrid membranes.
Membrane ID Porogens Porogens content (wt%) PVDF (wt%) PDA@ZnO (wt%) DMACc (wt%)
PVDF - - 15.0 - 85.0
PVDF(PVP) PVP 2.0 15.0 - 83.0
PDA@ZnO/PVDF(PVP)-0.4 PVP 2.0 15.0 0.4 82.6
PDA@ZnO/PVDF(PVP)-0.8 PVP 2.0 15.0 0.8 82.2
PDA@ZnO/PVDF(PVP)-1.2 PVP 2.0 15.0 1.2 81.8
PDA@ZnO/PVDF(PVP)-1.6 PVP 2.0 15.0 1.6 814
PDA@ZnO/PVDF(PVP)-2.0 PVP 2.0 15.0 2.0 81.0
PVDF(LiCl) LiCl 2.0 15.0 - 83.0
PDA@ZnO/PVDF(LiCl)-0.4 LiCl 2.0 15.0 0.4 82.6
PDA@ZnO/PVDF(LiCl)-0.8 LiCl 2.0 15.0 0.8 82.2
PDA@ZnO/PVDF(LiCl)-1.2 LiCl 2.0 15.0 1.2 81.8
PDA@ZnO/PVDF(LiCl)-1.6 LiCl 2.0 15.0 1.6 814
PDA@ZnO/PVDF(LiCl)-2.0 LiCl 2.0 15.0 2.0 81.0

\ 0"
(a) g
\\0
Na'
o} 1+
0. J Na
. r|1 N. _NH
0// \( Y
fo) .
/ OH @
//S\O'
(o) Na’

HN o}
/—/ CH;
o) N

N\, Vi

/N N \—\ CH3
o] o}
N*-0O" (o}
Vi
o CH3

Fig. 2. Chemical structures of (a) RO 5 and (b) DB 79.

DB 79 were 480 nm and 535 nm, respectively. Fig. 2 provides the
chemical structures of the colours utilized.

Until the permeate flux achieved a stable value, each test sam-
ple was pre-pressurized with the solution under test at a pressure
of 0.15 MPa. All membranes were tested at a pressure of 0.1 MPa
for 30 min. The dye rejection (R) was calculated using the following
Eq. (4) (Sakarkar et al., 2020).

R = (1—9> % 100% ()
G

where R (%) is the dye rejection, C; (mg-L™!) is the concentration of

the feed solution, C, (mg-L!) is the concentration of the permeate.

2.6. Antifouling tests

In the experiments, 50 mg-L™! solutions of DB 79 and RO 5 were
prepared. The membrane was cut to a size of 4 cm x 4 cm and
immersed in 30 mL of dye solution for 24 h at 25 °C. After removing
the membrane, a spectrophotometer was used to measure and
compute the remaining dye concentration. The adsorption capacity
(Qe, ug-cm~2) was calculated using Eq. (5) (Tan et al., 2019).

Q.- W 5)

where Q. (ug-cm2) is the adsorption capacity, Cs (mg-L!) is the ini-
tial concentration of dyes, Cr (mg-L™!) is the dye concentration at the
end, A (cm?) is the effective membrane area, V (L) is the volume of
dye solution.

Wash the membrane three times with deionized water to
remove reversibly adsorbed dye molecules. In order to maintain
a constant flow, the membrane was pressured with deionized
water at 0.15 MPa for 30 min. Deionized water, followed by filtra-

tion at 0.10 MPa membrane pressure for 30 min, was used to test
the membrane’s pure water flow recovery (J,). The following Eq.
(6) was used to compute the flux recovery ratio (FRR) degree
(Han et al., 2023).

FRR :}—2 « 100% (6)
1

where FRR (%) is the flux recovery ratio, J; (L-m~2-h~!-bar~') and J,

(L-m~2-h~1.bar™!) are the pure water flux and the pure water flux

recovery of the membrane, respectively.

3. Results and discussion
3.1. Chemical structure analysis

The functional groups of PDA@ZnO, pure PVDF membrane, and
PDA@ZnO/PVDF hybrid membranes were analyzed using FTIR
spectra and the results are shown in Fig. 3. The strong absorption
band at 1181 cm™' and 876 cm™! can be associated with the
stretching vibration of —CF, (Radwan et al., 2016). The C—C skele-
ton’s stretching vibration is responsible for the absorption peak’s
appearance in the medium frequency region at 1070 cm™~'. (Chen
et al., 2021). The representative peak at 1396 cm~! is associated
with the deformation vibration of —CH, (Van Tran et al., 2019).

The stretching vibrations of the aromatic ring of polydopamine
are responsible for a new peak in the modified membrane located
at 1630 cm~!. (Nambikkattu et al., 2023). The band’s existence is
evidence that PDA was effectively incorporated into the modified
membrane. PDA can aid in the uniform dispersion of ZnO nanopar-
ticles within the membrane, which is essential for enhancing the
membrane’s internal structure. The absorption peaks at 3500-
2950 cm~! indicate the presence of N—H and O—H bonds, which
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Fig. 3. FTIR spectra of PDA@ZnO nanoparticles, pure PVDF membrane, and PDA@ZnO/PVDF hybrid membranes: (a) 4000-400 cm™!, (b) 1500-400 cm ™.

are essential for the hydrophilicity of the membrane (Popa et al.,
2021). The pure PVDF membrane did not exhibit this peak. The
spectrum of PDA@ZnO contains a strong absorption band located
at the frequency of 556 cm™!, which is typical of the lattice vibra-
tions of ZnO. The C-H bond stretching vibrations at various satura-
tions on the PDA are shown by the peaks at 1260 and 1010 cm ™,
respectively. For PDA@ZnO nanoparticles, the broad peak at around
1600 cm™! is due to bending vibrations on H,O molecules
adsorbed on the ZnO nanoparticles. The bending vibration of H,0
molecules on the PDA@ZnO/PVDF hybrid membranes can be seen
at 1600 cm™!, which proves the successful preparation of the
PDA@ZnO modified PVDF membranes.

FTIR spectroscopy allows the determination of the a-phase, B-
phase and y-phase in PVDF. The characteristic bands at
614 cm™!, 763 cm™! and 980 cm™! are caused by the o-phase
(Ike et al., 2017). The absorption bands at 483 cm™!, 838 cm™ !,
and 1271 cm™! belong to the B phase of crystalline PVDF
(Radwan et al., 2016, Ike et al., 2017). The 7y phase of crystalline
PVDF is represented by the absorption bands at 483 cm™! and
838 cm™! (Eleshmawi 2008). The o-phase absorption peaks of
the PVDF membrane at 763 cm™! and 614 cm™! were weakened,
probably due to the transformation of the o-phase into the B-
phase by adding nanoparticles (Lai et al., 2014). The mechanical
properties of membranes are enhanced by stabilizing the p-phase
(Popa et al., 2021).

3.2. Phase structure analysis

PDA@ZnO/PVDF hybrid membranes were characterized using
XRD to determine their crystalline phases and demonstrate the
presence of PDA@ZnO nanoparticles inside the membrane. The
crystalline phases of PVDF, which is a semi-crystalline polymer,
include o, B, and y. At room temperature, the a-phase is thought
to be the most stable. Fig. 4 displays the XRD spectra of PDA@ZnO
nanoparticles, the pure PVDF membrane, and the PDA@ZnO/PVDF
hybrid membranes.

The diffraction peaks of the a-phase are located at 18.8°, 21.0°,
38.8°, and 41.4°, corresponding to the reflections of (020), (110),
(002), and (111), respectively (Cui et al., 2015). The specific peak
of the orthogonal beta phase is located at 20.26°, corresponding to
the (110)/(200) reflection (Martins et al., 2014). The specific peaks
of the vy phase are located at 18.5°, 20.2°, and 39.4°, corresponding
to the (020), (110), and (211) planes (Cai et al., 2017). A supple-
mentary diffraction peak at 26 = 20.26° is present in the modified
membranes, which may be the result of the addition of nanoparti-
cles, which changed the a-phase into the p-phase. The XRD curves

+ hexagonal ZnO
% DA

' (110)/(200)

(020)

Intensity (a.u.)

20 (°)

Fig. 4. XRD pattern of PDA, ZnO, PDA@ZnO nanoparticles, pure PVDF membrane,
and PDA@ZnO/PVDF hybrid membranes.

of PDA@ZnO nanoparticles and PDA@ZnO/PVDF hybrid mem-
branes showed extra peaks at 20 = 31.58°, 34.28°, and 36.22° in
comparison to pure PVDF membrane, which corresponds to ZnO
crystalline phase (Tavakoli et al., 2021). In addition, the DA peaks
at 21.5°, 23.18¢°, 25.86°, 27.3° and 31.98° confirm the crystal struc-
ture (Meng et al., 2017). The XRD image of PDA@ZnO nanoparticles
shows both the characteristic peaks of PDA and ZnO nanoparticles,
proving that ZnO nanoparticles were successfully doped on PDA.
Moreover, it shows that the PDA did not cause any destruction dur-
ing its interaction with ZnO. In addition to unique PVDF patterns,
the PDA@ZnO/PVDF hybrid membranes exhibit peaks typical of
the hexagonal structure of PDA@ZnO, demonstrating the successful
fabrication of the PDA@ZnO modified PVDF membranes.
PDA@ZnO/PVDF hybrid membranes’ XRD patterns exhibited no
appreciable alterations in the crystal structure from those of pure
PVDF membranes (Moazeni et al., 2020).

3.3. Morphological analysis

SEM images of pure PVDF membrane and PDA@ZnO/PVDF
hybrid membranes with various porogens are shown in Fig. 5.
The upper surface of the pure PVDF membrane has pores between
20 and 30 nm. Fig. 5(a-2) shows that the pure PVDF membrane has
no obvious pores in the cross-section and has a more disorganized
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Fig. 5. SEM image of the top surface and cross-section of membranes: (a) pure PVDF membrane, (b) PDA@ZnO/PVDF(PVP)-2.0, (c) PDA@ZnO/PVDF(LiCl)-2.0.

and dense internal structure. Fig. 5(b-1) shows the surface mor-
phology of PDA@ZnO/PVDF(PVP)-2.0. The pore size of the
PDA@ZnO/PVDF(PVP)-2.0 surface is 80 nm to 90 nm, and the mem-
brane surface is flat and smooth. The creation of membranes and
the size and shape of the pores in PVDF can be affected by the pres-
ence of PDA@ZnO, which may also speed up the process of phase
separation. PDA and ZnO nanoparticles have strong coordination
connections that hold them in place and prevent the nanoparticles
from forming big clusters. As seen in Fig. 5(b-2), the PDA@ZnO/
PVDEF(PVP)-2.0 membrane’s cross-sectional images displayed char-
acteristic asymmetric membrane topologies comprising a finger-
like sublayer and a selected thin skin layer. It can be concluded
from Fig. 5 that PDA@ZnO promotes the formation of a thick
spongy layer structure and many finger-like structures within the
membrane. In filtration tests, the spongy pores can greatly improve
the retention effect, while the finger-shaped pores help the perme-
ating water to pass through quickly. Dopamine’s active groups,
such as its amino and hydroxyl groups, increase the compatibility
between PVDF with the modified nanoparticle (Wang et al., 2017).
The membrane’s internal structure can be altered by adding
PDA@ZnO nanoparticles, improving the retention performance
and increasing the flux of pure water.

Fig. 5(c-1) and Fig. 5(c-2) show the surface and cross-sectional
morphology of PDA@ZnO/PVDF(LiCl)-2.0, respectively. LiCl con-
tributes to the formation of smaller voids on the membrane surface
(Fontananova et al., 2006). The pores on the surface of PDA@ZnO/
PVDE(LiCl)-2.0 are 40 nm to 50 nm, and these pores are linked
together to form long cracks. The crack-like pores are mainly due
to the lack of flexibility of the organic additives in LiCl. When dis-
solved in a solvent, LiCl does not dissociate like an organic poro-
gens but produces immediately integrated ions. As a result, the
phase separation is too rapid, which causes the creation of mem-
brane pores to occur too late. Moreover, LiCl will form a gel when
it reacts with the dipole moment on the membrane surface, pre-
venting macropores’ growth. In addition, due to the particle form
of PDA@ZnO, it is easy to settle in the membrane, causing defects.
As shown in Fig. 5(c-2), many finger-like pores with small diame-
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Fig. 6. Porosity (¢) and mean pore size (ry) of the PDA@ZnO/PVDF hybrid
membranes.

ters are formed within the membrane, which further improves the
retention of the dye by the membrane. The strong polarity of LiCl
promotes the crystallization of PVDF in polymer solutions, result-
ing in smaller pore sizes in PDA@ZnO/PVDF(LiCl)-2.0.

3.4. Porosity and mean pore size analysis

Fig. 6 shows the porosity (¢) and mean pore size (1) of the
PDA@ZnO/PVDF hybrid membranes. The porosity and mean pore
size of PVP-added membranes were significantly higher than those
of LiCl-added membranes, possibly due to the better pore forma-
tion of PVP than LiCl. The morphological analysis of the mem-
branes corroborated this conclusion. Adding more PDA@ZnO does
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Fig. 7. The mechanical strength of PDA@ZnO/PVDF hybrid membranes.

not appreciably alter the modified membranes’ porosity. The addi-
tion of PDA@ZnO increased the density of the modified membrane,
resulting in a decrease in membrane porosity. The addition of
PDA@ZnO increases the modified membrane’s mean pore size.
When the PDA@ZnO content was 1.6%, the mean pore size of
PDA@ZnO/PVDF(PVP)-1.6 reached 88.53 nm and decreased
slightly. It indicates that adding PDA@ZnO can increase the mean
pore size of the membrane and help improve the internal structure
of the PVDF membrane. The mean pore size of LiCl-added mem-
branes increased from 37.55 nm to 48.89 nm as the PDA@ZnO con-
tent increased, which may be explained by the small amount of
PDA@ZnO improving the membrane’s internal structure. However,
as the PDA@ZnO content rises, the PDA@ZnO nanoparticles clump
together and obstruct the membrane pores, causing the mean pore
size to decrease.

3.5. Mechanical strength analysis

Tensile strength and breaking elongation of the pure PVDF
membrane and PDA@ZnO modified membranes were shown in
Fig. 7. Modified PVDF membranes’ pore structure and additives
have a significant impact on their mechanical characteristics
(Alaa et al., 2021). The tiny pores within the LCl-added membranes
improved their mechanical properties. Therefore, the tensile
strength of the LiCl membranes is generally higher than that of
the PVP-added membranes. The tensile strength of PDA@ZnO/
PVDF(LiCl)-0.8 membrane reaches 4.5 MPa. Because LiCl is more
brittle than PVP, the PVDF(LiCl) membrane has a lower elongation
at break than the PVDF(PVP) membrane. Adding PDA@ZnO can
improve the mechanical strength of PVDF membranes. The follow-
ing reasons were provided: The PVDF molecules and the many
hydroxyl groups on the surface of PDA@ZnO could establish hydro-
gen bonds to increase the mechanical strength of the membrane
(Wei et al., 2021). In addition, adding a small amount of PDA@ZnO
creates finger-like structures within the membranes that increase
tensile strength. However, excessive amounts of PDA@ZnO may
result in less cross-linking of the PVDF molecular chains, limiting
the membrane’s tensile strength mechanically. The PDA@ZnO in
the modified membranes can absorb energy in the tensile test,
reducing the brittleness of the film. Therefore, the modified
membranes had a more excellent elongation at break than the pure
PVDF membrane.

Arabian Journal of Chemistry 16 (2023) 105206
3.6. Surface wettability analysis

The WCA measurements were performed to test the mem-
brane’s hydrophilicity. According to Fig. 8, there is a slight variation
in WCA between the membranes with LiCl and those with PVP
added. It indicates that the two porogens have negligible impact
on the membranes’ hydrophilicity. Fig. 8 demonstrates that the
WCA of the modified membranes exhibits a decreasing trend as
the amount of PDA@ZnO increases. The WCA of the PVDF(PVP)
membrane reduced from 80.1° without PDA@ZnO to 65.4° with
2.0 wt% PDA@ZnO added. The WCA of the PVDF(LiCl) membrane
reduced from 77.1° without PDA@ZnO to 66.3° with 2.0 wt%
PDA@ZnO added. It could be explained by the fact that the
PDA@ZnO nanoparticles include many hydrophilic groups (amino
and hydroxyl groups), increasing the membrane’s hydrophilicity.

3.7. Filtration performance analysis

Fig. 9 represents the effect of the modification on the pure
water flux of the membranes. Under the same operating condi-
tions, all membranes with PVP additions’ pure water flux was
much larger than those with LiCl additions. It could be attributed
to the pore formation effect of better PVP than LiCl. The conclusion
is also supported by a study of the modified membranes’ pore
structures. The combined effects of LiCl and PDA@ZnO reduced
the membrane’s porosity, reducing the pure water flux.

The pure water flux of the modified membranes was signifi-
cantly boosted by adding PDA@ZnO to membranes where PVP
was chosen as the porogens. In the phase-inversion process, the
impact of hydrophilicity on PDA@ZnO accelerated the exchange
of non-solvent and solvent, resulting in bigger membrane pores
and facilitating water transport. Modified membranes’ amino and
phenolic hydroxyl groups can also boost membrane flow. The
PDA@ZnO/PVDF (PVP)-1.6 membrane achieved a pure water flux
of 1339.2 L-m~2-h~!-bar~". The pure water flux of the LiCl-added
membranes tends to increase and then decrease with increasing
PDA@ZnO content. The modified membrane’s internal structure
was enhanced by a modest amount of PDA@ZnO, resulting in a lar-
ger mean pore size. The modified membranes became denser as
more PDA@ZnO was added, which lowered the flux of pure water
across the membranes.

The modified membranes’ dye rejection abilities were assessed
through filtration tests in terms of retention. Fig. 10 shows the
mechanism of dye retention by the PDA@ZnO/PVDF membrane.
High PVDF membrane retention rates are associated with molecu-
lar sieving action and physical separation (Hosseinifard et al.,
2020). Anionic dye removal can be improved by modifying the neg-
ative membrane’s hydrophilicity and surface charge (Khoerunnisa
et al., 2020). The anionic dye and the membrane have increased
electrostatic attraction, which inhibits the dye molecules from
passing through. In addition, the involvement of the OH of the
PDA@ZnO nanoparticles and the OH aromatic groups of the dye
molecules is another reason for improving the dye removal effi-
ciency. Fig. 11 shows the retention effect of the PDA@ZnO/PVDF
hybrid membranes on the dye solution. The retention performance
of the LiCl-added membranes is generally higher than that of the
PVP-added membranes, as shown in Fig. 11. The retention charac-
teristics of PVP-added and LiCl-added membranes are very differ-
ent. Large pores develop within the membrane due to PVP,
although the development of large pores is inhibited by LiCl
(Fontananova et al., 2006). Similar evidence supporting this
conclusion was found in the SEM images of the modified mem-
branes. LiCl-added membranes produced more small finger-like
pores, significantly improving the retention effect.



Y. Zhai and J. Yang

90
e Licl

m LiTCl PVP

-]
=
T
i

Water contact angle (°)
3
H

(=)
=
T

50 1 1 1 1 1 1
0.4 0.8 1.2 1.6 2

PDA@ZnO (wt%)

>

Fig. 8. The WCA of PDA@ZnO/PVDF hybrid membranes.

According to Fig. 11, adding PDA@ZnO vastly improved the
retention of DB 79 by PDA@ZnO/PVDF hybrid membranes.
PDA@ZnO enhances the membrane’s hydrophilicity and decreases
the interaction of DB 79 molecules with the membrane surface,
which prevents dye molecules from penetrating the modified
membrane during DB 79 filtering. In addition, adding PDA@ZnO
makes the membranes dense and improves the retention of the
modified membranes. With a maximum retention of 90.5% for
DB 79, the PDA@ZnO/PVDF(LiCl)-1.2 membrane demonstrated
good retention. The membranes’ structure was optimized through-
out the phase change for the LiCl-added membranes due to the
joint action of LiCl and PDA@ZnO. During the process, a thicker
reticulated sponge layer and regular pores that resemble fingers
develop within the membrane, which improves retention.

According to Fig. 11, adding PDA@ZnO enhanced the modified
membranes’ RO 5 rejection abilities. RO 5 is a highly soluble anio-
nic dye that dissociates in water to produce anions. However, the
membrane surface is negatively charged and repels anions. There-
fore, forming a layer of dye molecules on the membrane surface is
impossible during filtration. Due to the solubility and chemical
nature, the molecules of RO 5 easily pass through the membrane,
and its retention by the PDA@ZnO/PVDF hybrid membranes is rel-
atively low.

3.8. Antifouling performance analysis

Dye molecules are adsorbed during the membrane’s filtration
phase, leading to contamination behaviour on the membrane sur-
face. It is necessary to investigate membranes’ capability for static
adsorption.

Fig. 12 displays the equilibrium adsorption capabilities of the
pure PVDF and PDA@ZnO membranes for DB 79 and RO 5. The
modified membranes have significantly higher adsorption capaci-
ties for DB 79 than RO 5. The modified membranes retained DB
79 more effectively than RO 5. The type of dye has a significant
impact on the membrane’s ability to adsorb dyes. DB 79 molecules
are more readily absorbed in the membrane pores due to their low
solubility. As shown in Fig. 12, the LiCl-added membranes had bet-
ter adsorption capabilities for both dyes than the PVP-added mem-
branes. Numerous surface cracks on the LiCl-added membranes
cause increased adsorption of dye molecules by the membrane.
As shown in Fig. 12, the adsorption capacities of RO 5 by
PDA@ZnO/PVDF hybrid membranes were limited as the PDA@ZnO
content increased. The RO 5 molecules may have trouble being
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Fig. 11. Dyes rejection of PDA@ZnO/PVDF hybrid membranes.

adsorbed by the membranes as a result of the addition of
PDA@ZnO, which causes the pore size of the modified membranes
to increase. The addition of PDA@ZnO boosted the adsorption capa-
bilities of DB 79, which may be due to hydrogen bonding and van
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membranes.

der Waals the relationships between DB 79 molecules and the
PDA@ZnO/PVDF hybrid membranes (Chen et al., 2020).

Fouling occurs during the time of the separation as a result of
the buildup of impurities in the membrane chamber and on the
membrane surface. Additionally, hydrogen bonds, electrostatic
interactions, and van der Waals bonds all help decrease the mem-
branes’ flux (Hassanzadeh et al., 2021). Fig. 13 shows the water
flow recovery rates of the PDA@ZnO/PVDF hybrid membranes after
filtering two dye solutions separately. As DB 79 molecules are dif-
ficult to dissolve in water. They are granular in water and will block
the tiny pores in the membrane when they enter. As a result, after
DB 79 filtering, the modified membranes’ total pure water flow
recovery rate is low. The anionic dye (RO 5) was kept on the feed
side by an electrostatic repulsion mechanism with an FRR of up
to 95.3% because of the modified membrane’s electronegativity
and hydrophilicity. Numerous studies have shown that if the mem-
brane is hydrophilic, its antifouling performance can be more
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robust (Lv et al., 2023). Hydrophilic membrane surfaces are more
likely to hydrate by forming hydrogen bonds or electrostatic inter-
actions with water molecules. This could result in preferred water
molecule adsorption on the membrane surface, eliminating the
issue of membrane clogging. The overall trend of increasing FRR
indicates that the PDA@ZnO nanoparticles have an excellent
antifouling effect. The antifouling performance of the LiCl-added
membranes is less than that of the PVP-added membranes, which
may be caused by the fact that dye molecules are more easily
trapped in the small pores within the membrane. In the SEM anal-
yses, this conclusion is more intuitively reached. The modified
membranes can be cleaned and reused after being extremely
contaminant-resistant.

3.9. Performance comparison

Until now, the modified PVDF membranes prepared by many
researchers have achieved good results in removing dyes and other
organics from wastewater. In this work, the PDA@ZnO/PVDF(PVP)-
1.6, PDA@ZnO/PVDF(LiCl)-1.6 and pure PVDF membranes and
results from prior investigations were compared. The pore size,
WCA, tensile strength, pure water flux, rejection, and FRR of several
modified PVDF membranes are shown in Table 2.

The best-performing PVDF/ZnO/PDA membrane prepared by
Ucel and Demirel showed 97% removal of sodium alginate (SA)
and 92% flux recovery, and effective removal of pb?* (Ucel and
Demirel 2022). However, the effects of porogens and PDA@ZnO
additions on the performance of PVDF membranes have not been
investigated. This work adds a certain amount of porogens to the
membrane to increase the pore size. Compared to previous inves-
tigations, the modified membranes in this one show superior
mechanical properties. The PDA@ZnO/PVDF hybrid membranes
showed good retention of DB 79, with a retention rate of about
89%. The results of the FRR showed that the PDA@ZnO/PVDF hybrid
membranes had high fouling resistance. The overall level of fouling
resistance of PDA@ZnO/PVDF hybrid membranes against RO 5 was
very high, reaching more than 90%. Compared to pure PVDF mem-
brane, the modified membrane’s surface hydrophilicity and water
permeability were dramatically increased by adding PDA@ZnO
nanoparticles. PVP-added membranes have better properties, such
as good pore formation, smoothness and absence of defects. More-
over, the PVP-added membrane possessed a significant flux, which
could enhance the treatment efficiency of the membrane for dyes.
It was found that PDA@ZnO/PVDF(PVP)-1.6 had the best overall
performance. PDA@ZnO/PVDF(PVP)-1.6 achieved a pure water flux
0f1339.2 L.m 2.h '-bar~!, a retention rate of about 88.5% of the DB
79, at the same time, had good antifouling properties. Incorporat-
ing PDA@ZnO in the membrane significantly improved the FRR of
the pure PVDF membrane. The modified membrane can be regen-
erated by cleaning the membrane surface three times with deion-
ized water when the filtering period is less than 30 min, which is
less expensive. When the filtration time is extended, the mem-
brane contamination is aggravated, and the membrane can be
cleaned with a low concentration of sodium hypochlorite
(Puspitasari et al., 2010) or a solvent with a low concentration of
zein (Zhao and Liu 2019). In conclusion, PDA@ZnO/PVDF hybrid
membranes are auspicious membrane materials for dye removal.
After more testing and research in challenging wastewater treat-
ment environments (Under various PH levels), it is indicated that
increased production and utilization of this membrane material
could be taken into consideration.
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Table 2

Pore size, WCA, tensile strength, pure water flux, rejection and FRR of various PVDF membranes.

Rejection (%) FRR (%)

Pure water flux

(Lm2h1)

WCA (°)

Tensile strength (MPa)

Pore size (nm)

Porogens (wt.%)

Membrane type

70.9

98.7% (Congo red)

26.5 (0.1 MPa)
422 (0.1 MPa)

63.6

1.93

7.41

PVDF/PDA-TIO, (Shi et al., 2023)

94.3

85.0% (Direct yellow 4)

59.8 + 0.4

26.1£05

PVP

D-A-HNTs/PVDF# (Zeng et al., 2017)

(6 wt%)

98.9% (Reactive black 5)

78 (0.12 MPa)
95.8 (0.2 MPa)
49 (0.07 MPa)

67.3 £ 0.07
55.06 £ 0.1

PVDF/ZnOPb (Ben Dassi et al., 2021)

78.4% (Methylene blue)

6.47 £ 0.2

g-C5N4/ZnO(PVDF/PAN) (Veisi et al., 2023)

PVDF/ZnO/PDA (Ucel and Demirel 2022)

Pure PVDF*

92

97% (Sodium alginate)

67.2% (DB 79),
58.9% (RO 5)

2.15+043
2.78 £ 0.06

128 £04
41.0 £ 0.8

PEG
PVP

68.9% (DB 79),
81.9% (RO 5)

260.0 + 4.2 (0.1 MPa)

80.1 +0.9

(2 wt%)
LiCl

66.7% (DB 79),
79.9% (RO 5)

76.5% (DB 79),
70.4% (RO 5)

195.2 + 3.1 (0.1 MPa)

77.1+£0.8

3.17 £ 0.04

376 %09

78.0% (DB 79),
92.7% (RO 5)

88.5% (DB 79),
70.8% (RO 5)

2.86 + 0.05 68.2 0.8 1339.2 £ 8.3 (0.1 MPa)

88.5 £ 0.7

(2 wt%)
PVP

PDA@ZnO/PVDF*

(2 wt%)
LiCl

77.1% (DB 79),
90.4% (RO 5)

89.6% (DB 79),
77.6% (RO 5)

69.2 +0.9 249.6 £ 6.2 (0.1 MPa)

3.83 £ 0.06

39.8 +0.8

(2 wt%)

4 A PVDF membrane is made by mixing halloysite nanotubes (HNTs) with DA and grafting.

This research.
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4. Conclusion

PDA@ZnO/PVDF hybrid membranes were prepared by the NIPS
method. The impact of various PDA@ZnO concentrations on the
characteristics of modified membranes was examined in this
study. The PDA@ZnO nanoparticles were made from PDA and
ZnO nanoparticles in a 1 to 1 ratio. PDA helped the ZnO nanoparti-
cles to be uniformly dispersed in the modified membrane. Pre-
pared membranes were characterized by XRD, FTIR and SEM.
SEM results demonstrated that PDA@ZnO/PVDF hybrid membrane
surface becomes smoother with the introduction of PDA@ZnO
nanoparticles. Incorporating PDA@ZnO nanoparticles endowed
the modified membrane with distinctly improved surface
hydrophilicity and water permeance. It was found that the pure
water flux of the PDA@ZnO/PVDF hybrid membrane reached
1339.2 Lm~%h~"-bar~! when 2.0 wt¥% PVP and 1.6 wt% PDA@ZnO
nanoparticles were added. The PDA@ZnO/PVDF(PVP)-1.6 mem-
brane showed good retention of DB 79 (88.5%), while the overall
resistance to contamination of RO 5 (92.7%) was high. In conclu-
sion, PDA@ZnO/PVDF hybrid membranes are auspicious mem-
brane materials for dye removal.
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