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ABSTRACT

Membrane technology is known as one of the most efficient and extensive methods for oily wastewater
treatment. In this research, polyvinyl chloride (PVC)-based mixed matrix membranes containing Uio66-
NH; nanoparticles and modified halloysite nanotubes (HNTS) were prepared using the phase inversion
method. The synthesized membranes were characterized by field emission scanning electron microscope
(FESEM), Fourier transform infrared (FTIR) and contact angle measurement analysis. Then, the effect
of these nanoparticles was investigated for oil/water emulsion separation in the ultrafiltration process.
To evaluate the prepared membranes, pure water flux, mean pore size, and oil separation ultrafiltration
tests were performed. The results exhibited that addition of HNTSs to the casting solution enhanced the
pure water flux about up to 4 folds. Overall experimental results showed that due to the uniform
distribution of halloysite nanotubes in sample 2, water contact angle decreased from 81° to 72°. UF
results confirmed that sample 2 had the potential of rejecting 97% of sunflower oil.
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1. INTRODUCTION

Oily effluents in many industries such as oil refineries,
petrochemicals, food, and leather industries, are
produced. These wastes effluents must be separated
before reused the water in the process or discharge it into
the surface water (1-4). Membrane technology is an
extensive method for oily wastewater treatment.
Ultrafiltration membrane is one of the membrane's
categories, known as an efficient and effective method of
oil separation from oil/water emulsion. The performance
of polymeric membranes can be improved by various
parameters such as the selection of suitable additives and
methods. For example, addition of fillers such as
nanoparticles, carbon nanotubes, and graphene oxide can
improve the mechanical strength, permeability, and
selectivity of the membranes. Also, surface modification
of the membrane can enhance its hydrophilicity,
antifouling properties, and stability. Moreover, the use of
suitable fabrication methods such as phase inversion,
electrospinning, interfacial polymerization, stretching,
track-etching and electrospinning can control the
morphology, pore size, and thickness of the membrane,
which can affect its performance. Although there are
different membrane fabrication methods, phase inversion
is usually used in experimental scale due to its flexibility
to control the synthetic parameters and can be done at
ambient temperature (5).

Polyvinyl chloride polymer (PVC) is a hydrophobic
plastic. Because of low cost, high chemical resistance and
mechanical, thermal stability, and solubility in solvents
like dimethylacetamide (DMAC), tetrahydrofuran
(THF),  dimethylformamide  (DMF), N-methyl
pyrrolidone (NMP)) for making membranes has received
attention (6). Also, in recent years, metal-organic
frameworks (MOF) have been widely used due to their
high thermal stability and chemical, high porosity,
adjustable pore size, and low density. In MOF, there are
two structural components: secondary building units
(SBU), clusters of metal ions, and organic binders that
connect the secondary building units and create porous
and regular structures (7). Uio66-NH is a type of metal-
organic framework (MOF) that has shown better
performance compared to other MOFs, due to its high
mechanical and chemical stability, and ease of
regeneration. Halloysite nanotubes (HNTSs) are a type of
naturally occurring aluminosilicate mineral with a unique
tubular structure that has been the subject of extensive
research within various scientific fields. These nanotubes
possess an inner diameter that ranges between 10-100 nm
and an outer diameter that measures between 30-190 nm.
Due to their unique structure, HNTs have numerous
potential applications. They have been used in the
development  of  high-performance polymeric
membranes, which have shown great promise for use in
gas separation, water treatment, and drug delivery.
Additionally, HNTs have been explored for their

potential as nanocarriers for targeted drug delivery, as
well as for their use in tissue engineering and catalysis.
Overall, the study of HNTSs has proven to be an exciting
area of research, with numerous potential applications in
a variety of fields. HNTs have high mechanical strength,
high thermal stability, and a high surface area, which
make them attractive for a range of applications,
including catalysis, drug delivery, and membrane
technology. In membrane technology, HNTs have been
used as fillers in polymeric membranes to improve their
mechanical strength, permeability, and selectivity (8, 9).
Halloysite nanotubes have received much attention
because of mechanical resistance and the high contact
surface, thermal stability, and economics (10, 11). Zhang
et al. (12) prepared hydrophilic polyvinylidene fluoride
composite membranes with dopamine, iron oxide, and
modified halloysite nanotubes (HNT @ Fe304 / (DA +
KH550/ PVDF)) as filler for separation of water and oil.
The hydrophilicity and antifouling performance of the
membrane was improved by adding nanoparticles. The
prepared membrane performed well in oil separation with
the highest oil removal rate of 97.2% (12). Kazemi et al.
(13) used polyvinyl chloride membranes containing
graphene oxide (Go) nanoparticles and modified ones in
the process of treating oily wastewater. Their study
results showed that by increasing the content of
nanoparticles, the hydrophilicity of the membranes
decreased. Also, all the membranes containing
nanoparticles had a higher pure water flux compared to
the base membrane (13). The main goal of this article is
to fabricate the mixed matrix membrane-based polyvinyl
chloride by mixing MOF and modified halloysite
nanotubes.

2. MATERIALS AND METHODS

2. 1. Materials Polyvinyl chloride (PVC) from
Abadan Petrochemical Company as basic of the
polymeric membrane, N, N-dimethylformamide (DMF)
produced by Daejung Korea as the solvent, polyvinyl
pyrrolidone (PVP) and halloysite nanotubes (HNT) from
Sigma - Aldrich (USA) as membrane additives,
zirconium (1V) chloride, and 2-aminoterephthalic acid
prepared from Sigma-Aldrich company for the synthesis
of metal-organic framework Uio66-NH, sodium dodecyl
sulfate (SDS- Merck company) as a surfactant, sunflower
oil was used to prepare an oil/water emulsion separation.

2. 2.Feed Solution For this purpose, sunflower oil
and sodium dodecy!| sulfate as a stabilizer were mixed in
a ratio of 3 to 1 in one liter of deionized water. The
mixture was stirred at 3000 rpm by a mechanical stirrer
for 5 hours. Finally, the oil is completely dispersed in the
water and a stable milky emulsion is obtained.

2. 3. Surface Modification of Halloysite Nanotubes
In this method, the surface of halloysite nanotubes was
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modified by SDS anionic modifier that was described in
our previous work (14).

2. 4. Synthesis of Uio66-NH: The procedure
involves stirring the mixture of 2-amino terephthalic
acid, zirconium chloride and DMF for 30 minutes,
transferring it to an autoclave, and heating it at 120 °C for
24 hours. The resulting solid is then washed several times
with DMF and methanol, followed by drying at room
temperature and then in an oven at 150 °C for 4 hours
(15).

2. 5. Preparation of Ultrafiltration Membranes
To fabricate mixed matrix membranes (MMMs), the
phase inversion method was used. This method has been
fully described in our previous studies (14, 16). Table 1
shows the composition of the casting solutions of the
MMMs. Furthermore, for better interpretation of the
process, the UF setup is shown in Figure 1.

2. 6. Characterization of Synthesized Membranes
In order to analyze the surface morphology of the
membranes in detail, a field emission scanning electron
microscope (FESEM) was used. This microscopy
technique is known for its high resolution, and it allowed
for imaging of surface features at the nanoscale. Fourier
transform infrared (FTIR) spectroscopy was employed to
investigate the functional groups of the membranes.
FTIR works by measuring the absorption or transmission
of infrared radiation by a sample, which can provide
detailed information about the molecular bonds and
functional groups present in the material. Furthermore,

TABLE 1. Composition of membrane casting solution

MOF PVP PVC SDS-HNT DMF

sample  toe)  (wi%)  (wi%) (Wt%) (wt%b)
) 02 1 8 - 90.8
2 0.2 1 8 0.1 90.7
3 0.2 1 8 0.2 90.6
4 0.2 1 8 03 905

Figurel. UF Experimental setup

the surface hydrophilicity of the mixed matrix
membranes was evaluated with a contact angle meter.
This device measures the angle between a liquid droplet
and a solid surface, providing information about the
wettability of the surface and its ability to interact with
different liquids. In addition, X-ray diffraction (XRD)
was used to observe the crystal structure of the
synthesized Uio66-NH; metal-organic framework. XRD
works by measuring the diffraction pattern of X-rays as
they interact with the crystal lattice of a material, which
can provide detailed information about its crystal
structure. BET analysis was used to determine the pore
size distribution, pore volume, and specific surface area
of the synthesized Uio66-NH; metal-organic framework.
This involved measuring the amount of gas adsorbed
onto a material at different pressures, providing in-depth
information about its porosity and surface area. Finally,
to further characterize the synthesized membranes, tests
were conducted on water flux and oil rejection, mean
pore size, and porosity. These tests likely involved
measuring the rate of water or oil flow through the
membranes, as well as the size and distribution of the
pores within the material (14, 16).

3. RESULTS AND DISCUSSION

3. 1. Characterization of synthesized Uio66-
NH: To investigate the crystalline structure of the
synthesized metal-organic framework, X-ray diffraction
(XRD) patterns of the synthesized nanostructures were
prepared and the results are shown in Figure 2. The
observed peaks in region 20 around 7 to 10 degrees
indicate the cubic crystal structure of Uio66-NH,. The
two main peaks observed at 20 = 7.4° (111) and 26=8.3°
(200) are related to the crystalline structure of Uio66-
NH: and crystal planes, respectively (17, 18). BET test
for surface area, total pore volume, and average pore
diameter of the synthesized material has showed values
of 371.71 m?qg, 3.7248 nm, and 0.3461 cm?0g,
respectively.
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Figure 2. XRD pattern of synthesized Uio66-NH2
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3. 2. Characterization of Fabricated Membranes
3. 2. 1. FESEM Image FESEM analysis was used
to check the morphology and surface structure of the
synthesized membranes. For this purpose, the picture of
the cross sections and upper surfaces of the samples have
shown in Figure 3.

As can be seen, sample 1 has a finger-like structure.
The macro pores of the bottom layer have grown by
adding nanoparticles to the casting solution. Also, the
addition of Uio66-NH; creates the largest macro pores in
the membrane of sample 1, which can cause the passing
of water through the mixed matrix membrane. In sample
2, the pores of the membrane have become larger than in
sample 1. The FESEM images show that the ores in the
layer of sample 2 are larger than the other ones. In other
words, after the addition of modified halloysite
nanotubes, hydrophilicity increases and  water
penetration occurs faster in the phase separation. In
sample 3 narrow and short pores and large finger ores
have been created. Increasing hydrophilicity makes the
addition of water permeation, and as a result, the surface
porosity also increases (19). As can be seen, in samples 2
and 3, the porosity increases compared to sample 1 as a
result of the pure water flux. In sample 4, there are many
elongated long finger-like structures.

SEM HV: 15.0 KV WD: 9.89 mm | | | MIRA3 TESCAN|
SEM MAG: 300 x Det: SE 200 pm
RMRC FESEM

View field: 692 ym | Date(m/dly): 07/29/21

SEM HV: 15.0 kV WD: 11.46 mm MIRA3 TESCAN|

SEM MAG: 300 x Det: SE 200 pm

View field: 692 ym | Date(m/dly): 07/29/21 RMRC FESEM

Based on Figure 3, it was found that incorporating
modified halloysite nanotubes into the membrane matrix
resulted in a significant reduction in the formation of
finger-like structures. This effect was attributed to the
increase in viscosity of the casting solution, which can be
explained by the larger size and altered surface
characteristics of the modified nanotubes (20, 21). The
study also explored the role of sodium dodecyl sulfate
surfactant in the membrane formation process and found
that it can further increase the viscosity of the casting
solution. By applying the surfactant on the surface of the
nanoparticles, it creates a uniform layer that promotes
better dispersion of the nanoparticles in the casting
solution (22). Moreover, the study investigated the
distribution of nanoparticles in the prepared membrane
using FESEM images. The images revealed that samples
1 and 2 exhibited a uniform distribution of nanoparticles
in the membrane matrix, while samples 3 and 4 showed
accumulation of nanoparticles in certain areas of the
membrane matrix. This suggests that the addition of
modified halloysite nanotubes, in combination with the
appropriate surfactant, can enhance the uniformity and
integrity of the membrane structure (23).

SEM HV: 15.0 kV WD: 12.44 mm

SEM MAG: 2.00 kx Det: SE 20 pm
View field: 104 pm Date(m/d/y): 07/29/21

MIRA3 TESCAN|

RMRC FESEM

SEM HV: 15.0 kV WD: 12.07 mm
SEM MAG: 2.00 kx Det: SE
View field: 104 um |Date(m/dly): 07/29/21
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SEM HV: 15.0 KV WD: 10.76 mm L MIRA3 TESCAN|
SEM MAG: 300 x Det: SE 200 pm

View field: 693 ym | Date(m/dly): 07/29/21 RMRC FESEM

T Y

SEM HV: 15.0 kV WD: 11.71 mm | | MIRA3 TESCAN

SEM MAG: 300 x Det: SE 200 pm

View field: 692 ym |Date(m/dly): 07/29/21 RMRC FESEM

\
SEM HV: 15.0 kV WD: 10.90 mm MIRA3 TESCAN|

SEM MAG: 25.0 kx Det: SE

View field: 8.30 pm |Date(m/dly): 07/29/21 RMRC FESEM

SEM HV: 15.0 kV WD: 11.73 mm MIRA3 TESCAI

SEM MAG: 25.0 kx Det: SE

View field: 8.30 ym Date(m/d/y): 07/29/21 RMRC FESEM

Figure 3. FESEM images of prepared mixed matrix membranes a: sample 1, b: sample 2, c: sample 3, d: sample 4

3. 2. 2. FTIR Pattern The fabricated membranes
were analyzed using FTIR spectroscopy, and the results
are presented in Figure 4 and the peaks attributed to PVC
matrix were listed in Table 2. The FTIR spectrum
displays peaks that correspond to different functional
groups present in the material. The peak appearing at
3279 cm? is related to the vibrations of the NH;
functional group, which confirms the presence of Uio66-
NH; nanoparticles in the membrane. The vibrations of the
N-H bond can be seen at the wavelength of 1671 cm?,
which also supports the presence of the NH; functional
group. The peak observed at 1426 cm™ can be attributed
to the stretching vibrations of the C-N bond, and it could
also be related to the presence of the NH; functional
group. The peak at 1326 cm™ may be caused by the
stretching vibrations of the hydroxyl functional group,
which suggests the presence of modified halloysite
nanotubes in the membrane. The peak at 1199 cm can
be attributed to the stretching vibration of the S=O bond,
which may be related to the presence of other functional
groups or impurities in the material. The peak appearing
at the wavelength of 3454 cm is due to absorbed water
on the surface of halloysite nanotubes, which could
indicate the presence of moisture in the sample or

adsorbed water on the surface of the nanotubes. Finally,
the weak peak created at the wavelength of 2850 cm
could be caused by the vibrations of the aliphatic or
aromatic C-H bonds in the solvent. This peak may be
related to residual solvent in the sample or to the presence
of other organic compounds in the material (24-29).

3. 2. 3. Properties of Membranes Table 3

provides detailed information on the synthesized
membranes' properties, namely their mean pore size

TABLE 2. The paeks of PVC matrix

WaY?number Assignment Ref.
(cm™)

2910-2912 C-H stretching vibration

1427 CH,-Cl angular deformation

1327 CH, deformation group

1245 CH-ClI out of plane angular deformation (30)
1093 C-C stretching bond vibration

961-963 C-H out of plane trans deformation

689-693 C-Cl stretching vibration
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Figure 4. FTIR analysis of fabricated mixed matrix membranes
A: sample 1, B: sample 2, C: sample 3, D: sample 4

(MPS), contact angle, and porosity, after the addition of
modified halloysite nanotubes. The data shows that the
mean pore size of the membranes increased with the
addition of nanoparticles, reaching the maximum value
in sample 2. Thereafter, it gradually decreased with the
increasing nanotube loading due to the displacement rate
of nonsolvent and solvent during the membrane
formation process. This phenomenon can cause larger
pores on the membrane surface. However, the mean pore
size reduced upon increasing halloysite nanotube loading
at 3%, which could be due to the increase in the viscosity
of the casting solution. The contact angle of the
membranes decreased with the addition of nanoparticles,
indicating an increase in hydrophilicity. This could be
due to the presence of hydrophilic functional groups on
the surface of nanoparticles that enhance the membrane's
wettability. However, in samples 3 and 4, the contact
angle increased due to the agglomeration of nanotubes,
which reduced the hydrophilicity of the membrane.
Furthermore, the porosity of the membranes increased
with the addition of nanoparticles. This is likely because
the presence of nanoparticles can increase the number of
voids or pores in the membrane, leading to an increase in
overall porosity.

3. 3. Ultrafiltration Tests

3.3.1. PWF The experiment involved measuring
the pure water flux (PWF) of the synthesized membranes
and presenting the results in Figure 5. It was observed
that the addition of nanoparticles to the casting solution
had a positive impact on the PWF of the membrane. The
improvement in PWF is attributed to the hydrophilic
properties of the Uio66-NH» nanoparticles and modified
halloysite nanotubes, which can enhance the membrane's
ability to transport water. The hydrophilic properties of
the nanoparticles increase the surface energy of the
membrane and attract water molecules, which ultimately
leads to enhanced PWF. However, it was also noted that
at the highest loading of modified halloysite nanotubes,
the PWF decreases. This is most likely due to the
agglomeration of the nanotubes, which leads to the
formation of larger pores and a decrease in the
hydrophilicity of the membrane. It is important to note
that the optimal loading of nanoparticles is dependent on
various factors, such as the specific application of the
membrane and the desired properties of the material. The

TABLE 3. Properties of resulting membranes
Sample Porosity (%) Mean pore size (nm) Contact angle (°)

1 92.233 13.801 81
2 91.981 25.550 72.6
3 92.040 23.653 76.4
4 92.484 22.222 90.6
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874.65

Pure Water Flux (L/m?h.bar)

226.576

1 2 3 4

Figure 5. Pure water flux of resulting membranes

increase in PWF with an increase in nanoparticle loading
is not linear, and there is an optimum concentration at
which the highest PWF is achieved. Beyond this optimal
concentration, the PWF decreases, as observed in the
experiment. Therefore, it is important to optimize the
nanoparticle loading for the specific application of the
membrane to achieve the best possible results (30).

3. 3. 2. Ultrafiltration Experiments on Sunflower
Oil Removal The separation of sunflower oil/water
emulsions was done by selected membranes (samples 1
and 2) at 1 bar and ambient temperature. For this purpose,
the feed solution is prepared at different concentrations
of 120 mg/L, 80 mg/L, 40 mg/L, and selected membranes
are examined for sunflower oil removal.

In the context of oil/water emulsion separation
experiments, it has been observed that the percentage of
oil rejection increases as the duration of the ultrafiltration
process is prolonged. After approximately two hours, this
percentage reaches a steady value. The increase in the
amount of oil removal can be explained by the formation
of an oily cake layer on the surface of the membrane,
which can block some of the surface pores or reduce their
size. This ultimately leads to a reduction in the
permeation flux of the membrane, thereby negatively
impacting its overall performance. The study has shown
that the selected membranes exhibited an increase in
removal efficiency with the gradual increase of time in
the ultrafiltration tests, while the permeation flux
decreased due to the blockage of pores. This is indicative
of the fact that the membrane's efficiency in oil/water
emulsion separation improves significantly with time.
However, the reduction of the permeation flux caused by
the deposition of the oily cake layer can be mitigated by
reducing the membrane's tendency to adsorb oil on its
surface. This can be achieved by reducing the contact
angle and improving the hydrophilic properties of the
membrane, which in turn can help to mitigate the
reduction in permeation flux caused by the deposition of
the oily cake layer. Overall, the results highlight the
importance of balancing oil rejection performance and

permeation flux to develop high-performance
membranes for oil/water emulsion separation
applications. This is particularly important because the
oily cake layer formation is a natural consequence of the
separation process, and it can negatively impact the
overall performance of the membrane in terms of both ail
rejection and permeation flux. Therefore, any strategy to
improve the performance of the membrane must address
this issue (31). Figure 6 shows the rejection efficiency
and permeate volume of the selected membranes at 40
ppm feed concentration. Figures 7 and 8 illustrate the
rejection efficiencies and permeate volumes of the
selected membranes at 80 ppm feed concentrations of 80
and 120 ppm, respectively.
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Figure 6. Rejection efficiency and permeate volume of
selected membranes at 40 ppm feed concentration
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4. CONCLUSIONS

PVC-based membranes comprising Uio66-NH2 were
synthesized by the method of phase inversion and were
subsequently modified with halloysite nanotubes to
improve their performance and properties for separating
sunflower oil/water emulsion. The following general
results were observed: FTIR and SEM results confirmed

the presence of MOF and modified halloysite nanotubes
in the membrane structure. FESEM images of the
membranes showed that the membrane structure became
finger-like. The membrane with 0.1% loading of
modified halloysite nanotubes had larger macropores,
and samples 1 and 4 had a longer finger-like structure
than other samples, which can affect factors such as the
mean pore size, PWF, and separation rate. Sample 2 had
the lowest contact angle and the highest hydrophilicity,
indicating that it had the best water-wettability. By
adding nanoparticles to the mixed matrix membranes, the
PWF, hydrophilicity, and mean pore size of the
membranes increased. Based on these results, membrane
sample 2 was considered as the optimal membrane for the
separation of sunflower oil/water emulsions. It is worth
mentioning that these results verifies the application of
low-cost membranes like PVC in membrane separation
processes. Furthermore, the optimum fabricated
membrane can be recognized as a good candidate in
sunflower production industry. It is clear that the
membrane performance is strongly dependent on the area
of mixed matrix membrane that was assembled in the
module. In this work, only one sheet of MMM with
effective surface of about 36 cm? was used for the oil
removal process in an experimental scale whereas for
industrial separation processes, a number of membrane
modules can be combined to form a membrane stack that
increases the effective area of MMM. Therefore, by
increasing the effective area of the applied MMM using
some individual membrane modules in the stack form,
this fabricated membrane can be applied in industrial
wastewaters.
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