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Keywords: ABSTRACT. Improving the performance of membranes appropriate for oil-in-water separation is a
global challenge. In this study, we prepared a PVDF/Mordenite (PZM) membrane and determined its

membrane properties to separate oil-in-water emulsions to address this challenge. The PVDF and PZM membranes
performance; were fabricated using the phase inversion technique and applied to separate two types of oil-in-water
m_or.demte, emulsions 1:99 (wWt%), including vegetable oil and used cooking oil emulsion. PVDF polymer with DMAc
0|I-|n-_water solvent was added to mordenite with a concentration variation of mordenite. The addition of mordenite
emulsion; did not affect the increase of the B fraction on the hybrid membrane surface but could improve the
PVDF membrane hydrophilicity. The addition of mordenite in the PVDF membrane has improved the
characteristics of the membrane, including water flux, rejection membrane >90%, and FRR up to two
times greater than a pristine PVDF membrane. Morphological analysis of the membrane confirmed an
asymmetric membrane composed of finger-like and sponge-like. Combining mordenite and PVDF
membrane to separate oil-in-water emulsions provides a new approach to oil wastewater treatment.
INTRODUCTION

Waste oil discharged into the environment causes severe environmental pollution to our lives. A huge amount
of oil-contaminated water can produce water-in-oil emulsions (W/Q) and oil-in-water emulsions (O/W) that can
mask oxygen demand (Kuang et al., 2020), and it is crucial to take necessary actions to separate the oil emulsions
(Liu et al., 2024). Several conventional separation methods, such as adsorption (Guselnikova et al., 2020),
centrifugation, filtration, and flotation, are used to separate oil-in-water emulsions. However, most of them suffer
from limitations such as low separation efficiency, expensive, and require a more complicated method (Baig et al.,
2022).

Membrane technology was presented as an efficient approach to separate oil-in-water mixtures due to easy
processing (Xie et al., 2020) and effective ability to remove oil droplets (Wen et al., 2021). The membranes used
to separate oil and water such as polyethersulfone (PES) (Lei and Guo, 2021), polyacrylonitrile (PAN), and
polyvinylidene fluoride (PVDF) (He et al., 2021). PVDF has many advantages related to its excellent chemical
stability and good ability in engineering processes (Hai et al., 2019). PVDF has been widely used for wastewater
treatment (Gao et al., 2021). Superhydrophobic P\VDF membranes demonstrate excellent separation of oil-in-water
emulsion, but the flux value gradually decreases with increasing cycle time (Ding et al., 2019) and the
superhydrophobic nature of PVDF membrane for oil-in-water separation can lead to severe membrane fouling
(Tang et al., 2020). Consequently, developing new membrane innovations with a high permeation flux value, high
separation efficiency, good antifouling ability, and good mechanical strength are urgently needed for oil-in-water
separation applications (Bhalani et al., 2018).
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Various methods were developed to enhance the hydrophilicity of the PVDF membrane by mixing additives
such as inorganic nanoparticles or hydrophilic polymers (Yang et al., 2020). The properties of the composite are
enhanced by adding ZnO and Al,O3 nanoparticles (Salih and Kadhim, 2023). In recent research, there have been
modifications made to PVDF membranes, one of which involves filling the membrane with inorganic materials
(Zou et al., 2021) such as TiO,and Al,Os (Ni et al., 2021), Silica (Li et al., 2020), and ZrO; (Yaacob et al., 2020).
Sun et al. (2019) succeeded in fabricating a PVDF/SiO, composite hollow fiber to improve composite membrane
performance. The PVDF/SiO, membrane phase inversion method produces a flux value of 3.16 L/m?h/Bar. Yi et
al. (2011) effectively altered the PVDF membrane using nano-sized TiO2/Al,O3 for oil-in-water emulsion
separation. There was also an excellent flux recovery for fouled membranes but decreased permeate flux. In
another study, Cui et al. (2019) recommended a madification of the PVDF membrane using SiO2, which displayed
great separation efficiency and potential for regeneration to remove oil-in-water emulsion. However, low flux
recovery was observed.

Zeolite is a potential material for water purification as well as oil-in-water emulsion separation. PVDF
membrane containing zeolite SAPO-34 increased antifouling performance for BSA filtration due to Si and Al
content with a hydrophilic skeleton and large pore volume (Vatanpour et al., 2016). Superhydrophobic zeolite
membrane via coordination-driven in situ self-assembly was reported by Xie et al. (2020a). The results show that
it has great separation capacity and is recyclable for controlling oil-in-water emulsions. Meanwhile, research on
PVDF/Mordenite membrane application for emulsion separation has not been widely explored. Therefore, in this
study, PVDF-mordenite membranes were prepared and analyzed for oil-in-water filtration performance. In this
paper, we also analyzed the chemo-physical properties of the membranes, such as their structure and morphology.

RESEARCH METHODS
Materials

Mordenite was obtained from EduLab, and Polyvinylidene Fluoride (PVDF-Solef 1010; Mw 352.000 g/mol)
was acquired from Solvay. N-N-dimethylacetamide (DMAc) and polyethylene glycol 400 (PEG400) were
purchased from Merck. Commercial vegetable oil (Fortune) and the surfactant Tween-80 were added to prepare
the emulsions.

Fabrication of PVDF/ Mordenite Membrane

The dope solution comprises a polymeric material and a solvent. The dope with a total mass of 12 g was
prepared by mixing the mordenite, PEG400, and PVDF with DMACc as the solvent and stirred for 24 h at 60 °C.
The dope was cast onto a glass plate and soaked in a water-coagulant bath. A solid membrane was obtained, and
the membrane was stored in a glycerine solution for further analysis. Table 1 displays the solution composition
used to prepare PVDF/Mordenite (PZM), and the PVDF modified with a mordenite was signed as PZM-x.

Table 1. The Dope Composition of PVDF/Mordenite (PZM) Membranes.

Membrane Composition (wt%b)
PVDF Mordenite PEG400 DMAc
PVDF 18 - 4 78
PZM-0.5% 18 05 4 77.5
PZM-1% 18 1 4 77
PZM-2% 18 2 4 76
PZM-3% 18 3 4 75

Making an Oil-in-Water Emulsion
Oil and water were combined in a ratio of 1:99 (wt%) to form an oil-in-water emulsion. The mixture was
stabilized with 0.01 mg/mL surfactant Tween 80, and it was sonicated for 30 minutes.

Membrane Characterization
The structure of mordenite material and membrane analysis was performed with an X-ray Diffractometer
(XRD-D8 Advance Bruker) at a range of 10° — 90°. Functional groups and polymorph phase identification were
analyzed by Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR Agilent Cary 600). Morphology
and mapping of the element on the membrane were observed with SEM-EDX JEOL Benchtop JCM 700. The
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Guerout-Elford-Ferry equation and gravimetric method were used to measure the average pore size and membrane
porosity. The membrane sample with a dimension of 2 x 2 cm? was soaked in distilled water for 30 minutes and
weighed as the wet weight of the membrane. The membrane was dried in an oven for 24 h at 60 °C. Membrane's
porosity € was measured by Equation (1) (Almanassra et al., 2023).

6= (Wwet —Wdried) (1)

Axlxp

Where Wiyt and Wiariea represent the membrane's wet and dry weights, A is the membrane's dimensional (cm?), p
is the water's density (0.998 g/cm?) at 25 °C and | is thickness measured by Mitutoyo dial thickness.

The Equation (2) calculates the average pore size of a membrane (Umam et al., 2023).

r= /w @
3800 x € x AP
Where n is the water viscosity at 25 °C (8.9 x 10*Pa-s), In is the wet thickness of the membrane (m), J; is the water
flux from the membrane (L/m?h), € is the porosity (%), and AP is the operating pressure (Pa).
Furthermore, the water and oil contact angles (WCA and OCA) were measured to evaluate the surface
properties of the membranes. Water or oil was dripped onto the membrane surface and then recorded using a

camera (48 MP magnification 5x). The WCA and OCA (°) were analyzed using a contact angle plug-in mode in
ImageJ software.

Membranes Performance Evaluation
Three significant parameters for filtration membranes in oil emulsion treatment have been identified: pure

water flux, membrane rejection, and antifouling (FRR) measurements. The analysis of pure water flux was

performed by setting up a membrane with a 5 cm diameter on a Buchner funnel tube. Distilled water was fed into

the Buchner funnel, and after 30 minutes of filtration at 0.8 bar of pressure, the flux of pure water was recorded

(Jo). Equation (3) was used to determine the water flux (J1) after the permeate was collected (Xie et al., 2020).
== 3)

Axt

Where J; is water flux (L/m?h), v is the permeate volume (L), A is surface area (m?), and t is time measurement
(h).

Using a UV-Vis Spectrophotometer with a wavelength of 229 nm, the concentrations of retentate and
permeate were calculated to determine membrane rejection using Equation (4) (Xie et al., 2020).

%R:(1_2—f)xloo 4)

%R represents the resulting percentage of rejection for oil, permeate concentration is denoted by Cp, and retentate
concentration is denoted by Cr.

Flux Recovery Ratio (FRR) was used to assess the membranes' antifouling properties. After the filtration of
water and oil emulsion, the membrane was placed on a Biichner funnel, and the feed was filled with distilled water.
Equation (5) was used to determine the FRR membrane after the permeate was collected (J2).

FRR=2 x 100% (5)
Jjo

RESULTS AND DISCUSSION
Fabrication of PVDF/Mordenite Membrane

PVDF/Mordenite membrane was carried out using the phase inversion method. Membrane characterization
using ATR-FTIR is shown in Figure. 1. The data result shows that the absorption band at 1070 cm™ is related to
the SiO, tetrahedron units (Sadrara et al., 2021). The wavelengths 1178 cm™ and 1402 cm™ are related to the
vibrations of C-F and C-H stretching (Sun et al., 2019). The characteristic peaks at 840 cm™ were assigned to the
B phase (Cui et al., 2015), and characteristic peaks occur at 762, 795, and 974 cm, indicating the o phase. The
addition of mordenite did not affect the polymer phase change. This indicates that mordenite does not appear much
on the surface membrane and has a low affinity for water (Bacariza et al., 2018).
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Figure 1. ATR-FTIR spectra Membranes.

The successful composite of mordenite on PVDF membrane was verified using XRD, and the results are
displayed in Figure 2. XRD of the PVDF membrane produced a 26 peak at 18.4°, indicating the o phase. The 260
peaks with values of 21.43° and 23.50° indicate the B phase of PVDF, which indicates the presence of a
polyethylene-like structure. Some typical characteristic peaks in the diffractograms of mordenite and PVDF
membranes were confirmed in the diffractograms of PZM-1% and PZM-2% membranes. The diffractogram
patterns of PVDF, PZM-1%, and PZM-2% membranes produce 26 at 18.40°, 21.43°, and 23.50°. The PZM-2%
diffractogram shows new peaks 20 at 13.92°, 22.34°, and 25.70° corresponding to mordenite RRUFF ID No
R070524. The diffractogram peak intensity of membrane PZM increases with the addition of mordenite, which
indicates that the composite of mordenite on membrane PVDF successfully loaded mordenite into the membrane.

I P
A
ot [ ! PVDF membrang

Intensity (a.u)

26.21° 27.98°

I
139200 |

Mordenite - RUFF

10 ' 20 ' 30
28 (°)
Figure 2. XRD diffractograms of the Mordenite and Membranes.

The Membranes' Hydrophilicity, Porosity, and Average Pore Size

The hydrophilicity of the membranes was evaluated based on the measurement of wettability (Quinn et al.,
2005). The WCA and OCA results are displayed in Figure 3 and Figure 4. The data show that a smaller water
contact angle of modified membranes indicates higher membrane surface hydrophilicity. Mordenite has
hydrophilic properties and improves water interaction with the membrane surface, which can reduce the WCA
(Petranovskii et al., 2015). Relative hydrophilic properties of pristine PVDF membrane were observed from WCA.
It is because PEG contains a dope solution. During phase inversion, PEG attracts PVDF, which is hydrophilic
closer to water. As a consequence, the membrane surface becomes more hydrophilic (Nawi et al., 2020).
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Figure 3. WCA of the Membranes.

The PVDF/Mordenite membranes had a smaller oil contact angle than the pristine membrane, which indicates
the addition of mordenite can increase the adhesion force between the emulsion and the surface of the membrane.
The increase in adhesion force is due to the impact of the mordenite structure, which has a hydrophilic and
hydrophobic backbone (Pal” et al., 2022). When the membrane surface was contacted with an oil droplet,
introducing mordenite facilitated interaction between membrane and oil producing smaller OCA. The result
showed that used cooking oil had a lower Oil Contact Angle (OCA) than vegetable oil.
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Figure 4. Oil Contact Angle (OCA) Membranes.

Table 2 presents the membrane's porosity and average pore size. In addition, mordenite enhanced the porosity
of the membrane. Instead, the addition of higher filler concentration will result in the creation of additional pores
on the membrane's surface so that porosity increases (Méricq et al., 2015). The existence of pores on the
membrane's surface is due to the properties of hydrophilic mordenite. The hydrophilic mordenite can produce a
repulsion between polymer and filler, therefore causing to increase in porosity. As shown in Table 2, the addition
of mordenite affects the decrease in average pore size. However, the average pore size with the mordenite filler
remains relatively the same.

230
Copyright © 2024, Universitas Sebelas Maret, ISSN 1412-4092, e ISSN 2443-4183


https://portal.issn.org/resource/ISSN/1412-4092
https://portal.issn.org/resource/issn/2443-4183
http://creativecommons.org/licenses/by-nc/4.0/

Dewi et al., ALCHEMY Jurnal Penelitian Kimia, Vol. 20(2) 2024, 226-237

Table 2. Membranes's porosity and average pore size.

Membrane Porosity (%) Average Pore Size(um)
PVDF 77.52 0.90
PZM-0.5% 80.92 0.68
PZM-1% 93.52 0.51
PZM-2% 93.54 0.51
PZM-3% 94.66 0.49

Pure Water Flux Analysis

Figure 5 shows the impact of the addition of mordenite concentration on the membrane pure water flux. The
pristine PVDF membrane had a smaller water flux than the modified membrane. The smallest pure water flux in
the pristine PVDF membrane is 8.22 L/m?h, and the highest value of PZM-1% was 10.06 L/m?h. The addition of
mordenite filler can improve water flux. Meanwhile, pure water flux decreased with the addition of 3% mordenite.
The factors that affect the increase in pure water flux are porosity and hydrophilicity. The water flux will increase
as the hydrophilicity increases because the membrane can interact with water more easily and permeate more
quickly (Wang et al., 2021).

12

@
1

Pure Water Flux (L/m2.h)
»

PVDF PZM-0.5% PZM-1% PZM-2% PZM-3%
Membranes

Figure 5. Pure water flux of the membranes.

Analysis of Membrane Performance Toward Filtration of Oil-In-Water Emulsion

Membrane performance analysis was conducted by filtration of a 100 mg/L oil-in-water emulsion. The
mechanism of separating oil-in-water emulsions is by breaking the emulsions. Then, the oil particle is held on the
membrane surface so that the membrane surface can miss the water particles. The inclusion of mordenite into the
PVDF membrane was able to improve water permeate, as shown in Figure 6. Moreover, by increasing the
mordenite content (PZM-0.5% to PZM-2%), the permeate flux of the membrane was significantly increased. The
enhancement in permeate flux could be ascribed to the water transport across the membranes. The highest value
was achieved by adding 2% mordenite of 8.42 L/m?h.

Furthermore, the water permeate flux in used cooking oil shows the same result as that in vegetable oil. The
water permeate flux in used cooking oil increases with the addition of mordenite. The PZM-0.5% membrane shows
the lowest permeate flux at 3.36 L/m?h, but the PZM-3% flux increases to 5.03 L/m?h. The water permeate flux in
vegetable oil is higher than the water permeate flux in used cooking oil, which may be influenced by the increase
in the free fatty acid content in used cooking oil. The high level of free fatty acid indicates that the triglycerides
break down into fatty acids, consequently, the oil is increasingly saturated (Huang et al., 2016).
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Figure 6. Flux emulsion of the membranes.

The membrane rejection for vegetable oil and used cooking oil emulsion are displayed in Figure. 7. The
pristine PVDF membrane produces rejection vegetable oil emulsion smaller than the modified P\VDF membranes.
Among all membranes, the higher rejection rate is approximately 94.28% for PZM-1%, which is two times greater
than those pristine PVDF membranes for vegetable oil. The oil rejection percentage of the modified membrane
was above 80%, indicating that modification showed good performance for oil removal. The rejection of used
cooking oil showed the same result as the rejection of vegetable oil. The rejection value of the pristine PVDF
membrane was smaller than that of the modified membranes. The PZM-1% membrane produces the highest
rejection of 68.51%.

The result showed a smaller oil rejection of used cooking oil, which corresponds to the permeate flux. In
contrast, the low permeate flux water in used cooking oil did not affect the highest rejection percentage. This is
because the oil-in-water emulsion for used cooking oil is not emulsified well, so the oil molecules are irregular.
Oil emulsions with much smaller droplet sizes can also be filtered by the membrane (Zhang et al., 2021).
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Figure 7. Oil Rejection percentage of the membranes.

To investigate the antifouling performance of membranes was determined by FRR on the rejection of
vegetable oil emulsion and used cooking oil. As presented in Figure 8, the pristine PVDF membranes of both
emulsions produce lower values than other membranes modified with mordenite, which is less than 60%. Adding
mordenite above 1 (wt%) resulted in FRR values of more than 60% for both oil emulsions. The membrane's pore
size after filtration could influence the membrane's antifouling properties because the surface of the internal pores
could reduce the interaction between oil and the membrane surface. Furthermore, the increased hydrophilicity of
the membrane could lessen the attachment of the oil on the membrane surface and, therefore, increase the FRR.
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Figure 8. FRR of the membranes.

A comparison of oil rejection and FRR data from prior studies is presented in Table 3. The data indicates that
the membrane PVDF/Mordenite is comparable with other research. For instance, PZM has rejected oil-in-water
emulsions by 94%, which is higher than PVDF/PDA/PEI, PVDF/HMO, or PVVDF/F-VP. The result suggests that
the PZM membrane has the potential to be used in the separation of oil-in-water emulsions.

Table 3. Comparative study of rejection and FRR of the PZM with previous studies.

Materials Method Rejection (%) FRR (%) Reff
PVDF/PDA/PEI Cross Flow >85 - (Xiong et al.,
2020)
PVDF/PDA/MWCNT Liquid Flow Rate 97.5 90 (Y. Zhang et
al., 2018)
PVDF/HMO Cross Flow 93 - (Ismail et al.,
2021)
PVDF/F-VP Dead-end >90 93 (Y. Sunetal.,
2019)
PVDF/ZrO,-Multiwalled CNT Dead-end 95 >80 (X. Yang et
al., 2016)
PVDF/Mordenite (PZM) Dead-end 94 75.75 This Work

Morphologies of The Membranes

Analysis of membrane morphology is shown in Figure 9. PVDF and PZM-1% membranes were chosen based
on membrane performance analysis. Through the phase inversion, the top surface of the pristine PVDF membrane
shows a coarser porous structure compared to PZM-1%. The cross-sectional observations are displayed in Figure
9(a) and (b) indicate that the membrane contains finger-like and sponge-like. However, the cross-sectional of
PZM-1% had a larger finger-like than the P\VDF membrane, which indicates that the PZM-1% membrane performs
better than the PVDF membrane. The formation of finger-like pores is due to the addition of PEG and the influence
of non-solvent diffusion (Kahrs and Schwellenbach, 2020). The existence of PEG in the composite might
accelerate the non-solvent diffusion rate and cause finger-like formation in the membrane structure because it
decreases the dope solution's thermodynamic stability (Zhang et al., 2018). As shown in Figure 9, the top surface
morphology of the PZM-1% results in a homogeneous distribution of mordenite.
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Figure 9. Morphology of (a) Top Surface; (b) Cross Section membrane.

The existence of mordenite in the membrane structure was further confirmed by EDX mapping. Figure 10(a)
shows the EDX spectra of PVDF membrane representing elements fluorine (F), carbon (C), and oxygen (O).
Meanwhile, the presence of mordenite is confirmed in Figure 10(b) by the existence of the peak components of Si
and Al.
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Figure 10. Diffractogram EDX (a) PVDF membrane; (b) PZM-1% membrane.
CONCLUSION

Fabrication of PVDF membrane with mordenite was successfully carried out using the phase inversion
method. The result of ATR-FTIR indicates a-PVDF and B-PVDF phases, which confirmed for all membranes with
a peak at 840 and 763 cm™, It was strengthened by XRD data indicating o and B phase in 20 = 18.4° and 21.43°.
The addition of mordenite on PVDF membrane decreased WCA and OCA, which indicates a reduction in the
hydrophobicity of membranes and increased adhesion force. The result of pure water flux showed that the
modification membrane with mordenite increased water permeability to 4.36 L/m?h. Due to the molecule size, the
permeate water flux in vegetable oil is higher than the permeate water flux in used cooking oil. The rejection of
PVDF-modified membrane for vegetable oil emulsion produces a rejection value of more than 80%, while for used
cooking oil emulsion, it is more than 54%. FRR analysis showed that compared to other membranes, PZM-3%
performed better, increases along with hydrophilicity. Morphological analysis indicated that the pristine membrane
produced a smaller finger-like than the PZM-1% membrane. Accordingly, this membrane with mordenite filler
showed its potential to be used to filtrate oil-in-water emulsion. This modification of mordenite and PVDF
membrane to separate oil-in-water emulsion provides a new approach to wastewater treatment.
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