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Graphical Abstract Abstract

Large quantities of wastewater are generated by the petroleum refining
process. Micron-scale emulsion droplets and submicron droplets are
difficult fo remove from oil-refined wastewater, and addressing these issues
has been a major challenge for researchers. Membrane technology is
12000 — widely used in water treatment because it is very selective and effective in

e the filtration process. This research focuses on oil refinery water treatment
using a polysulfone membrane (PSF)-nano-ZnO membrane with the
addition of polyethylene glycol (PEG). This research aims to determine the
PEG ratio that produces the optimum PSF-ZnO membrane in terms of
mechanical properties, including thickness, tensile strength, and molecular
weight cut off (MWCO) value. The membrane with the optimum
clearance was obtained at 3% PEG with a thickness of 0.0077 mm, Young's
modulus of 8800 N/m?, and Morphological analysis was performed using
the SEM (Scanning Electron Microscopy) method on the membrane which
had the highest and lowest permeability values. The best membrane
MWCO value was achieved by the addition of 19% PSF-nano-ZnO 1% wt at
5 minutes of UV irradiation. This shows that the addition of PEG composite
affects pore openings. The membrane formed with variations in PEG
concentrations effecting the thickness of the membrane. Higher
concentrations make the membrane thicker, resulting in a higher Young's
modulus.
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1.0 INTRODUCTION contaminants so that treated wastewater can be
disposed of properly or can be reused [3]. It is
estimated that by 2040 world oil demand will
increase rapidly, and refinery wastewater purification
should be of increasing concern [4]. because
petroleum production activities and processes
produce significant amounts of wastewater. This
wastewater comes from oil drilling and refining, and it
produces a flow of organic-inorganic compositions
and concentrations that vary with the ability of the

The increasing consumption of oil and gas is
currently causing a large amount of wastewater in oil
refineries [1] appropriate technology is developed to
obtain clean water. The water that comes out of the
oil refinery waste can be processed through
appropriate technologies that can remove harmful
contaminants [2]. Therefore, the main task of
wastewater freatment is to remove harmful
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camp to migrate downstream, resulting in air and sail
pollution or spill over to the air surface causing a
large-scale environmental problem [5]. Appropriate
freatment is needed to make oil refinery wastewater

usable properly, which relates to costs, work methods,

safety, and time efficiency in obtaining clean water
that is acceptable to the community. Some common
waste processing technologies, such as existing pre-
freatment methods, include air flotation,
hydrocyclones, coalescer beds, and filtratfion.
However, these methods are less effective because
they create offensive odours, the tools and materials
are expensive, a large space is required, and they
take along time [6].

Currently, the most profitable wastewater
freatment system uses membrane tfechnology,
because it can reduce  organic-inorganic
compounds in wastewater without any chemical
changes in operation [7]. In addition to saving
energy, membrane processes also offer the
advantages of compactness, light weight, and high
productivity that puts this process in perfect harmony
with the process intensification strategy [8]. In this
study, a polysulfone (PSF) membrane material is used.
This membrane is widely used in water treatment
because it exhibits high resistance, bacterial
resistance, heat resistance, and excellent chemical
thermal and mechanical strength stability over a
lorge pH range [9]. However, there are several
drawbacks of membrane technology, including
capital and cost of fabrication, antifouling, packing
density, and scalability [10].

Good membrane, obtained from the selection
of materials Based on the structure, oil refinery waste
water which contfains organic and inorganic
mafterials which are considered as B3 (Toxic and
Hazardous Materials) waste which affects  the
environment and human health [11]. This water can
pollute the environment, the environment cannot be
maintained properly. One of the alternative
technologies that can be used for processing oil
refinery wastewater is membrane fechnology that
can be used as a new water source for agricultural
imigation, industrial water, and drinking water [12]. This
type membrane of asymmetric membrane s
generally used for ultrdfiltration due to its strong
mechanical qualities. Parameters related fto the
membrane formation mechanism on the shape and
performance characterization of the membrane
include the influence of concentration in printing [13]
and the thickness of the membrane. These
parameters affect the demixing process that occurs
either instantaneously or slowly in the coagulation tub
[14]. The thickness test on the membrane effect of
variations in the composition of the membrane
constituents in the same unit area [15]. In addition to
the thickness test, a tensile test is also needed, one of
the tensile tests (mechanical stress) aims to
determine the mechanical strength  of the
membrane against the force exerted by the
environment [16]. This test describes the tensile
strength/elasticity of a membrane. The membrane is

said to be elastic if the membrane has a high tensile
strength when a certain amount of force is applied to
it. An elastic membrane will be advantageous over a
membrane that is easily cracked (fragile) [17].
Therefore, this research focuses on the morphology,
thickness, and tensile strength of PSF-Nano-ZnO
membranes. Modifications were made to achieve
high selectivity in the processing of oil refinery
wastewater.

2.0 METHODOLOGY

Materials

PSF (UDEL®PSU) is a membrane material from Solvay
Advanced Materials, USA. N-methyl-2-pyrrolidone
(NMP) was purchased from Merck, USA as a polymer
solvent. Inorganic nano-ZnO additives were supplied
by Nano Center Indonesia, Indonesia. Polyvinyl
alcohol (PVA) as a surface modifier additive and
polyethylene glycol (PEG) 6000 Da and 4000 Da as a
porogen agent were obtained from Merck, USA.
Refinery samples were obtained from petroleum
factories (Pertamina, Lid., Indonesia) with the
following initial characteristics: TDS up to 888 mg/L,
COD up to 227.6 mg/L, and ammonia up fo 48.2
mg/L. Furthermore, pisaucasting (254 um) and glass
plates were used to make membranes, and dead-
end ultrafiliration modules were used in filtration
performance tests.

PSF-Nano ZnO Composite Membrane Fabrication

The membrane is made through phase inversion,
which is a process of changing the form of a polymer
from a liquid phase to a solid under controlled
conditions. PSF-ZnO dope solution solidification
begins with the transition from the first liquid phase to
the second liquid phase (liquid-liquid demixing). 19%
PSF, 0.5% nano ZnO, and 5% PEG using NMP solvent.

The manufacturing stage of the
polyethersulfone (PSf)-nano-ZnO ultrafiliration
membrane starts by making a PSF printing solution
consisting of 19 wi% in fotal solids with ZnO
compositions of 0,5 wt %, 1 wt %, and 1,5 wt %, with
NMP solvent 80 wt % of total solids. Membrane
prinfing was done using a glass plate and a pouring
knife. Before being immersed in the coagulation bath,
it was first iradiated with UV for 1 minute, 5 minutes,
and 10 minutes. The glass plate is immersed in a
coagulation bath. The prinfted membrane is then left
for 1 day in clean water. The membrane is then dried
at atmospheric temperature for 1 day.

Furthermore, in the next stage, characterization
was carried out by scanning electron microscopy or
SEM. After that, the membrane thickness and tensile
strength tests for processing oil refinery wastewater
are carried out.
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Table 1 variable influence for PSf-nano ZnO

Variabel
Addition of
RUN Polymer Copcentro PEG ) U.V. lAddition
IConcentra | tion of (specific iradiation of PVA
tion nanoZnO ngva) - fime (wi%)
- 3
(Wi%) (Wt%) NMP 80% (minute)
1 0.5
2 19 1
3 1.5
4 Best 4000
19 concentr
5 ation 6000
6 Best 1
19 con;enfr Best
7 ation weight 3
8 5
9 Best 1
concentr Best
10 19 ation S5 | Best ime 2
weight
1 3

Determination of Morphological Membrane Structure

This study used the SEM test to determine a
morphological picture of the membrane. With this
test, the surface structure and cross-section of a
polymer can be seen using an electron microscope
[18]. SEM analysis used a Hitachi S5500 microscope.
The membrane surface was analysed by an atomic
force microscope [30]. This study used the SEM test to

determine a morphological picture of the membrane.

With this test, the The membrane is made small and
put into liquid nitrogen. Then, the sample is dried. The
dry sample was given a carbon spray to make it
conducive, prior to SEM analysis [19]. The
advantages of SEM are knowing the pore distribution,
pore geometry, pore size, and porosity on the surface
[20].

Membrane Characterization Using a Thickness Test

Membrane thickness measurements are very useful
for both membrane users and manufacturers
because membrane thickness is an indirect indicator
of wuniformity and quality [21]. Measurement of
membrane thickness can be done by a micrometer;
it is measured at random locations and the average
thickness is calculated. Furthermore, increasing the
membrane thickness can increase energy efficiency
up to asymptotic values [22].

Membrane Characteristics Using the Tensile Test

In this study, the measurement of mechanical
properties used a tensile test with a texture analysis
tool. From the tensile test results get Young's modulus
value. This test is done by pulling the membrane unfil
it breaks. Then, Young's modulus is obtained. A tensile
test is one of the physical property tests that involve
deformation of a material under certain stress.
Mechanical strength and membrane stability were
evaluated using an atenyl testing machine. Then the

mechanical length is determined using a tensile
testing machine to produce Young's modulus and
determine the stability of the membrane [23]. The
tensile strength and elongation tests in this study used
a Universal Testing Machine. Film specimens were cut
(8 cm x 0.5 cm) from each sample and fixed
between the machine grips. Mathematically, this
relationship can be formulated as Equation 1.

Tensile_strength(N/mz) z% (1)

Information:
F: tensile strength (N)
A: cross-sectional area (m?)

Determination of Contact Angle

When a liquid or gas is exposed to a solid, they will
come info contact with one another. The contact
angle describes the interaction between the liquid
and the surface of a solid object which can be
known through the shape of the fluid that is on the
surface of the solid object [24]. A schematic of the
contact angle is shown in Figure 1.

e

Figure 1 Fluid contact angle

In the test, the membrane contact angle was
determined using the Goniometer technique. The
sample was brought into contact with ionized water
as a contact between the water and the sample [25].
The dafta on the results of the PSF-ZnO membrane
sample were taken from the average contact angle
value of the ten measured points.

Determination of the Amount of Wastewater
Absorbed by the Membrane

The porosity test is carried out to determine the
amount of substances or components that can be
absorbed by the membrane. The membrane porosity
test is usually carried out on water. The method used
for the porosity test is to immerse the membrane in
water for 1 day at standard room temperature, then
the membrane is weighed [26], the amount of
membranee porosity by Equation 2.

W — W,

porosity = Mx 100% 2)
W

where: w wet is heavy wef, w dry is heavy dry and

the proportion of membrane volume weight (%)
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Molecular Weight Determination

MWCO is the limit of molecular weight values that the
membrane can hold, namely with a % R-value
above 90. An MWCO value of 50 means that the
membrane can hold a molecule with a weight of
50,000 to 90% or more [27]. The MWCO value is
obtained from the graph of % PEG rejection of the
molecular weight value. In MWCO characterization,
the solute molecular weight is used as a standard,
which is usually dextran or PEG. Experiments were
carried out by permeating the membrane with
various molecular weights of dexfran solutions. The
dextran solutions had molecular weights of 400, 4000,
6000, and 10,000 Daltons. The concentration of the
dextran solution used GPC [28].

3.0 RESULTS AND DISCUSSION
SEM Characterization of Fabricated Membrane

SEM is used to see membrane morphology, surface
state and membrane sublayer relationships by
looking at the membrane cross-section [29]. SEM
analysis was performed using a Hitachi S5500
microscope The topology of the membrane surface
was examined using atomic force microscopy
analysis. The results of membrane characterization
aree presented in Figure 2.

Figure 2 Morphology A) PSF-nano-ZnO membrane surface, B)
PSF-nano-ZnO membrane surface with 6000 Da PEG and 1
min UV (before filtration), C) PSF-nano-ZnO cross-section
with 6000 Da PEG and 1 min UV, D) Surface PSF-nano-ZnO
membrane with 6000 Da PEG and 1 min UV (after filtration)

Figure 2A shows the surface of the PSF-nano-
ZnO membrane without modification. The surface
looks smoother and there are no Vvisible pores,
compared to Figure 2B. Figure 2B shows a membrane
surface that has been modified by adding PEG 6000
Da additive and UV iradiation for 1 minute. This
phenomenon explains that PEG and UV irradiation
affect the membrane that PEG can be used for
pore-forming [31]. The surface pores are clearly

visible, and the roughness increases with an increase
in the PEG molecular weight. UV irradiation was
carried out to avoid agglomeration [32], but in Figure
2A, it appears that agglomeration occurs with many
lumps on the surface. Thus, UV iradiation of the
membrane results in increased pore sizes. The
presence of PEG and UV irradiation can also form like
cavities between the sub-layers of the membrane
surface and large voids at the bottom of the
membrane, as shown in Figure 2C and 3C.
Furthermore, the 2D image shows a PSF-nano-ZnO
membrane with 6000 Da PEG and 1 minute of UV
iradiation after being used for filiration The figure
shows that the occurrence of cake occurs on the
membrane surface due to contaminants in the liquid
waste accumulating on the membrane surface.
However, it is different in Figure 3C which does not
experience a buildup of contaminants on the
membrane surface. Figure 3C is a membrane that
has used PVA. These results confirm that PVA can
increase anti-fouling on membranes compared to
membranes without PVA.

Figure 3 Morphology (A) The surface of the PSf-nanoZnO
membrane with the addition of PVA, (B) Cross-section of the
PSf-nanoZnO membrane with the addition of PVA (Before
filtration), (C) Surface of the PSf-nanoZnO membrane with
the addition of PVA (After filtration)

The Effect of PVA Modification on FTIR

Characterization

The next characterization is FT-IR, which is used to see
the membrane spectrum so that the functional
groups can be defined. The FT-IR distribution is shown
in Figure 3.
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Figure 4 shows the frequency of the PSf-nano ZnO
membrane with multiple changes. Intense absorption
at wavelengths of 1280 and 1326 cm', symmetrical
strain vibration O=S=0 coming from pure PSf as the
main chain in the membrane maftrix. The two-
wavelength peaks of 1366 and 1489 cm’' correspond
to the symmetrical deformation vibrations and the
asymmetrical deformation vibrations of-OH,
respectively. The observed absorption rate was 1586
cm-'. Meanwhile, the wavelength of 3000 cm™ shows
asymmetrical  stretching  vibration  -CH [33].
Furthermore, the 1756 cm™ region's wavelength
changed after adding 1% wi% nano ZnO, which
proved the existence of OH stretch due fto the
presence of ZnO. This phenomenon show indicates a
cross-linking of the PVA-nano ZnO matrix membrane
and PVA. The absorption shows sfrong water
adsorption because the peak is O-H in the PVA [34].
Nevertheless, the modification of the Psf-nano ZnO
membrane did not change the main membrane
matrix chain. This phenomenon shows that the
membrane produced is stable.

Thickness Test Results

The thickness of the film was measured using a
micrometer (accuracy 0.001 mm) by placing the fim
between the micrometer jaws., membrane thickness
was measured at five different points, then averaged
[35]. The average membrane thickness using
different PEG concentrations can be found in Figure
5.

0,030

0,025

0,020 -

0,015

Thickness (mm)

0,010 A

0,005

0,000 T T T T T
0% 3% 5% 7% 9%

PEG Concentration

Figure 5 Relationship between PEG concentfrafion and
membrane thickness

Membranes  formed  with  various PEG
concenfrations had various thicknesses. The mean
thickness measurements (Figure 5) show that
increasing the PEG concentration increases the
thickness. The highest membrane thickness was 0.028
mm at a PEG concentration of 3%, and the lowest
was 0.0023 mm at a PEG concentration of 0%. This
membrane is thinner than the polymer-based
membrane (0.0167 mm) [36]. The membrane
thickness can influence membrane filtration
characterization. This phenomenon explains that PEG

and UV irradiation affect the membrane. [37] stated
that PEG can be used as a pore former. The surface
pores were clearly visible, and the roughness
increased with the addition of higher molecular
weights of PEG.

Evaluation of Mechanical Strength

High quality membranes have good mechanical
properties. Young's modulus can be increased by
increasing the ZnO concentration [38]. From Figure 5,
solvent evaporation affects the characteristics of the
membrane, and as evaporation time increases, the
mechanical strength of the membrane increases.

The longer the solvent evaporation time, the
fighter the pores of the membrane and the higher
the ZnO concentration, so that the membrane
thickens and Young's modulus increases. This is
because a thicker membrane has stronger polymer
bonds and is more difficult to break. Additionally, the
SEM results show that the quantity of macrovoids,
such as fingers, at an evaporation time of 25 seconds
is less than at 10 seconds. Large macrovoids reduce
the mechanical strength, resulting in a smaller
modulus in the membrane.
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Figure 6 Young's modulus of the PSF-ZnO membrane with
variations in liquid PEG and variations in the time of solvent
evaporation

Figure 7 shows that the addition of 1% distilled
water increases Young's modulus; this is due to the
hydrogen bonds causing the membrane to become
plastic. The pores are denser and the mechanical
properties are stronger and more resistant to pressure.
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Figure 7 Young's modulus with variations in the composition
of the dope of 2.5%, 3.5%, and 5% liquid PEG, 19% PSF, and
25 seconds of solvent evaporation time

Figure 7 shows that the higher the PEG
concenftration, the lower Young's modulus. This is
because PEG can reduce hydrogen bonds and form
soft segments, causing its mechanical properties to
degrade. The higher the PEG concentration, the
weaker the mechanical properties, because the
membrane becomes smoother and softer.

Contact Angle Test

The results of the contact angle test are shown in
Figure 7. The contact angles are divided into three
categories, namely (1) Large contact angles (> 90°)
hydrophilic; (2) Small contact angles (< 90°)
hydrophobic (3) Very small confact angles (< 0°)
Superhydrophilic.
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Figure 9 Relationship between the concentration of PEG
6000 and the angle of contact

In Figure 7, the concentration of PEG 6000
added to the PSF-nano-ZnO membrane composite
affects of the confact angle. The addition of PEG
6000 reduced the contact angle to its lowest value
at a PEG 6000 concentration of 2 grams and then

increased again  with  increasing PEG 6000
concenfrations. According fo [39] the Cassie Effect
can state that when the print solufion is immersed in
a coagulant bath, additives which are missible with
the non-solvent in the coagulant bath, immediately
diffuse out of the resulfing solution to the solid
membrane. The addition of these fillers has the effect
of increasing the surfoce  hardness and
hydrophobicity of the membrane [40]. This Cassie
effect is because, when the casting solution is in the
coagulant bath, any additive that cannot be
dissolved with the non-solvent will diffuse out of the
print solution to produce a solid membrane. The
greater the PEG 6000 concentration added to the
prinfing solution, the faster the diffusion that occurs.
As a result, the process of compaction of the print
solution resulted in a larger pore in the addition of
PEG 6000 with a greater concentration. However,
with the addition of PEG 6000 in 3- and 4-gram
concenfrations, the pore size decreased. This is
because the diffusion of the filler, namely PEG 6000,
when immersed in the coagulation bath, runs quickly,
while on the membrane surface there is sfill frapped
air. This causes the surface membrane to dry out,
resulting in higher surface roughness. This explanation
proves that the Cassie effect can decrease the
membrane contact angle with increasing surface
roughness.

The Cassie effect causes the contact angles of
the PSF membranes with PEG 6000 concentrations of
3 grams and 4 grams to increase. Therefore, the best
PSF membrane contact angle is at a PEG 6000
concenfration of 2 grams. The results of the digital
contact angle test in Figure 3.4 show that complete
wetting is on the membrane with a PEG 6000
concenfration of 2 grams. Perfect wetting can make
the resulting contact angle the smallest. Decreased
contact angle values and the Cassie effect due
to increased hydrophilicity [41]. As the filler increases,
the contact angle decreases and the membrane
surface roughness increases, according fo the Cassie
effect. Study [42] came to the same conclusion. The
resulfs of the contact angle test showed that contact
angles decreased with increasing concentration but
increased again when the PSF concentration was
greater. This increase is due to the surface roughness
becoming more dominant and decreasing the
membrane  hydrophilicity.  The  rougher the
membrane surface, the greater the value of the
contact angle.

Membrane Porosity Test

A porosity test was performed to determine the
amount of substance that can be absorbed by the
membrane. The porosity test in this study was carried
out using water. The membrane porosity value is
calculated using the formula in Equation 2, and the
results are shown in Figure 8.
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Figure 10 Relationship between PEG 6000 concentratfion
and membrane porosity

Figure 9 shows the porosity fest results for the
PSF-nano-ZnO membrane. The addition of PEG 4000
can increase membrane porosity; however, the
addition of foo much additive resulted in a decrease
in membrane porosity. the increasing concentration
of PEG 6000 caused the membrane porosity to
increase significantly [43]. However, when the
addition of PEG 6000 was continued, the phase
separation on the membrane was delayed, resulting
in lower porosity. Thus, the best porosity was on the
PSF membrane with a PEG 6000 concentration of 2
grams, namely 78.863%.

The results of membrane porosity are in
accordance with  study [44], which showed
increased porosity with the addition of additives up
to 2 grams, and a decrease in porosity when the
addition was continued. Increased porosity due to
the addition of PEG can enlarge the pores so that
the porosity increases. However, if the additive
concenfration is even higher, the PEG wil be
agglomerated, thus minimizing the pores that have
been formed. Likewise, study [45] shows the same
membrane porosity pattern. The addition of additives
at low concenfrations will be able to increase
porosity because the additives can diffuse
completely and form larger pores. However, when
the additive is added at a high concenfration, the
additive will agglomerate and not diffuse completely
so that the pore sizes become smaller. This porosity
can be shown in the morphology of the formed
membrane.

Measurement of MWCO Membranes Final Membrane
Analysis with MWCO

MWCO is a weight value limit that can be retained
by the membrane with an R-value above 90%. The
MWCO value for the membrane as the polymer
concenfration increases for each membrane gives
the molecular weight of the dextran. The smaller the
membrane pores formed, the smaller the membrane
MWCO value. This applies to the three types of
membrane polymers.

The MWCO dextran rejection of PSF-ZnO can be seen
in Figure 3. This study used a dexiran solution with
molecular weight variations of 400, 4000, 6000, and
10,000 Da. The results of MWCO experiments for 19%
PSF membrane, PES 19% nano-ZnO 1% wt with UV 1
minute, and PSF 19% nano-ZnO 1% wt with UV 5
minutes, are shown in Figure 9.
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Figure 10 Comparison of molecular dextran weight with PEG
rejection

The figure shows that the MWCO value on the
PSF-Nano-ZnO membrane without the addition of
particles has the lowest value. Porosity is a measure
of the empty spaces, or voids, on the membrane. It is
different on the PSF membrane with the addition of
ZnO nanoparticles having higher porosity values so
that the flux becomes high [46]. The addition of UV
also gives it a higher porosity value, which makes the
flux value even higher.

4.0 CONCLUSIONS

In this study, to obtain the best mechanical
membrane properties (thickness, tensile strength, and
MWCO value), compositions of PEG were added to
alter the order and pores of the membrane. This
increase can be predicted by the roughness and the
aggregate size on the membrane surface, and a 3%
PEG concentration can increase the membrane
thickness.  Measurement of the mechanical
properties of the membrane was carried out using a
tensile test with a texture analyser. From the thickness
test results of 0.0077 mm thickness, 8800 N/m? Young's
modulus, and SEM results of the membrane at 25
seconds of evaporation fime at the membrane
contact angle with a PEG 6000 concentratfion of 2
grams, the best membrane MWCO value was
achieved with the addition of PSF 19% nano-ZnO 1%
wt with 5 minutes of UV irradiation. The longer the
time for the evaporation of the solvent to produce a
membrane with tfight pores (because when the
solvent is evaporated the liquid polymer solution
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moves to fill the pores, resulting in denser pores), the
higher the Young’'s modulus.
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