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ABSTRACT

ARTICLE HISTORY

This study investigated the effects of Arabic gum (AG) on the separation performance of polyvinyli-
dene fluoride (PVDF) membranes. The membrane properties were characterized using scanning
electron microscope energy dispersive X-ray (SEM-EDX), Fourier transforms infrared (FTIR), tensile
strength tester, and contact angle. Results showed that incorporating AG from 0.5 wt% to 1.5 wt%
into PVDF membrane could increase pure water flux from 47.46 L/m” h to 66.04 L/m? h and poros-
ity from 53% to 58%. Moreover, the highest flux recovery was obtained by PVDF/AG-1.5 membrane,
revealing the improvement in fouling resistance against bovine serum albumin (BSA). However, the
addition of AG from 0.5wt% to 1.5wt% did not affect to increase of membrane mechanical
strength and the efficiency of the membranes for BSA rejection. SEM, XRD and FTIR analyses con-
firmed the successful incorporation of AG, which improved membrane surface hydrophilicity com-
pired to the pristine PVDF membrane. Overall, the obtained result showed that incorporating AG
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could attain synergy benefits in enhancing the membrane properties and performance.

GRAPHICAL ABSTRACT

Arabic Gum PVDF

® Arabic Gum @ Water
PVDF » BSA Foulant

1. Introduction

In the past few d@Rdes, membrane separation technology has
become essential n water purification and wastewater treat-
ment due to its selectivity and goodggliemical stability.|1'3]
Among various membrane polymers, polyvinylidene fluoride
(PVDF) is a commonly used and promising one due to its
excellent mechanical strength and high chemical resistance./*®
However, the main obstacle to membrane polymer usage is an
undesired hydrophobic property that commonly [Eids to severe
membrane fouli.ng.m Therefore, the researchers look for some
solutions to resolve these issues. Out of many solutions,
improving membrane performance through modification of
membrane structure via the blending method is promising

technique.’®! A very large number of carbon-based nanopar-
ticles consist of nanotubcs,lg] natural inorganic compounds,lm]
and the oxides of metals such as iron, silver, and titanium
have been exploited to fabricate membrane nanocompo-
sites. 1% Incorporating carbon-based nanoparticles into mem-
brane structure could improve hydrophilicity membrane,
fouling resistance, an increase mechanical membrane, as
explained in many available literature studies.!*! However,
there is a big question about the environmental fate of the
long-term use of these nanoparticles incorporating membrane
polymer. For instance, during membrane filtration, the effluent
from membrane filtration directly enters the drain water sys-
tem, the effluent (permeate) may contain nanoparticles and
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lead to secondary pollution. Even if the nanoparticles do not
pass through the membrane, they could be restrained into the
retentate water, resulting in further dccay.ll“l] Nanoparticles in
water effluents can be transported to the aquatic systems by
rainwater runoff, causing contamination into surface and
ground waters. Hence, it is necessary to apply alternative mate-
rials with sustainable features for membrane modification.

Natural additives can be used as another preference because
they are obtained from natural sources, which provide low tox-
icity, biocompatible and eco-friendly. Many natural additives
are abundantly available for membrane modification. These
additives revealed their promising potential to improve mem-
brane performance in water and wastewater treatment. For
exampl) a study observed the fabrication polysulfone mem-
brane incorporating the extracted chlorophyll from spinach
and PEG to enhance membrane structure. The result showed
that the hydrophilicity, water flux, and humic acid rejection
increased significantly compared to the pristine polysulfone
membrane."®! Another study also evaluated the fabrication of
an antifouling PVDF membrane with chitosan. They found
that the addition of chitosan as a hydrophilic agent result in
enhanced hydrophilicity and fluffJof membrane as well as
reduced membrane foulirlg.ll("m] These natural additives have
been utilized directly as raw materials without further modifi-
cation, but sometimes the modification process is necessary to
get good stability of natural additives in membrane structure.

Arabic gum (AG) is a biodegradable, sustainable, and envir-
onmentally friendly material that is extracted from some acacia
tree species.'”?!! The main content of AG was polysaccharides
(~97%), followed by a few proteins content (~3%). AG has
been recently performed to increase membrane performance in
gas separation, desalination, water, and wastgatcr treat-
ment.**** The high antifouling property of AG is due to the
presence of hydroxyl functional groups (-OH). Apart from AG,
a natural compound containing many hydroxyl groups is tannic
acid. AG and tannic acid are natural compounds used in vari-
ous industries, including the food, pharmaceutical, and cosmetic
sectors. However, their properties and applications are different.
AG consumption is generally considered safe and has no
known side effects.”*! If consumed in large quantities, tannic
acid can adversely affect the human body, including gastrointes-
tinal irritation, liver damage, and kidney damage. ! In terms
of safety and versatility, AG is generally considered superior to
tannic acid. AG is a food-grade substance used extensively in
the food and beverage industry, whereas tannic acid is used pri-
marily for non-food applications. Hence, adding AG incorpo-
rated membrane surface might improve the porosity, pore size,
and hydrophilicity of the membrane surface and improve anti-
fouling capabilities while decreasing membrane fouling.

A previous study prepared a polysulfone (PS) membrane
blended with different AG contents vi:?lc phase inversion
technique. The result showed that adding AG to the casting sol-
utions revealed a remarkable enhancement in PS membrane
hydmpfa:ity, flux, and bovine serum albumin (BSA) rejec-
tion.”!! AG has also been performed as a pore-forming agent
for fabricating waste polyvinyl chloride (PVC). The result dem-
onstrated that the addition of AG not only increases the poros-
ity but also improves hydrophilicity.m] Interestingly, a study

g:le 1. Composition of polymer and AG during the preparation of composite
PVDF UF membrane.

Mass base (100 wt%)

Variable Code PVDF AG
PVDF 13 witd PVDF 13.00 -

PVDF 13 wit¥/AG 0.5 wt% PVDF/AG-05 13.00 0.50
PVDF 13 wit¥/AG 1.0 wt% PVDF/AG-10 13.00 1.00
PVDF 13 wt¥/AG 1.5 wt% PVDF/AG-15 13.00 1.50

reported that incorporating AG into a membrane polymer solu-
tion may increase the mechanical property of the membrane.
This enhancement of mechanical behavior the membrane
could be due to the addition of AG creating a plasticizing effect,
resulting in improved mechani sr_rengrh.m]

Thus far, the addition of AG has not been used as an
adg@#ive in PVDF membrane fabrication. Hence, the novelty
of this study was AG usage as an additive for the first time
embed into a PVDF membrane polymer solution. This study
aimed to evaluate the effect of different AG concentrations
on the performance of PVDF membranes by observing
some important parameters such as hydrophilicity, morpho-
logical membrane structure, chemical membrane surface,
flux, porosity, pore size, and mechanical strength.

2. Experimental
2.1. Materials

Polyvinylidene fluoride (PVDF), a membrane polymer substance,
was acquired from Kynar (China). N,N-Dimethylacetamide
(DMAc) from Merck (Germany) served as the organic solv-
ent. In addition, Arabic gum (AG) from Sigma-Aldrich
(Germany) was used. As an organic foulant, bovine serum
albumin (BSA) was purchased from Agdia, Inc. (Elkhart,
USA). Demineralized water is used as a nonsolvent com-
pound obtained from our laboratory.

92. Methods

2.2.1. Preparation of PVDF/AG membranes

The AG additive compound was put into the DMAc solution
and stirred for 2h for even dispersion. PVDF is progressively
added with an amount of 13% wt. Because the addition of
PVDF makes the dope solution dense, it must be introduced
gradually and helped by a temperature of 70 °C to reduce the
viscosity of this solution. The mixture was left overnight to
entirely deflate the air bubbles at room temperature after being
agitated for 24 h to create a homogenous solution. The mem-
brane was made by pouring a dope solution onto a 300 um
thick glass plate while maintaining ambient temperatures of
26-30°C and relative humidity levels of 60-75%. The newly
produced membraneggras immediately submerged for 24h in
1L of demineralized water. The membrane was then taken off,
and dried for 24h at 60°C to remove any remaining water
and solvent. The membrane is trimmed to fit the cross-flow
tester’s size. The composition of membrane dope solutions
with variations in the addition of AG is shown in Table 1.
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2.3. Characterization

2.3.1. Pure water flux (PWF), overall porosity and pore
size

“13 Amicon 8010 (Millipore) cell model was used in a

dead-end stirred filter system to conduct the pure water flux

test. To prevent compaction effects, each membrane was

compressed prior to flow measurement by filtering clean

water at 4bar for at least an hour. Equation (1) is used to

calculate the flux.

v
Ax1 (1)
where J, is the PWF of the membrane in L/m> hl and V
is the volume of permeate collected over time (h) with an
area of A (m?).

Determination of membrane porosity using dry-wet
gravimetric method. Membrane sheets of a certain size were
soaked for 24 h in distilled water before beinffcleaned with
tissue paper. To determine the dry weight OI;ES membrane,
the membrane was weighed, dried at 70 °C, and reweighed.
Three repetitions were done this way until the dry mem-
brane weight stayed the same. The membrane porosity is
calculated using Equation (2).

Ip\.\'l’ =

Wy — Wy

—_— 100% 2
P X 0 X A X @

&=
where ¢ is the membrane porosity, p,, (997kg/m %) is the
weight of water per cubic meter, W, and W, are the
weights of the wet and dry membranes, respectively, A is
the effective membrane area (m?), and & is the membrane
thickness (m). The mean pore size was determined using the
filtering rate method and the Guerout-Elford-Ferry calcula-
tion. Equality (3) can be applied to the following formula to
determine the pore size (ry,):

I,."1(2.9 — 175 &) x 8p6Q
e x A x AP

where & 1s the membrane thickness (m), Q is the volume of

permeate per unit time (m?/s), and P (Pa) is the trans-mem-

brane pressure. Where n is the viscosity of pure water
(8.9% 10 * Pas).

(3)

Fm =

2.3.2. Fourier transform infrared (FTIR) and X-ray diffrac-
tion (XRD) analysis

Membrane functional groups were studied by using Fourier
transform infrared spectroscopy (Perkin Elmer/Spotlight 400
Frontier spectrometer/USA). T@ FTIR spectra of the mem-
brane samples were acquired in the 400-4000cm ' wave-
number range. X-ray diffraction (XRD; Shimadzu, Japan)
was used to determine phase identification and unit cell
size. The spectrum was captured using a glass slide mono-
chromator filter waveform at 30kV and 30 mA with a scan-
ning speed of 4 degrees/min.

2.93. Scanning electron microscope (SEM) analysis
The surface morphology images of all additives and mem-
branes were scanned using a scanning electron microscope

(Phenom Pro X desktop SEM with EDX, The Netherlands).
Cross-sectional morphology was seen at a 10,000x magnifi-
cation, whereas surface morphology was at 2,000x and
10,000 <. Energy dispersive X-ray (EDX) analysis was used
to analyze the chemical composition of the samples of nat-
ural additives for AG and the produced membranes, includ-
ing their elemental content.

2.3.4. Contact angle

Contact angle is used to eval the hydrophilicity of the
membrane surface. Using the OCA 25 from Data Physics
Instrument GmbH in Germany, fall contact angles for both
static and dynamic falls were measured. The syringe injects
five microliters of water onto the membrane’s surface. The
static contact angle was measured by dripping distilled water
on the surface of the membrane. In the first second of drip-
ping, the direct contact angle is calculated. This is done to
determine the direct interaction of the membrane surface
with distilled water. The dynamic contact angle is measured
similarly to the static contact angle. Still, the angle value is
measured once every lmin for 10min to determine the
absorption of water that enters the membrane pores through
the membrane surface. The membrane contact angle was
calculated at five randomly chosen drop sites on the mem-
brane surface to ensure high measurement accuracy.

2.4. Performance test

2.4.1. Adsorptive fouling

Samples of membrane were compressed for at least an hour.
At a pressure of 4 bar, the flux of clean water was then meas-
ured. The membrane surface was then exposed for 3 h without
flux while being stirred at 250 rpm in empty cells that had pre-
viously been filled with BSA solution (1g/L). The membrane
surface was then washed once the BSA solution had been dis-
carded. Then, the flux adsorption was determined. Utilizing
the flux recovery (FR) and equation, we demonstrate how to
evaluate the propensity to absorb fouling (4).

Jr (4 Jra

9%FR = (1— —) % 100% (4)

o
where % FR is flux recovery (%), ], is membrane flux before
contact with BSA (L/m® h) and J, is membrane flux after

contact with BSA (L/m? h)

2.4.2. Ultrafiltration cross-flow

Pure water was filtered through membrane samples at a pres-
sure of 4bar for 30min, after which the pressure was grad-
ually reduced to 3 bar. BSA solution (1 g/L) was added to the
pure water after the pressure had settled and the flux (J) had
been measured. The recycling volume is considgmbly more
significant than the volume sampled for analysis to maintain
a steady feed concentration. In addition, the feed tank
receives the retentate and permeate. Every experiment was
run at constant transmembrane pressure and room
temperature.
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Figure 1. Characterization result of GA: (a) SEM and elemental mapping image and EDX spectra, (b) XRD diffractograms and (c) FTIR spectra.

2.4.3. Analysis of fouling resistance

In this research, we identified reversible fouling (F,), irre-
versible fouling (Fi.), and the total fouling ratio (F).
Equations (5)-(7) were used to calculate the values of F,,
Fi,, and F,, respectively:

F, = (’r“;‘r)x 100% (5)

Fy = (‘r";]“)x 100% (6)
J

F, = (1—}—)>< 100% (7)

Furthermore, gere are various factors for membrane
fouling, such as membrane resistance, cake layer resistance,
and fouling resistance. In principle, to evaluate the degree of
membrane fouling, the filtration resistance will be calculated
by Darcy equation in Equations (8)-(11) [3]:

Ry = (8)

wox Jo

AP
Rm_R(— 1% }-a (9)
R. = R— (-Rm _-Rf) (10)
Ri= Ry+ R.+ Re= (11)

% J

where R, R, R, and R, (m ') demonstrates the total filtra-
en resistance, membrane resistance, fouling resistance, and
cake layer resistance of membranes, respectively. AP was
transmembrane pressure (3 x 10° Pa), and p was water vis-
cosity (8.9 x 10 4Pa s). Jo, J, and J, were water permeate,
permeate flux of BSA, and permeate flux of BSA after clean-
ing, respectively.

2.4.4. Analysis of membrane stability

The stability test was conducted in the same manner as our
earlier paper.'?! This stability test aimed to ascertain how
long the membrangg@ould last in the water. The membrane
was shaken for l4days in a closed Erlenmeyer tube fiq:l
with distilled water at 28°C and 100 rpm. After 14 days, the
membrane was dried in oven at 60°C for 24h to remove
the water content in the membrane pores. The remaining
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Arabic gum group content in the membrane was then eval-
uated using FTIR. A cross-flow test including nntiplc BSA
filtering cycles and washing with distilled water, was used to
test the membrane’s recycle resistance performance.

3. Results and discussions
3.1. Additives characterization

The atural additive AG was also characterized using PSA,
FTIR, XRD, and SEM-EDX. The 8EM analysis was performed
to study the morphology of AG, and the results are shown in
Figure la. Figure la presents the SEM images of AG was a
spherical shape with some cavity around the particle surface.
Arabic gum is a complex composite of glycoproteins, polysac-
charides, and salts with a matt surface texture and a pale
white to orange-brown color range. It takes on a paler, glassy
appearance when crushed, resulting in solid spherical shreds
of varying sizes. This splitting and crushing process causes a
cavity on the Arabic gum’s surface. These cavity cause AG
size become shrink and become smaller. The cavity size of
one particle in AG has a diameter average of 7.52+2.24 um.
The Arabic gum’s diameter, measured manually with Image]
software, was 53.26 £ 3.64 um. This result was also confirmed
by laser particle size analyzer (LPSA) result, which showed
that the AG belongs to microparticle groups with an average
diameter of AG was 58.826 um.

The elements distribution of AG was characterized by
EDX, as listed in Table. 2. The primary elements in AG con-
sist of O (47.84%mass) and C (50.28%mass). Meanwhile, the
AG also contains some mineral elements such as Ca
(0.52%mass), Na (0.52%mass), and K (0.14%mass). A similar

Table 2. The elemental composition of Gum Arabic.

GA
Elemental EDX recorded Mass (%) Atomic (%)
Oxygen 0K 47.84 41.38
Carbon CK 50.28 57.93
Sodium Na K 0.52 0.31
Potassium KK 0.14 0.05
Caldum CakK 052 0.18
Cupper CuK 0.70 0.15
75
60
704 (a)
~ 58
“E 651
=) -56
Z @
=
5 54
E 554 I
=
v F52
2 504
| 50
45

T T T T
Pristine PYDF PYDF/AG-0.5 PVDF/AG-1.0 PVDF/AG-1.5

Porosity (%)

result as also seen in other available literature studies. The
major mono-saccharides in AG include L-arabinose, L-rham-
nose, D-glucuronic acid, 1,3-linked-p-galactopyranosyl
bogas, and a few mineral salts (K and Ca).!*#2¢!

e XRD patterns of AG were demonstrated in
Figure 1d. The diffraction peaks at 20=20.29" indicated
that the AG has an amorphous crystalline structure with a
random arrangement in AG particles.?”! FTIR spectra of
AG were demonstrated in Figure le. The characteristic
peaks of AG at wavelength 3000-3500cm ™' (peak at
3298 cm 1) confirmed -OH groups in AG structu.rc,lla'”]
leading to improve hydrophilicity property of PVDF/AG
membrane. The band around wavelength 2922 cm™! indi-
cated the stretching of C-H groups.m] The peaks at wave-
length 1021cm ' and 600 cm™ ' were attributed to C-OH in
polysaccharides molecules and the stretching of pyranose
ring in polysaccharidcs.lgl] The spectrum of Arabic gum
shows a characteristic peak at 1594 cm ™! due to the -C=0
stretching vibration of the carboxylate group.?”! The results
of the data from FTIR, which aim to determine the organic
bonds between groups that exist in this Arabic gum, corres-
pond with the results shown by the EDX analysis, which
shows the amount of elemental content present.

3.2. Water flux, porosity, and pore size of membrane

The characteristics of UF membranes, such as the porosity
and pore size of the membrane, later influence the flux value
of a membrane and significantly impact performance in the
filtration process. Figure 2 displays the PVDF/AG mem-
brane’s p size distribution, porosity, and flux values.
Figure 2a presents the properties of PVDF and PVDF/AG
membranes at different AG concentrations toward pure
water flux and porosity. Compared to the pristine PVDF
membrane, the pure water flux increased from
47.46L m h™! for pristine PVDF membrane to
65.79L m > h ' 6492L m 2 h ! and 66.04L m > h! for
PVDF/AG-0.5, PVDF/AG-1, and PVDF/AG-1.5 after 60 min
of filtration, respectively. According to numerous studies, a
membrane with a higher porosity forms more pores on its

surface, permitting more water to enter the permeate

:
50+ (b)
_ 40 4
$ .1
2 i
E 304 1 T
[-®
20 4
10

T T T T
Pristine PYDF PVDF/AG-0.5 PVDF/AG-1.0 PYDF/AG-1.5

Figure 2. Pure water flux and porosity (a); Membrane pore size (b) of all prepared membranes. The adsorptive membrane fouling was carried out at 4 bars for

60 min filtration at ambient temperature.
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Table 3. Physical characteristics of membranes.

Variable Flux (L/m” h)* Porosity (%)" Pore size (nm)* Static water contact angle (9)°
PVDF 47.46 +7.15° 52.99+0.95 50.89+2.15? 80.98 +0.40°
PVDF/AG-0.5 65.79 +0.28" 54.83+0.74 32.89+3.18" 7561+ 1.00"
PVDF/AG-1.0 64.92 +3.31° 5713+1.13 31.60+2.58" 72,33 £029°
PVDF/AG-1.5 66.04 +3.53° 57.80+5.90 3238+223° 71,08 + 1.00°

letter mean groupin

n that parameters: a, group 1; b, group 2; and ¢, group 3. The lowercase letter in each column with

The lowercase letter saresems significant differences (p < 0.05) for samples at the same parameters. The alphabets lowercase

the same letters are not significantly different at p < 0.05.

80.98

(2)

Static Contact Angle (°)
@
L

Pristine PVDF PVDF/AG-0.5 PVDF/AG-1.0 PVDF/AG-1.5

—&—Pristine PVDF
—=—PVDF/AG-0.5
—&8—PVDFIAG-1.0
—&—PVDF/AG-0.5

(b)

Dynamic Contact Angle (%)
(-]
o

2 3 4 5 6 7 8 10
Time (minute)

-

Figure 3. The static (a) and dynamic (b) water contact angles of all prepared membrane.

stream.’®*2*!  Different results were obtained in this

research. Although there is an increase in porosity value,
which correlates with an increase in flux value, Table 3 dem-
onstrates no significant difference between porosity and flux
values. In contrast, there is a considerable difference
between porosity and flux values. Consequently, porosity is
not the primary factor in the variation in flux value. Table 3
also shows that the difference in flux value is due to the
static contact angle value. This statement is also supported
by the same results in research conducted by Moradi
et al®* and Mokarizadeh and Raisi.*®

Meanwhile, the average pore size of the prepared mem-
brane calculated was between 31 and 50nm, as seen in
Figure 2b. The interaction among PVDIggpolymer), DMAc
(solvent), and AG (nonsolvent) increases the thermodynamic
instability in the dope solution. In principle, the rapid
exchange between solvent and nonsolvent when a cast mem-
brane was immersed in the coagulation bath resulted in a
highly porous membrane structure.*”! However, adding AG
into PVDF dope solution decreased membrane pore size.
This could be because the effect of AG may increase the vis-
cosity of the casting solution, contributing to a decrease in
the de-mixing process during nonsolvent-induced phase sep-
aration (NIPS), leading to smaller membrane porcs.lgs]

3.3. Membrane hydrophilicity

Wettability is a key factor influencing the fouling resistance
of membranes. The static water contact angle (SWCA) and
dynamic water contact angle (DWCA) of the prepared
membranes is depicted in Figure 3. Figure 3a illustrates the
value of SWCA, which explains that there is a decrease in
the WCA value on the modified PVDF membrane. The

addition of GA increased the hydrophilicity of the mem-
brane. The pristine PVDF membr showed the highest
SWCA of 80.98 +0.56%, ind.icating:ge least hydrophilicity
due to the hydrophobic behavior of the PVDF polymer. The
GA incorporation reduced the SWCA to 75.61 +1.41°%;
72.33+0.41°, and 71.08%+125° for PVDF/AG-0.5,
PVDF/AG-1, and PVDF/AG-1.5, respectively. This contact
angle value is related to the membrane PWF value which
shows the opposite correlation. The greater the PWF value,
the smaller the WCA value. This happens because the sur-
face of the membrane is in contact with water, occurs inter-
actions on the membrane surface. The greater the adhesion
force between the membrane surface and the water, the
greater the WCA value. The reduction in WCA value indi-
cates the higher hydrophilicity of a membrane.*>4%

Figure 3b shows the DWCA values on the membrane. The
result showed that on the first drop at 0s, the PVDF/AG-1.5
had the lowest WCA among all prepared membranes.
Further, throughout at 600 s, the addition of AG may contrib-
ute to decreased WCA of PVDF membrane, resulting in
improved hydrophilicity of AG incorporated PVDF mem-
brane. For instance, the difference WCA from 0s up to 600s
was 10.75°, 11.78°, 19.18°, and 20.74° for pristine PVDF
membrane, PVDF/AG-0.5, PVDF/AG-1, and PVDF/AG-1.5,
respectively. The higher gap of WCA at 0s and 600 s signifies
the higher hydrophilicity of the membrane. PVDF/AG-1.5
had the best hydrophilicity among all membranes with a
lower WCA of 50.34" at 600s. This result might be ascribed
to the hyffpxyl functional group of AG contributing to
enhancing the hydrophilicity of the membrane’s surface, 142
The data of flux value agreed to this outcome result.
Enhancement of hydrophilicity could improve membrane per-
formance, especially in flux of membrane.
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Tensile Strength (MPa)

L

0 -

Pristine PVDF PVDF/AG-0.5 PVDF/IAG-1.0 PVDF/AG-1.5
Figure 4. Mechanical test on membrane: tensile strength {a) and elongation (b).

§4, Mechanical studies

The mechanical observation helps predict the membranes’ dur-
ability and pressure capi . The result of tensile strength
and percentage elongation of the membranes was demonstrated
in Figure 4. The addition of AG into PVDF membrane solu-
tion influenced the mechanical property of membranes. The
pristine PVDF membrane obtained the lowest tensile strength.
Compared to prisine PVDF membrane, incorporating AG
0.5wt% and 1wt% improve tensile strength to 556 MPa and
6.14 MPa. However, further increasing AG concentration to
15wt% reduces tensile strength to 5.83MPa. The slight
decrease of tensile strength for PVDF/AG-1.5 could enhance
membrane porosity. The membrane with a highly porous struc-
ture demonstrated lower mechanical properties, similar to
another study.|43] There is a tradeoff between a membrane’s
tensile strength and porosity. In other words, the membrane’s
tensile strength ma?r decrease slightly as its porosity increases.
Hassankiadeh et al.*! utilized a variety of pore-forming addi-
tives to enhance the permeability of TIPS-prepared
PVDEF/PolarClean hollow fiber membranes. The membranes’
porosity and permeability increased by nearly a factor of a
thousand. However, the membranes’ tensile strength decreased
from 6 to 1 MPa, illustrating this tradeoff. However, the reduc-
tion in tensile strength was negligible enough for practical
applications. In another instance, Rajabzadeh et al*! devised
PVDF hollow fiber membrane to understand membrane prop-
erties in their study. They discovered that with the addition of
PVP, both porosity and water permeability decreased. In con-
trast, the PVP additive substantially increased the membranes’
mechanical strength, particularly their tensile strength (2-
7 MPa). Under practical operating conditions, the decrease in
tensile strength did not substantially affect the membrane’s sta-
bility and performance. The tradeoff between membrane poros-
ity and tensile strength is a common occurrence. However, the
degree of compromise depends on the specific application and
membrane performance requirements.

Likewise, as observed in Figure 4b, adding AG to PVDF
membrane dope solution has increased the elongation of mem-
branes. Pristine PVDF membrane had an elongation value of

(b)

91.53

@ =
o o o o

Elongation (%)

Pristine PYDF PVDF/AG-0.5 PVDF/AG-1.0 PVDF/AG-1.5

68.5% only. Compared to other polymer materials usually used
to manufacture membranes, this is quite good. For example,
PES membranes have an elongation of 7.89%4! and PVC
with elongation value of 14.2%.*! This mechanical resistance
is one of the advantages of PVDF material. The modified
membrane, added with AG, showed an increase in elongation
yield from 0.5% to 1.5%. The highest value was recorded on
the PVDF/AG-1.5 membrane, with a value of 94.2%.

This increase can be attributed to its plasticity effect and
the non-polar phase (hydrophobic side) of the Arabic gum
that interacts with the o and & polymorphs in hydrophobic
bonds of the PVDF, which serves as a bridge to strengthen
the porous structure of the membrane ! Adding more
AG in the membrane can create a plasticizing effect, increas-
ing mechppical strength. Therefore, incorporating AG
improves not only the rejection parameters but also the
mechanical characteristics that can benefit the mechanical
resistance and stress of the membrane.

3.5. FTIR result

The surface chemistry structures of pristine and meodified
membranes were analyzed by FTIR, as shown in Figure 5.

The presence of a peak at 3024cm ™' signed to the C-H
ring stretching vibration in PVDF membrane.**#°! The FTIR
of PVDF membrane commonly appeared in some wavenum-
bers, such as at 1172cm ' and 1424cm ', attributed to the
synﬂrical stretching of -CF, and C-C groups.lsu} Further,
the peak at 1664cm ' is assigned to the C=C adsorption of
PVDE 52 Inffhe AG spectrum, three significant peaks
appeared at 600cm ™' was attributed to the stretching of pyra-
nose in polysaccharides, the peak at 1050 cm ' implied the
Besence of -CH band in polysaccharides, and the peak at
3000-3500cm ! for amino groups, which undercover by the
absorption peak at 3200cm ™' for ~-OH groups. Compared to
the pristine PVDF membrane, the PVDF/AG-1 and PVDF/AG-
1.5 showed a new peak at 3234 cm 1 957cm Y, and 610 cm ™
which can be assigned to the presence of ~-OH groups, -CH
band, and pyranose of AG on the membrane surface.
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Figure 6. XRD diffractograms of PVDF/AG membrane.
Table 4. The integral result of XRD data of PVDF membrane. PVDF membrane has an amorphous character. while the struc-
Membrane Center FWHM Height Area  ture of Arabic gum also shows an amorphous form with a
Pristine PVDF 18.64° 3.897 65931 218171 peak of 18.60° to 20.80°. The similarity of the crystal structure
2032 4.621 94435 381681 petween PVDF and AG causes better mixing between PVDF
PVDF/AG-1.0 18.66° 3.007 81865 251352 . .
20.28° 5941 72501 259307 and AG polymers and good molecular interactions.
PVDF/AG-1.5 18.56° 3.092 87865 278240 The addition of AG to the PVDF membrane showed a
20.26° 3123 8snz 298235

3.6. XRD result

Figure 6 exhibits the XRD pattern of the AG-incorporated
PVDF membrane. The result demonstrated that the diffraction
peak at 18.60° and 20.30° reveals the characteristic crystal
structure of ¥ and # in pure PVDF membrane.””® The peak
area on each XRD graph was calculated using the peaks and
baseline with the integrated peaks method in the Originpro
software. The data for peak area results are shown in Table 4.
The PVDF graph has an area of 218,171 with a peak height of
65931 at peak 18.64° and an area of 381,681 with a peak
height of 94,435 at peak 20.32°. Figure 6 also shows that the

decrease in area at the peak of 20.30°. On the PVDF/AG-
1.0 membrane, the peak area decreased to 259,307 and the
peak height became 72,501, while on the PVDF/AG-1.5
membrane, the area decreased to 298,235 with a peak
height of 88,117, at a peak of 18.60° there was a signifi-
cant increase in the PVDF/AG-1.5 membrane up to
278.240 with a peak height of 87.865. Increasing the con-
centration of AG in the membrane increases the intensity
of the 18.60 peaks which is getting higher, so that the
molecular interactions between PVDF and AG mix well,
indicate the formation of amorphous crystalline structure
in PVDF/AG-1.5 membrane structure. On the other hand,
the sharpness peak at 20.60° clearly decreased after incor-
porating AG to PVDF membrane, resulting in a decrease
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Figure 7. SEM image of membrane: morphology surface and EDX mapping and overlay plot of elemental distribution (a) and cross section morphology of PVDF
membrane (b).

in the crystallinity of PVDF/AG-1.5 membrane. Hence, 3.7.@!‘&!(2 R T

adding AG incorporating PVDF membrane improves Figure 7 demonstrates SEM images of pristine PVDF and
intermolecular interaction between additives and poly- modified membranes PVDE. Figure 7b shows the cross-sec-
mers.[**] Thus, the PVDF/AG-1.5 membrane has the good tion SEM-EDX images of pristine PVDF and PVDF/AGL5
intermixed ability and strong chemical interaction. membrane. The prepared PVDF membrane depicted an
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Table 5. The elemental composition of pristine PVDF and PVDF/AG-1.5
membrane.

Pristine PVDF PVDF/AG-1.5
Elemental EDX recorded Mass (%) Atomic (%) Mass (%)  Atomic (%)
Fluarine FK 52.86 41.74 52.04 40.95
Carbon CK 46.54 58.18 47.34 58.90
Cupper Cu K 0.60 0.14 0.62 015

asymmetric structure, indicating a dense selective top layer
and a support layer with finger shaped pores. The
PVDF/AG-1.5 membrane showed larger finger-shaped pores
than the pristine PVDF membrane.

Furthermore, it was observed that the pristine PVDF and
PVDF/AG-15 membrane has a fingerlike structure
(4326+257 um and 66.83+4.87 um) and macropore layer
(132.46 £4.29 um and 90.14 * 1.12 um), respectively. Meanwhile,
the new layer was found on the active surface in PYDF/AG-1.5
membrane with a thickness of 4.90 + 038 um. The formation of
a new active layer on PVDF/AG-1.5 membrane surface pro-
vided the membrane has more particular properties than the
pristine PVDF membrane. It could be due to the AG additive
increasing membrane surface pore when mass transfer between
solvent and nonsolvent demixing process.

Meanwhile, the pristine PVDF and PVDF/AG-1.5 mem-
brane’s surface SEM images were displayed in Figure 7a. It is
demonstrated that adding AG incorporated to PVDF mem-
brane increases pore formation on membrane surface. This
could be ascribed to AG’s hydrophilic property, which enhan-
ces membrane hydrophilicity. The pristine PVDF and
PVDF/AG-1.5 membrane contained three elements: C, F,
and Cu. The elemental composition data on PVDF and
PVDF/AgG-1.5 membranes are shown in Table 5. Compared
to the prisine PVDF membrane, adding AG incorporated
PVDF membrane clearly increases the number of C and Cu
elements from 46.54% to 47.34% and 0.6% to 0.62%, respect-
ively. On the other hand, the PVDF/AgG-1.5 membrane suc-
cessfully increased elements of C and Cu by 0.8% and 0.02%,
respectively. Moreover, the elements are evenly distributed over
the entire membrane surface, as shown in Figure 7a.

3.8 Antifouling performance test

e experiment was conducted using BSA as a biological
foulant to evaluate the separation performance of the mem-
branes. The rejection result for BSA foulants was plotted in
Figure 8a. The result demonstrated that all modified PVDF
membranes successfully rejected over 80% of BSA.
Compared to all modified PVDF membranes, the pristine
PVDF membrane has a rejection ability of 58% BSA. This
indicates that the increase in surface porosity of the mem-
brane had not to affect for BSA ction efficiency.

Meanwhile, Figure 8c shows the antifouling properties of
membranes for filtration time (up to 90min) using a feed
solution containing BSA concentration (1000mg/L). The
result revealed that all modified membranes demonstrated
higher flux than the pristine PVDF membrane, indicating
that modified membranes have better antifouling properties.
However, all membranes showed a similar trend (the fluxes

dropped rapidly in the first few minutes, followed by a sta-
ble flux decline at the end of filtration). This phenomenon
could be due to the concentration polarization on mem-
brane surface, increasing protein deposition on the mem-
brane surface. Similar result to Figure 8d, the effects of
protein deposition on membrane surface also contribut
reducing normalized flux (J/],) of membranes. Indeed, the
addition of 1.5wt%, 1 wt%, and 0.5 wt% of AG increased the
normalized flux of ~75%, ~57%, and ~61%, respectively.
Compared to modified membranes, the pristine PVDF
membrane had a normaliz ux ~37%.

On the other hand, the extent of flux recovery (FR) after
BSA fouling was analyzed using the FR index, and the
results are shown in Figure 8b. Unsurprisingly, the pristine
PVDF and PVDF/AG-1.5 membranes demonstrated the low-
est and highest FR of 32% and 74%, respectively.
Meanwhile, the reduction of flux recovery when the result
of rejection and flux of membrane followed the addition of
AG from 0.5wt% to 1.0wt%. Even though the rejection and
flux of PVDF/AG-0.5 membrane were slightly higher than
PVDF/AG-1.0, PVDF/AG-1.0 obtained better membrane
performance than PVDF/AG-0.5 membrane. It confirms
that the addition of g: has successfully enhanced mem-
brane hydrophilicity. A high hydrophilicity is assumed to
decrease the hydrophobic interaction between BSA mole-
cules and the membrane structure.

Generally, the increased normalized flux could improve
membrane fouling resistance, as shown in Figure 8e. The out-
come of resistance is divided into R,,, R., R and R,. In this
study, the better membrane performance showed a lesser foul-
ing resistance value. The result showed the lowest among all
prepared membranes, the R, R, Ry, and R, of PVDF/AG-1.5
membranes. These results indicated that incorporating AG into
PVDF membranes could prongge PVDF membranes with bet-
ter antifouling pcrformancc.ngle reversible (F.), irreversible
(Fi,), and total (F,) fouli atios were three essential parame-
ters for investigating the antifouling property of the prepared
membranes. The F,, Fi,, and F, parameters are presented in
Figure 8f. It showed that the percentage of Fi, and F, of
PVDF/AG-1.5 membrane was lowest compared to other modi-
fied membranes, while the weakest of F, was obtained by
PVDF/AG-0.5 membrane. The reversible fouling in membrane
filtration (F,) can be rcmoei by mechanical or chemical
membrane washing.lss] Thus, the result is co ent with water
contact angle results. In principle, enhancing hydrophilicity on
the membrane surface could increase the wettability and
reduce irreversible fouling ratio.

3.9. Membrane stability test

The membranes with the best AG, namely PVDF/AG-1.5
membranes, were tested for stability. The membrane was
tested for stability by immersing it in distilled water for
14 days and shaking it at 100rpm. FTIR then tested the mem-
brane to determine the groups of AG contained in this mem-
brane. Figure 9 depicts the results of the FTIR test. The AG
functional groups were still present in the soaked PVDF/AG-
1.5 membrane at the peak of 610cm ' for the pyranose
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Figure 8. Antifouling performance: BSA rejection (a); flux recovery (b); actual permeate fluxes of BSA filtration (c); normalized BSA wastewater filtration (d); fouling
ratio (e) and fouling resistance (f).

group, 957 cm ! for the C-OH group, and 3234cm ! for the is washed with distilled water and tested for filtration with
-OH group. This group shows that there is no significant BSA foulant solution. The performance of the membranes
reduction in transmittance value. This indicates that the AG  was evaluated using pristine PVDF and PVDF/AG-1.5 mem-
compound is well retained in the membrane matrix. When branes. Figure 10 depicts the results of the cross-flow test.
AG is immersed in distilled water for an extended period of In the first cycle filtration test, the PVDF pristine membrane
time, it does not leach. A cross-flow test with several filtration had an initial flux of 49.82L m 2 h™; after 90 min of testing
cycles was performed to better understand the membrane’s with BSA solution, the flux decreased to 35.24L m 2h,
peg@rmance with the addition of AG. After washing with distilled water, the flux increases. The

ross-flow filtration was used to test the membrane’s per- decline, however, continued until the BSA permeate flux
formance over four cycles. After each cycle, the membrane was only 16.17L m 2h!in cycle 4. The flux in the first
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Figure 10. Membrane's recycle performance of pristine PVDF and PVDF/AG-1.5: Actual permeate fluxes of BSA filtration (a); normalized BSA wastewater filtration

(b); flux recovery (c) and BSA rejection (d).

cycle was 60.80 L m 2h! on the PVDF/AG-1.5 membrane.
The flux dropped to 49.53L m 2 h™' in the first 90 min.
After washing in cycle 2, the flux increased to
55.02L 2 h~ L. Until the fourth cycle, the flux is reduced
to3899Lm 2 h .

Figure 10b shows that the normalized flux J/J, values of
the pristine PVDF and PVDF/AG-1.5 membranes have

decreased. However, the decrease in pristine PVDF

membranes was more significant. The PVDF pristine mem-
brane’s J/J, value was 70.75% in the first cycle, while the
PVDF/AG-1.5 value was 81.47%. The J/J, values of each
membrane increased after washing with distilled water to
87.53% and 90.49% for pristine PVDF and PVDF/AG-1.5
membranes, respectively. In cycle 4, the J/], value continued
to fall until the remaining pristine PVDF membrane had a
value of 32.46%, and the PVDF/AG-1.5 membrane had a
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Table 6. Comparison of filtration and antifouling performance of modified membranes from other studies and this study.

Membrane code Pure water flux (L/m’ h) Foulant rejection (%) Flux recovery (%) Contact angle ) Ref.
PVDF/MWCNT/Chl-Ag 158.55 at 4 bar 99.99 for turbidity removal 97.24 46.59 56
PVDF/ZnO@ZIF 395 at 10 bar 80.10 for BSA removal 94 - 67
PVDF/PHMG/TA 1734 at 10 bar 99% for tween removal 96.24 38 51
PVDF/PLA 376.7 at 1.5 bar 97 for HA removal - ~70 [3)
PVDF/PPy/ox-MWCNT 399 at 2 bar 98 for BSA removal 59.8 67.50 52)
PVDF/HFSN 559.8 at 1 bar 96.6 for BSA removal 97.7 for HA removal - - m
PVDF/AG 66.04 at 3 bar 86.58 for BSA removal 74.25 71.08 This study

value of 64.13%. The PVDF/AG-1.5 membrane’s J/J, value
being more significant than the pristine PVDF membrane
indicates that the PVDF/AG-1.5 membrane’s performance
value is better than the pristine PVDF membrane.
Modification with AG increases the ability of the PVDF
membrane against BSA foulants. The normalized flux (J/],)
value of the PVDF/AG-1.5 membrane increased 2 times
compared to the pristine PVDF membrane.

This is also consistent with the flux recovery value shown
in Figure 10c flux recovery values for PVDF pristine mem-
branes are in the range of 38-46%. at the same time, the
PVDF/AG-1.5 membrane is in the range of 72-78%.
PVDF/AG-1.5 membranes have nearly twice the flux recov-
ery ability of pristine PVDF membranes. The filtration per-
formed up to four times in this cycle revealed that the flux
recovery value on the PVDF/AG-1.5 membrane remained
stable. As a result, the PVDF/AG-1.5 membrane’s perform-
ance remains excellent, and the AG compound in the mem-
brane matrix remains stable. Figure 10 depicts the
membrane’s rejection value (d). It can be seen that, in add-
ition to producing a good flux recovery value, the
PVDF/AG-1.5 membrane also has a good rejection value to
BSA foulant. Compared to the pristine PVDF membrane,
which has a rejection value of around 60%.

3.10. Comparison with other studies

Table 6 illustrates the modified membrane’s filtration and
antifouling performance in previous published studies and
this study. It is rather challenging to obtain an accurate
investigation due to various studies’ complexity of modifica-
tion components. However, our AG-incorporated PVDF
membranes are quite competitive with other studies.

4, Conclusion

The addition ofggirabic gum into PVDF membrane via
phase inversion was successfully incorporated, as indicated
by FTIR, XRD, and SEM-EDX analysis. The PVDF/AG-1.5
membrane of th@urc water flux from 47.46L/m> h to
66.04L/m* h, the hydrophilicity improvement as seen in the
reduction of contact angle measurement from 80.98° to
75.61°, improved porosity from 52.99% to 57.8%. Due to the
presence of oxygen functional groups from A ay prob-
ably enhance the membrane hydrophilicity, the performance
in terms of flux and flux recovery for PVDF/AG-1.5 mem-
brane was significantly improved. However, adding AG
from 0.5wt% to 1.5 wt% did not increase membrane mech-
anical strength and the efficiency of the membranes for BSA

rejection. Meanwhile, parameters such as R, R., Rp Ry, Fiy,
and F, of PVDF/AG-1.5 membrane were lowest compared
to other modified membranes, while the lowest of F, was
obtained by PVDF/AG-0.5 membrane. The modified PVDF
membranes demonstrated better antifouling membrane per-

mance than the pristine PVDF membrane. Thus, the
study shows that AG is a promising additive for preparing
UF membranes with enhanced membrane performance for
water treatment applications.
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