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Abstract

The addition of photocatalyst materials in the membrane has great potential to increase membrane performance and characteristics.
In this study, nano photocatalysts WO, were added to the polyvinylidene fluoride (PYDF) membrane for process water treatment from
rubber industry. The results of SEM and XRD showed the presence of nano photocatalyst WO,, indicating the successfully embedded
nano photocatalyst in PYDF membranes. The addition of nano photocatalyst materials has increased hydrophilicity by increasing
the membrane's water uptake ability and decreasing the membrane's contact angle. The PVDF-WO,-2%wt membrane showed the
highest flux value at 64.29 L m=2 h™" with 96.40%, 85.61%, and 93.88% of chemical oxygen demand (COD), total dissolved solid (TDS),
and ammonia rejection, respectively. The photocatalytic degradation effect of PVYDF-WO, is proven by a significant difference in the
filtration results under vis-light irradiation. Membrane resulted in a better performance in photo-filtration (visible light) than in the dark
condition. The PVDF-WO,-2%wt membrane also showed an excellent reusability after being used for 8 hours of the photo-filtration

process. This research is promising to increase the use of photocatalytic membranes in rubber wastewater treatment into clean water.
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1 Introduction
The development of the rubber industry in Indonesia tends
to increase significantly, with an average increase of 1.36%.
The increment in the rate of rubber production every year is
followed by a large amount of waste generated. The waste-
water produced has a high concentration of suspended sol-
ids, proteins, lipid, inorganic salts, acidic pH (4.2-6.3),
120-15,000 mg L' of chemical oxygen demand (COD) and
100-9,500 mg L™! ppm of biological oxygen demand (BOD),
and 30-525 mg L' of total suspended solid (TSS) [1]. Indeed,
this process water content exceeds their maximum safe level
threshold for immediate industrial wastewater disposal.
Several studies have been conducted to treat process
water from rubber industry into clean water, such as fil-
tration, coagulation, flocculation, sedimentation, electro-
dialysis, and advanced oxidation processes [2—4]. Among
these methods, membrane technology is one of the effec-
tive methods for wastewater treatment. Membrane tech-
nology does not require additional chemicals during the
filtration process, has a wide separation range, high-effi-
ciency process, and has become a compelling method for

wastewater treatment [5]. Membrane technology for pro-
cess water treatment from rubber industry has been car-
ried out by many previous researchers and currently con-
tinues to be developed. The main problem in the use of
membranes is the occurrence of membrane fouling [6].
Membranes can be fabricated from several polymers, such
as polyvinylidene fluoride (PVDF), polysulfone (PSf), and
polyethersulfone (PES). Among these, PVDF has several
advantages over other polymers, with high mechanical
strength and excellent chemical resistance. The polymer
can be modified to increase its hydrophilicity and mini-
mize the presence of fouling on the membrane. Various
modification methods, such as adding additives to the
membrane or a hybrid membrane [7], can be done. Hybrid
membranes can be made by blending the nanoparticles
into the polymer to increase membrane absorption or dif-
fusion capacity [8].

Previous studies have shown that hydrophilic nano-
materials blending is a practical modification process to
improve the antifouling performance of membranes [9].
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In recent studies, photocatalytic materials are being devel-
oped due to their ability to increase membrane perfor-
mance through the photocatalytic degradation process.
The addition of photocatalytic material can increase the
membrane's ability to remove organic pollutants in pro-
cess water from rubber industry, thereby reducing the
fouling development [10]. Tungsten oxide (WO,) and
molybdenum disulfide were reported as promising pho-
tocatalysts with lower band gap and sensitivity to visible
light [11, 12]. WO, material, which has a narrow band gap
value range (~2.7 €V), can be combined with MoS,, which
has an almost equal band gap energy, to form heterojunc-
tions [12]. Several studies have been conducted using WO,
for degrading pollutants in wastewater. In the research
by Singla [13], MoS,/WO, nanophotocatalyst material
showed good performance in organic pollutants degrada-
tion with 80% COD rejection. In visible light, photocat-
alytic nano photocatalyst materials can produce radicals
to degrade the organic pollutants contained in wastewa-
ter [14]. These promising results indicate that the WO,
photocatalytic nano photocatalyst has the potential to be
a superb nanoparticle selection for better membrane char-
acteristics and performance for wastewater treatment.
However, the WO, photocatalyst was only used directly
for wastewater treatment, and the blending of photocata-
lytic materials into the membrane, which has great poten-
tial, has not been widely studied.

To our knowledge, this is the first study combining
WO, photocatalyst with PVDF membrane. The addition
of photocatalytic nanophotocatalysts on membranes has
good potential, especially in the membrane performance
through a combination of physical separation through
filtration, and photocatalytic degradation has not been
studied in depth. The study of permeability and rejec-
tion efficiency parameters is significant to determine the
influence of the addition of the nano photocatalyst WO,
on membrane characteristics and performance. Moreover,
photocatalytic nano photocatalysts may be increased the
mechanical strength of the membrane to prolong the dura-
bility of modified membranes.

2 Materials and methods

2.1 Materials

PVDF powder was bought from Solvay Advanced
Materials, USA. N-Methyl-2-pyrrolidone (NMP) was sup-
plied from Merck, Indonesia. WO, (powder, 50 nm) was
bought from Shanghai Chemicals Ltd, China, and used as
received. A sample of process water from rubber industry
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was obtained from the effluent stream of the industrial
PTPN VII, Bengkulu.

2.2 Fabrication of PVDF-WO, membrane

The PVDF-WO, membrane was prepared using the dry-
wet non-solvent induced phase inversion (NIPS) method.
specific amount of WO, was added to the total solid with
a concentration of 1%wt and 2%wt. The nano photocat-
alyst was first mixed with NMP and sonicated for 1 h.
The specific amount of PVDF powder (15%wt) was dis-
solved using NMP solvent and stirred for 1 h using a stir-
rer at 60 °C until homogeneous. The nano photocatalyst
was mixed into the dope solution, stirred for 7 h at 60 °C
and degassed for 24 h. The solution was then cast on
a clean glass plate using a casting knife with a thickness
of 0.15 mm. The casted membrane was then immersed in
a coagulation bath filled with deionized water for 24 h and
then dried for 24 h.

2.3 Characterization of process water from rubber
industry

The initial characterization of process water from rubber
industry consists of physical appearance, odor, and COD
concentration tested by redox titration, total dissolved
solid (TDS) concentration tested with TDS meter A-013,
China, and nitrogen content tested with Nessler reagent
using a UV-Vis spectrophotometer. The initial character-
istics of process water from rubber industry to be treated
are presented in Table 1.

2.4 Characterization of fabricated membrane

The top surface morphology of the membrane was ana-
lyzed using scanning electron microscopy (SEM) (JSM-
6510-LA, JEOL, Tokyo, Japan) at 1000x magnification.
Membrane crystallinity was analyzed using X-ray diffrac-
tion (XRD) (Panalytical Xpert Pro MPD, Netherlands) at
diffraction angles ranging from 10° to 80°. The membrane's
mechanical properties were analyzed using a material test-
ing machine (UTS HO001, China) by measuring the tensile
strength and elongation break values. The hydrophilicity

Table 1 Initial characteristic of process water from rubber industry

Parameter Unit Value

Apperance - Yellowish
COD ppm 900 + 5.32
TDS ppm 4000 + 7.54
Ammonia ppm 289 +£3.45
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of the membrane surface was analyzed by measuring the
membrane contact angle using a water contact angle meter
(RASE contact angle meter, Japan).

2.5 Water uptake ability of the membrane
Water uptake ability was measured using Eq. (1):

2w "W 100%, (1)

Wa

U=

where U is the water uptake ability (%), w  and w, are the
wet and dry weights of the membrane, respectively (g).

2.6 Membrane porosity

The porosity measurement of the membrane was car-
ried out by immersing the membrane for 24 h in distilled
water. Then the membranes were placed in a vacuum oven
for 24 h at 60 °C. The membrane porosity was calculated
using Eq. (2):

w, =W,
CTp A @
where ¢ is the membrane porosity (%), p, is the density of
pure water at ambient condition (0.997 g cm™), A4 is the
membrane surface area (cm2), and 0 is the thickness of
the membrane (cm). The average pore radius was analyzed
using the Guerout-Elford-Ferry approximation using

Eq. 3):

r:\/8~n~5-Q-(2.9—1.75-e)’ 3
g-A-AP

where 7 is the pure water viscosity at ambient condition
(8.9 x 107* Pa-s), o is the membrane thickness (m), Q is the
permeate volumetric flow rate (m3 s™), and AP is the trans-
membrane pressure (Pa).

2.7 Membrane performance
The membrane separation process is carried out with
a cross-flow system shown in Fig. 1. Process water from
rubber industry without pre-treatment was used as a feed
and passed through a module with a 12.57 cm? membrane
using 5 bar operating pressure. The filtration was con-
ducted in dark and light conditions using visible light irra-
diation [15].

Permeate flux of each membrane was recorded every
30 min for 5 h using Eq. (4):
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Fig. 1 Membrane cross filtration system

where J is the permeate flux (L m™ h™), AV is the per-
meate volume (L), 4 is the effective membrane area (m?),
and At is the filtration time (h).

The main parameters in membrane selectivity assess-
ing pollutant rejection were seen from the concentration of
COD, TDS, and ammonia before and after the membrane
filtration process. The rejection was calculated using Eq. (5):

R:(l—C—P]-loO%, 5)
r

where R is rejection efficiency (%), c, and c, are the pollut-
ant concentrations in permeate and feed solution, respec-
tively (mg L™).

The antifouling properties of the membrane were
evaluated using flux recovery ratio (FRR), total fouling
ratio (R,), reversible fouling ratio (R ), and irreversible
fouling ratio (R, ) by using Egs. (6)—(9) [16]:

FRR = (ij -100%, (6)
0

R = (Mj.loo%, %
0

R = (ﬂ] -100%, (8)
0

R, = (—JO ) ).100%, )
Jy

where J is the initial pure water flux, J, is the final pure
water flux after the cleaning process, and J, is the perme-
ate flux (L m? h™).



3 Result and discussion

3.1 Membrane performance

3.1.1 Surface morphological study

The morphological characteristics of membranes are used
to support membrane performance analysis on permeabil-
ity and selectivity. The effect of WO, addition can be seen
from the different results on the top surface of neat PVDF
and PVDF-WO, membrane, as seen in Fig. 2.

In Fig. 2 (a), the neat PVDF membrane shows some
defects due to the non-concurrent compaction of the mem-
brane during the coagulation process [17]. In Fig. 2 (b),
the addition of the WO, does not cause any defect, as seen
in the neat PVDF membrane, but there are some white spots
on the surface. The white spot indicates the presence of WO,
on the membrane. It also indicates the incomplete disper-
sion of the nano photocatalyst on the membrane, so it causes
agglomerates to form on the membrane surface as marked
with the white dots [18]. However, there are not many white
dots on the membrane surface, so it can be seen that there are
more nanomaterial WO, that has been successfully embed-
ded into both the membrane surface and pores.

/ defect

SElI  20kV WD10mm SS30 x1,000 10um  —

SEl  20kV WD10mm SS30 x1,000 10pum  —

Fig. 2 Surface morphology of (a) neat PVDF and (b) PVDF-WO,
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3.1.2 Membrane functional group and structural
analysis

The chemical function group of the membrane was analyzed
using FTIR, and the structural crystallinity of the mem-
brane was analyzed using XRD. The results of the FTIR
analysis were carried out on neat PVDF and PVDF-WO,
membranes, and the result was depicted in Fig. 3 (a).

In Fig 3 (a), several strong peaks can be seen on the
neat PVDF membrane, which is a peak at 970 cm™, which
indicates the stretching of —C—O—C— functional groups,
the peak at 1203 cm™, which indicates asymmetric
stretching of the CF2 bond and at 1490 cm™ which indi-
cates the CH bonding [19]. The addition of WO, material
shows some new peaks at 609 cm!, indicating O-W-O,
and 759 cm™, indicating the W-O-W bond. The two peaks
indicate the chemical bond between the PVDF polymer
and WO, material. Through these expected results, it is
proven that WO, material is successfully embedded in the
PVDF membrane. In Fig. 3 (b), the neat PVDF membrane
has a semi-amorphous structure with little peaks found at

(a)

- PVDF-WO, 609 cm™

Neat PVDF

Transmittance (a.u)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

(b)

Wavenumber (cm™)

—— PVDF-WO,

—— Neat PVDF

Intensity (a.u)

10 15 20 25 30 35 40 45 50 55 60 65 70
20(°)

Fig. 3 The result of (a) FTIR and (b) XRD of fabricated membrane
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18.80° and 20.40° [20]. In contrast, the nano photocatalyst
WO, has a crystal structure with several sharp peaks at
23.20°, 33.32°, 34.24°, 53.54°, 62.32°, and 77.02°. The dif-
fractogram of the PVDF-WO, membrane showed a simi-
lar result to the neat PVDF membrane, with several sharp
peaks at 23.26°, 24.52°, and 79.76°. Some of these peaks
indicate the nano photocatalyst WO, on the membrane.
The XRD and SEM analysis show that the nano photocat-
alyst was successfully embedded in the membrane.

3.1.3 Pore properties

The pore properties of the membrane are presented in
several parameters, such as porosity, pore size, and mem-
brane thickness. The comprehensive data of the parame-
ters can be seen in Table 2.

In Table 2, it can be seen that the thickness of the mem-
brane increases along with the addition of nano photocata-
lysts. According to the research conducted by Struzynska-
Piron et al. [21], the thickness of the membrane affects the
value of the membrane resistance and performance. In the
PVDF-WO,-1wt% membrane, the increment of thickness
is not too much and tends to be small so that later it will
not significantly reduce the performance of the membrane.

The PVDF-WO, membrane has the highest porosity and
pore size values among other membranes. Adding nano
photocatalyst materials to the membrane increases the for-
mation of pores on the membrane. These results can be
correlated with the results of the SEM image in Fig. 2.
The increase in pore size affects the flux value and mem-
brane selectivity. Membranes with large pores cause an
increase in the value of the membrane flux but decrease
the membrane's selectivity. The three fabricated mem-
branes have pore size values that are still included in the
ultrafiltration range of 10—100 nm.

3.1.4 Mechanical strength study
A study on mechanical strength is done by evaluating the
value of tensile strength and elongation break. The effect
of nano photocatalyst addition to the membrane on these
two parameters can be seen in Table 3.

The characterization showed that the nano photocat-
alyst WO, was successfully embedded in the membrane.

Table 2 Porosity and average pore size of the fabricated membrane

Membrane Porosity (%) Average pore size (nm)
Neat PVDF 27.27+0.70 16.49 +1.21
PVDF-WO,-1%wt 37.03+£0.15 17.15+0.73
PVDF-WO,-2%wt 38.74 £ 0.40 18.23 £0.24

Table 3 Porosity and average pore size of the fabricated membrane

Membrane Thickness  Tensile strength  Elongation

(um) (Pa) at break (%)
Neat PVDF 66.00 + 0.33 4.88 £0.24 11.10 £ 0.56
PVDF-WO,-1%wt  80.00 £0.40 3.62+0.18 11.20 £ 0.55
PVDF-WO,-2%wt  82.00 +0.41 3.64+0.18 11.30 £ 0.57

In Table 3, it can be seen that the addition of nano pho-
tocatalysts with several concentrations to the mem-
brane significantly affects the mechanical strength of the
membrane. Increasing nano photocatalyst concentration
causes the tensile strength and elongation break values
to increase. The PVDF-WO,-2%wt membrane obtained
the highest value with a 3.64 kg m™ of tensile strength
and 11.30% elongation break. Both parameters are criti-
cal because the membrane operates in a pressurized sys-
tem. The addition of nano photocatalyst to the membrane
causes a decrease in the mechanical strength of the mem-
brane. This may be caused by the creation of gaps between
the polymer matrix due to the addition of nanoparticles.
As more and more gaps are created in the membrane body,
the polymer matrix becomes less elastic and more brittle
so that its mechanical strength decreases [22].

3.1.5 Hydrophilicity of membrane

The membrane hydrophilicity can be evaluated by the
membrane's contact angle, water uptake ability, and pure
water flux (PWF) analysis. The hydrophilicity of the mem-
brane will affect the ability of the membrane to absorb
water. The effect of nano photocatalyst WO, addition on
the membrane's hydrophilicity can be seen in Fig. 4.

In Fig. 4 (a), the highest contact angle value is on the
PVDF-WO,-2%wt membrane with a 73.13° contact angle.
The decrease of contact angle affects increasing the hydro-
philicity of the membrane. The addition of nanoparticles
to the membrane can increase the hydrophilicity of the
membrane by the presence of dipole-dipole interactions
between water and the membrane surface. This interaction
causes an increase in the membrane's absorption ability.

In Fig. 4 (b), the PWF increases with the addition of the
nano photocatalyst concentration. These results correlate
with the contact angle and membrane water uptake abil-
ity test results. The addition of WO, causes a decrease in
contact angle and an increase in water uptake ability, indi-
cating an increase in the hydrophilicity of the membrane.
The addition of nano photocatalysts to the membrane
causes the membrane to have high availability of hydro-
philic sites, increasing the absorption ability. The oxygen
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(b) PWF of fabricated membrane

vacancies exist in the photocatalytic materials could bind
and react with water molecules and subsequently gener-
ate OH groups. Therefore, hydrophilicity of the photo-
catalytic materials embedded membranes increased [23].
In addition, the PWF of the membrane with the addition of
WO, material showed better results in the presence of visi-
ble-light irradiation. This is related to the addition of WO,,
a photocatalyst material responsive to visible-light irradi-
ation. The highest PWF value reached 95.22 L m™2 h™! on
the PVDF-WO,-2%wt membrane.

3.2 Membrane performance

3.2.1 Permeability

The permeate flux of the membrane was evaluated by the
membrane filtration process for 6 h and periodically every
30 min. Photo-filtration tests were carried out in dark and
light conditions to see the effect of using photocatalytic
nano photocatalysts on visible irradiation. The addition of
WO, material resulted in a more stable normalized flux in
light conditions than in dark conditions. This proves that

Kusworo et al. | 343
Period. Polytech. Chem. Eng., 68(3), pp. 338-347, 2024

WO, influences the permeability of the membrane under
visible-light irradiation. To find out more about the effect
of WO, on permeability, permeate flux analysis was car-
ried out in two conditions.

In Fig. 5 (a), the neat PVDF membrane shows the lowest
initial flux value, 30.20 L m™? h™'. There is no difference in
neat PVDF membranes in dark and light conditions. The dif-
ferent results were obtained with the addition of nano pho-
tocatalyst WO,. In the light condition, nano photocatalyst
addition causes the initial flux value to be higher and more
stable than the dark filtration process due to the photocata-
lytic activity. The photocatalytic properties of the membrane
can minimize fouling so that the flux value of the membrane
is higher and stable. The addition of nano photocatalysts
showed a better initial flux value, 44.67 L m2 h'!, in dark
conditions. There was a significant increase in the initial flux
value with adding a nano photocatalyst with vis-light irradi-
ation, as seen in Fig. 5 (b). photocatalyst was successfully
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embedded in the membrane. Under vis-light irradiation,
PVDF-WO,-2%wt membrane showed the best performance
with 64.29 L m2 h™! of initial permeate flux. The nano pho-
tocatalyst has a significant effect on membrane permeability.

3.2.2 Pollutant rejection

The membrane selectivity was examined by evaluating the
rejection of pollutants through COD, TDS, and ammonia
concentrations in the feed and permeate. In Fig. 6, it can be
seen that the neat PVDF membrane has the lowest rejection
value, with a 59.17% of COD rejection. The highest pol-
lutant rejection was obtained by PVDF-WO,-2%wt mem-
brane in light condition, as depicted in Fig. 6 (b). As the
results obtained on permeate flux values, the WO, nano
photocatalyst has an essential role in pollutant degradation.
The presence of photocatalytic materials can be degraded
the organic pollutants in process water from rubber indus-
try by converting them into CO, and H,O [24]. The use of
photocatalytic materials allows the membrane to physically

(a) I- Neat PVDF
I PVDF-WO4-1wt%
100 JC__] PVDF-WO-2wt%

80
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3
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NH,-N
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60 ~

Rejection (%)
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0-

cop TDS NH,-N

Fig. 6 Pollutant rejection in (a) dark and (b) light condition

separate pollutants through filtration and is assisted by pho-
tocatalytic degradation. The hydrophilicity of the mem-
brane also plays an essential role in pollutant rejection.

The nano photocatalyst added to the membrane pro-
duces a hydrophilic layer that can help repel hydropho-
bic pollutants and produce a positive electrostatic charge,
forming a positive layer on the membrane surface [25].
However, the excess nano photocatalyst addition results
in a decrease in membrane performance with damage
to the membrane pore due to agglomeration resulting in
a decrease in membrane selectivity.

3.2.3 Membrane antifouling and reusability

The antifouling properties of the membrane can be ana-
lyzed using the R, R, and R, values of the membrane.
In Fig. 7 (a), it can be seen that the neat PVDF membrane has
the highest total fouling (R ). This indicates that the pres-
ence of WO, on the membrane has succeeded in increasing
the antifouling potential on the membrane surface.
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Fig. 7 The result of (a) fouling ratio and (b) reusability test



The PVDF-WO, membrane also shows an irreversible
fouling ratio less than the reversible fouling ratio (R ). This
is in line with the FRR results obtained by the membrane,
where increasing the FRR indicates less effort is being made
to perform hydraulic cleaning on the membrane [26]. This is
also supported by the results of the membrane durability test
that has been used for 8 h which shows a stable flux on the
PVDF-WO,-2%wt membrane. These results prove that the
membrane has good durability for long-term use. The excel-
lent result obtained by the PVDF-WO,-2%wt membrane
shows the success of the WO, material in increasing the
hydrophilicity, permeability, selectivity, and antifouling
properties of the PVDF membrane.

The SEM images presented in Fig. 8 provide valu-
able insights into the morphological characteristics of the
PVDF-WO, membranes post-filtration, with and without
UV irradiation. Fig. 8 (a) depicts the morphology of the
membrane after filtration without UV exposure, reveal-
ing significant fouling deposits on the membrane sur-
face. These foulants, consisting of organic and inorganic

ooy

WD15mm  SS30

SElI  20kV WD15mm SS30

Fig. 8 Surface morphologies of PVDF-WO, membrane after filtration
(a) without UV irradiation (b) with UV irradiation
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substances present in the feed solution, adhere to the mem-
brane pores and surfaces, thereby impeding water flow and
reducing filtration efficiency. The observed foulant accu-
mulation underscores the susceptibility of PVDF-WO,
membranes to fouling during practical filtration operations.

Conversely, Fig. 8 (b) illustrates the morphology of the
membrane subjected to UV irradiation following filtra-
tion. Remarkably, the membrane surface appears signifi-
cantly cleaner compared to its non-irradiated counterpart.
The reduced fouling deposition suggests that UV irra-
diation exerts a mitigating effect on membrane fouling,
possibly through the degradation of organic foulants or
enhanced fouling resistance imparted by the photodegra-
dation of foulants. These findings align with previous stud-
ies demonstrating the efficacy of UV irradiation in fouling
mitigation across various membrane materials [27].

One notable observation from Fig. 8 (b) is the absence of
any discernible damage or degradation to the PVDF-WO,
membrane structure following UV irradiation. This sug-
gests that the applied UV dosage does not induce signif-
icant polymer degradation or compromise the structural
integrity of the membrane. Such findings are crucial for
assessing the feasibility of photocatalytic-based fouling
control strategies in practical membrane filtration sys-
tems, as membrane durability and stability are paramount
for long-term performance.

4 Conclusion

In this study, the PVDF membrane was modified by adding
nano photocatalyst WO, to improve the membrane perfor-
mance, as seen from the flux and rejection values. The fil-
tration process using a photocatalytic membrane was car-
ried out in two conditions, dark and light, to see the effect
of using nano photocatalyst WO,, which has photocata-
lyst properties, to degrade the organic pollutant in process
water from rubber industry. The addition of nano photocat-
alysts produced membranes with better characteristics and
performance than PVDF membranes. PVDF-WO,-2%wt
membrane became the membrane with the best charac-
teristics and the best performance in flux values and pol-
lutant rejection. The use of nano photocatalysts allows the
membrane to physically separate pollutants through filtra-
tion and in the presence of photocatalytic degradation by
nano photocatalysts. This research can also contribute to
increasing the use of membranes in treating process water
treatment rubber industry into clean water.
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