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ABSTRACT

This research aims to examine the performance of photocatalytic nanocomposite membrane

for methyl orange dye (MO) removal. Multiwalled carbon nanotubes (MWCNTs) and
titanium dioxide (TiOz) are used as nanofillers to produce photocatalytic membranes via in-
situ colloidal precipitation method. The weight ratio of MWCNT:TiOz were manipulated at
10:0, 5:5, and 0:10 with nanomaterials concentration of 0.1 g/L. The membranes were
characterized by surface hydrophilicity, porosity and pore size, and surface charge. The
membrane performance was assessed using dead-end membrane filtration method to
determine water permeability, dye rejection, and fouling propensity. Pure TiOz membrane
improved water permeability by 22.57% due to increasing hydrophilicity and large porosity.
For dye rejection, pristine membrane outperformed the nanocomposite membranes with a
rejection of 25.52% due to the small membrane pore size by sieve mechanism. Lastly, all the
nanocomposite membranes showed better antifouling properties with higher normalized
flux for pure MWCNTs (0.6822), TiOz (0.6781), MWCNT/TiO: (0.7239) membranes relative
to the pristine membrane (0.6039). The pure TiO2 membrane has the highest improvement
in flux recovery (19.87%) due to dye photodegradation under UV light assisted in membrane
cleaning and defouling. Overall, this study demonstrates that photocatalytic nanocomposite
membrane can be produced via in-situ colloidal precipitation method.

Keywords: In-situ colloidal precipitation method, Multiwalled carbon nanotubes,
Nanocomposite membrane, Titanium dioxide

1. INTRODUCTION

Wastewaters containing dyes are unsafe for humans, aquatic life, and microorganisms. These
dyes and chemical compounds break down and pollute the soil, sediments, and surface waters
consequently posing a major global environmental danger [1]. Therefore, dye wastewater must
be treated according to the legal guidelines to protect the environment. Membrane processes are
special technology for wastewater treatment that has many benefits, including high efficiency,
ease to use, no phase changes, high selectivity, and minimal energy utilization [2, 3]. Nevertheless,
the membrane fouling restricts membrane-wide applications because of foulant adhesion and
flux deterioration [4, 5].

Recently, it has been reported that photocatalytic membranes can effectively minimize
membrane fouling [6]. As UV or visible light reaches the photocatalytic membrane, the
photocatalyst generated hydroxyl radicals (¢OH) that oxidize the organic foulant into carbon
dioxide and water. This reduces the adhesion of foulant, hence recovering the water flux.
Nanomaterials like titanium dioxide (TiO:) have shown great potential as photocatalyst to
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produce photocatalytic membranes. TiO; is the most photoactive material because of its capacity
for oxidizing, chemical strength, and low cost; but TiO, has not achieved the anticipated
photocatalytic behavior due to wide band gaps (3.0-3.2 eV between phases) [7]. Theoretically,
the efficiency of photoinduced electron transfer of TiO; can be enhanced by pairing it with a good
electron acceptor. Multiwalled carbon nanotubes (MWCNTSs) are excellent electron acceptors that
can receive electrons by light irradiation. Then, the electrons can transport to the conduction
band of TiO», thus improving the rate of photocatalysis reactions [8]. However, the main problem
of using nanomaterials in membrane fabrication is aggregation. High nanomaterial
concentrations may cause nanomaterial aggregation and membrane defects [7].

In-situ colloidal precipitation is instantaneous membrane pore formation and nanomaterials
incorporation in the coagulation bath. Meng et al. [9] reported that graphene oxide (GO) in
coagulation bath (5-20 mg/L) has decreased the contact angle of the synthesized membranes
indicated improved hydrophilicity due to the attachment of hydrophilic GO onto the membranes.
Similarly, Zhang et al. [10] reported that the increase of carbon nanosphere (CNS) concentration
from 0 mg/L to 400 mg/L has decreased contact angle and increased negatively-charged
potential of membranes, suggesting a strong potential for membrane modification. These studies
proved that in-situ colloidal precipitation method has managed to produce nanocomposite
membrane with uniformly distributed nanomaterials to enhance membrane performance
without the compensation of membrane characteristics. Nevertheless, to the best of our
knowledge, MWCNTs/TiO, has not been investigated as hybrid nanofillers to synthesize
photocatalytic nanocomposite membrane via in-situ colloidal precipitation method.

The objective of this study is to fabricate MWCNTs/TiO, photocatalytic nanocomposite
membranes and study the effect of nanomaterial ratio (MWCNTs:TiO;) on membrane
performance. The membrane properties including hydrophilicity of the surface, porosity, and
pore size were characterized. Synthetic methyl orange (MO) dye was used to investigate the
membrane performance during the dead-end membrane filtration system.

2. MATERIAL AND METHODS
2.1 Materials

TiO; purity of 299.5% with a nanoparticle size of 21 nm was obtained from Sigma Aldrich,
Malaysia. MWCNTSs purity of >97% with length of 3-15 um and diameter of 12-15 nm were
obtained from Ugent Tech, Malaysia. Dimethylacetamide (DMAc) (grade of 299%) supplied by
Merck Co., Germany was used to dissolve polyvinylidene fluoride (PVDF) (PVDF T-1) supplied by
Shanghai Ofluorine. MO was purchased from Evergreen Engineering and Resources, Malaysia.

2.2 Membrane Synthesis

Membrane synthesis via in-situ colloidal precipitation method is divided into three stages:
coagulation bath preparation, polymer solution synthesis, and membrane casting. The
coagulation bath was prepared using various MWCNT:TiO, weight ratios (10:0, 5:5, and 0:10) at
concentration of 0.1 g/L. MWCNTs/TiO, were added to RO water and sonicated using
ultrasonicator (Avantor Inc., USA) for 30 minutes to improve nanomaterial stability in a
coagulation bath. Then, PVDF powder was dissolved in DMAc and agitated at 250 rpm for 4 hours
at 65°C using a magnetic stirrer. Then, it was agitated for another 4 hours at 40°C at 250 rpm [11].
PVDF: DMAc membrane polymer solution was fixed at 15:85 (wt%) [12]. The membrane polymer
solution was left idle 24 hours to degas. Lastly, approximately 25 mL of the membrane polymer
solution was poured on membrane support (CU414 Opti, Neenah US). The motorized film
applicator and bar coater were used to cast a 200 pm thin film with thickness at a speed of 7 cm/s
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[13]. Then, the thin film was submerged directly into the prepared coagulation bath. The
membrane was held for one day to guarantee phase inversion [14]. Table 1 shows the formulation
of membrane polymer solution and coagulation bath.

Table 1 Membrane polymer solution and coagulation bath formulation

Nanomaterials ratio

Membrane Concentration of nanomaterials in bath
abbreviation (&/8) . (g/L)
MWCNTs TiO2
Mila 0 0 0
M1b 10 0 0.1
Mic 5 5 0.1
M1d 0 10 0.1

2.3 Membrane Characteristics

2.3.1 Surface Hydrophilicity

Surface hydrophilicity was determined using an Attention Theta contact angle goniometer (Biolin
Scientific, Sweden). A high-speed camera system was installed at a contact angle goniometer. The
water droplet fell onto the membrane surface and images were automatically taken. The captured
image was studied using OneAttension software to calculate the contact angle.

2.3.2 Porosity and Pore size

A gravimetrical approach based on water sorption was employed to calculate the volume of liquid
occupied in membrane pores [15]. The pre-soaked membrane was then chopped into tiny pieces
(1 cm X 1 cm). Membrane thickness was measured using a micro thickness gauge. The porosity
of the membrane was measured with Equation 1 [16]:

wi-wy

Pw Pp

where, € is the membrane porosity, (%), W; is the wet weight of the membrane, (g), W, is the dry
weight of the membrane, (g), py is the density of distilled water, 0.998 g/mL, pp is the density of
the polymer, PVDF = 1.765 g/mL at 25°C [17].

Guerout-Elford-Ferry based on filtration velocity was used to calculate the mean pore size of the
membrane as shown in Equation 2 [18]:

_ ,(2.9—1.758)8171Q
T = EXAXAP (2)

where, 13,is the membrane mean pore radius, (m), € is the membrane porosity, (%), n is the water
viscosity, 8.9 x 104 Pa s, l is the membrane thickness, (m), @ is the permeate volume per unit time,
(m3/s), A is the membrane area, (m?) and AP is the operational pressure, (Pa).
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2.3.3 Surface Charge

The membrane surface charge was determined by the Zeta Sizer, Nano-ZS (Malvern Instruments
Inc., UK). The membrane sample was mounted on zeta potential cell, ZEN 1020 (Malvern
Instruments Inc., UK), and immersed in saline solution containing latex with particle size of 300-
350 nm. The mobility of latex particles at various distances from the membrane sample was used
to assess the charge on the membrane surfaces.

2.4 Performance Evaluation of Membrane
2.4.1 Membrane Permeability Test

Performance of membranes synthesized using in-situ colloidal precipitation method was
evaluated using a dead-end membrane filtration system. Figure 1 shows the dead-end membrane
filtration system consisting of ultrafiltration cell Millipore 8050 (Merck, Germany) [19].
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Figure 1. Dead-end membrane filtration setup [19]

Prior to the membrane permeability test, the membrane was compacted with a steady 3 bar
pressure for 20 minutes to minimize compaction effects. During the permeability test, RO water
at various trans-membrane pressure (TMP) of 0.5,1.0, and 1.5 bar was applied. Membrane flux
was calculated by permeate volume obtained over the permeation period using Equation 3 [20]:

_
T AAt (3)

J
where, | is the permeate flux, (L/m2 h), AV is the permeate volume, (L), A is the effective
membrane filtration area, (m?) and At is the permeation time, (h).

2.4.2 Dye Rejection Test

In the rejection experiment, 30 mg/L MO was used as feed. The membrane was tested for 25
minutes at 1 bar. Rejection of MO was measured at a 5-minute interval and determined using
Equation 4 [21]:

e

Pl % 100% (4)

R=[1—
Cy
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where, R is the membrane rejection, (%), Cp is the concentration of permeate, (mg/L) and Cy is
the concentration of feed solution, (mg/L).

2.4.3 Membrane Antifouling Test

A similar setup in Figure 1 was used to test membrane antifouling characteristics. The distance
between the membrane surface and the UV light SLV/25 15W UV-C light (Philips, Malaysia) is 45
cm. At this distance, a thermometer's reading of light heating might be ignored [22]. The dead-
end cell was initially filled with 30 mg/L MO, and membrane filtration was operated for 30
minutes at 1 bar. Then, the UV light was powered on for 5 minutes to start the photocatalysis
process every 5-minute interval. The process was repeated for 3 cycles. Membrane antifouling
properties were defined as normalized flux calculated by Equation 5:

Normalized Flux = ]71 (5)

where, /; is the permeate flow system with MO dye as feed solution for membrane filtration, and
J is the pure water flux.

3. RESULTS AND DISCUSSION
3.1 Membrane Synthesis

Figure 2 shows the optical images of the synthesized membrane via in-situ colloidal precipitation
method. As shown, the pristine membrane (M1a) was observed to be colorless while the pure
MWCNTs membrane (M1b) appeared black and pure TiO, membrane (M1d) appeared white. This
is because the physical appearance of MWCNTSs and TiO; nanomaterials are black and white,
respectively [23]. Meanwhile, the MWCNTs/TiO, membrane (M1c) shows a lighter color than the
pure MWCNTs membrane (M1b). From observation during the in-situ colloidal precipitation
process, the DMAc solvent diffused out from the membrane polymer solution while the
nanomaterials and water moved into the membrane matrix. Figure 3 shows the schematic
diagram of membrane formation via in-situ colloidal precipitation method. This process induced
the instantaneous membrane pore formation and nanomaterials incorporation without altering
the membrane structure significantly [24].

Figure 2. Optical images for: (a) M1a, (b) M1b, (c) M1c, and (d) M1d membranes synthesized via in-situ
colloidal precipitation
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Figure 3. Schematic diagram of membrane formation via in-situ colloidal precipitation method
3.2 Membrane Characteristics
3.2.1 Surface Hydrophilicity

Table 2 indicates the contact angle of membranes measured in 3 separated spots of the
membrane. As seen, the contact angle of the pristine membrane (Mla) is 59.46°. The
incorporation of pure MWCNTs and TiO, to membranes has increased the contact angle to 76.17°
(M1b) and 71.11° (M1d). This is due to the development of water droplets between
nanomaterials and the surface of membranes as evidenced by images of water droplets on M1a
and M1b (Figure 4). Unlike the conventional direct blending method, the nanomaterials tend to
adhere on the membrane surface during the in-situ colloidal precipitation, increasing the
membrane roughness. Nevertheless, it should be emphasized that the contact angle measurement
is influenced by membrane surface hydrophilicity and other membrane surface properties such
as functional groups, zeta potential, and surface roughness [25]. Studies have reported that a
membrane surface that is chemically hydrophobic will become even more hydrophobic when
surface roughness is increased [26].

Table 2 Contact angle of membranes

Membrane Contact Angle (°)
Abbreviation  qstTrja]  2ndTrial 3t Trial Average
M1la 57.13 61.79 59.46 59.46 + 1.90
M1b 73.50 77.32 77.69 76.17 £ 1.89
Milc 44.00 46.01 46.65 45.55+1.13
M1d 73.50 71.63 68.19 71.11 £ 2.20
() (b)

Figure 4. Images of water droplets on (a) M1a and (b) M1b membranes
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For MWCNTs/TiO, membrane (M1c), the contact angle decreases from 59.46° (M1a) to 45.55°
(M1c) signifying that the membrane has higher hydrophilicity. Unlike the pure MWCNTs (M1b)
and TiOz (M1d) membrane, the incorporation of MWCNTs/TiO; in weight ratio of 5:5 has helped
the uniform dispersion of TiO, on the MWCNTs surface and implying a strong interphase
structure effect between TiO; and MWCNTSs [27]. MWCNTSs and TiO formed strong interphase
structure by carbonyl group coordination and ester bonding between carboxyl group of MWCNTSs
and TiO;. Hence, the mixture of MWCNTs/TiO, nanomaterials incorporated evenly on the
membrane surface during the in-situ colloidal precipitation and formed a smoother surface. This
resulted in the M1c membrane wet spontaneously with water and reduced contact angle.

3.2.2 Porosity and Pore Size

Table 3 shows the porosity and mean pore size radius of the membrane. In general, the porosity
of the synthesized membranes improved with the incorporation of nanomaterials on the
membrane surface. This is because of the incorporation of MWCNTSs and TiO, nanomaterials
increasing solvent outflux and water influx thermodynamics in solution equilibrium hence
forming a more porous membrane [28]. Besides, it is worth to note that TiO; increased membrane
porosity (56.18 %) more than that of MWCNTSs (44.11 %) when they are added to the membranes.
This is because MWCNTs did increase the viscosity of the coagulation bath and result in a
decrease in mutual diffusion rate hence lower porosity increment compared to TiO [29].

In terms of pore size, the incorporation of MWCNTs and MWCNTs/TiO, reduced the membrane’s
pore size (M1b, M1c). This is because of the structures of long and fibrous MWCNTSs (length <10
um) being capable of blocking the membrane pore, leading to the reduction of pore size. Whereas,
the irregularly shaped TiO; size of 21 nm could be located inside some of the pore walls, hence
water is still capable of passing through the membrane easily. This is also in agreement with the
findings by Esfahani et al. [30], where their research prepared nanocomposite membranes using
varying ratios of TiO, and MWCNTs at fixed concentration constant of 1 wt%. They reported that
the membrane pore size was dominated by MWCNTs effects relative to TiO».

Table 3 Porosity and mean pore radius of membranes

Membrane Abbreviation  Porosity, € (%) Mean pore radius rm (nm)

M1la 40.60£15.25 748.09+74.66
M1b 44.11+11.35 688.00+73.28
Mi1c 49.30£10.51 674.87+11.65
Mid 56.18+14.58 819.72+63.52

3.2.3 Surface Charge

Figure 5 shows the surface charge of membrane determined by zeta potential. The zeta potential
of the pristine membrane (M1a) is slightly negatively charged (-8.30 mV). This is because of
adsorption of counter anions such as chloride and hydroxyl ions onto hydrophobic PVDF
membrane surfaces [31]. The incorporation of nanomaterials (MWCNTSs and TiO2) increased the
zeta potential of synthesized membranes to -0.78 mV (M1b), +1.61 mV (M1c), and +5.39 mV
(M1d). This is because both MWCNTSs and TiO: possess positive charges of +13.87 mV and +0.61
mV, respectively [32][33]. Hence, the incorporation of these nanomaterials neutralizes the
negativity of anions adsorbed on membrane surface and subsequently increases the positivity of
the membrane. As the MO dye is anionic azo dye (negatively charged), it is expected that the MO
dye will be more readily attracted by the positively charged membrane surface (M1c and M1d)
and affecting membrane rejection and fouling propensity.
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Figure 5. Zeta potential of membranes
3.3 Membrane Performance
3.3.1 Membrane Permeability Test

Figure 6 shows the water permeability of the synthesized membranes. As shown, the pristine
membrane (M1a) has a water permeability of 48.33 L/m2.h.bar. The incorporation of MWCNTs
and MWCNTSs/TiO; decreased the water permeability of the membranes to 41.45 L/m2h.bar
(M1b) and 43.82 L/mz2h.bar (M1c), respectively. This is supported by the membrane pore size
presented in Table 3. The M1b and M1c membranes have smaller pore size (674.87-688 nm)
compared to the M1a membrane (748 nm), hence, water has a higher resistance to permeate
through the membrane resulting in lower water permeability. Besides, it is worth noting that the
impact of pore size of the membranes on membrane permeability is more significant compared
to hydrophilicity at the surface [34]. It is reported that 50 % of the solvent flow is through 20-
25 % of the membrane pores for ultrafiltration process [35]. Whereas, the pure TiO, membrane
(M1d) has a higher water permeability (59.23 L/m2.h.bar) than the pristine membrane (M1a).
This is owing to the higher porosity and pore size of the nanocomposite membrane that allows
faster permeation of water as shown in Table 3. However, having larger pore sizes results in a
lower separation factor which may affect the membrane rejection.
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Figure 6. Permeability of membranes
3.3.2 Membrane Rejection Using Dye

Table 4 shows the dye rejection of membranes measured at 5-minute interval of membrane
filtration. A comparatively low rejection performance was realized for the membranes in this
study. This is attributed to the low molecular weight of MO dye and large pore size of synthesized
membranes. The molecular diameter of MO dye is approximately 6-8 nm while the pore radius of
the synthesized membrane is 674.87-819.72 nm [36]. Hence, the MO dye passes through the
membrane pore freely and resulted in low rejection.

For the first cycle, the pristine membrane (M1a) shows the highest rejection (25.52%) of MO
compared to other nanocomposite membranes (10.36-16.97%). This is justified by electrostatic
repulsion by the surface charge of the membranes and dye. As the MO dye is anionic azo dye
(negatively charged), it will be repelled from the membranes that have a more negatively charged
surface. As illustrated in Figure 5, the zeta potential of pristine membrane (M1a) is the lowest (-
8.30 mV), hence the repulsion of negatively-charged MO dye from the negatively-charged
membrane is the highest. This resulted in the highest rejection of dye in the pristine membrane
(M1a). The pure TiO; membrane (M1d) has the lowest rejection (10.36%) of MO amongst all the
synthesized membranes. This is because the M1d has the largest pore size (819.72 nm) and the
highest zeta potential (+5.39 mV), hence the MO dye is ready to diffuse into the pores and the
membrane surface, decreasing the rejection values [37]. The concentration of MO in the permeate
obtained using M1d ranges from 26.89-29.39 mg/L.

Table 4 Membrane rejection

Time (min) Rejection (%)
Cycle
M1la M1b Milc Mid
First cycle 5 25.5208 11.1292 169677 10.3586
10 UV Cleaning
Second cycle 15 11.5501 6.0561 7.3948 6.8317
20 UV Cleaning
Third cycle 25 6.1598 1.4226 5.1225 2.0451

After 5 minute of membrane filtration, the membranes were exposed to UV light to initial the
photocatalysis for 5-minute duration. It can be observed from Table 4 that the rejection of dye
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has decreased for all the synthesized membranes. As the membrane filtration proceeds, the MO
dye forms a thicker cake layer on the membrane surface resulting in cake-enhanced
concentration polarization. The accrued dye solutes at the membrane surface increase the
concentration gradient across the membrane resulting in rise of permeate concentration and
thus, a reduction in dye rejection. This result is also consistent with Yangali-Quintanilla et al. [38].
They found that NF-200 membrane fouling with sodium alginate worsened the performance of
the membrane. Thus, membrane fouling affects the rejection of hydrophilic neutral compounds
and hydrophilic and hydrophobic ionic compounds. This is because of the restricted back
diffusion of compounds to the bulk solution and resulting transport across the membrane.

Besides, it is observed that membrane UV cleaning helps to retain the rejection of MO dye in
certain membranes. Despite the rejection of dye decreased after UV cleaning, the decrease of the
MO dye rejection is the lowest for pure TiO; membrane, M1d (34.05%) and MWCNTs/TiO-
membrane, M1c (30.73%) compared to pristine membrane, M1a (54.74%) and pure MWCNTs
membrane, M1b (76.51%). As shown in Table 4, the dye rejection performance of M1d merely
decreased by 34.05% from 10.36% to 6.83% while the dye rejection performance of Mla
decreased significantly by 54.74% from 25.52% to 11.55%. This can be explained by the
synergism of photocatalysis and filtration by UV light under the presence of TiO; photocatalyst.
The catalytically active edges of TiO; triggered the photocatalytic synthesis of radicals that attach
to the MO dye, subsequently achieving mineralization [39].

3.3.3 Membrane Antifouling Using UV Light

Figure 7 shows the membrane antifouling properties represented by normalized flux as a
function of time. In general, MWCNTSs/TiO, photocatalytic nanocomposite membranes have
better antifouling properties with higher normalized flux values of 0.6822 (M1b), 0.6781 (M1c),
and 0.7239 (M1d) compared to the pristine membrane, M1a (0.6039) after 25 minutes. This is
mainly attributed to the membrane surface charge.

For the first cycle, the pure MWCNTs (M1b) membrane displayed the best antifouling properties
indicated by the highest normalized flux (0.91). This can be explained by the surface charge of the
M1b membrane. As revealed by Figure 5, the zeta potential of M1b membrane is -0.78 mV, hence
more of the negatively-charged MO dye will be repelled from the negatively charged M1b
membrane surface. Despite the M1a membrane having a lower zeta potential of -8.30 mV, the
water permeability of the M1a membrane is higher, forming a thicker cake layer on the membrane
caused by the high permeation drag [40]. Owing to high permeation drag, partial of the MO dye
overcame an energy barrier before they contacted the membrane surface, hence causing higher
fouling propensity. On the contrary, the MWCNTs/TiO; (M1c) membrane has a surface charge of
+1.61 mV, hence the negatively charged MO dye is more readily adsorbed to the positively
charged membrane surface and causes severe membrane fouling.
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Figure 7. Normalized flux of membranes as a function of time

After 5 minute of membrane filtration, the membranes were exposed to UV light to initialize the
photocatalysis for 5-minute duration. As seen from Figure 7, the pure TiO; (M1d) membrane
displayed the best antifouling properties indicated by the highest normalized flux in the second
cycle (0.82) and third cycle (0.72). This can be best explained by the photodegradation of dye by
UV light under the presence of TiO. photocatalyst. The produced free radicals generated by
photoexcited electron-hole pairs on TiO; photocatalyst are responsible for breaking the MO
organic compounds that stubbornly adhered inside the pores and on the membrane surface. This
reduced the cake layer formed by MO dye, hence recovered the initial membrane flux. As
mentioned, the molecular size of MO is significantly smaller than membrane pore size; it is
expected that the photodegradation of dye could occur on the membrane surface and within the
pores. As the photodegradation proceeds, the oxidized byproduct of MO dye includes carbon
dioxide and water could pass through the membrane easily [41]. As compared to MWCNTs/TiO,
membranes (M1c), the M1c membrane cannot attain the expected normalized flux. This could be
due to the interaction of TiO2 nanoparticles with MWCNTs which change the process of e--h+
formation by inducing charge transfer behavior and enhance photocatalytic properties of TiO-
under visible light irradiation [42]. Hence, the UVC irradiation provided in this experiment may
not able to trigger the photocatalytic activity of MWCNTs. This is in agreement with study by
Krissanasaeranee et al. [43] that CNTs could decompose contaminants under UV-Vis light.

4. CONCLUSION

In conclusion, this study has successfully developed novel photocatalytic nanocomposite
membrane using MWCNTSs and TiO; as nanofillers via in-situ colloidal precipitation method. The
incorporation of nanomaterials like MWCNTs and TiO; has significantly impacted the membrane
characteristics. The incorporation of MWCNTSs and TiO; increases solvent outflux and water influx
thermodynamics in solution equilibrium, hence forming a more porous membrane. For pore size,
the incorporation of MWCNTs and MWCNTs/TiO; reduced the pore size of the membranes
because of the long and fibrous MWCNTSs blocking the membrane pore. In terms of membrane
performance in MO dye removal, the pure TiO, (M1d) membrane displayed the best antifouling
properties indicated by the highest normalized flux in the second cycle (0.82) and third cycle
(0.72). This is because of the photodegradation of dye by UV light under the presence of TiO>
photocatalyst. The produced free radicals generated by TiO; photocatalysts are responsible for
breaking the MO organic compounds that stubbornly adhered on the membrane surface and
inside the pores. Unfortunately, MWCNTSs fail to attain the expected antifouling properties.
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Further research should investigate the wavelength of UV-vis light for attaining outstanding
photocatalysis and filtration for dye wastewater treatment.
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