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ABSTRACT

It is worth noticing that structure of nanomaterials affects the membrane performance, however,
the effect of diameter of multiwalled carbon nanotubes (MWCNTs) has not been discussed in
the past. This research aims to investigate the effect of diameter of MWCNTSs on the
performance of graphene oxide (GO)/ MWCNTSs nanocomposite membrane for methyl orange
dye removal. MWCNTs with different diameters (12-15 nm, 30-50 nm) with the same length
(< 10 pm) are used to synthesize the nanocomposite membrane. The characteristics of the
synthesized nanocomposite membrane were determined by surface hydrophilicity, pore size
and porosity, zeta potential, and Fourier-transfer infrared (FTIR) spectroscopy. Besides, the
membrane performance was evaluated by the water permeability test, dye rejection test, and
antifouling test. The result showed that pure MWCNTs (30-50 nm) nanocomposite membrane
(M2Db) has the best performance among the synthesized membrane. The dye rejection of M2b
membrane reached 86.77% and the normalized flux was approximately 0.82. Lower dye
rejection (83.37%) and normalized flux (0.76) were attained by M2a membrane with smaller
diameter MWCNTs (12-15 nm). This was due to M2b membrane having a smaller pore size
(0.032 nm), which helped reduce the tendency of dye to pass through the membrane. Besides,
M2b membrane has a more negative surface charge (-10.93 mV) that produces larger repulsion
force, resulting in more dye being rejected. In conclusion, the performance of the synthesized
nanocomposite membrane particularly antifouling properties can be enhanced with the addition
of MWCNTs with larger diameter.

Keywords: Diameter of nanotubes; graphene oxide, membrane antifouling, multiwalled carbon
nanotubes, nanocomposite membrane

1.0 INTRODUCTION During the past few decades, the
development of membrane
technologies has gained much attention.

It is used in the wastewater treatment

Plenty of wastewater was produced by
industries due to high water usage and

caused water scarcity, which is the
world’s top environmental problems
faced by human beings [1]. Textile
wastewater produced from textile
industries is one of the major
contributors to water pollution [2].

process due to few reasons including
small footprint, low chemical usage,
and high efficiency in separation
process [3]. However, it would face an
inevitable problem, that is membrane
fouling [4].
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There were few approaches to mitigate
the membrane fouling issue. The
development of the antifouling
membrane by reducing the interaction
of the membrane surface with the
foulants was introduced. Graphene
oxide (GO) was a monolayer with a
highly oxidative form and it consists of
different oxygen-containing functional
groups, including hydroxyl, carbonyl,
carboxyl, and epoxy groups [5]. Du et
al. [6] found out that by increasing the
content of the GO - zinc sulfide (GO-
ZnS) in the polyvinylidene fluoride
(PVDF) membrane, the contact angle of
the membrane would decrease, and this
showed that the hydrophilicity of the
membrane improved. Carbon
nanotubes (CNTs) including single and
multiwalled were one of the forms of
carbon nanomaterials and it had been
drawing attention in research nowadays
[7]. Bai et al. [8] used functionalized
multiwalled CNTs (MWCNTs) to
modify ultrafiltration (UF) membrane
and the result showed that the
antifouling properties of the modified
membrane were improved compared
with the virgin membrane.

The diameter of MWCNTs is an
important factor to be investigated to
enhance  the  performance of
nanocomposite membranes further. Jia
et al. [9] reported that the optimum
diameter of the CNT is approximately 1
nm. The larger the diameter of CNTs
would have lower water flux due to the
water viscosity increase when the
diameter increase. However, the water
transportation through the CNTs is fast
because CNTs having smooth surfaces.
The previous research reported that thin
long MWCNTs tends to cluster causing
the fraction of isolated nanotube to be
low [10]. The agglomeration of the
MWCNTs brings negative effects to the
membrane. Yang et al. [10] found that
the distribution of the MWCNTSs with
large diameter is more uniform in the
polymer matrix compared to a smaller
diameter. This is agreed by Kim et al.
[11] where their studies reported that
the tendency of aggregation of CNTs

with larger diameter is less compared to
the CNTs with smaller diameter. This is
related to the short and thick nanotube
with low flexibility and small surface
area [12]. This showed that the
dispersibility of the large diameter
MWCNTs is better. Hence, it reduces
the agglomeration of the MWCNTs and
improves the specific surface area [7].
In addition, Ajmani et al. [13] reported
a large diameter of MWCNTs was more
effective in removing large organic
macromolecules  causing  fouling.
Alsawat et al. [14] used (RosB)-2
molecules, a type of dye molecules to
determine the transport properties of the
MWCNTs with different diameter. The
result showed that the diffusional flux
of MWCNTs with smaller diameter was
higher than MWCNTs with larger
diameter. This was due to the
interactions between the dye molecules
with the CNTs increase when the
diameter was smaller. Past research also
showed the synergistic effect of
GO/MWCNTs nanocomposite
membrane owing to the stable three-
dimensional network structure formed
by GO and MWCNTs through n—m*
interactions [15, 16].

However, up to date, the effect of
diameter of MWCNTs in
GO/MWCNTs nanocomposite
membrane has not been reported. In that
case, the effect of the diameter of the
MWCNTs in GO/MWCNTs
nanocomposite membrane should be
studied to enhance the performance of
the membrane further. This research
investigated the effect of diameter of
MWCNTs towards the GO/MWCNTs

nanocomposite ~ membrane. First
objective of this research was to
synthesize GO/MWCNTs

nanocomposite membrane by using
direct blending method. Two different
MWCNTs diameters (12-15 nm, 30-50
nm) with the same length (<10 pm)
were used to determine the effect of
diameter. The weight ratio of carbon
nanomaterials (GO: MWCNTs) was
manipulated at 0:0, 0:10, 5:5, and 10:0
[17]. The performance of the
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synthesized nanocomposite membrane
was conducted including membrane
permeability test, dye rejection test and
also antifouling test. Methyl orange was
used as dye for the dye rejection test.

2.0 METHODS
2.1 Materials

GO sheet was used in membrane
modification and obtained from
previous research. Two different
diameters of MWCNTs (12-15 nm, 30-
50 nm) with same length (<10 um) were
used to study the effect of diameter in
this research and were purchased from
NanoAmor, USA. Polyvinylidene
fluoride (PVDF) powder was obtained
from ThermoFisher Scientific, USA
and was used to synthesize membrane.
N-N-di-methylacetamide (DMACc)
(assay GC area > 99%) was supplied by
Merck Co., Germany was used as
solvent to dissolve the PVDF. Methyl
orange was the dye used in the
evaluation of  the membrane
performance and it was purchased from
Alfa Aesar, USA.

2.2 Membrane Synthesis

The GO/MWCNTs nanocomposite
membrane was synthesized using a
direct blending method similar to the
method reported by Ho et al. [17]. The

GO and MWCNTs would be integrated
into the membrane matrices. First, GO
and MWCNTs (1 wt%) were dispersed
into DMAc under sonification using an
ultrasonicator Symphony 97043-932
(Avantor Inc., USA). After 30 minutes,
PVDF was added to the carbon
nanomaterials suspension. The mixture
was stirred for 4 hours at 250 rpm and
65 °C. Then, the solution was stirred for
another 4 hours at 250 rpm and 40 °C to
make sure PVDF was completely
dissolved in the mixture. The solution
was kept overnight in a desiccator to
remove the trapped air bubble in the
membrane polymer solution. After that,
the membrane polymer solution was
cast on a flat non-woven polyester
membrane support (CU414 Opti,
Neenah US) affixed on a glass plate
with the help of a film applicator and
bar coater. Membrane thickness was
fixed at 200 um using feeler gauge. The
glass plate containing the membrane
polymer solution was then immersed
into RO water bath for one day. This
was to ensure the solidification of the
membrane was completely done.
Finally, the synthesized membrane was
taken out from the water bath and stored
in fresh RO water. Table 1 shows the
membrane formulation in studying the
effect of diameter of the MWCNTs
toward GO/MWCNTs nanocomposite
membrane.

Table 1 Membrane formulation in studying the effect of diameter of the MWCNTSs toward

membrane

Membrane Diameter of Carbon nanomaterial ratio (g/g)
MWCNTSs (nm) GO MWCNTs

MO - 0 0

Ml - 10 0

M2a 12-15 0 10

M2b 30-50 0 10

M3a 12-15 5 5

M3b 30-50 5 5
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2.3 Membrane Characteristics
2.3.1 Surface Hydrophilicity

The surface hydrophilicity of the
membrane was determined by contact
angle with a contact-angle meter [18].
The membrane sample was affixed
tightly onto a glass slide with the help
of double side tape. Then, a water
droplet of approximately 13 pL was
dropped on the membrane surface and
the view was obtained by using a high-
speed camera of the contact angle meter
at frequency of 100 pcs/s. The image
obtained was interpreted using Drop
Shape Analysis (DSA) software to
compute the contact angle of the
membrane surface. The contact angle
was measured at three different spots to
minimize the experimental error.

2.3.2 Pore Size and Porosity

The gravimetric method was used to
determine the membrane porosity [19].
First, the membrane was immersed in
RO water for 12 hours. Then, the
membrane was cut into small pieces.
The dimension of the membrane piece
was approximate 1 cm x 1 cm. The
droplets on the membrane were wiped
gently by using filter paper and
weighed. Then, the membrane was
dried at 50 °C for 24 hours and weighed
again. The porosity of membrane was
determined using Equation 1 [20].
€ = Wiy wy 1
Tow ep .
where, ¢ = membrane porosity (%), wi
and w2 = wet and dry weight of the
membrane (g), pw = density of distilled
water (0.998 g/mL), and p, = density of
polymer (PVDF = 1.765 g/mL at 25
°0).

The membrane mean pore size was
determined using the Guerout-Elford-
Ferry equation as shown in Equation 2
[19].

,(2.90—1.758)8Vﬂ5
Tm = €PA 2)

where, rm = membrane mean pore
radius (m), € = membrane porosity (%),
V = water flow rate, (ms), u =
dynamic viscosity of water at 25 °C (8.9
x 10 Pa. s), 8 = membrane thickness
(m), P = operating pressure (Pa), and A
= membrane area (m?).

2.3.3 Surface Charge

Membrane surface charge was
determined by  zeta  potential
measurement using Zeta Sizer, Nano-
ZS. The membrane sample with
dimension 1 cm x 1 cm was affixed on
the zeta potential cell and immersed in
0.1 mM NaCl together with 300-350
nm latex particles at neutral pH.
Membrane surface charge was assessed
by the mobility of latex particles at
multiple distances away from the
membrane surface upon applying an
electric field at 25 V/ecm [17].

2.3.4 Functional Groups

FTIR spectrometer Spectrum 100
(PerkinElmer Inc., USA) was used to
determine the functional groups on the
GO/MWCNTs nanocomposite
membrane [21]. The operating
wavelength was in the range of 500 cm™
"'to 4000 cm™.

2.4 Membrane Performance
2.4.1 Membrane Permeability Test

First, the membrane was pressurized at
a constant pressure of 1.5 bar for 15
minutes to minimize the impact of
compaction [22]. Transmembrane
pressure (TMP) of 0.5, 1.0, and 1.5 bar
were applied for 10 minutes for each
pressure to conduct the membrane
permeability test. The membrane
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permeate flux is obtained by Equation 3
and the membrane permeability is
determined by the gradient of permeate
flux against TMP [23].

AV
J =5

€)

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

2.4.2 Dye Rejection Test

The ability of the membranes towards
dye rejection was tested using a 30
mg/L solution of methyl orange at 1 bar
in a stirred ultrafiltration cell MA-
01730 (Millipore, U.S.) for 15 minutes.
The dye rejection was determined using
Equation 4 [24].

—1_%
R =(1-22)x100 4)
where, R = membrane rejection (%), C,
= concentration of permeate (mg/L), Cs
= the concentration of feed solution
(mg/L)

2.4.3 Membrane Antifouling Test

This membrane antifouling test was
conducted using the 30 mg/L of dye

solution under 10 minutes of a dead-end
membrane filtration system. The
operating pressure and temperature
were fixed at 1 bar and 25 °C,
respectively [25]. Normalized flux was
obtained by using Equation 5.

Normalized Flux = ]]—1 (%)

where, J1 = permeate flux for membrane
filtration system using 30 mg/L dye
solution as feed, J = permeate flux of the
membrane at the first minute.

3.0 RESULTS AND DISCUSSION
3.1 Membrane Characteristics
3.1.1 Surface Hydrophilicity

Table 2 shows the contact angle result
for the synthesized membrane. The
result showed that the M1 membrane
has the highest contact angle meanwhile
the M2a membrane has the lowest
contact angle value. The images of
water droplet on M0, M1, and M2a
membranes were shown in Figure 1.

(b)

(©)

Figure 1 Images of water droplets on (a) MO, (b) M1, and (c) M2a membrane
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Table 2 Contact angle of synthesized
membrane

Membrane Conta(cot)Angle
MO 68.99 £ 0.55
M1 72.64 +1.99
M2a 68.62 = 1.68
M2b 70.41 +0.05
M3a 69.12+0.53
M3b 69.92 + 1.60

The contact angle value for the M0
membrane was 68.99° which was the
second-lowest of all the membranes.
After incorporating the GO into the
membrane, the contact angle of
membrane increases. This was probably
due to the concentration of GO being
too high causing GO to partially
agglomerate [26]. The result showed
that for pure MWCNTSs nanocomposite
membrane, the contact angle value of
M2b membrane was greater than M2a
membrane. The trend was the same for
GO/MWCNTs nanocomposite
membrane (M3a and M3b). This result
was similar as the result reported by
Mollhosseini et al. [27]. Larger
nanoparticle size would create a
membrane that has a larger contact
angle value. This situation happened
probably due to the surface roughness
of the membrane increasing. Air was
trapped and formed a gap between the
membrane surface and water droplet,
causing the water droplet to not contact
directly with the membrane surface,
resulting in increased water contact
angle [17].

3.1.2 Pore Size and Porosity

Table 3 shows the result of pore size
and porosity for the synthesized
membranes. The pore size of all
synthesized membranes was in the
range of 0.019 -0.04 pm. Hence it could
be considered as ultrafiltration (UF)
membrane (0.003 — 0.1 um) [28]. M3b

membrane has the largest pore size
while M1 membrane has the smallest
pore size. By adding the MWCNTs into
the PVDF membrane (M2a and M2b),
the pore size increased due to the
acceleration of the diffusion rate
between water and DMACc resulting in a
bigger pore size [29]. The pore size of
M2a membrane was bigger than M2b
membrane and this was probably due
MWCNTs with smaller diameters tend
to agglomerate compared to the larger
diameter [11]. This is consistent with
past studies that reported that the
tendency of aggregation of CNTs with
larger diameter is less compared to the
CNTs with smaller diameter [11]. This
is because the short and thick nanotube
has low flexibility and small surface
area [12]. If the agglomerate happened,
the pore structure of the membrane
would be affected and become larger.

For GO/MWCNTs nanocomposite
membranes (M3a and M3b), the
agglomeration was less significant due
to the addition of GO reducing the
tendency of  agglomeration  of
MWCNTs [30]. This was probably due
to the presence of oxygen-containing
groups on the GO that improved the
dispersibility of the MWCNTs. The
pore size of M3b membrane was larger
than the M3a membrane was probably
due to the larger diameter MWCNTs
formed larger porous structures in the
membrane polymer matrix during the
phase inversion process compared to
the smaller diameter of MWCNTSs [13].
For the porosity, M3a membrane
showed the highest value and the lowest
value was MO membrane. In general,
the porosity of the nanocomposite
membrane was higher compared to the
pure PVDF membrane. This was due to
the hydrophilicity  properties  of
MWNCTs that increase the diffusion
rate between water and DMAc during
the phase inversion process [29].
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Table 3 Pore size and porosity of
synthesized membrane

Pore Size  Porosity

Membrane (um) (%)
MO 0.022 50.55
M1 0.019 55.22
M2a 0.039 57.81
M2b 0.032 55.32
M3a 0.030 59.11
M3b 0.040 52.30

3.1.3 Surface Charge

Figure 2 shows the result of zeta
potential  for  the  synthesized
membranes. M3a membrane has the
lowest zeta potential and M1 membrane
have the highest zeta potential. The
result shows that MO membrane has the
second-lowest negative charge among
all synthesized membranes. The zeta
potential for M2a membrane was

5

greater than M2b membrane. This result
showed that the negative charged was
lower for the larger diameter of
MWCNTs than the smaller diameter.
This result showed the same trend as the
studies conducted by Zhang et al. [31].
This was probably due to the zeta
potential would be affected by the
dispersibility of the nanomaterials [32].
Since the dispersibility of larger
diameter MWCNTs was  better
compared to the smaller diameter, the
zeta potential of M2b membrane was
lower than M2a. The reason for M3a
membrane having the highest potential
was the negatively- charged —-COOH
functional groups present on the GO
nanosheets [17]. M3b membrane has
high zeta potential value was probably
due to the partial agglomeration of GO
since the dispersibility would affect the
zeta potential value [26].

o

/eta Potenftial (mV)

-20

-25

-30

: ++;l

MO M1

M2(a) M2(b) M3(a) M3(b)

Figure 2 Zeta potential of synthesized membrane

3.1.4 Functional Groups

Figure 3 shows the FTIR result of the
synthesized membranes. From the
result, a peak of the wavelength of 1717
cm! could be observed for all
synthesized membranes. This peak was
contributed by carboxyl (C=0) groups.

Besides, peaks of wavelength of 1248
cm™ and 1101 em™ was shown and this
represented the presence of the epoxy
(C-0-C) and alkoxy (C-O) groups,
respectively [21]. The population of
C=0 group of the M1 membrane was
higher than M0 membrane since the
transmittance peak was lower. For the
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M?2a and M2b membrane, the presence
of C-O-C group was more significant.
The trend was similar for the
GO/MWCNTs nanocomposite

Kah Chun Ho et al.

membrane. In addition, there was a
peak found at 1410 cm™ for M3b
membrane and this was probably due to
the B- phase of the PVDF [19].

| Mo

M3a

M2b

Mla

M1

Mo

4000 3300 3000

2500
Wavenum

2000

ber (cmh)

Figure 3 FTIR spectrum of the synthesized membrane

3.2 Membrane Performance
3.2.1 Membrane Permeability

Figure 4 shows the result for the water
permeability test of the synthesized
membrane. The result showed that the
membrane with the highest
permeability was M3b membrane
meanwhile M1 membrane has the

lowest water permeability. The
membrane permeability for the MO
membrane was  considered low

compared to the membrane modified by
MWCNTs and GO/MWCNTs. The
pore size result could support this result.
The pore size of the modified
membrane (0.030 - 0.04 pm) was much
larger compared to the pure PVDF
membrane (0.022 pm). Hence, more
water molecules could pass through the
membrane. Besides, MWCNTs were
hydrophilic resulting in it could attract
the water molecule inside the polymer
matrix and helping the water molecule

to permeate easily. The water
permeability of M1 membrane was the
lowest among the  synthesized

membrane. The pore size of the M1
membrane was the smallest
contributing to the lowest water
permeability. M2a membrane has
higher water permeability (139.33
L/m>hbar) than M2b membrane
(108.40 L/m?.h.bar) since the pore size
of M2a membrane was larger than M2b
membrane. Besides, the contact angle
for the M2a membrane was smaller than
the M2b membrane. Hence, the
hydrophilicity of M2a membrane was
higher than the M2b membrane. Larger
diameter of MWCNTs has lower water
flux could probably due to the
membrane polymer solution viscosity
increasing when the diameter of the
MWCNTs increased [33].

For the water permeability of
GO/MWCNTs nanocomposite
membrane, the membrane with a larger
diameter (M3b) showed better water
permeability than the smaller diameter
(M3a). This result showed the same
trend as the pore size that M3b
membrane has larger pore size.
However, the contact angle result
showed that the hydrophilicity of M3a
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membrane was better than M3b
membrane. This was probably due to
the pore size of the membrane having
higher impact on the water permeability
compared to the water contact angle
[34]. Moreover, when the increase in
MWCNTs diameter, more water
molecules were filtered resulting in
increased water permeability [35]. By

160

comparing the synthesized membrane,
M3b has the best performance in the
water permeability test. Thomas and
Corry [36] obtained the same result as
this research showing that the
permeability increased with larger
diameter of MWCNTs wused in
membrane modification.

140

Permeablity (L/m2.hiar)
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40

) l .
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M2(k) M3[al M3(k)

Figure 4 Water permeability result of synthesized membrane

3.2.2 Dye Rejection Test

Figure 5 shows the dye rejection result
for all synthesized membranes. M2b
membrane has the highest dye rejection
meanwhile M3b membrane has the
lowest dye rejection among the
synthesized membrane. The dye
rejection for MO membrane and M1
membrane could be considered similar
because there was no significant
difference between the dye rejection
values. This was probably due to the
pore size of MO membrane and M1
membrane have not big difference,
which were 0.022 pum and 0.019 um,
respectively. For the MWCNTs
nanocomposite membrane, the dye
rejection result for the M2b membrane
was higher compared to M-2a

membrane. This result was supported
by the surface charge of the membrane.
Since methyl orange is negatively
charged, M2b membrane with a more
negative surface charge has a larger
repulsion force, resulting in more dye
being rejected. This result was
supported by the result reported by [37]
which by using a larger nanoparticle
size in membrane modification, the dye
rejection would increase. Besides, M2b
membrane has smaller pore size
compared to M2a membrane and this
also helped to reduce the tendency of
dye to pass through the membrane.
Zhang et al. [31] get the same result as
this research showing that the smaller
pore size of the membrane has a higher
selectivity.
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Figure 5 Dye rejection test

For GO/MWCNTSs membrane, the
dye rejection of M3a membrane was
higher than M3b membrane. However,
this result was different from the result
expected which by wusing larger
nanoparticle size in modification of
membrane, the dye rejection would
increase [37]. This was probably due to
the lower zeta potential in the M3a
membrane (-24.2 mV) compared to
M3a membrane (-2.61 mV). The
performance of the M3b membrane was
not as expected, it could also reject the
dye until 57.4%. However, the result
was considered acceptable because the
size of the methyl orange (0.006-0.008
um) was much smaller than the pore
size of M3b membrane (0.040 pm) but
it could still rejection above 50% [38].

3.2.3 Membrane Antifouling Test

Figure 6 shows the result of the
antifouling test of the synthesized
membrane. The result showed that the
M2b membrane has the highest
normalized flux which indicates the
best antifouling characteristic.
Meanwhile, MO membrane has the

lowest normalized flux among the
synthesized membrane. The normalized
flux was increased by about 9.47%
when GO was used to modify the PVDF
membrane. For pure MWCNTs
membrane, M2b membrane showed
higher normalized flux approximately
8.22 % compared to M2a membrane.
This was supported by the surface
charged result which the zeta potential
of the M2b membrane (-10.93 mV) was
lower than the M2a membrane (-1.81
mV). Since the methyl orange was
negatively  charged, the surface
repulsion force towards the dye for the
M2b membrane was greater resulting in
reduced the tendency of membrane
fouling [39].

For the GO/MWCNTs membrane,
M3b  membrane showed better
normalized  flux, 1.96%  higher
compared to the M3a membrane. This
result was probably due to the pore size
of the membrane. Since the pore size of
M3b membrane was larger compared to
M3a membrane, the dye would not
block the membrane pore easily, hence
the antifouling property of the M3b was
enhanced [29].
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Figure 6 Result of antifouling test of synthesized membrane

4.0 CONCLUSION

This project was carried out to
investigate the effect of diameter of
MWCNTs on the performance of
GO/MWCNTs nanocomposite
membrane for methyl orange dye
removal. MWCNTs with different
diameters (12-15 nm, 30-50 nm) with
the same length (<10 pum) of MWCNTs
were used to  synthesize the
nanocomposite membrane. It could be
identified that the membrane with larger
MWCNTs diameter (M2b) has the best
performance compared to other
synthesized membrane. This was due to
the dye rejection and also the
normalized flux of the M2b membrane
was the highest among the synthesized
membrane. This is because the
dispersibility of the large diameter
MWCNTs is better. This proves that by
incorporating  larger diameter of
MWCNTs into the membrane polymer
matrix, the performance of the modified
membrane  would be improved
compared to the small diameter of
MWCNTs due to the enhanced
membrane characteristics such as zeta
potential.
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