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ABSTRACT

Polysulfone (PSF) membranes blended with cellulose nanocrystals (CNC) and graphene oxide
(GO) nanofiller were prepared for copper removal in this study. The impacts of single CNC, GO,
and mixed CNC-GO addition on the morphology, hydrophilicity, permeability, copper ion rejec-
tion, and membrane binding capacity were discussed. Scanning electron microscopy results showed
that incorporating CNC, GO, and CNC-GO resulted in a more porous membrane structure with a
high porosity value. The hydrophilicity of hybrid CNC-GO-PSF membranes were improved with
the increment of CNC content and inclusion of the GO filler. Hybrid membranes showed a signifi-
cant increment of flux compared to pristine PSF membrane. The water flux of the hybrid P-1GO-2C
membrane is 8-fold higher than the pure PSF membrane (3.31 L/m>h). However, the copper rejec-
tion of the hybrid CNC-GO-PSF membranes was less than 50%. The increment of the CNC in the
hybrid CNC-GO-PSF membrane increases the membrane porosity, and the sub-layer structure
of the membrane is becoming very loose. In adsorptive filtration mode, the GO-PSF membrane
showed the highest copper binding capacity of 8.49 mg-Cu/g membrane.

Keywords: Cellulose nanocrystal; Hybrid membrane; Copper removal; Graphene oxide; Water
treatment

1. Introduction

Contamination of heavy metals in water has become a
severe problem due to the rapid growth of modern manu-
facturing. Toxic heavy metals such as cadmium, lead, chro-
mium, mercury, arsenic, and copper have been reported to
pose a risky impact on public health and biosystems [1]. It
has also been identified as a high-risk threat to terrestrial
animals and aquatic life cycles [2]. Among them, copper at
higher concentrations beyond a permissible limit is carcino-
genic and mutagenic. It is very toxic to living organisms
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and is considered a possible agent that causes cancer [3].
According to the Malaysian Emission Standards, the maxi-
mum concentration limit of Cu(II) should be below 1.0 mg/L
[4,5]. Copper removal in our everyday water usage has
become an essential concern because it is one of the most
commonly used metals in the electroplating, storage, and
mining industries [6]. Appropriate handling and treatment
for removing copper to below the standard levels have
thus become a common goal for many researchers.
Membrane technology has emerged as a revolutionary
process in water purification and heavy metals removal
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from wastewater effluent. The membrane process’s advan-
tages are no phase change operation, acceptable energy
consumption, and better efficiency compared to other tech-
niques [7,8]. Ultrafiltration (UF) membranes, which have
been primarily developed and commercialized over the last
three decades, are the desired membrane for this purpose
due to the low-pressure operation requirement. Polysulfone
(PSF)-based membranes have been used as high-perfor-
mance UF membranes in many applications nowadays. For
instance, a highly permeable PSF membrane with high selec-
tivity for copper removal was produced by blending PSF
with clay and zeolite [4,9]. Mondal and Kumar Majumder
[10] prepared a series of PSF composite UF membranes
for adsorptive removal of heavy metals such as Pb*, Cu*,
Cd*, and Fe* from aqueous solutions. Moradihamedani
and Abdullah [11] had blended PSF with cellulose acetate to
produce a UF membrane capable of rejecting 98% of Pb*.

Recently, nanomaterials have been widely employed in
many water treatment studies with promising outcomes,
significantly improving the overall treatment efficiency
and water quality [12]. In this context, nanomaterial with
high reactivity, high surface area, unique morphologies,
and functionality can be adopted and used as an additive in
the membrane matrix. In an attempt to achieve sustainable
materials, nanocellulose-based materials that are the most
abundant biopolymer on Earth have drawn the attention of
membrane researchers. Cellulose nanocrystal (CNCs) have
gained significant interest as nanofillers in polymer compos-
ites due to their abundant functional groups, high mechan-
ical properties, large surface area, renewability, low cost,
and biodegradability [13-15]. The incorporation of CNC in
polymer increased the mechanical strength of the polymeric
membrane [16]. The surface of the CNC is also abundant
in hydroxyl groups [17] which can be integrated with sev-
eral chemical functionalities to adsorb various pollutants
in water, such as bacteria, viruses, dyes, and heavy metals
[12,18]. The use of CNC in thin-film composite membranes,
where complexation enabled by the membrane’s abundant
hydroxyl and amine groups, resulted in a boron rejection
rate approaching 90% [19]. Besides, the hydroxyl group on
the CNC surface could enhance the hydrophilicity and anti-
fouling properties of the polymeric membranes [20]. The
addition of a hydrophilic CNC to the active layer of the PA
membrane resulted in a 1.6-fold increase in pure water flux
due to the increased membrane hydrophilicity [21].

Other important nanomaterials involved in mem-
brane synthesis are carbon-based materials such as carbon
nanotubes, graphene, and graphene oxide (GO). Carbon-
based materials have a strong mechanical ability, high tol-
erance to strong acids/alkaline and organic solvents, and
simple usability [22]. GO was seen as one of the emerging
nano-building materials to fabricate novel separation mem-
branes due to its distinct two-dimensional (2D) and sin-
gle-atom-thick structure, high mechanical strength, and
high chemical inertness [23]. GO contains many oxygenated
functional groups, such as hydroxyl, epoxy, and carboxyl,
which provide GO with high hydrophilicity and favourable
water solubility [24,25]. The incorporation of GO into the
membrane had improved membrane porosity, flux, hydro-
philicity, and mechanical properties [26-28]. A stable PSF-GO
mixed matrix membrane with >90% of Cr(VI), Cu(Il), Pb(Il),

and Cd(II) removal efficiency was prepared by Mukherjee
et al. [29]. By introducing GO, the membrane’s permeabil-
ity increases due to non-solvent de-mixing, resulting in a
spongy membrane matrix that contributes to the membrane’s
increased permeability. In addition, a large number of oxy-
gen atoms on the GO surface provided a lone pair of elec-
trons that can bind with the heavy metal effectively [10].

The incorporation of CNC and GO (separately) in the
synthesis of UF membranes has improved the properties
of membranes, which benefit the removal of pollutants.
However, the mixed incorporation of CNC and GO in the
same membrane was not extensively investigated. Recently,
Zhang et al. [30] prepared a hybrid membrane by attach-
ing GO to the surface of the CNC functionalized poly(vi-
nylidene fluoride) membrane to filter micro-polluted water.
It is anticipated that the incorporation of both materials in
the membrane could give synergistic benefits in water fil-
tration. Therefore, the feasibility of blending CNC and GO
in the same PSF membrane matrix for copper removal was
investigated in this study. The hybrid membrane was tested
for normal and adsorptive filtration modes to evaluate
copper rejection and adsorption capacity, respectively.

2. Experiments
2.1. Materials

All the chemicals were analytical grade and used as
received without purification. Microcrystalline cellulose
(MCC) was purchased from R&M Chemicals (Malaysia),
Low Dimensional Materials Research Centre, University of
Malaya, Malaysia supplied GO, and PSF was from Radel®
A, Solvay (USA). Copper standard solution, N-methyl-2-
pyrrolidone (NMP), and sulfuric acid (H,SO,) were purchased
from Merck (Malaysia). Deionized (DI) and ultrapure water
were used for membrane preparation and characterization.

2.2. Procedure of CNC preparation

CNC suspension was prepared from MCC by acid hydro-
lysis using sulfuric acid [31]. MCC of 5 g was mixed with
50 mL of sulfuric acid aqueous solution (64 wt.%), and the
mixture was vigorously stirred at 40°C for 2 h. The suspen-
sion was immediately diluted five times with DI water to
stop the hydrolysis reaction. Subsequently, the suspension
was centrifuged at 4,500 rpm for 10 min to precipitate the
CNC from the suspension and eliminate excess aqueous
acid. The washing and centrifugation steps were repeated
several times before being dialyzed using a cellulose mem-
brane dialysis tube (MWCO 14000) against DI water for
several days. The dialyzed suspension was then sonicated
for 10 min to re-disperse the solid aggregates in the sus-
pension at 5°C and freeze-dried to create a stable CNC
powder.

2.3. Membrane preparation

PSF bead was dissolved in NMP to produce PSF poly-
mer solution with 15 wt.% of polymer concentrations.
CNC and GO powders with different ratios (Table 1) were
added to the polymer solution. The solution was stirred
continuously for approximately 4-6 h at 60°C. The solution
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Table 1
Formulation of hybrid CNC-GO-PSF membrane based on 100 g
dope solution

Membrane PSF CNC GO NMP Total
wt.%)  (wt%) (wt%) (wt%) (g)
P 15 - - 85 100
P-1GO 15 - 1 84 100
P-1C 15 1 - 84 100
P-1GO-0.5C 15 0.5 1 83.5 100
P-1GO-1C 15 1 1 83 100
P-1GO-1.5C 15 1.5 1 82.5 100
P-1GO-2C 15 2 1 82 100

was left for several hours at room temperature to remove
air bubbles. A casting machine was used to cast the dope
solution onto a glass plate with adjusted thickness to 100—
120 pm. The film was immersed in water as a coagulation
medium for 1 h, and subsequently, it was left in a large
amount of water for another 24 h. Then, the film was dried
in an open-air for 1 d.

2.4. Morphology analysis

The cross-sectional morphologies of membranes were
examined using a scanning electron microscopy (SEM) anal-
ysis (Philips SEM/EDAX; XL-40; PW682/10, The Netherlands)
with a 20.0 kV potential. Membranes were immersed in lig-
uid nitrogen and mounted vertically on carbon tape for
cross-sectional analysis. Before the SEM analysis, membranes
were vacuum coated with a thin layer of gold.

2.5. Porosity analysis

The porosity of membranes was estimated using dry-
wet weight methods [32]. The membrane pieces were soaked
in DI water at room temperature for 24 h. Wet membrane
pieces were immediately evacuated, carefully cleaned using
dry filter paper to eliminate excess water droplets, and
weighed. The membrane was then dried in a 60°C oven for
another 24 h before being weighed again. Eq. (1) was used to
calculate the membrane’s overall porosity.

Porosity = (wlp_v%) %100% )

where w, and w, are the mass of membrane in wet and dry
states (mg), respectively. o is the density of water (mL/mg),
and v is the membrane volume in the wet state (cm?®).

2.6. Static water contact angle analysis

5 uL of water was dropped on the membrane surface
using stainless steel needle syringe. Membrane contact angles
were determined using a contact angle goniometer (CAM
101 Optical Contact Angle Meter, KSV Instruments, China).
The average contact angle was reported based on three
different membrane locations of the same membrane sample.

2.7. Pure water flux and permeability measurement

The pure water flux, J (L/m*h), and pure water perme-
ability (PWP) (L/m?*h-bar) of the membranes were measured
using 300 mL Sterlitech HP4750 (Sterlitech Corporation,
USA) dead-end filtration system. Firstly, the membrane
sample (14.6 cm?) was pressurized at 5 bar to steady flux
for 2 h. The permeation experiment was performed at
three different pressures (3, 2, and 1 bar) for 1 h. The per-
meate flux and PWP were calculated using Egs. (2) and (3),
respectively:

[

o= a7 @
pwp = Lo 3)
AP

where | is the permeation flux of the (L/m*h), v is the vol-
ume of permeate (L), A, is the effective area of the mem-
brane (m?), AT is the permeation time (h), PWP is pure water
permeability, and AP is pressure difference (bar).

2.8. Copper filtration and binding experiment

The setup for the copper filtration experiment was sim-
ilar to the pure water flux measurement. The filtration was
performed at 3 bar using 50 mg/L copper ion solution as the
feed solution. The copper concentrations in the permeate
sample were measured using atomic absorption spectros-
copy to calculate the rejection using Eq. (4).

C
Rejection (%) = {1 - c] x100 4
f

where C and C, are the concentration of copper ion (mg/L)
in permeate anc{ feed, respectively.

After the filtration, the copper content in the retentate
and permeate was analysed to calculate the copper bind-
ing capacity in adsorptive filtration mode. Mass balance
was performed to estimate the copper adsorbs on the mem-
brane. The adsorption capacity was computed based on the
amount of copper adsorb per mass of the membrane used,
as shown in Eq. (5).

Binding Capacity(mg Cu/g membrane)
Vfo - VPCP -VC,

m

®)

where C CP and C, are the copper ion concentrations in the
feed, permeate, and retentate, respectively. V, Vp and V are
the volume of feed, permeate, and retentate, respectlvely,
and m is the mass of the membrane used.

3. Results and discussion
3.1. Morphology of membranes

The full SEM cross-sectional images of PSF membranes
at different compositions of CNC and GO are presented in
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Fig. 1 at 2,000x magnification. SEM images show that all the
prepared membranes have a dense top layer and a porous
sub-layer, which is the typical asymmetrical structure of the
UF membrane. A different form of porous sub-layer can be
observed. P-1GO membrane showed large macro voids near
the bottom part of the membrane. The large macro voids
are formed when the mass transfer rate between the solvent
and the non-solvent increases during the phase inversion
process. As the GO has strong hydrophilicity character-
istics, it enhanced this solvent-non-solvent mass transfer
rate during the membrane formation [33,34]. Pristine PSF
and P-1C have a similar asymmetric membrane structure.
The amount of the CNC in the hybrid CNC-GO-PSF mem-
brane affects the bottom sub-layer part of the membrane
accordingly. The size of the bottom macro voids increased
as the amount of the CNC increased in the hybrid mem-
brane. According to Lv et al. [35], the hydrophilic GO-CNC
composites changed the thermodynamic instability of the

(b)

(d)

casting solution. They accelerated the diffusion of non-sol-
vent into the casting solution during the gelation process,
speeding up the demixing rate and resulting in more and
larger pore channels after solidification.

The upper portion of the membrane sub-layer also shows
a different morphology, as shown by the SEM image in Fig. 2
captured at 10,000x magnification. Pristine PSF, P-1GO, and
P-1C membranes showed a single layer of cylindrical pores
membrane structure. Meanwhile the hybrid membrane con-
taining GO and CNC showed two distinct forms of upper
porous sub-layer. The first layer, below the membrane top
layer, consists of microporous cylindrical pores. The sec-
ond layer is the major sub-layer portion, which consists of
large macro voids pores. Further addition of CNC in the
hybrid CNC-GO-PSF membrane had reduced the portion
of the microporous first sub-layer structure but increased
the portion and size of the macro void of the second sub-
layer accordingly. CNC and GO have high hydrophilicity,

(f)

Fig. 1. Cross-sectional SEM images of the membranes at 2,000x magnification. (a) P, (b) P-1GO, (c) P-1C, (d) P-1GO-0.5C, (e) P-1GO-1C,

(f) P-1GO-15C, and (g) P-1GO-2C.

Fig. 2. Cross-sectional SEM images of the upper portion of membrane sub-layer at 10,000x magnification. (a) F, (b) P-1GO, (c) P-1C,

(d) P-1GO-0.5C, (e) P-1GO-1C, (f) P-1GO-1.5C, and (g) P-1GO-2C.
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which exchanges more water during the phase inversion
[36], accelerates the mass transfer between the solvent and
non-solvent, and results in a larger macro void sub-layer. The
above results were consistent with the other reports [28,35].

Fig. 3 shows the SEM top surface of PSF and hybrid
CNC-GO-PSF membranes. The GO and CNC fillers were
wholly embedded and intercalated within the PSF matrix
as no particulate material can be physically observed on
the membrane surface. The pristine PSF membrane exhib-
its a smooth and flat surface. In contrast, the hybrid CNC-
GO-PSF membrane exhibited rough surfaces with numer-
ous pores. As the amount of CNC increased in the hybrid
CNC-GO-PSF membrane, the size and number of pores were
increased accordingly.

3.2. Porosity

The porosity of the membranes is represented in
Fig. 4. Pristine PSF membrane showed the lowest porosity
of 64.46% + 7.35%. The P-1GO-2C membrane exhibits the
highest porosity with 91.69% # 2.05% porosity. Generally, the
addition of CNC and GO to the PSF membrane enhanced
the porosity of the membranes. CNCs are an excellent
hydrophilic material with a high-water absorption ability.
Hydrophilic nanoparticles help to form higher porosity and
more extensive pore radius membranes during the phase
inversion process [37]. Also, the hydrophilicity effect of GO
expedited the exchange of solvent/non-solvent during the
phase inversion process, which led to higher membrane
porosity [27]. Similar findings were reported by Wang et al.
[28] when polyvinylidene fluoride (PVDF) membranes were
mixed with GO. The combination of GO with CNC in the
hybrid CNC-GO-PSF membrane accelerated the diffusion
rate of the solvent to the casting solution, which contrib-
uted to the formation and growth of the pores inside the
membrane matrix.

3.3. Water contact angle

The contact angle is an essential measure of mem-
brane surface hydrophilicity. The surface’s hydrophilicity

(d)

increased when the contact angle was reduced [37]. The
effect of the CNC and GO content on membrane surface
hydrophilicity in the casting solution is shown in Fig. 5.
The pristine PSF membrane had a maximum contact angle
of 98.8°, corresponding to the lowest hydrophilicity. Single
nanofiller addition improved the membrane’s hydrophilic-
ity in P-1GO and P-1C membranes. P-1GO exhibited a
water contact angle of 59, comparable to the PSF-GO (con-
tact angle range of 53-65) membrane prepared by Ganesh
et al. [26]. The contact angle of the P-1C membrane is 67,
slightly lower when compared to the PSF-GO (contact angle
range of 76-88) membrane produced by Yang et al. [20].
P-1GO membrane shows more hydrophilic than the P-1C
membrane. According to Zinadini et al. [34], the hydro-
philic GO migrates toward the top surface of the membrane
as the top layer is more exposed to water (non-solvent)
during the membrane formation. This migration decorates
the functional groups of GO on the membrane top surface
and improves the membrane hydrophilicity. In addition,
the rough surface of the P-1C membrane (as can be seen in
Fig. 3c) counteracted the hydrophilic effect of CNC when

Porosity, %

Membrane Type

Fig. 4. Porosity of the membranes.

Fig. 3. Top surface SEM images of the membranes at 2,000x magnification. (a) P, (b) P-1GO, (c) P-1C, (d) P-1GO-0.5C, (e) P-1GO-1C,

(f) P-1GO-1.5C, and (g) P-1GO-2C.
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Fig. 5. Contact angles of membranes.

compared to the smooth surface of the P-1GO membrane
(Fig. 3b) [38]. Thus, the P-1C membrane shows less hydro-
philic than the P-1GO membrane. Further improvement of
hydrophilicity was observed when CNC and GO filler were
combined in the hybrid CNC-GO-PSF membrane, albeit the
improvement was not apparent. The membrane hydrophilic-
ity enhancement in the hybrid CNC-GO-PSF membrane
is due to abundant hydroxyl groups of the CNC and GO
nanoparticles [31]. The increase in membrane hydrophilicity
is also contributed by the migration of nanocellulose and
GO to the membrane top surface during the phase-inver-
sion process [18,26]. The exposed functional groups accel-
erate water molecule permeation through membranes [37].
Based on the contact angle result, it can be observed that
the amount of GO had a more substantial influence on
the hydrophilicity of the hybrid membrane compared to
the CNC. The increase in the CNC content of the hybrid
CNC-GO-PSF membrane does not significantly affect the
contact angle reduction.

3.4. Membrane flux performance

The PWP of membranes is shown in Fig. 6. The range
of PWP achieved by the hybrid membrane is comparable
to the reported PWP from the literature within the range
of 3.47-7.16 L/m*h-bar [1,37,39]. The PWP increased as the
CNC in the hybrid CNC-GO-PSF membrane increased,
reaching a maximum value of 7.76 L/m*h-bar for the mem-
brane P-1GO-2C. The PWP of synthetic membranes is cor-
related by their porosity, hydrophilicity, and pore diameter
[10,40]. The permeability enhancement in the hybrid CNC-
GO-PSF membrane was due to the membrane’s increased
hydrophilicity and porosity, aligning well with the reported
contact angle in Fig. 5 and porosity in Fig. 4.

Fig. 7 shows the membrane’s water and copper sol-
ute flux at 3 bar. The flux of the PSF membrane improved
when CNC or GO nanofiller was incorporated into the mem-
brane. The flux for the P-1GO membrane is lower than the
P-1C membrane, although the GO membrane had higher
porosity and hydrophilicity than the CNC membrane. This
low flux can be due to the dense structure of the skin layer
of the P-1GO membrane, as shown previously in the SEM
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Fig. 6. Pure water permeability of membranes.
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Fig. 7. Pure water and solute flux of membranes.

image of the membrane’s top surface. P-1C showed a more
porous skin layer compared to the P-1GO membrane. When
GO was added to the CNC membrane in the hybrid CNC-
GO-PSF membrane, the flux initially dropped but then pro-
gressively increased as the CNC content increased. The flux
enhancement can be related to the increment of the hybrid
membrane porosity and low contact angle compared to a
single nanofiller membrane [10,41,42]. The highest water
and copper flux was shown by the P-1GO-2C membrane
that contained the highest CNC content of 2 wt.%.

3.5. Copper rejection analysis

The copper rejection of the membrane is shown in
Fig. 8. The copper rejection of the hybrid membrane had
reduced drastically compared to the pristine PSF mem-
brane. The copper rejection of the pristine PSF membrane
and P-1GO-2C was around 76% and 27%, respectively.
The dispersion of CNC and GO on the membrane solution
during the phase inversion process contributes to multiple
pores in the hybrid CNC-GO-PSF membrane. The poros-
ity of the hybrid CNC-GO-PSF membrane increased, and
the sub-layer structure is becoming very loose, as shown
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Fig. 8. Copper rejection of membranes. Fig. 9. Binding capacity of membranes.
Table 2
Copper adsorption capacity of various types of membrane
Membrane Maximum adsorption capacity,  Filtration condition pH References
mg-g™
HNT/PVDF 0.50 C,=5mg/L 55 [37]
TMP = 3 bar
PSF/Zeolite 2.82 C,=5 mg/L 5.0 [43]
TMP = 0.5 bar
PES/ALO, 14.0 C,=20 mg/L 5 [45]
TMP = 4.5 bar
Regenerated cellulose grafted with 17.3 C,=1mg/L 6 [44]
P(MA-co-AA) TMP =1 bar
PANI/Fe,O,/PES 1.6 C,=20 mg/L 5 [46]
TMP = 4.5 bar
PSF/GO 8.49 C,=50 mg/L 6 This study
TMP = 3 bar
PSF/CNC/GO 5.30 C,=50 mg/L 6 This study
TMP = 3 bar

HNT - halloysite nanotubes; PVDF — polyvinylidene fluoride; PES —

acid); PANI - polyaniline

in the SEM image previously. As porosity increases, there
is less contact between metal ions and surface functional
groups, resulting in lower removal percentages [10]. Most
modified membranes showed copper rejection below 50%,
which could not remove copper effectively. The copper
rejection decreased when the amount of CNC increased
in the hybrid CNC-GO-PSF membrane. As shown in Fig. 3
previously, the size and number of pores on the top surface
of the hybrid membrane increased when more CNC was
added. In addition, the porosity of the hybrid membrane
was also increased. All these properties reduced the cop-
per rejection as the CNC amount was raised in the hybrid
CNC-GO-PSF membrane. Therefore, the feasibility of the
modified membrane to operate in the adsorptive filtration
mode was investigated and discussed in the following
section.

polyethersulfone; P(MA-co-AA) — poly(maleic anhydride-co-acrylic

3.6. Copper ion adsorption

The adsorption capacity of the membranes towards
copper is shown in Fig. 9. Although the pristine PSF mem-
brane had the highest copper rejection, its binding capacity
is lower than the P-1GO membrane. The rejection of the sol-
ute in the membrane can be related to several mechanisms,
such as sieving and molecular diffusion. At the same time,
the binding event can be related to the affinity interaction
between the solute and the membrane. Therefore, there is no
direct relationship between the rejection and binding capac-
ity value. As no specific active groups or filler are added to
the pristine membrane, the binding capacity of the pristine
membrane is mainly contributed by the nonspecific binding
due to the high hydrophobicity value. The highest copper
binding capacity was exhibited by the GO membrane, with
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a capacity of 8.49 mg-Cu/g membrane. The oxygen function-
alized group in the GO membrane facilitates the adsorption
of copper in the P-1GO membrane, thus contributing to high
binding capacity. Blending both CNC and GO in the PSF
membrane does not improve the copper binding capacity
in the hybrid CNC-GO-PSF membrane. Increasing the CNC
content in the hybrid CNC-GO-PSF membrane had reduced
the copper binding capability of the hybrid membrane.
Adding an additional functional group in the membrane
shows less influence on the binding capacity. The porosity
effect significantly influences the copper binding capacity by
reducing the surface contact area of the membrane toward
copper ions when the porosity of the hybrid membrane
increases. Nevertheless, the binding capacity achieved from
this study was comparable with reported membranes as tab-
ulated in Table 2. The PSF/GO membrane had a higher capac-
ity compared to the PSF membrane blend with zeolite [43]
or PVDF membrane blended with 3-aminopropyltriethox-
ysilane functionalized halloysite nanotubes [37]. However,
the adsorptive performance of the PSF/GO membrane is
still low compared to the recently produced grafted poly(-
maleic anhydride-co-acrylic acid) cellulose membrane syn-
thesis through a layer-by-layer method that had a capacity
of 17.3 mg copper/g membrane [44].

4. Conclusions

The hybrid PSF UF membranes with GO and CNC were
successfully fabricated for copper removal. The porosity,
hydrophilicity, and pure water flux of the hybrid membranes
were improved by adding CNC and GO as both nanofill-
ers aid in the formation of greater porosity by attracting
more water into the membrane matrix during the phase
inversion process. Filler addition (GO or CNC or both) in
the PSF membrane reduced the copper rejection compared
to the pristine PSF membrane due to the unfavorable pore
structure and properties. Blending single GO in the PSF
membrane enhanced the copper binding capacity of the
membrane. Although the current hybrid CNC-GO-PSF
membrane showed relatively low rejection for heavy met-
als, it can be potentially used in other applications, such as
humic acid removal from river water. In this application, a
hydrophilic membrane is preferable to minimize membrane
fouling during filtration [47,48]. In previous studies, a sin-
gle CNC [49,50] or GO [51,52] based membrane has been
successfully used for humic acid removal. Furthermore,
as this study kept the GO content in the hybrid mem-
brane constant, there is a possibility that an optimum ratio
of GO-CNC in the membrane exists that require further
investigation.
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