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ABSTRACT

The performance of a novel polyvinylidene fluoride (PVDF) membrane with high hydrophilicity
and enhanced separation ability was discussed with the addition of a small amount of reduced
graphene oxide nanoparticles (rGO). The PVDF-rGO ultrafiltration composite membrane was
effectively synthesized, by incorporating rGO (0.1% wt) as nanoparticles by the phase inversion
process. The impact of these modifications was studied. The morphological structure of the mem-
branes was evaluated by scanning electron microscopy (SEM). The changes in the chemical struc-
ture were investigated using Fourier-transform infrared spectroscopy. The SEM images revealed
that in the PVDF membrane, the diameter of the pores increased after rGO grafting. Performance
tests showed that the PVDF membrane has flux and a rejection of bovine serum albumin about
92% at an optimum transmembrane pressure of 4 bar. The incorporation of rGO improved the pro-
tein rejection, reaching a rejection rate of around 92% at 4 bar. These results suggest that incorpo-
rating rGO nanoparticles can enhance the permeability of the membrane. The PVDF membrane
modified with 0.1 wt.% rGO showed a considerably higher flux than the unmodified membrane.
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1. Introduction

Among the different inorganic materials, carbon
nanoparticles are most commonly inserted into polymer
matrix during ultrafiltration membranes preparation [1,2].
Recently, reduced graphene oxide (rGO) has acquired great
importance due to its exceptional structural, chemical,
and electrical properties [3-13]. In fact, it consists of a two-
dimensional carbon monolayer made up of sp2 hybrided car-
bon atoms [14-18]. Graphene oxide nanosheets are applied
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for technological applications, such as energy storage,
solar cells, and more recently for filtration membranes.
Graphene oxide nanomaterials present negatively charged
defective sites, which might be counterbalanced by the pres-
ence of a proton, suggesting a separation efficacity in aqueous
filtration [18]. Therefore, incorporating carbon nanoparticles
into the polymer matrix (up to 10% of polymer weight) could
provoke fewer defects in the nanocomposite membranes
than other types of inorganic additives [19]. Indeed, they can
improve the nanoporosity and reverse osmosis membrane
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fouling. Furthermore, they can improve permeability and
salt rejection, in particular for seawater desalination [20].

The rGO nanoparticles are known for their hydrophilic-
ity and high pore size, indicating the strong adsorption
and rapid diffusion of water into the nanostructure which
enhances water flux [21].

The rGO nanoparticles are considered as one of the
most widely used materials for the polyvinylidene fluo-
ride (PVDF) ultrafiltration membrane synthesis, thanks to
antioxidant stability and good mechanical characteristics.

Thermodynamic compatibility of PVDF with rGO in
terms of the interaction parameter. In fact, thermogravi-
metric analysis shows that the poly(ethyl methacrylate)
(PEMA) likely PVDF [22] begins to decompose at around
230°C. Due to the thermal instability of PVDF, the heat
treatment of the mixtures was limited to a maximum of
250°C. PVDF is a polymer with a solubility parameter closer
to PAN [23] therefore it is miscible with PVP and DMAc.
The choice of additives was also supported by the study
made by Rana and Mandal [24], which describes the kinet-
ics of the reverse emulsion photopolymerization of acryl-
amide using the solubility in water. Indeed, the synthesis
protocol is similar and uses almost the same solvents.

Furthermore, the hydrophilic nature of PVDF seems
to have the ability to absorb the organic component of the
initial solution, leading to its contamination with proteins
and other soils during the wastewater filtration process.
This contamination, known as membrane fouling, results
in a rapid decrease in the flux of pure water through the
membranes [25]. In various researches, membrane foul-
ing is seriously related to the surface microstructure and
hydrophilicity [4]. Recently, researchers have focused
on improving the surface hydrophilicity and the PVDF
membrane fouling the incorporation of nanoparticles
[26-28]. In particular, modifying the PVDF membrane by
blending mineral materials is an efficient technique. The
incorporation of properly dispersed inorganic nanoparticles
into polymers at low concentrations improves membrane
permeability and fouling [29]. Ultrafiltration is generally
used in different fields such as food industries, oil-water
separation, and protein purification [30].

Most studies on PVDF-rGO membranes have focused
on modifying the UF and MF membranes. Liu et al. [31]
prepared a thin-film nanocomposite hollow fiber mem-
brane containing nanoparticles on the double-layer hollow
fiber substrate such as PES and PVDF membranes.

The objective of this study is to synthesize a PVDF mem-
brane mixed with rGO nanoparticles at a low concentration
(0.1% wt.) to improve the hydrophilicity and separation
performance.

2. Experimental
2.1. Materials

PVDF with an average molecular weight (M ) of about
37 x 104 g/mol, dimethyl acetamide (DMAc), polyvinyl pyr-
rolidone (PVP), bovine serum albumin (BSA, M of about
66 x 103 g/mol, and purity > 96%) were purchased from
Solvay advanced polymer. We synthesized the reduced
graphene oxide (rGO) by modified Hummer’s method with
an average particle size of 0.45 pm.

A Milli-Q water purification system was used for the
prepared solutions. All chemicals were used as received
without further purification.

2.2. rGO nanoparticles synthesis

GO nanoparticle synthesis was previously detailed
by Riahi et al. [32]. In this study, we opted to synthetize
rGO monolayers in order to ensure material homogene-
ity. For that purpose, the collected raw material was sus-
pended in ultrapure water under mechanical stirring and
sonication many times and at different speeds. The mix-
ture still contained graphite and visible multilayers in
suspension as shown in Fig. 1.

These heavier particles were easily removed using cen-
trifugation then filtered under vacuum using nylon mem-
branes of different porosities to further homogenize the
collected fractions and to determine particle size in each
fraction. Fraction 1 was filtered using a first membrane with
pores of 2.5 um in order to remove large visible particles.
The collected solution was immediately filtered through a
second membrane with smaller pores (0.7 um). Thus, the
collected material through the second membrane has a
dimension of between 2.5 and 0.7 um. After lyophilization,
a yield of 90% rGO monolayers was obtained with lateral
dimensions between 2.5 and 0.45 um (fraction 1: 2.1 g — frac-
tion 2: 1.8 g, and fraction 3: 1.4 g).

2.3. Preparation of PVDF-rGO membrane

Table 1 describes the mixed solutions for the prepared
membrane with different percentages of compounds.
Solutions were stirred for about 5 h at room temperature
(25°C) to ensure homogeneity. Then, the reduced graphene
oxide rGo nanoparticles (0.1% wt.) were suspended in dis-
tilled water under ultrasonication for 3 d and heated at 70°C.

To obtain the PVDF-rGO membrane, the total solution
was mixed homogeneously in one beaker under magnetic
stirring for 48 h and heated at 60°C. The compound was
cast by a doctor blade as shown in Fig. 2 and completely
dried at room temperature in a bath of distilled water.
A dried thin film of PVDF-rGO was obtained.

Membrane thickness was estimated with SEM. Fig. 2
describes the synthesis process of the two membranes.
The developed membranes must be crosslinked before
use in the filtration process.
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Fig. 1. Average rGO particle size.
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2.4. Characterizations of rGO nanoparticles and membranes
2.4.1. SEM analysis

The SEM technique (Quanta FEG 650) was used to iden-
tify the morphology of the rGO nanoparticles, the pore
size, and the thickness of the membrane.

2.4.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) calorimetry
(a Mettler Toledo DSC823e, Germany) was used under the
temperature range of 30°C -500°C. In order to obtain the
DSC curves, samples were introduced in an aluminum
crucible at a 10°C/min heating rate.

2.4.3. Infrared spectrophotometric analysis (FTIR)

The chemical groups of the rGO nanoparticles and the
synthesized membranes were identified by infrared spec-
troscopy — Fourier transforms infrared (FTIR) in a Frontier
FT-IR spectrometer, model Perkin Elmer (France) equipped
with the FTIR ATR accessory between 400 and 4,000 cm™
at 25°C. It studied the interaction between the groups of
PVDF hydroxyl and determine the existence of hydrogen
bonds between rGO and PVDF.

2.4.4. Porosity

The gravimetric method was employed to determine the
porosity of the synthesized membranes. € was calculated
by the following equation:

)

m

(VVI_WZ/DS) DP

Table 1
The prepared membrane with different percentage of com-
pounds

Solutions Membrane Membrane
PVDF PVDF-rGO

PVDEF (wt.%) 17 17

PVP (wt.%) 5 5

DMACc (wt.%) 18 17.9

rGO (wt.%) 0 0.1

UP (ultrapure water) (wt.%) 60 60

Temperature of stirring (°C) 70 70

1.Gelation of GO by cross-linking
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Fig. 2. Preparation of PVDF-rGO membrane by cross-linking [33].
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where W, W, are the weights of the wet and the dry mem-
brane respectively. D,, D, are the solvent and the polymer
density, respectively.

2.4.5. Zeta-potential measurements

The zeta potential measurement (model: EKA, Brook-
haven) was used to determine the surface charge of the
synthesized membrane using an electrokinetic analyzer.
The zeta potential was measured along the surface of the
membrane. Two salts, NaCl and Na,SO, were used in the
range of 0.001-0.1 M concentration (20°C, pH =7).

2.4.6. Contact angle determination

A contact angle goniometer (OCA20, Data Physics
Instruments, Germany) at room temperature was used
to measure the contact angle of a DI water droplet on the
membrane surface before and after modification with rGO
nanoparticles. Before testing, the membranes were dried
overnight at 50°C.

2.5. Filtration performance

The ultrafiltration unit was carried out in our laboratory
to measure water flux and BSA recovery. The membrane
with an effective area of 14.5 cm? was applied to the cell
as shown in Fig. 3. The equipment consists of a cross-flow
filtration cell with a pressure regulator (6 bar max).

Fig. 3. Filtration unit.
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2.5.1. Water flux measurements

Each experiment started at a constant flow rate of 15 mL/
min, by applying a transmembrane pressure between 1
and 6 bar. Ultrafiltration experiments were carried out at
25°C. The samples for analysis were collected at the inlet
(ultrapure water) and the permeate.

The permeation flux | (L/m?h) was calculated using
the equation below:

Jo= ot @
)

where | is the permeation flux (L/m* h), V, (L) represents
the volume of the permeate water collected over a period
of time ¢ (h) through an active surface of membrane A (m?).

The ultrapure water flux through the membrane at
a variable transmembrane pressure is usually expressed
with Darcy’s law:

AP
J,= 2010 A, ®)
n m

where L? is the aqueous solution permeability, AP (bar)

is the transmembrane pressure, and R  is the hydraulic
membrane resistance.

2.5.2. Rejection under the transmembrane pressure

Protein solutions were prepared one hour before use
and stored at 4°C to ensure that BSA molecules were
still active and that there was no bacterial contamination.
The feed transmembrane pressure was controlled in the
range of 1-6 bar and the filtration process was carried
out by filtering 15 mL of protein solution through the
membranes at ambient conditions.

The solution of BSA was prepared (1 g/L and pH = 7).
The permeate and feed solutions were determined by opti-
cal absorption at 298 nm, corresponding to the maximum
value for the protein.

The evaluation of the BSA retention R (%) was
determined by the equation below:

C
R(A))—[l—c"}doo 4)

f

where C and C, are BSA and feed concentrations (g/L),
respectively.

3. Results and discussions
3.1. Characterization of rGO nanoparticles

X-ray diffractogram (XRD) of graphite, GO and rGO
nanoparticles is shown in Fig. 4. The peak of graphite is
located at 20 = 25.72°, which indicates that the crystal-
linity is high. The diffraction peak of GO is at 20 = 9.5°
corresponding to the d-spacing of GO which is 0.85 nm.
The existence of oxygen functional groups and water mole-
cules in the layers may be due to the increase in d-spacing.

The diffraction peaks completely disappeared, indi-
cating that the graphite powders were totally oxidized
following the reduction. This may be due to the rGO
formation in the reduction time.

In Fig. 5, the Raman spectra show that the following
peaks at 1,336 and 1,595 cm™ may be due to the presence
of impurity and the graphitic carbon atom in the carbon
lattice [34]. Furthermore, the two peaks and the ratio (1.20)
demonstrate that the rGO was successfully synthesized.

On the other hand, Fig. 6 depicts FT-IR spectra of the
graphite, GO, and rGO. The three powders demonstrated
peaks at 3,417; 1,408; and 1,062 cm™ due to the presence
of functional groups of O-H, C-O, and epoxy, respec-
tively. The peak intensity of 1,062 cm™ decreased in the
rGO spectrum. In general, the FT-IR spectra reveal the
same graphite, GO, and rGO peaks [35]. SEM analysis
in Fig. 7 displays the morphology of the rGO nanoparti-
cles, which shows that rGO reveals a nanosheet struc-
ture similar to that of reduced graphene oxide [36].
The dispersion of carbon on the surface may cause a
decrease in the repartition of rGO nanosheets.
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Fig. 4. X-ray diffractogram of graphite, GO, and rGO nanoparticles.
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Fig. 5. Raman spectra of graphite, GO, and rGO nanoparticles.
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3.2. Characterizations of PVDF and PVDF/rGO membranes

After the addition of the rGO, the surface of the PVDF
membrane (Fig. 8a and b) becomes smoother. Thus, its
addition is not visible in the SEM, indicating that it is well-
dispersed. Besides the cross-section of the membrane by the
SEM, it can be clearly seen the presence of a column-like
structure of the PVDF-rGO membrane. The addition of
rGO has improved the dispersion of the membrane addi-
tives by interacting with the oxygen groups. Too much
rGO addition (>0.1% wt.) could clog the membrane.

The FTIR spectra (Fig. 9) show that the two membranes
have the same spectra. The CH, groups are characteristic of
the peak located at 3,024 cm™. However, the peak located
at 1,640 cm™ is attributed to the CONH groups from the
DMACc in the initial compound. The peak at 1,117 cm™
matches with the CF, stretching vibration of PVDF
chains. The enlargement of the two hydrophilic groups
(OH and CH); observed at 3,400 and 841 cm™, improves
the hydrophilicity of the composite membrane by the
rGO blending [37].
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Fig. 6. FTIR spectra of graphite, GO, and rGO nanoparticles.

The DSC curve of the obtained membranes is pre-
sented in Fig. 10. Fig. 10 shows an endothermic peak for
the two membranes at around 165°C. The DSC curves
reveal that both two membranes are stable [38].

PVDEF-rGO pores ranged from 10 to 20 nm for the PVDF
membrane [39-41] and 15-18 nm for the PVDF-rGO [42].

Fig. 11 shows the water contact angle of PVDF and
rGO-PVDF membranes. The contact angle decreased from
85.6° (PVDF membrane) to 50.76° when adding the rGO
nanoparticles, which indicates an improvement of the
membrane with the suitable amount of rGO. This may
be due to the oxygen groups on the surface, which inter-
act easily with molecules of water, enhancing the hydro-
philicity of the membrane [43].

In fact, a decrease in contact angle leads to an increase
in the size of pores in the membrane as well as permeabil-
ity. The basic properties related to the contact angle are
the permeability of pure water, porosity, and pore size.
The super hydrophilic nature of rGO and its high affin-
ity to water led to the enhancement of hydrophilicity
in the membrane. Excessive addition of rGO may cause
agglomeration, which blocks the pores of the membrane [44].

Previous studies show that excessive addition of car-
bon nanotubes (over 0.2 wt.%) reduces the energy of the
surface of the membrane. It can affect hydrophilicity by
reducing and even blocking the pores [45]. Thus, the choice
of the 0.1% wt. rGO addition in the PVDF membrane
leads to better hydrophilicity.

3.3. Effect of water and BSA fluxes on the membranes

Fig. 12a and b show the permeate fluxes of pure water
and BSA as a function of transmembrane pressure AP
through the membranes, respectively. Permeate fluxes
increased when the transmembrane pressure increased from
1 to 6 bar, as expected by Eq. (3).

The slopes are the membrane permeabilities of pure
water (Fig. 12a) and BSA (Fig. 12b).

As shown in Table 2, the zeta potential decreased. This
can be explained by the functional groups of rGO nano-
particles, which led to the enhancement of the hydrophilicity

Fig. 7. SEM images of rGO.
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Fig. 8. Transversal and cross-sectional SEM images of (a) pristine
PVDF membrane and (b) rGO/PVDF membrane.

and the increasing of the negative charge on the surface of
the membrane [46].

The coating of the rGO nanoparticles on the membrane
is well-identified by SEM images (Fig. 8b). The fluxes of
the membranes are affected by their hydrophilicity and it
can be observed in Fig. 12a and b, that pure water fluxes
of PVDF-rGO membrane are higher than that of PVDF
one. In fact, the mass transfer of water can be enhanced
by the addition of rGO nanoparticles in the membrane,
controlling the hydrogen bonds and accelerating the
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Fig. 9. FTIR spectra of PVDF and PVDF/rGO membranes.
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Fig. 10. DSC curves of the membranes PVDF-17 and PVDEF-17/
rGO-0.1 wt.%.

rate of transfer of water. The improvement of the mem-
brane surface is directly related to the enhancement
of its hydrophilicity.

The transfer rate of water molecules and the mass
transfer resistance is improved by the addition of carbon
nanotubes.

The fluxes of BSA decreased compared to the water
fluxes and this is due to the largest molecular weight of
this protein. The addition of rGO nanoparticles into the
membrane improves the diffusion of water into the pores.
The adherence to the surface of the membrane is well
improved [43,45]. Excessive addition of rGO could block
the pores of the membrane. This could justify our choice
of adding 0.1 wt.% of rGO into the mixture of the PVDF
membrane.
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Table 2

Pure water permeabilities and physical characteristics of PVDF and PVDF-rGO membranes

Membrane Contact angle Zeta potential (mV) at pH=7 Thickness (um) Lg (water) (L/h m? bar) Lp (BSA) (L/h m? bar)
PVDF 85.60 -8.83+3.5 0.053 16.24 5.64
PVDF-rGO 0.1 50.76 -37.81+4 0.048 20.25 10.56
100 1
= --- PVDF 17% Wt - rGO 0.1% wt
" " " . = 87 ---PVDF 17% wt
':' 60
-
ap 3 04
20 4
0 T T T T T 1
1] 1 2 AP(bar) 3 4 5 6
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Fig. 11. Water contact angles of PVDF membranes with and
without rGO. 54
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3.4. BSA removal on the synthesized membranes

As shown in Fig. 6, the retention of BSA is better com-
pared to the PVDF membrane. Indeed, the rGO nanopar-
ticles are considered to be hydrophilic particles and thus
improve the anti-fouling properties of the PVDF-rGO
membrane. With multiple uses, the PVDF-rGO membrane
would keep the same anti-fouling properties.

The interaction of the membrane with water mole-
cules is enhanced by the incorporation of the rGO. In the
PVDF matrix, this is thanks to the hydrophilic proper-
ties of these nanoparticles, which leads to improved BSA
rejection. In the PVDF membrane, cleaning only partially
removes the membrane after use, and this because of the
collimating of BSA in its pores. On the other hand, thanks
to the interaction between the water molecules and the rGO
nanoparticles by the hydrogen bonds, this prevents the
presentation of BSA in the pores of the PVDF-rGO mem-
brane. Accordingly, the rGO nanoparticles are conductive
in the ambient [29] and that enhances the properties of
PVDF membranes by their addition.

Other studies indicate that excessive addition of
nanoparticles leads to blockage of the membrane pores.
This is accentuated by the results obtained from the pores
of the membrane synthesized [42]. This explains our

AP(bar])

(b}

Fig. 12. Permeate flux of: (a) pure water as a function of trans-
membrane pressure and (b) BSA as a function of transmembrane
pressure, [BSA] =1 g/L.

choice of the percentage of rGO nanoparticles added to
the PVDF membrane.

Fig. 13 depicts the variation as a function of the trans-
membrane pressure for a feed protein concentration of
1 g/L at 25°C. It shows that the BSA retention reached
nearly ~92% at 4 bar for the PVDF-rGO membrane. Above
4 bar, the rejection of BSA decreased for all membranes
and reached 70% at 2 bar. Therefore, the optimum pres-
sure is 4 bar at the ambient. It shows that the BSA retention
reached nearly ~92% at 4 bar for the PVDF-rGO membrane.

BSA retention is described by Fig. 13 as a function of
the transmembrane pressure for BSA at 1 g/L.

4. Conclusion

This work reports the addition of 1% wt. of rGO into
PVDF membrane casting with Doctor Blade. The rGO
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Fig. 13. BSA retention as a function of transmembrane pressure,
[BSA]=1g/L.

nanoparticles are considered hydrophilic particles which
ameliorate the hydrophilicity and improve the separation
performance when added to the PVDF membrane.

The PVDF membrane is characteristic of a rough sur-
face and the addition of rGO improves the membrane
surface as observed in the SEM images. Excessive addi-
tion of rGO has a negative effect on the membrane. In fact,
0.1% wt. of rGO has the better porosity and can enhance the
hydrophilicity the permeability, and retention of BSA.

SEM confirmed the homogeneity of the synthesized
PVDF-rGO membrane. The decrease in the contact angle
has a direct effect on the improvement of the physicochem-
ical properties of the PVDF membrane (thermal stability,
homogeneity, and good pore distribution). Permeability
and BSA antifouling experiments for PVDF and PVDF/rGO
membranes showed that the PVDF/rGO membrane has
a higher pure water flux and BSA retention than those of
the pristine PVDF membrane.

RGO incorporation into the PVDF matrix would lead
to enhanced hydrophilicity and antifouling performance.
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