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ABSTRACT

Sulfonated polyether sulfone-based cation-exchange membranes are prepared by incorporating
different amounts of graphene oxide and sulfonated graphene oxide nanosheets. The graphene
oxide nanosheets are synthesized according to Staudenmaier and Hummer methods and
functionalized using 3-mercaptopropyl trimethoxysilane. Transport properties of nanocomposite
membranes including ion-exchange capacity, transport number, and conductivity as well as their
thermal stabilities are enhanced by incorporating sulfonated graphene oxide rather than graphene
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oxide. Also, the enhancement is more significant for the nanocomposites having functionalized
graphene oxide synthesized by Staudenmaier method than those by Hummers method due to
higher density of active sites in the Staudenmier graphene oxides for functionalization.

GRAPHICAL ABSTRACT

Sulfonated GO

Introduction

Ion-exchange membranes (IEMs) are widely investigated
and used in various separation applications such as
desalination of seawater and treatment of industrial
wastewaters. An IEM allows some specific ions, i.e.,
“counterions” to permeate through the membrane and
prevents some other “co-ions”, which has the same
charge as the fixed ions in the membrane matrix"~),

The most expected property of an ion-exchange
membrane is its high permselectivity, ie., high
permeability to counterions while being impermeable
to co-ions, and having low electrical resistance and good
mechanical/chemical stabilities'**!. On the other hand,
fossil fuel restrictions'® have created large interests for
investigations of alternative energy resources such as fuel
cell technology, in which chemical energy stored in the
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chemical bonds of H, and O, are converted into
electricity’ %, Since proton-exchange membranes
(PEMs) are the major components in the fuel cells,
researches are concentrated to find membranes with excel-
lent properties’'**l. A commercial membrane which is
available for use in this process is Nafion due to its chemi-
cal stability and high conductivity. However, the high cost
of the membrane and methanol crossover restrict its usage.
The researches are then focused on the development of
inexpensive and high-performing membrane materials
such as polyether sulfone)PES for PEM fuel cells'®),
Ion-exchange membranes are also used in electrodia-
lysis, in which ion-exchange membranes separate ionic
species from an aqueous solution and other uncharged
components by inducing an electrical potential” ",
As a suitable approach for overcoming the problems of
proton conductivity at high temperatures, incorporating
inorganic particles into the membranes to increase their
water retention and proton conduction is interested in
many researches!'?!). The properties depend on particle
type, size, shape, concentration, and also interactions
between the matrix and nanoparticles'>**?*!, Functiona-
lization of particles can enhance their interaction with
the polymeric matrix and uniform distribution!®®-2%,
Graphene-based materials have exhibited great potentials
in various fields such as physics, chemistry, biology, and
electronics due to their unique electronic properties, the
facile synthesis, and the ease of functionalization'**’. Gra-
phene oxide (GO) is derived from graphene by various
chemical oxidation methods. It is characterized by its
large specific surface area and layered structure having
significant amounts of oxygen containing groups such
as hydroxyl, carboxyl, and epoxide on its basal plane
and edges that can be functionalized thorugh covalent
or noncovalent bonding”. The high surface area and
good thermal properties of GO makes it appropriate
for many applications. Surface modifications of GO by
introducing functional groups improve its surface inter-
action and make it appropriate for special tasks such as
introducing in the ITEMs®'~*"). In this study, graphene
oxide is prepared by two different methods and is func-
tionalized by a sulfonating agent. The produced graphene
oxide derivatives are introduced into PES to make
nanocomposite membranes with different filler contents.
The surface morphology, thermal stability, water uptake,
transport properties, and ionic conductivity of the
synthesized membranes are then investigated.

Experimental

Material

Polyether sulfone (Ultrason E6020P, M,, = 51,000) was
purchased from BASF Chemical Co. (Germany) and

used after drying under vacuum. 3-mercaptopropyl
trimethoxysilane (MPTMS) was purchased from Merck
(Germany). Concentrated sulfuric acid (95-98%),
hydrogen peroxide (30%), hydrochloric acid (36%),
and potassium permanganate were purchased from
Merck (Germany) and used as they received. Natural
graphite powder and other chemicals were obtained
commercially and used without further purifications.

Sulfonation reaction of polyether sulfone

Polyether sulfone was sulfonated by chlorosulfonic acid
according to the procedure in the literature®). In the
first step, PES was dissolved in sulfuric acid to obtain
a homogeneous mixture. Chlorosulfonic acid as the
sulfonating agent was then added dropwise to the
solution under continuous mechanical agitation at
room temperature. The reaction was performed for
5h at room temperature. The weight ratio of PES,
sulfuric acid, and chlorosulfonic acid was 3:30:17,
respectively. The precipitates were filtered and washed
several times with deionized water and finally were
dried in a vacuum oven at 70°C.

Synthesis of graphene oxide

Figure 1 shows the structure of graphene oxide*”.

Synthesis of graphene oxide is mainly performed
by oxidation of graphite through two methods of
Hummers and Staudenmaier as described below.

Synthesis of graphene oxide by Hummers method

The graphene oxide was prepared from natural
graphite flakes by Hummers method as reported in the
literature!®’. Graphite powder (2 g) and sodium nitrate
(1 g) were mixed with 46 ml of concentrated sulfuric acid
(98%) in a round-bottom flask. The entire process
was performed in an ice bath under constant stirring.
Potassium permanganate (6 g) was then added slowly

Figure 1.

Structure of graphene oxide.



to the slurry as the oxidizing agent at a temperature
lower than 20°C and was thoroughly mixed. The mixture
was then stirred for 1 h at room temperature. A total of
92 ml of distilled water was added drop by drop to the
mixture and was kept for 60 min under ultrasonic waves.
The reaction mixture was then diluted with 280 ml
of distillated water. H,O, (30%) was then added to
neutralize the remaining potassium permanganate[36].

The deposit was washed with large amounts of water
and HCI (10%). Excess HCI was removed by centrifuging
for several times. The product was then collected and
dried in an oven at 70°C overnight.

Synthesis of graphene oxide by Staudenmaier
method

Two grams of graphite powder was mixed with 36 ml of
concentrated sulfuric acid (98%) and 18 ml of nitric acid
(68%) in a round-bottom flask. The entire process was
performed in an ice bath under constant stirring. A total
of 22 g of potassium chlorate, KClO;, was then added
slowly to the slurry for 2h. After thorough mixing,
the mixture was removed from the ice bath and stirred
for 1 week at room temperature. A total of 300 ml of
distilled water was added drop by drop and the mixture
that was kept for 2h under ultrasonic agitation. The
deposit was then washed with a large amount of water
and was centrifuged several times to remove excess
acids. The collected deposit was then dried in the oven
at 70°C™*".

Hummer method

H:S04 (98%)NaNOs, KMnOH0,30%) &
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Functionalization of graphene oxide

The synthesized graphene oxides were functionalized
using MPTMS as the sulfonic acid group precursor.
The synthesized GO in either of the previous steps
was dispersed in dried toluene and sonicated for about
20 min. MPTMS was added into the mixture and the
reaction was performed under total reflux at 110°C for
24h. Hydrogen peroxide (30%) was added after
reducing temperature to room conditions and the
mixture was stirred for 24 h. The precipitate was washed
several times with ethanol and water. It was centrifuged
and dried overnight in the oven at 70°C¢),

The procedures for GO synthesis and functionaliza-
tion are demonstrated in Figure 2.

Preparation of composite membranes

The composite membranes were prepared using solvent
evaporation technique. The nanosheets were dispersed
in dimethylacetamide by sonication while the polymeric
matrix was separately dissolved in the solvent. The uni-
form solutions were then mixed together and stirred at
50°C. The mixture was then sonicated for 2h and the
bubbles were removed. The obtained viscous solution
was cast by a doctor blade on a flat surface glass and
dried in the vacuum oven (12h at 70°C and 8h at
90°C). The composite membrane was then protonated
by immersing in a 1M HCI solution for 24h and

o]

~C.

Graphite

Studenmaier method

[1,50 (98%), IINO4(68%), KC104

Figure 2. GO synthesis and sulfonation reaction.

Sulfonated GO
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Table 1. Labeling of membranes in present research.
Synthesis method”
Staudenmaier Hummers
Filler type GO mGOS-x mGOH-x
Functionalized GO mfGOS-x mfGOH-x
Without filler sPES

sPES, sulfonated polyether sulfone.
*x is the weight percent of filler in the composite membrane.

washing several times with deionized water. The
membranes with different contents of synthesized GO
or sulfonated GO (fGO) (0, 0.1, 0.5, 1, 2, 3, and 5 wt%)
were prepared and labeled as indicated in Table 1 where
x is filler content (wt%) in the composite membrane.

Characterization of the membranes
Fourier transform infrared spectrophotometry

The structures of synthesized graphene oxides and
composite membranes were investigated by a Perkin
Elmer 883 FTIR spectrophotometer in the wave number
range of 4,000-400cm ' at 25°C. The membrane
samples were dissolved in dichloromethane for
placement on KBr pellets.

Membrane morphology

The structural characteristics of the fillers and the
synthesized membranes were determined by using
X-ray diffraction (XRD, Bruker AXS, D8-advance,
20 =4-70, k=0.71 A) where the morphologies of the
membranes were studied by scanning electron
microscopy (SEM, JSM-840A) and atomic force

microscopy (AFM, CSPM 75 5000). The membrane

samples were snapped in liquid nitrogen to get a sharp
cross-sectional surface image. AFM was used also to
determine the number of graphene oxide layers. The
sample was prepared by sonication of graphene oxide
in water and then adding one drop of sample on a
surface of mica, which was washed with distilled
water and dried for 24 h in ambient conditions before
hand.

Thermal stability

The degradation process and thermal stability of
graphene oxides and the synthesized membranes were
investigated using thermogravimetric analysis (TGA,
NETZSCH, Germany) under a nitrogen atmosphere
using a heating rate of 10°C min ' in the range of
25-800°C.

lon-exchange capacity and water uptake

Ion-exchange capacity (IEC) of the membrane was
determined using titration method by standard
solutions of HCI, NaCl, and NaOH. Phenolphthalein
was used as the indicator. The membrane sample was
immersed in 1M HCL and washed with distilled
water until excess acid was removed. The sample was
equilibrated in 1M NaCl solution for 24h under
stirring at ambient temperature and then titrated by a
0.01 M solution of NaOH. The ion-exchange capacity
was calculated as follows:

EC = consumed volume of solution (ml) x 0.01 (eq/1)

weight of dried membrane (g)

[meq/g]
(1)

The water uptake (¢,,) was calculated to characterize the
capability of water retention in the ion-exchange
membrane. The membrane was first dried at 80°C for
24h and weighed (Wgyy). It was then soaked in de-
ionized water at room temperature for 24 h. The excess
water on the surface of the membrane was removed
before determining the wet weight of the membrane
(Wyer)- The water uptake was calculated as follows:

Wiet — Wdry

Py = Try[_] (2)

Membrane potential, transport number, and
permselectivity

The membrane potential (E,,) was evaluated by using
two horizontal chambers filled with NaCl solutions with
different concentrations (0.01 and 0.1 M) and separated
by the membrane. The setup was placed on a stirrer and
the solutions were mixed by magnets in the chambers.
The potential difference across the membrane was
determined using a digital multimeter connected to
two Ag/AgCl electrodes in the chambers. The mem-
brane was equilibrated with deionized water before
measurement. The membrane transport number (),
as a characteristic index of membrane selectivity,
depends on the concentrations of external solutions
and the ion-exchange groups in the membrane. It was
estimated from the membrane potential using Teorell,
Meyer, and Sievers approach as follows!**:

By = R—FT 2 — 1) <ﬂ> W ()

c2

where ¢; and ¢, are the mean concentrations of
electrolytic solutions, R is the universal gas constant


zhk
铅笔

zhk
铅笔


(8.314] K ' mol™), F is the Faraday constant (96,485.3
C mol ™), and T is the absolute temperature (K).

The ion selectivity of the membrane is expressed in
terms of membrane permselectivity, P;, and the
concentration of fixed charges on the membrane
surface, X,,, as follows:

"o 1
Py = T o1 -] (4)
Xy = 255 ol dm ) (5)

V1 — P?
where f. is the counterion transport number in the
solution phase (approximately 0.39 for sodium ion in
a sodium chloride solution at 25°C) and Cj is the mean
electrolyte concentration (mol dm>).

Membrane ionic conductivity

Measurements of membrane conductance were
accomplished using a clip cell. Before the experiments,
the membrane was soaked in a 0.5M NaCl solution.
The resistance of membrane was measured at room
temperature by the potentiostat/galvanostat frequency
response analyzer (Auto Lab, Model PGSTAT 30) in a
frequency range of 0.1-100 kHz with an oscillating volt-
age of 10 mV amplitude. The membrane resistance
(Rm), equilibrated in the electrolyte solutions, was calcu-
lated by subtracting electrolyte resistance (Ry,) in the
clip cell (without an inserted membrane) from the total
cell resistance (Reen), R = Reenl — Rso1- The conductivity
of membrane was determined from the following equa-
tion:

Sem] (6)

4000 3500 3000 2500 2000 1500 1000 500

wavenumber [cm]

GOS =wwweGOH === fGOH feos

Figure 3. FTIR spectra of GO synthesized by Hummers and
Staudenmaier methods and their corresponded functionalized
GOs. Note: FTIR, Fourier transform infrared.
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where A is the membrane cross-sectional area and L is
the distance between the electrodes.

Results and discussion
Structural characterization of GO nanosheets

Fourier transform infrared spectroscopy
characterization
Fourier transform infrared (FTIR) spectra of GO and
functionalized GO by Hummers (Staudenmaier) method
are represented in Figure 3. The FTIR spectra of GO
represent peaks at 3,394 (3,435) cm™ ! (O-H stretching
vibrations), at 1,700 (1,732) cm " (stretching vibrations
from C = 0), at 1,615 (1,623) cm ™" (skeletal vibrations
from unoxidized graphitic domains), at 1,360 (1,391)
cm~ ! (C-OH stretching vibrations), at 1,225 (1,263)
cm ! (C-0-C), and at 1,048 (1,036) cm ™ * (C-O stretch-
ing vibrations). The presence of all these characteristic
absorption peaks in FTIR results confirms that
functional groups were introduced onto the surface of
graphite by both Hummers and Staudenmaier methods.
Fourier transform infrared spectra of GO after
sulfonation have been also shown in Figure 3. Their
difference with the aforementioned spectra for GO is
the addition of a new peak at 1,212, 1,149 (1,130)
cm ! that is attributed to the absorption of sulfonic acid
group (—SO5H) 344,

Thermal properties of GO nanosheets

The results of TGA for the synthesized fillers and the
differential thermogravimetric curves of these samples
are shown in Figure 4a and b, respectively. It can be
seen that the weight losses of the GO synthesized by
Hummers method in heating up to 600°C is 41% while
that of GO synthesized by Staudenmaier method is 39%.
The weight losses of their corresponded functionalized
graphene oxides are 29 and 26%, respectively.

As expected, the weight losses from room tem-
perature to 150°C is attributed to the absorbed and
bounded water, while significant decrease from 50 to
250°C is caused by pyrolysis of the oxygen-containing
functional groups such as carboxylic acid and alcohol
on GO because of their easy decomposition!**!. The
functionalized graphene oxides show enhanced thermal
stabilities, i.e., a shifted degradation to higher tem-
peratures due to existence of more functional groups
in their structures. The weight losses of functionalized
GOs at 380°C are due to the decomposition of sulfonic
acid groups. The percentages of weight loss for the
functional groups on GO are lower than those of func-
tionalized GO. This can be attributed to the reduction of



548 K. GERANI ET AL.

110

100

80
70

60

weight loss [%o]

50

40

0.00

GOs

fGOS

-1.00 F

=200 F

-3.00 F

-4.00 F

-5.00

-6.00 F

weight rate loss [Yo/min)

-7.00 F

-8.00

0 100 200 300

- (50

Figure 4.

400 500 600 700 RO
7[°C)

GO5

fGOS

(@) TGA and (b) DTG spectra of GOs synthesized by Hummers and Staudenmaier methods and their corresponded

functionalized GOs. Note: TGA, thermogravimetric analysis; DTG, differential thermogravimetric.

thermally unstable oxygenated functional groups on the
functionalized GO samples'**).

X-ray diffraction analysis of GO nanosheets
The XRD patterns obtained for as-synthesized GOs by
Hummers and Staudenmaier methods are shown in

Figure 5. They represent diffraction peaks at 20 = 12.93°
and 12.54°, respectively. The diffraction peak of pure
graphite based on literature is around 26°*°), The disap-
pearance of the peak at 12° confirms that the GOs are
completely oxidized after the chemicaloxidation and
exfoliation'*”),
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Figure 5. X-ray diffraction patterns of GOs synthesized by Hummers and Staudenmaier methods.
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Figure 6. SEM images of (a) GO (65,000%) and (b) functionalized GO (40,000x) nanosheets synthesized by Hummers method.

Morphology of synthesized GO nanosheets

The SEM images of the synthesized GO and functiona-
lized GO nanosheets by the Hummers method are
shown in Figure 6. The images represent a layered
and wrinkled sheet-like two-dimensional structure of
graphene oxide. The distance between the layers and
thin edges can be seen in the images. Oxidized
graphene sheets are relatively large and the structure
is like a thin screen. The surface of functionalized GO
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shows a relatively higher roughness compared to that
of the GO.

The degree of exfoliation and thickness distribution
of GO nanosheets can be investigated by AFM. The
three-dimensional AFM image of an individual GO
nanosheet synthesized by Staudenmaier method is
shown in Figure 7. As seen in the figure, the thickness
of synthesized nanosheet is about 1-2 nm, which is in
the range of thickness for one layer of GO and confirms
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Figure 7. AFM pattern of GO synthesized by Staudenmaier method. Note: AFM, atomic force microscopy.
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that GO has been successfully exfoliated. The thickness
of GO nanosheets is higher than that of graphene due
to the presence of oxygen-containing functional groups
on their both sides. The lateral dimensions vary between
0.4 and 1 pm. The observed atomic scale roughness is
due to structural defects caused by oxidation on
graphene. The GO sheets are expected to be thicker
due to the presence of covalently bonded oxygen and
slight displacement of sp’-hybridized carbon atoms
above and below the original graphene plane!**!. The
carbon-oxygen bonds partially change the carbon
atoms’ hybridization from sp” to sp” and arrangement
of graphene layers into turbostratic (locally parallel)
structure!*),

Characterization of polymer composite
membranes

Fourier-transformed infrared spectrum of membranes
Figure 8 shows the FTIR spectra of sulfonated PES
(sPES) and composite membranes. The introduction of
sulfonic acid groups was confirmed by the FTIR spectra.
The peaks at 1,735 and 1,629 cm ™' in absorption bands
of sPES polymer are attributed to vibration of aromati-
cring skeleton. The two absorption peaks at 1,153 and
1,108 cm ™! are characteristics of aromatic SOj stretch-
ing vibrations. The peak for aryl oxide appears at
1,239cm ™. The O-H stretching absorption peak
between 3,000 and 3,500 cm ™' in the FTIR spectra of
the membrane indicates the existence of hydrogen
bonding. The presence of aliphatic CH is indicated by
the band stretching from 2,900 to 3,000 cm ™.

All of the expected functional groups of the sPES
backbone structure are observed in the spectra of
composite membranes. However, the typical peaks of
GO and functionalized GO cannot be observed because

SPES =———mGOH-2 =——mfGOH-2 mG0s-2 ——mfGO5-2
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Figure 8. FTIR spectra of sPES and composite membranes
having GO synthesized by Staudenmaier and Hummers
methods. Note: FTIR, Fourier transform infrared.

these peaks overlap with the characteristic peaks of sPES

due to the their low doping amounts (2 wit%) P10,

Morphology of membranes

Scanning electron microscopy images from surfaces and
cross sections of membranes are shown in Figure 9.
Although in comparison to the sPES membrane, the
surfaces of nanocomposite membranes have higher
roughnesses, they represent relatively smooth surface
where no accumulation of graphene oxide nanosheets
are observed. The graphene oxide nanosheets are well
dispersed in the sPES polymeric matrix because of their
carbonaceous structure.

The cross-sectional SEM images also represent a
homogeneous and layered structure of the nanocompo-
site membranes due to strong interfacial adhesion and
good compatibility of GO nanosheets and the sPES
matrix. This result is reasonably attributed to the fact
that the oxygen-containing groups on the GO surface
result in a strong electrostatic attraction (such as hydro-
gen bonds) between GO and sPES. The layered struc-
ture of nanocomposite membranes can facilitate
proton conductivity in parallel paths and channels to
create more proton transfer and adsorb more water to
improve the performance of composite membranes.

The homogeneous dark color appearance of the
composite membranes having fGO in their matrices
indicates the successfulness of GO sulfonation. The
cross-sectional SEM images of fGO nanocomposite
membranes are also shown in Figure 9. The fillers are
homogeneously distributed in the sPES matrix without
causing any structural defect.

The SEM images confirm that the nanocomposites
prepared using GO and functionalized GO synthesized
by Staudenmaier method have a more dense and
uniform structure than those prepared using GO and
functionalized GO synthesized by Hummers method.

Thermal stability of composite membrane

The thermogravimetric analyses of nanocomposite
membranes are shown in Figure 10. The figure shows
that sPES membrane has three distinct degradation
steps; the first weight loss (about 5%) is seen from room
temperature to about 100°C due to evaporation of
adsorbed water, the second one from 250 to 400°C is
attributed to thermal degradation of sulfonic acid
groups, and the third one above 450°C is due to the
thermal decomposition of the main sPES chains. Similar
steps are seen in the TGA curves of composite
membranes with a shift in temperature range. The com-
posite membranes’ second weight loss in the range of
300-400°C is due to degradation of sulfonic acid groups
of the polymeric matrix and oxygen-containing
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Figure 9. Surface and cross-sectional images of (a) sPES, (b) mGOH-0.5, (c) mGOH-1, (d) mGOH-2, (e) mfGOH-0.5, (f) mfGOH-1,
(g) mfGOH-2, (h) mGOS-1, (i) mGOS-2, (j) mGOS-3, (k) mfGOS-1, (I) mfGOS-2, and (m) mfGOS-3.

functional groups on the nanosheets. A more thermal
stability is afforded for the nanocomposite membrane
having functionalized GO due to interaction between
sulfonic groups of the functionalized GO nanosheets
and the sulfonic groups of the polymeric matrix.
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Figure 10. TGA thermographs for sPES and composite
membranes. Note: TGA, thermogravimetric analysis.

lon-exchange capacity of composite membranes

The ion-exchange capacities of composite membranes
having GO and functionalized GO synthesized by both
Staudenmaier and Hummers methods are shown in
Figure 11. IEC represents the concentration of sulfonic

—h—mGO5 —@—miGO5 =—O=mfGOH =——mGOH

=6
g
£
=
]_2 1 1 1 1
0 1 2 3 4 5
GO content [%]

Figure 11. IEC of composite membranes having GO

synthesized by Staudenmaier and Hummers methods. IEC,
ion-exchange capacity.
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acid groups and thus the charged nature of the ion-
exchange membranes, which play an important role in
proton conductivity. IEC values of nanocomposite
membranes are reduced compared to sPES membrane
because incorporating neutral GO decreases the density
of sulfonic acid groups in the polymer. However, as
shown in Figure 11, IEC of functionalized GO composite
membranes, which have negative charges due to the
presence of sulfonic acid groups in their structure,
increases by increasing the filler content. Meanwhile,
the figure reveals that the IEC of membrane having
Staudenmaier GO is higher than that of membrane
having Hummers GO at the same content (max. 3% at
5wt%). The figure also reveals that the increment in
IEC is more significant (in the range of 0.7-3.8%)
for the composite membranes having Staudenmaier
functionalized GO than those having Hummers
functionalized GO. This is because of positioning more
active sites in the structure of GO synthesized by
Staudenmaier method, which are replaced by sulfonic
acid groups in the functionalization step.

Water uptake of composite membranes
The water uptake (¢,) of the composite membranes
having GO and functionalized GO synthesized by both
Staudenmaier and Hummers methods are shown in
Figure 12. As can be seen in the figure, ¢,, increases by
increasing GO content due to hydrophilic characteristic
of GO nanosheets. The higher hydrophilicity of sulfonic
acid groups makes the composite membranes having
functionalized GO more hydrophile and resulting in
enhance in their water uptakes.

Similar to the trend observed in IEC, the water
uptakes of the composite membranes having
Staudenmaier GO and correspondingly functionalized

—h—mMGO5 —@=mfiGOS =tr=mGOH —O=mfGOH
36

4 L L 1 L
0 1 2 3 4 5
GO content [%]

Figure 12. Water uptakes of composite membranes having GO
synthesized by Staudenmaier and Hummers methods.

Staudenmaier GO are higher (up to 15%) than those
of the membranes having Hummers GO.

Transport number and permselectivity

The permselectivity of membrane for transporting coun-
terions with different mobilities induces an electrical
potential difference when two electrolyte solutions with
different concentrations are separated by the membrane.
The membrane potential data in NaCl solutions were
obtained for all the membranes as presented in Table 2
in terms of transport number and permselectivity. It
can be seen that the membrane potential, transport
number, and permselectivity are improved using GO
nanosheets (up to 5wt%) and the enhancement order
is as follows: mfGOS > mfGOH > mGOS > mGOH >
sPES, i.e., the nanocomposite membranes having func-
tionalized GO have better results that those having
GO, and that the nanocomposite membranes having
synthesized GO by Staudenmaier method have better
transport properties than those having synthesized GO
by Hummers method. Basically, the adsorptive charac-
teristic and ionic transport properties of applied GO
nanosheets, which provide more conducting regions
for the GO nanocomposite membranes, result in their
enhanced transport properties. The high specific surface
area of nanosheets is also beneficial for diffusion of ions
from the solution onto the active sites of nanosheet
surface in the membrane matrix that improves the
accessibility of ion-exchange functional groups in the
membrane matrix. This makes better Donnan exclusion
that is responsible for increasing membrane potential,
transport number, and selectivity[su. GO and functiona-
lized GO control the pathways of ions because the flow

Table 2. Transport number, permselectivity, and concentration
of fixed charges on membrane surface having (a) GO and (b)
functionalized GO nanosheets.

GO synthesis method

Hummers Staudenmaier
Filler tr Py Xm Filler " Py Xm
content (—) (=) (mol dm™3) content (—) (=) (mol dm™3)
(a) Go nanosheets
0 0.887 0.814 0.168 0 0.887 0.814 0.168
0.1 0.896 0.830 0.179 0.1 0.899 0.834 0.181
0.5 0.904 0.842 0.187 0.5 0.911 0.854 0.197
1 0.913 0.858 0.200 1 0.920 0.870 0.212
2 0.933 0874 0.216 2 0.935 0.894 0.239
3 0.935 0.894 0.239 3 0.950 0.918 0.277
5 0.950 0.918 0.277 5 0.963 0.939 0.330
(b) Functionalized GO nanosheets
0 0.887 0.814 0.168 0 0.887 0.814 0.168
0.1 0.905 0.842 0.187 0.1 0.911 0.854 0.197
0.5 0.920 0.870 0.212 0.5 0.933 0.890 0.234
1 0.936 0.894 0.239 1 0.948 0.916 0.274
2 0.947 0914 0.270 2 0.959 0.933 0.313
3 0.956 0.927 0.298 3 0.968 0.948 0.360
5 0.971 0.953 0.380 5 0.981 0.969 0.475




of ions through the membrane is facilitated in narrower
passages by creating appropriate channels, and the
potential and other transport properties are increased.
In the intensive ion traffic, GO nanosheets dominate
the ion sites and increase the Donnan exclusion!®*?],

Furthermore, the uniform dispersion of functiona-
lized GO with sulfonic groups in their structure as well
as their enhanced water uptake increases the Donnan
potential at the two sides of the membrane and thus
results in higher transport properties for the corre-
sponded nanocomposite membranes.

The concentration of fixed charges on the membrane
surface (X,) represents a similar trend as the other
transport properties of the nanocomposite membranes
as seen also in Table 2 and b.

Conductivity

The conductivities of nanocomposite membranes having
GO or functionalized GO synthesized by both Hummers
and Staudenmaier methods are shown in Figure 13. The
figure shows that the conductivity is increased by
increasing the filler content as expected. Again, the
functionalized GO induces a higher conductivity in
either case and the conductivities of nanocomposite
membranes having GO or functionalized GO synthe-
sized by Staudenmaier method represent an average of
10-14% higher than the conductivities of nanocompo-
site membranes having corresponded filler synthesized
by Hummers method at the same filler content. The
additional pathways of GO, increase in water uptake,
and enhancement of chain motion may cause this
increase in conductivity for GO nanocomposites, which
facilitates the proton conduction through both vehicle
and Grotthuss mechanisms®*). The further increase in
proton  conductivity = of  functionalized GO

500
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Figure 13. Conductivities of composite membranes having GO
synthesized by Staudenmaier and Hummers methods.
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nanocomposites is related to an increase in the mem-
brane’s IEC due to the introduction of additional sulfo-
nic acid groups of the functionalized GO. Moreover, the
functionalized GO adsorbs water on their surface
through a strong interaction with -SO;H groups and
formation of hydrogen bonds and thus increases the
water retention and proton conductivity.

The higher conductivities for the nanocomposite
membranes having GO or functionalized GO synthe-
sized by Staudenmaier method clearly show that the
type of utilized oxidation method has profound influ-
ence on the electrochemical properties of the resulting
graphene oxide materials, which in turn has eminent
implications for any application of graphene oxide in
electrochemical devices. In the case of Staudenmaier
method, a well-oxidized graphene can be obtained but
much longer oxidation time is required. The time for
the method proposed by Hummers is shorter, while
the graphene oxide possesses a plenty of unoxidized
sp? carbon atoms'*?), In the two methods, the graphene
oxides have comparatively small amounts of carboxyl
groups and high amounts of hydroxyl groups. Pro-
longed drying at ambient temperature allows preserving
epoxy groups in the GO obtained from Staudenmaier
method that are easily desorbed at slightly higher

temperatures'™.

Conclusion

Cation-exchange  composite = membranes  were
prepared by introducing various amounts of graphene
oxide and fGO nanosheets into the sulfonated PES
The GO nanosheets were prepared by
Hummers and Staudenmaier methods. The SEM
images of the composite membranes showed a dense
structure with uniform distribution of GO nanosheets
in the polymeric matrix. The incorporation of GO
not only improved the water uptake, thermal, and
chemical properties of the composite membranes but
also increased their proton conductivities. However,
it caused a decrease in the IEC. The chemical interac-
tions between GO and sPES and also the presence of
different oxygen functional groups on GO nanosheets
enhanced transport properties of GO nanocomposite
membranes. Incorporation of functionalized GO in
sPES was confirmed to yield a well-distributed com-
posite membrane and to enhance the proton-exchange
properties of the membrane. The IEC, water uptake,
transport properties, and conductivities of functiona-
lized GO nanocomposite membrane were higher than
those of GO nanocomposite membranes and more
importantly the functionalized GO synthesized by

matrix.
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Staudenmaier method imparted superior aforemen-
tioned properties to the nanocomposite membranes
than the functionalized GO synthesized by Hummers
method due to the presence of more active sites in
the structure of originating GO by the Staudenmaier
method. The obtained results make the functionalized

GO

nanocomposite membranes ideal candidates

for utilizing in fuel cells, electrodialysis, and other
high-temperature applications.
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