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ABSTRACT

For the first time, the expanded graphite (EG) was used as membrane-based for the desalina-
tion application. The EG is fabricated at room temperature using the optimizing weight ratio
between ammonium persulfate and sulfuric acid. The highest expansion grade is 241 mL g™ which
is corresponded to the graphite with 305 um of size, and the ratio between salt (NH,),S,0, and
acid H,SO, is 5:4. The conductivity of the filtered salt solution is 0.35 mS cm™, demonstrating
two conductivity orders inferior to the initial salt solution 0.5 M (17.7 mS cm™). Besides, the fil-
tered salt solution conductivity is located in the standard range of tap water. The salt removal
capacity of EG is 9.32 mg g (after filtering 500 mL of NaCl 0.5 M). This desalination capacity
is lower than that of the 3D graphene-based membrane reported in the literature, 71.4 mg g
[1]. However, it is necessary to point out the preparation cost of EG is negligible compared
with the cost preparation of 3D graphene membrane. Still, it is relatively higher than other
desalination-based membranes reported in the literature, such as activated carbon, 2-5 mg g
[2]. The desalination result can be explained by the 2-dimensional structure of EG, which
can provide an excellent molecular and ionic sieving effect. However, the EG exhibits low
desalination stability due to the swell effect when it is contacted to an aqueous solution.
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1. Introduction

Recently, freshwater is a significant demand for human
beings [3]. The desalination process to alleviate the water
conflict could be a solution for today to solve this prob-
lem. However, the main problem is the energy required for
the desalination purpose. Salt has a very high solubility in
water, forming ionic bonding, which is very difficult to be
broken. In addition, the recent desalination technologies are
costly, making desalinating water upraised [3,4].

Among several standard techniques used for the desali-
nation process, reverse osmosis is widely applied due to its
effectiveness [5,6]. However, the technology involves a high
installation cost, requires elevated energy consumption,
and displays a small desalination capacity. Besides, fouling
issues, rapid degradation, poor stability under corrosive

* Corresponding author.

ambient, and low fluidity because of the high pressure
always are problematic for desalination membrane tech-
niques [7,8]. Therefore, it is essential to develop a novel
material used in desalination membranes to suppress those
problems.

At the recent time, nanostructured carbon materials are
popularly used in many industrial applications because of
their outstanding properties such as chemically inert, ele-
vated specific surface area, low-cost production [9-12]. It is
already known that 2D materials, for example, graphene-
based materials, provide an ideal approach for water-based
filtration due to their layered structure [13]. Many research-
ers have demonstrated that the laminar structure may create
nanocapillary channels, making a versatile way for solvent
transport and improving ion rejection [14,15]. In addi-
tion, it was showed that the laminar structure membrane
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displays higher water flux and ionic rejection selectivity
than polymeric-based membranes [16,17].

However, among the 2D graphene membrane, the
graphene oxide (GO) membrane always suffers swelling
problems due to its hydrophilic property [18]. The GO-based
membrane also presents low stability when it is exposed to
the aqueous solution [19]. The high-cost production of GO
material may affect the use of the GO-based membrane.
Aside from that, the desalination capacities of graphene
material are pretty far from industrial applications [20,21].

Recently, other 2D nanomaterials, such as molybdenum
disulfide (MoS,) [22], phosphorene [23], boron nitride (BN)
[24], and silicon carbide (SiC) [25] have been intensively
developed in desalination applications. However, the desali-
nation results were presented only using computational
simulation and computational fluid dynamics calculation.
Also, the manufacturing routes of those 2D nanomaterials
are entirely complicated and lead to a high manufacturing
cost [26]. Therefore, the use of the mentioned 2D nanomate-
rial in practical membrane desalination is still challenging.

Newly, expanded graphite (EG) is a 2D nanostructured
modified graphite with an expansion degree of two graph-
ite layers [27]. Its specific surface area is higher than that
of initial graphite, leading to pores forming, making it a
good absorbed material. Recently, EG has been commonly
used to remove oil in the oil-water mixture, waste gas cap-
ture, organic dye removal, and several industrial appli-
cations due to its excellent absorption property [27-31].
However, to our best knowledge, EG is not popularly used
in desalination seawater.

A new material based on EG was developed for water
desalination application in this work, taking its excellent
absorption property. The desalination results were quite
surprising for the use of EG as a membrane-based material.
On the other way, the EG fabrication cost is comparatively
lower than other 2D desalination membrane materials. Thus,
this research may open a new approach for the manufac-
turing of low-cost desalination membrane material.

2. Experimental
2.1. Preparation of EG

Natural graphite (NG) was collected from Bao Ha
Mining, located in the Lao Cai Province in Vietnam, with
a carbon content > of 80%. The impurities of NG were
removed by HCI 20% for several cycles. The cleaned NG
has a carbon content >97%.

The fabrication of EG was performed at room tempera-
ture following Liu et al. [32]. However, in this work, the EG
expansion degree was also studied by varying the reagent
stoichiometries, expansion time, and graphite flake size:

* A mixture containing (NH,),5,0, and concentrated
H,SO, (95%) with different weight ratios was mechani-
cally stirred for 10 min.

* 1 g of NG was gradually added into the prepared mix-
ture and stirred for 5 min at room temperature; a slurry
comprised of (NH,),5,0,, H,SO, and NG is obtained.
After that, the slurry was translated to a watch glass for
the completed expansion.

¢ The EG is neutralized by deionized water to pH neutral.

2.2. Desalination system

A simple filtration system contains a vertical filtration
column and a collecting vessel (Fig. 1). The desalination
membrane consists of 15 g of EG with an apparent density
of 0.09 g cm™. The filtration process is performed at room
temperature and under atmospheric pressure. The solution
flow rate is 0.7 L cm? h™. The desalination capacity was eval-
uated by measuring the conductivity of the 50 mL filtered
solution. All the conductivity measurements are assessed
by Thermo Scientific Eutech ELITEPCTS equipment.

2.3. Characterization of the samples

The X-ray diffraction (XRD) spectra were recorded on
a Bruker D8 ADVANCE instrument operating at 40 kV and
40 mA using Cu Ka radiation (A = 0.15406 nm). The mor-
phology of the samples was examined by scanning electron
microscopy (SEM, HITACHI S-4800 model). The Raman
spectra were recorded on a Micro Raman spectrophotome-
ter (JASCO Raman NRS-3000) using a 633 nm excited laser
at room temperature.

All the N, isotherm results were obtained on a
Micromeritics ASAP 2020 analyzer. The Brunauer-Emmett—
Teller equation was used to evaluate the specific surface
area of EG. The degasification condition was done at 150°C
under the vacuum condition for 15 h before starting the
measurement. The specific surface area was calculated by
the adsorbed amount vs. the relative pressure (P/P, from
0 to 0.30). The pore size distributions were determined by
using the Barrett-Joyner-Halenda (BJH) model.

3. Results and discussion
3.1. Optimization of the preparation EG

It is already known that the high EG expansion vol-
ume is the key to increasing the specific surface area, thus
improving salt retention. For the elevated expansion effi-
ciency, the EG synthesis conditions were performed by
the orthogonal method [33]. The standard 3* orthogonal

NaCl solution ~ /
/

J Filtered water

Fig. 1. The desalination system.
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experimental condition design, the experimental factors, the
expansion time, the stoichiometry of H,SO, and (NH,),S,0
and graphite lateral size are listed in Table 1.

From the results in Table 1, the optimum conditions
are obtained: 60 s of time synthesis, the weight stoichiome-
try between H,SO, and (NH,),S,0, is 4:5, and the graphite
lateral size is 305 pum. Therefore, the maximum expansion
value is up to 241 mL g™. Thus, the EG prepared for fur-
ther experiments will follow the mentioned preparation
condition.

Recently, several works have reported that the weight
loss of EG is closely correlated with its expansion degree
due to the partial bunt at high temperature in the oven or
the microwave. In our work, as the expansion temperature
is at room temperature, no weight loss has been detected.
The expansion mechanism can be explained as the fol-
lowing: in the time of expansion process, the persulfate
anions react with sulfuric acid forming SO, and O, as the
following reaction:

8

(NH, ), S,0, +2H,50, — H,S,0, + 2NH,HSO, (A)

H,S,0, - H,S0, +50, +O, (B)

The gases released can exert a force surpassing the Van
der Waal force of graphite interlayers, separating two lay-
ers of graphite, resulting in the expansion process of graph-
ite. Therefore, the expansion volume is affected principally
by the gases emitted during the expansion process, which
is strongly related to the weight ratios of (NH,),S,0, and
H,SO,. Additionally, it can be seen that the expansion time
has a slight effect on the expansion volume value.

The rapid decomposition of persulfate in sulfuric
acid can describe the EG expansion at room temperature.
However, it is necessary to point out that graphite particle
size toughly influences the expansion volume. The expan-
sion volume is increased when the particle size is enlarged,
which is matched to many other results reported in the lit-
erature [34,35]. In our opinion, the influence of flake size
can be clarified by the contact surface of graphite with the
reaction mixture. The graphite with a large particle size has
a vaster contact surface area than the small particle size.

Table 1
Experimental conditions of EG
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Thus, a massive amount of reaction mixture can distrib-
ute on the graphite layer and penetrated into the graphite
interlayers, forming the expansion of graphite.

3.2. Characterization of the EG
3.2.1. SEM analysis

SEM characterization is a practical tool to study the
material morphologies [36,37]. Fig. 2 shows the general
morphologies of both graphite and EG. The graphite con-
sists of large, platy, highly organized graphite crystals in
the form of flakes. The layers of graphite seem compacted
and present a smooth surface (Fig. 2a). The highly crystal-
line edge domain with minor matrix intercalation of the
graphite can be clearly seen at the high magnification scale
(Fig. 2b).

However, comparing with graphite, the morphology of
EG is different. The original morphology was destroyed,
and graphite was expanded along the c-axis under the per-
sulfate decomposition, resulting in the fluffy worm-like
structure at a low-magnification scale (Fig. 2c). The EG
had superabundant pore networks at a high magnification
scale, and a significant number of pores between the 1-2 pm
range was clearly observed (Fig. 2d).

3.2.2. X-ray diffraction analysis

The XRD analysis was carried out in the range of the 20
from 5° to 70°, as shown in Fig. 3a. The two strong peaks with
the value of 26.7° (d,, = 0.333 nm) and 54.8° (d,, = 0.167 nm)
are the main characteristic diffraction peaks of graphite.
However, the EG diffraction peaks exhibited a significant
reduction in intensity, making an increase in width at half
maximum (FWHM) from 0.375 to 4.25 (Fig. 3b). During the
expansion process, the partial destruction of crystal struc-
ture could clear up this change. The EG original structure
layer was still conserved because of the non-oxidized graph-
ite crystals, providing similar characteristic diffraction
peaks between graphite and EG.

Table 2 shows the crystallographic parameters of
graphite and EG. It can be noticed that during the expan-
sion process, the value of d, and L_of EG compared with
graphite are very similar. This result is because a small part
of graphite was not expanded completely and retains the

Sample  Time, min  Dosage of H,SO,, g Dosage of (NH,),S,O,, g  Graphite lateral size, um  Expansion volume, mL g™
1 30 3 5 75 140
2 30 4 4 125 198
3 30 5 3 305 196
4 60 3 3 305 234
5 60 4 4 75 145
6 60 5 5 125 189
7 90 3 3 125 187
8 90 4 5 305 241
9 90 5 4 75 143
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Fig. 2. SEM images of graphite (a,b) and EG (c,d).

original graphite structure. Also, L, exhibited no notice-
able changes in the a-axis direction, illustrating no effect of
graphite lateral size.

3.2.3. Raman spectroscopy

Raman spectroscopy was applied to investigate the
chemical structure, crystallinity, and molecular interactions
of materials [38]. The Raman technique is used for graph-
ite-based material to study the damage induced to graph-
ite structure during the expansion process. As presented
in Fig. 4, both graphite and EG samples contained a sharp
G peak at 1,598 cm™, corresponding to the E2g vibration of
sp*hybridized carbon atoms. The D peak associated with
defects is absent in the graphite Raman spectrum, showing
an orderly graphite structure. However, in the EG Raman
spectrum, a weak D peak can be found around 1,358 cm™,
associated with EG defects or disordered structure. Several
researchers recently used the relative intensities ratio
between D and G bands (I,/I;) to characterize the disorder
degree of graphite. In this work, the ratio [ /I, of graphite

and EG were 0 and 0.072, showing minor damage to the
graphite structure during the expansion process.

3.2.4. N, adsorption/desorption measurement

For absorbing material, the specific surface area and
pore size are critical parameters to evaluate their adsorption
capacity. Fig. 5 exhibits N, adsorption/desorption curves of
EG and graphite. Both of them are corresponded to type IV
isotherm, but the isotherms of both materials are dissimilar.
This difference can be described by the structure changing
from the 2D dimensional shape of graphite to the 3D worm
structure of EG. The isotherm of EG indicates the presence
of mesopores, with a specific surface area of 26.02 m? g™
Meanwhile, such parameter of graphite is 5.01 m? g™
This specific surface area of EG shows that the material
contains large pores. The result reveals the formation of the
porous structure of EG after the expansion process.

Fig. 6 shows the Barret-Joyner-Halenda (BJH) pore size
distributions of EG and graphite. No specific pore size can
be found in the BJH of graphite. However, the BJH pore



328

V.T. Tan et al. / Desalination and Water Treatment 234 (2021) 324-332

' 50000 (b)
= 40000
-]
= 0000 ——QGraphite
§ 20000 —EG
= 10000
0 .
25 26 20 27 28
50000
(@)
5 40000 —Graphite
[
£30000 —kG
=
%}
= 20000
]
10000 j’
0 W r
10 20 30 40 50 60 70

Fig. 3. XRD pattern of graphite (dark line) and EG (red line) (a); the high magnification of XRD pattern of graphite and EG from

25 to 286 (b).

Table 2
Crystallographic parameters of graphite and EG

Samples d,,,/nm Ln(m)/nm LE(ODZ)/nm
Graphite 0.333 6.7 3.6
EG 0.364 7.1 3.9

Table 3

Elemental analysis of both simple graphite and EG by LECO
combustion

Element, wt.% Graphite EG
C 99.6 98.5
(@] 0 0.3
S 0 0.6
H 0 0.1

size distribution of EG illustrates many mesoporous with
the average pore sizes are 45 nm.

3.2.5. Elemental analysis

LECO combustion was used for the elemental analysis
of EG and graphite. The carbon, hydrogen, sulfur, and oxy-
gen content are determined through the pyrolysis and com-
bustion process. The result reveals that graphite presents a
99.6% of carbon content; the 0.4% is related to the impurities
of the graphite sample (Table 3). Compared with graphite,
the EG has 98.5% carbon content; the amount of O, S and H

could associate with the formed functional groups during
the expansion.

3.3. Characterization of the filtered salt solution

The desalination efficiency of the synthesized EG was
evaluated by the conductivity of the filtered solution pass-
ing through the filter system (Fig. 7).

Fig. 7 shows the conductivity performance of salt solu-
tion after going through the EG membrane-based system.
The initial value conductivity of the prepared salt 0.5 M is
17.7 mS cm™, and the first filtration solution is 0.35 mS cm™™.
Therefore, the conductivity value is significantly reduced
by almost two orders of magnitude after the first filtration.
However, the conductivity became constant after filtration
of a specific salt volume; the value stays in the range of
0.82-0.90 mS cm™. These filtration results can be described
by the crystallization of NaCl salt in the interlayer distance
of EG. This NaCl crystal may block the EG pore, leading to
only a determined amount of salt passing the EG filter sys-
tem and making the filtered solution conductivity constant.

The conductivity measurement of the filtered salt is in
the range of two orders of magnitude lower than the ini-
tial salt solution. The filtered conductivity is also lower
than 900 puS ecm™, which locates in the acceptable region of
the tap water. The stability of the filtration system was also
checked by resining it with deionized water (Fig. 8).

The stability result presented in Fig. 8 shows that the EG
membrane-based material shows a slight instability during
the salt filtration process. The formation of NaCl crystals
between the space of graphite layers could increase the
distance between two graphite layers, providing the swell
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effect of EG. Thus, this phenomenon may decrease the salt
rejection capacity of EG. In addition, further work will be
performed to avoid the swelling effect and improve the EG
membrane stability. The amount of salt eliminated from the
salt solution was calculated by the following equation:

)

m=

Sy S—

(C,-C v

where C; is the concentration of the fresh salt, C, is the con-
centration of the filtered solution determined by the con-
ductivity value, and V is the volume of the passed solution.

Pore size (D), nm

Fig. 6. Pore width distribution of graphite and EG.

The salt removal capacity of EG is 9.32 mg g™ (after fil-
tering 500 mL of NaCl 0.5 M). This result is lower than the
capacity of graphene-based membrane [1,39], but consid-
erably higher than that of activated carbon [2]. The EG cost
production in this work is noticeably lower than the man-
ufacturing cost of graphene-based material. Therefore,
using EG for water desalination could be more economical
than other high-cost 2D nanomaterials.
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Fig. 7. Conductivity measurement of the filtered saltwater by filtering 0.5 M NaCl solution. The inset was plotted on a logarith-
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Fig. 8. Stability salt rejection of EG membrane-based material.
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Fig. 9. EDX analysis of EG-based membranes after the filtration salt solution.
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Fig. 9 shows the energy-dispersive X-ray spectros-
copy (EDX) analysis of the EG-based membrane after the
filtration of 0.5 M NaCl salt solution. The white salt crys-
tals are attached to the interlayer of EG due to the NaCl
crystal formation during the filtration process. The NaCl
crystals are identified by EDX analysis of the EG-based
membrane after passing the salt solution (EDX spectra).

4. Conclusions

For the first time, EG was used as a laminar membrane
for desalination purposes. The synthesis parameters, such as
expansion time, the dosage of H,SO, and (NH,),S,0,, graph-
ite lateral size were varied by the orthogonal method to
obtain the highest expansion grade.

The SEM characterization illustrated the fluffy worm-
like structure of EG with a significant pore size between
the 1-2 um range. The XRD and Raman analysis show the
disordered structure of the synthesized EG comparing with
the original graphite.

The desalination results were significantly good. The
treated solution has conductivity with two orders lower
than the initial solution, and it stays in the tap water range.
The desalination capacity of EG is lower than the graphene-
based materials but higher than activated carbon. The
low-cost production could make EG-based membranes are
more economical than using another high production cost
2D nanomaterials. The study to avoid the swelling effect
of EG and improve its stability will be established in the
future work.
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