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Abstract For the first time, a novel approach has been developed to fabricate 3D nanoporous

Graphene for desalination application. The new approach consists of reducing Graphene Oxide

in the presence of saccharose using hydrothermal and microwave combustion routes. The synthe-

sized 3D nanoporous Graphene provides a higher specific surface area than other 3D Graphene

synthesized in different ways reported in literatures. In desalination applications, the salt rejection

capacity is considerably higher than activated carbon or different carbon-based materials.

The filtered solution conductivity has two orders lower than the feeding solution and stays in the

acceptable drinking water range. This excellent result can be explained by the remaining oxygen

functional groups, the defects formed during the reduction process, the large specific surface area,

and the nanopore of the obtained 3D nanoporous Graphene.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The demand for freshwater has urged the need for seawater

desalination (Darre and Toor, 2018). Recently, membrane-
based techniques, for example, reverse osmosis (RO), is widely
used for seawater desalination (Amy et al., 2016; Goh and

Ismail, 2018). However, the RO has a high installation cost,
elevated energy consumption, and low desalination capacity.
The membrane also suffer fouling problems, flux decline due
to the high pressure, rapid degradation, or low stability under
acid/alkaline ambient (Tan et al., 2012; Su, 2018).

Recently, nanotechnology provides many options to design
desalination membranes containing nanopores with high salt
rejection capacity. The nanopores with only a few nanometers,

even several angstroms, can permit hydrated ions and reject
the salt ions, promising the desalination capacity. Among the
materials with nanopores, Graphene and carbon nanotubes
are considerably studied for wastewater treatment and desali-

nation purposes (IntechOpen, 2020; Vinh et al., 2019; Tuan
et al., 2019, 2020).

Although Graphene material is impermeable, and Gra-

phene with nanopores is considered a promising material for
selective membrane applications. The initial research of using
Graphene for desalination purposes is molecular dynamics

simulations and computational calculations. These works have
anticipated that the planar Graphene can allow the water
molecules to pass through its nanochannels. The water
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permeability using Graphene as a separation membrane may
be mostly higher than that of popular commercial nanofiltra-
tion and reverse osmosis (RO) membranes by several magni-

tudes (Hu and Mi, 2013). The computational simulation
shows that the nanoporous Graphene membrane permits the
water flow across the defined channels, which is opposite to

the slow solution-diffusion water mechanism of RO mem-
branes (Berry, 2013). Several works have demonstrated that
the water flow capacity can increase 100 times compared to

RO technologies (PUBS, 2021). Two approaches have been
applied for Graphene-based membranes are nanoporous Gra-
phene and stacked GO membranes. However, the GO mem-
brane always suffers the swelling effect, which decreases the

separation capacity. Therefore, nanoporous Graphene may
be the best candidate for water treatment. We already know
that the nanochannel pores must be designed with a suitable

pore size to avoid the flow of ions. Recently, the control of
pore size in material remains one of the drawbacks in the fab-
rication of membrane. The defects in Graphene sheets, such as

the grain boundary or the formed hole after the GO reduction,
are considered relevant for the salt rejection (Boretti et al.,
2018).

To develop more 2D materials for membrane desalination
and ion separation, several 2D materials have been studied
for water desalination, such as molybdenum disulfide (MoS2)
(Nature, 2021), Phosphorene (Pathania and Gaganpreet,

2021), Boron Nitride (BN) (Liang et al., 2017), and Silicon
Carbide (SiC) (Khataee et al., 2017). However, their desalina-
tion capacities were studied by only using molecular dynamics

simulation and computational calculation. The real salt rejec-
tion capacity measured by a membrane made by mentioned
2D materials is still missed. Only experiments have proven

the viability of Graphene as 2D materials in water desalination
applications.

Recently, porous carbon-based materials provide many

industrial fields interest due to their high specific surface area,
chemical stability, and low-cost production (Borchardt et al.,
2017). Up to now, the pyrolysis of carbonaceous precursors
is the primary technique to fabricate porous carbon-based

structures (Xu et al., 2017). Among the porous carbon-based
materials, the fabrication and application of 3D Graphene-
based structures have gained significant attention from many

researcher groups (Yang et al., 2015) (Rethinasabapathy
et al., 2017). 3D Graphene materials are widely used as chem-
ical adsorbent (Liu and Qiu, 2020; Hiew et al., 2018) , tissue

scaffolds (Girão et al., 2020; Li, 2019) energy application
(Fan et al., 2015; Venkateshalu and Grace, 2020; Khataee
et al., 2017) due to their high porosity properties, high electri-
cal conductivity, and chemical, biological stability.

Template and template-free method are two main synthesis
approaches of 3D nanoporous Graphene-based materials
(Khataee et al., 2017; Huang et al., 2014; Zhang et al., 2019;

Xiong et al. 2019; Vu et al., 2020). For the template method,
both hard-templates such silica and polystyrene spheres or
metal foams and soft-templates such as polymeric or amphi-

philic compounds are widely used to fabricate 3D nanoporous
Graphene (Niu et al., 2018; Zhang et al., 2018; Sun et al.,
2014). However, the use of hard-templates also involves the

elimination step, which could affect the structure of Graphene.
Therefore, a template-free approach is modernly used to man-
ufacture of 3D nanoporous Graphene-based materials (Cai
et al., 2019; Liu et al., 2019). Currently, the template-free tech-
nique is mainly based on the self-assembly of Graphene oxide
and its reduction to Graphene under high temperature, form-
ing hydrogel gelation (Ma and Chen, 2014). In addition, there

are several methodologies to fabricate 3D nanoporous Gra-
phene, for example, evaporation (Zhang et al., 2017; Yang
et al., 2017) , vacuum filtration (Zhao et al., 2020; Ramos

Ferrer et al., 2017) , sugar blowing (Venkateshalu and Grace,
2020; Han et al., 2018; He et al., 2020; Wang et al., 2013).

Lately, sugar-blowing is a simple method for fabricating 3D

self-supported Graphene (Venkateshalu and Grace, 2020;
Wang et al., 2013). The sugar-blowing approach is involved
in the controlled heating of glucose in the presence of a facile
decomposition compound, for example NH4Cl (Wang et al.,

2013). During the heating process, the glucose is turned into
glucose-derived polymers. The formed polymers are trans-
formed into bubbles by the gases released from the decompo-

sition of NH4Cl (Wang et al., 2013). Subsequently, the
graphitization process is needed to convert the bubbles into
Graphene membrane walls with mechanically robust, light,

and 3D structures.
Taking advantage of the properties of sugar, in this work, we

would like to present, for the first time, a new approach for the

fabrication of 3D nanoporous Graphene using a combination of
saccharose with Graphene Oxide. This new methodology con-
sists of two synthesis steps: hydrothermal treatment and micro-
wave treatment. The mixture of saccharose and Graphene

Oxide is treated under the hydrothermal condition to obtain a
slurry of Graphene Oxide -sucrose. The slurry will then be trea-
ted in the microwave to convert saccharose into bubbles by the

gases released from the functional group of Graphene Oxide.
The obtained 3D nanoporous Graphene is used as a salt reject
membrane for the desalination application. The results are auspi-

cious, showing a novel methodology of salt rejection 3D Gra-
phene membrane, which can be simply scaled up. The product
cost is relatively low compared with the traditional method for

the fabrication of 3D nanoporous Graphene. Thus, this synthesis
methodology could open a new route for the manufacture of salt
rejection membrane.
2. Experimental

2.1. The preparation of Graphene Oxide

Graphene Oxide (GO) is prepared as a precursor for the prepa-
ration of 3D nanoporous Graphene. The natural Graphite

flake was used as a raw material for the fabrication of GO
using modified Hummer methodology (Vu et al., 2020).

In a typical synthesis, a mixture of 10 g of Graphite, 5 g of

sodium nitrate, and 250 mL sulfuric acid 98 wt% were
homogenously mixed by mechanical agitation. The mixture
temperature was regulated to 5 �C. Afterwards, 35 g of potas-

sium permanganate was slowly added to the reaction.
The oxidation process was carried at 40 �C for 2 h to obtain

Graphite oxide. The reaction is stopped by pouring gradually
200 mL deionized water. The rest of the potassium perman-

ganate is eliminated by adding 10 mL of H2O2 (30 wt%).
Immediately, the reaction suspension was turned into a
yellow-beige color. The manganese oxide formed during the

oxidation process can be eliminated by 50 mL of HCl 20%.
Finally, the slurry Graphite oxide was neutralized by deionized
water. The obtained material was exfoliated by ultrasound
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equipment (750 W, 20 min, amplitude 100%). The unexfoli-
ated Graphene Oxide (GO) was separated from the exfoliated
GO using a centrifuge at 2500 rpm for 10 min. The GO con-

centration was calculated by the vacuum evaporation method.

2.2. The preparation of 3D nanoporous Graphene

200 mL of GO 5 g/L was mixed with 1 g saccharose at the mass
ratio of 1:1. The prepared mixture was placed into a Teflon
autoclave and kept at 80 �C for 3 h. The obtained slurry was

thoroughly washed with deionized water to remove all the
residual impurities, then dried at 60 �C for several hours. Then
the product was treated in the microwave for 5 min to obtain

the 3D nanoporous Graphene. The final product was denoted
as 3D nanoporous Graphene (Fig. 1).

2.3. The desalination system

The filter system contains a vertical column and a collecting
bottle (Fig. 2). The amount of active filtered material is 0.5 g
with an apparent density of 0.06 g/cm3. The filtration process
Fig. 1 The preparation of 3

Fig. 2 The filter system of 3
was performed at the standard pressure with a flow rate of 0.6
L/cm2/h. The conductivity efficiency was measured using the
Thermo Scientific Eutech Elite PCTS.

The salt rejection capacity was verified by measuring the solu-
tion conductivity after filtering a specific salt solution (20 mL).
After the filtering process, the filtered conductivity becomes

stable, demonstrating the salt rejection capacity keeps constant
after the filtration of a certain amount of the salt solution.

2.4. Characterization of the samples

The X-ray diffraction (XRD) patterns of the sample were
recorded on a Bruker D8 Advance using Cu Ka radiation

(k= 0.15406 nm). The morphology of the sample was examined
by scanning electron microscopy (SEM, FEI Quanta FEG 650
model). The Raman spectra were carried out on a micro-
Raman spectrophotometer (JASCO Raman NRS-3000).

The N2 isotherm plots were recorded on a Micromeritics
ASAP 2020 analyzer. The specific surface area of the material
is estimated by the Brunauer–Emmett–Teller (BET) equation.

The degasification process was performed at 150 �C and
D nanoporous Graphene.

D nanoporous Graphene.
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keeped under vacuum condition for 24 h before measurement.
The pore size distribution of the material was calculated at P/
P0 = 0.98 using the Barrett-Joyner-Halenda (BJH) model.

3. Results and discussion

3.1. Characterization of the 3D nanoporous Graphene

3.1.1. Scanning electron microscope (SEM) analysis

SEM analysis is widely used to investigate the morphology of
the material at the nanoscale (Tan et al., 2020; Tan et al.,

2019). Fig. 3 shows the representative high-resolution SEM
analysis of the synthesized GO flake (Fig. 3a and b) and the
3D nanoporous Graphene (Fig. 3c and d). The GO layer has
Fig. 3 The SEM images of Graphene Oxide (3a

Fig. 4 TEM images o
a flat structure with transparent morphology before the trans-
formation into a 3D nanoporous Graphene structure.

The successful GO reduction using saccharose can be exam-

ined by the surface morphology of the obtained material.
Fig. 3c and d show the restacking of Graphene flake, curled
and casually aggregated formed 3D structure. The 3D nano-

porous Graphene wrinkle assembly shows that GO was wholly
reduced in the presence of saccharose.

3.1.2. Transmission electron microscopy (TEM) analysis

The TEM analysis is a fundamental tool for the examination
of the morphology structure of the material. Fig. 4 exhibits
the TEM images of the synthesized GO. At low-resolution

magnification, the GO shows the representative flat 2D struc-
, 3b); and 3D nanoporous Graphene (3c, 3d).

f Graphene Oxide.
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ture with the particle size around 10 mm (Fig. 4a). The high-
resolution TEM images of Fig. 4b, c display the flat, transpar-
ent layer structure with only few GO layers before the reduc-

tion with saccharose.
Meanwhile, the low-resolution TEM image of the 3D nano-

porous Graphene shows a wrinkled morphology with a 3D

structure (Fig. 5a). At higher resolution, the material presents
a corrugation structure, and the transparent characteristic of
the Graphene layer is still maintained (Fig. 5b). Additionally,

the nanopore size on the Graphene surface can be easily
observed under a high-resolution TEM image (Fig. 5c). These
nanopores were formed during the GO reduction process in
the microwave. During the GO reduction process, the
Fig. 5 TEM images of 3D

Fig. 6 XRD pattern of GO an
saccharose was burnt. Several functional groups of GO were
also reduced under the microwave-induced combustion, form-
ing the random nanopore on the surface of Graphene material.

The result could make the 3D nanoporous Graphene expose a
high specific surface area (Zhang et al., 2019).

3.1.3. The X-ray diffraction analysis

The typical XRD spectra of GO and 3D nanoporous Gra-
phene were measured from 5� to 70�. Fig. 6 shows the XRD
of GO at 2h = 9.76�, corresponding to the (001) diffraction

peak, showing the distance between GO layers is 0.85 nm.
Concurrently, after the reduction process in the presence of

saccharose, the peak at 9.76� disappeared utterly, and another
nanoporous Graphene.

d 3D nanoporous Graphene.
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peak appeared at 2h = 23.36�, corresponded to (002) diffrac-
tion peak of Graphene-based material (Vinh et al., 2019). The
broad peak at 23.36� indicates a short-range order restacking

between two Graphene layers, and the distance between them
is 0.38 nm (Rivera et al., 2019). The result illustrates that GO
was completely reduced during the hydrothermal and micro-

wave treatment.

3.1.4. Raman spectroscopy

For the characterization of Graphene-based materials, Raman

spectroscopy is an essential technique to determine defect for-
mation. Fig. 7 shows the Raman spectra of both materials GO
and 3D nanoporous Graphene.

It can be seen that the G peak at 1621 cm�1 is associated
with the carbon sp2- hybridization (Ferrari et al., 2006). The
D peak at 1352 cm�1 is related to the carbon sp3- hybridization

or defects on graphene sheets (Vinh et al., 2019). The ID/IG
intensity ratio is a typical way to evaluate the reduction degree
of GO. In Fig. 7, the ID/IG ratio of 3D nanoporous Graphene
is 1.11; meanwhile, the ID/IG ratio of GO is only 0.87. This

result demonstrates that GO was wholly reduced during the
hydrothermal treatment with saccharose and microwave treat-
ment. The Raman result is totally suited to the XRD, SEM,

TEM results. Furthermore, the ID/IG ratio can be used to
study the spots-like defects in Graphene, which act like nano-
pores for desalination purposes (Vishnu Prasad et al., 2018).

3.1.5. N2 adsorption/desorption measurement

The N2 adsorption/desorption isotherms of both samples GO
and 3D nanoporous Graphene are presented in Fig. 8. The iso-

therms of both materials are very different due to their specific
texture. As specified by IUPAC classification, the isotherm of
GO corresponds to hysteresis loop H3, which is associated

with slit-shaped pores. As well, the isotherm of 3D nanoporous
Graphene is related to hysteresis loop H4, which exhibits the
structure with narrow slit pores (Cychosz et al., 2017). This
Fig. 7 Raman spectra of GO an
representative isotherm endorses the characteristic of meso-
pores in the 3D nanoporous Graphene (Elma et al., 2020).

Fig. 8 shows that the 3D nanoporous Graphene displays a

higher specific surface area (563 m2/g) than the prepared GO
(210 m2/g). The preparation process of the material could
explain this difference. The 3D nanoporous Graphene is fabri-

cated from the hydrothermal reduction of GO in saccharose
presence, and then the reduced material was treated by micro-
wave. The companionship of saccharose on the GO surface

during the reduction can avoid the aggregation of the formed
reduced GO layers, thus keeping the separation between
reduced GO layers (Wang et al., 2012). The saccharose may
provide an extension in micropores due to the formation of

the pore walls (Park and Kwon, 2020). Besides, the saccharose
is almost entirely burnt during the microwave treatment, form-
ing regular pores on the Graphene materials (Schmidt et al.,

2017).
Table 1 shows the specific surface area, and average pore

diameter of the GO, and 3D nanoporous Graphene.

Fig. 9 displays the Barret-Joyner-Halenda (BJH) pore size
distributions of two samples: 3D nanoporous Graphene and
GO. The average pore sizes of 3D nanoporous Graphene are

2.10 and 4.95 nm; meanwhile, no specific pore size can be
found in the BJH pore size distribution of the GO sample
(Table 1). The result of GO can be explained by its textural
structure from SEM and TEM analysis. It can be seen that

GO has a flat form, and in the powder form, the layers are
completely separated with a considerable distance. Therefore,
it is challenging to form nanopores in GO materials.

It can be concluded that the 3D nanoporous Graphene is
mesoporous material as presented by its characteristic hystere-
sis loop IUPAC nomenclature and its average pore diameter

(Gupta and Khatri, 2017). The average pore sizes are 2.10
and 4.95 nm.

Comparing the result above with the results presented in

the literature, we can conclude that the new approach for the
d 3D nanoporous Graphene.



Table 1 Parameters of specific surface area (SBET), and the

average pore diameter (L).

Material SBET
(m2/g)

L

(nm)

GO 210 –

3D nanoporous Graphene 563 2.10; 4.95

Fig. 9 Pore width distribution of GO and 3D nanoporous

Graphene.

Table 2 The comparison of specific surface area of different

synthesis 3D nanoporous Graphene approaches using saccha-

rose as a precursor.

Methodology SBET
(m2/g)

Reference

Hydrothermal and microwave 563 This work

Microwave synthesis and

carbonization

418 (Xu et al., 2012)

Hydrothermal 294 (Nguyen et al.,

2012)

CaCO3 template 333 (Kamedulski et al.,

2019)

Nickel foam 412 (Ping et al., 2017)

Chemical deposition 243 (3D Graphene,

2020)

Fig. 8 N2 adsorption–desorption isotherms of GO and 3D

nanoporous Graphene.
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fabrication of 3D nanoporous Graphene via hydrothermal and
microwave of this work gives a higher specific surface area

than other methodologies reported in the literature. Table 2
shows a comparison of the specific surface area of different
synthesis approaches and our work.

3.1.6. Elemental analysis

LECO combustion technique is used to analyze the elemental
composition of GO and 3D nanoporous Graphene (Table 3).

All the elements are determined by the combustion and pyrol-
ysis process. The result show that the ratio between C and O of
GO sample is about 1.1; after the hydrothermal and micro-

wave treatment, the C/O ratio is 7.4. This result demonstrates
that GO is entirely converted into 3D nanoporous Graphene
after hydrothermal and microwave treatment process (Vu
et al., 2020).

3.2. Characterization of the filtered salt solution

The desalination capacity of the material was estimated by

measuring the conductivity of the salt solution after passing
the membranes (Fig. 10). Firstly, the salt solution flowed
through the filter system and its conductivity was monitored.

Fig. 10 shows the conductivity performance of salt solution
after passing through the filter system. It can be seen that the
solution conductivity decreased by three orders of magnitude

after passing the membrane, and afterward increased to reach
a stable value. This phenomenon can be explained by the
growth of NaCl crystal on the surface of 3D nanoporous Gra-
phene. During the filtration process, the active sites of 3D

nanoporous Graphene are saturated by the NaCl crystal.
The other salt solution flow may entirely block the 3D nano-
porous Graphene nanopores, making the conductivity become

established. However, the conductivity of the filtered solution
Table 3 Elemental analysis of the GO and 3D nanoporous

Graphene by LECO combustion.

Element, wt % GO 3D nanoporous Graphene

C 49.3 87.1

O 47.1 11.7

S 0.9 0.9

H 2.7 0.3



Fig. 10 Conductivity value of the filtered salt by filtering 0.5 M

NaCl solution.

Fig. 11 Stability salt rejection test after 10 filtration cycles.
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is two orders lower than the initial salt solution, and stays in
the acceptable range of the tap water. The 3D nanoporous sta-

bility was checked by recycling the membrane ten times by
washing it with deionized water (Fig. 11). The filtered conduc-
tivity value is maintained through 10 times recycling.

The quantity of salt removed from the solution was deter-
mined by the conductivity evolution using the following equa-
tion (1):
Fig. 12 3D nanoporous Graphene membranes
m ¼
Z V

0

C0� Ctð Þ � dV ð1Þ

where C0 is the initial salt concentration, Ct is the real-time
salt concentration determined from the conductivity measure-

ment, and V is the passing solution volume. It is observed that
the salt rejection efficiency of the 3D nanoporous Graphene
membrane is approximately 71.4 mg/g (after filtering 500 mL

of salt solution). The result is considerably higher than that
of activated carbon (2–20 mg/g) (Aghakhani et al., 2011), car-
bon nanotube membrane (5 mg/g), or 3D oxidized Graphene

(66.3 mg/g) (Pawar et al., 2016) reported by other researchers.
Fig. 12 shows the microscale analysis of the 3D nanoporous

Graphene membranes after the filtration of 0.5 M NaCl solu-

tion. It can be seen that salt crystals intertangled on the surface
of Graphene. It is already known that the NaCl is highly sol-
uble in water, so there are no suspended particles presented in
the solution. The particles found on the surface of Graphene

are the NaCl crystal formed during the filtration step. The
micro NaCl crystals are grown from unplanned nucleation
sites. Fig. 10a shows a lot of small NaCl particles on the sur-

face of the 3D nanoporous Graphene membrane. They are
identified by mapping analysis of the used membrane after
the filtering process (Fig. 12 c, e). Fig. 12b and d identified

the carbon and oxygen distribution of the membrane.

4. Conclusions

For the first time, the 3D nanoporous Graphene was fabri-
cated by the reduction of GO in the presence of saccharose
via hydrothermal and microwave routes. The SEM and
TEM characterizations show that the obtained Graphene pre-

sents a wrinkled morphology with a 3D dimensional structure.
XRD and LECO analysis reveal that the GO was highly
reduced to RGO by combining both hydrothermal and micro-

wave approaches. The 3D nanoporous Graphene synthesized
in this work exhibits a higher specific surface area than many
other template approaches.

This is the first research that has used 3D nanoporous Gra-
phene synthesized by microwave as a filter material for desali-
nation purposes. The filtered solution has a conductivity two

orders lower than the feeding solution and stays in the accept-
after the filtration of 0.5 M NaCl solution.
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able range of the drinking water. The result is considerably
higher than that of activated carbon and Graphene membrane
in another research. This result may differ due to the meso-

porous structure of the 3D nanoporous Graphene, its 3D
structure, the vacancy defects on the surface of the reduced
Graphene material, which could provide a high desalination

capacity.
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