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Abstract
Graphene derivatives revolutionize a lot of industries since its discovery. In this investigation nano graphene oxide 
(NGOCB) was synthesized via sulfuric acid dehydration by mixing of sugar (as source of carbon) with bentonite clay as 
substrate. NGOCB was characterized by using scaning electron microscope, transmission electron microscope, X-ray 
diffraction, Fourier transform infrared spectroscopy and scattered area electronic diffraction analysis. The experimental 
results showed that the particles of graphene oxide are spherical in shape and the diameter ranged from 6 to 33 nm. 
The data indicated the presence of graphene oxide mono-layers with hexagonal pattern over the bentonite substrate 
surfaces. On applying the obtained NGOCB in thermal desalination process, several findings were observed such as 
saving the energy required for reaching the boiling temperature from room temperature by 11% (NGOCB 4 g/l). While 
on using 10 g/l of NGOCB more than 50% of the energy consumption for evaporation was saved. Also the generated 
desalinated water quantity obtained using nano graphene oxide was more than double the quantity that obtained by 
the traditional thermal desalination method. The generated steam was applied for electricity generation by mini steam 
turbine, which leads to 22% energy saving.
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Abbreviations
NGOCB  Graphene oxide coated on bentonite substrate
NGO  Nano graphene oxide
GOSU5  Graphene oxide sugar 5
GOSU7  Graphene oxide sugar 7

1 Introduction

Graphene oxide (GO) material is remarked by its unique 
properties that, it composed of hexagonal carbon struc-
ture containing oxygen as epoxide, carbonyl, carboxyl and 
hydroxyl groups. The presence of oxygen inside the crys-
tal structure of GO may lead to easy dispersion in organic 
solvents and water. Consequently, it facilitates the combi-
nation with various materials to improve its mechanical 
and electrical properties. GO is known as non-conductive 

hydrophilic carbon based material, easy access and cost 
effective [1, 2]. In last decades, GO had been synthesized 
via reaction of potassium chlorate with graphite flakes [3].
Currently, scientists are seeking for environmentally and 
low cost synthesized nano graphene derivatives. GO could 
be used in many applications such as graphene produc-
tion, electronics [4, 5] biomedical [6], solar cells [7–9], gra-
phene/polymer composite materials [10, 11], solar stills 
[12], and water purification [13]. Water desalination is one 
of the most important graphene applications owing to 
high cost of the applied desalination technologies. In solar 
stills, paraffin was dispersed with graphene oxide (0.2, 
0.4, and 0.6%) to improve its productivity. The outcome 
of this investigation may found applications to develop 
highly efficient solar stills to secure more drinkable water 
in warm and dry lands [11]. Meanwhile, the addition of 
nano particles with phase change material enhances the 
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productivity up to 12 kg/m2/day which is quite high than 
the productivity of other conventional stills (5 kg/m2/
day) [12, 13]. Also, from the technologies that are mainly 
utilized, membrane-based reverse osmosis (RO), thermal-
based multi-stage flash (MSF) and multi-effect distillation 
(MED) which consist 90% of desalination capacity. More-
over, the latest hybrid desalination systems ( RO + MSF, 
MED + MSF) and pressure-driven reverse osmosis (RO) are 
potentially applied for seawater desalination. The hybrid 
(RO, MSF) desalination combines the advantages of the 
high efficiency of distillation processes and lower energy 
need for membrane function. It gives a preferable match 
between water requirements and power that permits bet-
ter utilization of the power generated from MSF into the 
RO. Additionally, in (RO) desalination systems, the systems 
are operated based on passing the high pressure seawater 
feed through semi-permeable membranes to overcome 
the osmotic pressure.[14–18]. These system are charac-
terized by high efficiency and productivity of pure water 
however blocking of membranes may be result in cost 
elevation. Consequently, the new studies focus on devel-
opments of nano scale materials to increase the efficiency 
and reducing the costs associated with water desalination 
plants. From these materials, carbon nano tubes, nano 
wires, graphene compounds, quantum dots, super lat-
tices, and nano shells [19–22]. Graphene derivatives and 
carbon nanotubes as nano porous membranes have been 
investigated to enhance the efficiency and productivity of 
conventional RO membranes [23].Meanwhile, liquids pass 
easily through the nanoporous membranes compared 
with the classical membranes [24] wherever, the nano 
materials exhibit extraordinary strength, great salt rejec-
tion and high water fluxes [25]. In future,water treatment 
seems to be more sophisticated due to development in 
graphene materials and their applications in water treat-
ment processes [26–32]. Then, graphene derivatives will 
be beneficially used to maximize the heat transfer and the 
productivity of fresh water. The main objective of this work 
to investigate the role of graphene oxide coated on the 
outer surfaces of bentonite substrate dispersion (as low 
cost graphene derivative material) in evaporation rate of 
saline solutions, and saving energy during thermal desali-
nation process.

2  Experimental

2.1  Materials

All used chemicals are analytical grade: sulfuric acid, 
nitric acid (El Nasr pharmaceutical chemicals CO.), sodium 
hydroxide, sugar, and bentonite purchased from Sinai 
Manganese Co.

2.2  Procedures

2.2.1  Synthesis of nano graphene oxide (NGOCB)

The bentonite clay was mixed with different amounts of 
sugar as a source of graphene oxide then the procedure 
of synthesis were carried out as the following:-

a. Bulk bentonite was (particle size < 125 μm) sieved and 
dried in an oven for 24 h at 105 °C.

b. About 100 g clay was mixed with (1–7 g) of sugar fine 
powder and stirred on dry state for 5 min.

c. Addition of 200 ml concentrated sulfuric acid was car-
ried out.

d. Heating the mixture gently till the hydration reaction 
started.

e. After the dehydration reaction completed, addition 
of 300 ml distilled water was carried out with stirring 
then boiling the mixture for 30 min. to activate the 
deposited graphene oxide layer.

f. After cooling the filtration followed by washing is car-
ried out till pH7, then drying is carried out at 105 °C.

g. After that the dried powder were graphitized by igni-
tion at 800 °C in inert atmosphere for 5 h in a muffle 
furnace.

2.3  Nano graphene oxide characterization

2.3.1  Morphology and particle size

The surface morphology of the synthesized nano gra-
phene oxide coated bentonite NGOCB was examined by 
a Carl Zeiss ultra 55 Field Emission Scanning Electron 
Microscope (FESEM) and JEOL-JEM-1200 Transmission 
Electron Microscope (TEM). The average diameter of 
the tested samples was determined from the diameter 
of 100 nano particles found in several chosen areas in 
enlarged microphotographs. Also the same electron 
microscope JEOL-JEM-1200 was used for the examina-
tion of the selected area electron diffraction patterns 
(SAED) tested particles.

2.3.2  X‑ray diffraction

X-ray diffraction (XRD) for nano graphene oxide coated 
bentonite were performed with Bruker’s D8 advanced 
X-ray diffract meter using CuKα radiation (λ = 1.5418 ̊A). 
Dynamic Light Scattering (Model no: HORIBA Nano par-
ticle analyzer SZ100 was used to measure the size of the 
particle.
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2.3.3  Fourier transform infrared spectroscopy

FTIR was performed to identify types of chemical bonds 
and functional groups in a molecule (Model no: Perkin 
Elmer precisely FT-IR spectrometer) over the wave number 
range of 4000–500 cm−1.

2.4  Evaporation process

2.4.1  Evaporation system

The distillation unit consists of a 304 stainless steel cylin-
drical vessel of 10 cm diameter and 20 cm highest with 
2 cm thickness with actual volume of 2 l. This vessel is 
closed at the bottom by flange good welded with 304 
stainless steel by argon gas. The vessel is provided with a 
screwed flange at the top, sealed with argon. This vessel is 
connected to pressure gage and steam valve (20 bars). The 
tested pressure is up to 25 bars while the recommended 
working pressure is 15 bars. This distillation cell is repre-
sented in Fig. 1.

2.4.2  Saline water distillation process

Figure 2 represents the saline water distillation steps using 
nano graphene oxide dispersion coated over bentonite 
clay (NGOCB). As, it is clear from this figure, the setup 
consists mainly of a distillation cell (s), heating coil, feed 
water pump, saline water tank (1), mini steam turbine 
(WT), vapor condenser (C), and desalinated water tank. 
The saline water is pumped from the saline water tank 
to the distillation column filled with dispersed NGOCB, 
then boiled by heating using a heating coil. The obtained 
steam is released from the distillation column to rotate 
the mini steam turbine to generate electricity, while the 
outlet steam from the turbine is condensed using steam 
condenser (C) and stored in the desalinated water tank. 
The effect of the nano graphene oxide coated on benton-
ite substrate dose in the evaporation process was investi-
gated to obtain the energy saving efficiency.

2.4.3  Distillation of saline/nano graphene oxide coated 
on bentonite substrate

Different amounts of nano graphene oxide coated on ben-
tonite (NGOCB) were added to salty water (35 g/l) in closed 
system. The temperature was recorded after every 2 min. 
till reaching the boiling point. Also, after 30 min., from boil-
ing the amount of evaporated water was recorded.

3  Results and discussion

3.1  Type of clay substrate

The effect of clay type as a substrate for the deposition of 
graphene layer on the target adsorbent yield was previ-
ously investigated by Shaarawy et al. [33]. The conditions Fig. 1  Distillation unit

Fig. 2  Experimental setup: 
distillation cell (s), 1 saline 
water tank, 2 heating coil, 3 
mini steam turbine (WT), 4 
vapor condenser (C) and 5 
desalinated water tank
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used for the nano graphene oxide coating process over 
clay surfaces were: clay substrate100g, sugar fine powder 
5 g, sulfuric acid 100 g, water 300 ml, and stirring time 
30 min. at 100 °C. Moreover, the bentonite was selected 
as the most suitable substrate due to its stability against 
dissolution in the concentrated acids. The stability of ben-
tonite clay may be attributed to the presence of aluminum 
in combined state with silica, as montmorillonite (sodium/
calcium/aluminum/magnesium/silicate/hydroxide) insolu-
ble hydrated form.

3.2  Effect of sulfuric acid concentration

The effect of sulfuric acid concentration on the yield of 
nano graphene oxide coated on bentonite clay is graphi-
cally shown in Fig.  3. The results showed that, as the 
sulfuric acid concentration increases the yield of nano 
graphene oxide decreases. The data revealed that the 
GO yield % decreased from 98% (50 ml/100 g clay) to 
55% at 250 ml/100 g clay. So the amount of sulfuric acid 
50 ml/100 g clay was selected as the optimum dose.

3.3  Effect of sugar concentration

The effect of sugar on bentonite clay with different 
amounts was previously studied by Shaarawy et al. [33]. 
the optimum operating conditions for the preparation of 
NGOCB were 1.5 kg/kg clay sulfuric acid concentration, 
50 g/kg clay sugar fine powder, water 3 l/kg clay, and stir-
ring time 30 min, at 100 °C.

3.4  Surface morphology and characterization

3.4.1  Scanning electron microscope SEM

Figure 4 presents SEM micrograph which was taken at 
25,000× magnification to observe nano graphene oxide 
coated on bentonite substrate morphology. The mean 
pore diameter was approximately obtained as 33  nm; 

also the micrograph shows that the nano graphene oxide 
coated bentonite surface is porous which shows good 
adsorption/sorption behavior.

3.4.2  Transmission electron microscope (TEM) and selected 
area electron diffraction patterns (SAED) of NGOCB

NGOCB was prepared at the optmium conditions and char-
acterized by TEM analysis and SAED (Fig. 5a) to obtain the 
surface morphology. It was found that the obtained par-
ticles are spherical in shape of diamter ranged from 6 to 
33 nm as shown in micrograph (a) and the histogram (b) 
of the prepared sample was shown in Fig. 5. The histogram 
shows that the major particle sizes present of the optmium 
NGOCB with a perecentage of 42% is 6 nm while the minor 
particles sizes is 33 nm which represents 5% of the sample.

3.4.3  X‑ray diffraction (XRD)

The XRD analysis of nano graphene oxide was performed 
to determine its crystal structure that obtained by this 
method. As shown in Fig. 6, it gave one sharp peak at 
15.4°. Moreover, the interlayer distance of graphene oxide 
(d spacing) was calculated (3.34◦A) which agreed with 
Birowska et al. [34].

3.4.4  Fourier transform infrared spectroscopy (FTIR)

The compositional analysis of nano graphene oxide coated 
over bentonite surface was performed with the aid of FTIR 
over the range 390–3890 nm as shown in Fig.7. The wide 
band observed in graphene oxide between 3500 and 3100 
is attributed to the O–H (hydroxyl group), stretching vibra-
tions of C–OH and observed water molecules. The peak 
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Fig. 3  Effect of sulfuric acid concentration on the nano graphene 
oxide coated on bentonite, (clay substrate 100  g, and sugar fine 
powder 5 g, water 300 ml, and stirring time 30 min., at 100 °C)

Fig. 4  SEM image of nano graphene oxide coated on bentonite 
substrate (NGOCB)
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observed at 1627 is due to the combined effect of C=C and 
C=O vibrations. The adsorption bands between 850–800 
nm are credited to C–H bond vibration. Also, spikes at 
650–600 nm arise from C–H bonding vibration. Moreover, 
wide bands that observed between 1087 and 1729.8 are 
attributed to C=O in hydroxyl and C=O in carbonyl groups 
bands at 1226 and 890 nm which associated with vibration 
of C=C (aromatic) and C=O (carbonyl) [34]. The presence of 
carbonyl group C=O indicates the presence of nano gra-
phene oxide formed due to the acid dehydration of sugar 
over bentonite substrate.

3.5  Role of sugar amount used for preparation 
of NGOCB on salty water boiling time

Figure  8 shows the effect of sugar concentration as a 
source of graphene oxide nano particles coated over the 

surface of bentonite clay on the time required for saline 
water boiling. It is clear from the results that no significant 
change obtained due to increment of sugar concentration 
from 50 g/kg to 70 g/kg clay. Consequently, the amount 
50 g sugar/kg of bentonite clay was taken as optimum 
dose because this value decreases the time required for 
saline water boiling from 15 min. to 14.1 min. which results 
about 6% of energy saving.

3.6  Effect of nano graphene oxide coated bentonite 
(NGOCB) dose on boiling time

Figure 9 shows the effect of NGOCB concentration on the 
boiling time of saline water (saline sample was 50 ml.), 
the results showed that, the time required to reach the 
boiling degree was 15 min. for both the pure saline and 
saline water containing 0.1 g NGOCB particles. This may 
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Fig. 5  a TEM, b SAED histogram of NGOCB at optmium preparation conditions
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Fig. 7  FTIR analysis of nano graphene oxide coated on bentonite 
substrate (NGOCB)
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be due to the amount of nano graphene oxide was insuf-
ficient to exceed the hydrogen bond strength between the 
water molecules. It was noticed that the optimum dose of 
nano graphene oxide was 0.2 g/50 ml saline (4 g/l) NGOCB. 
Meanwhile, this dose was sufficient to exceed all the 
hydrogen bonds between water molecules and permits 
the water boiling in a shorter time compared with pure 
saline water. Upon addition of NGOCB more than 0.2 g the 
saline solution viscosity increased which increase the time 
required for boiling. Hence, 4 g/l of NGOCB will be taken as 
optimum dose and from the calculation, it was found that 
energy saving via this dose is about 11%.

3.7  Rate of evaporation

Figure 10 shows the rate of evaporation of saline water 
mixed by NGOCB (4 gm/l and 10 gm/l). The amount of 

vapor is recorded after reaching the boiling point for 
30 min. The rate of vaporization of saline water with nano 
graphene oxide is represented by linear equations and 
listed in Table 1, that is presented as follows:

where EV is vapor volume, and ET Evaporation time (min.) 
after reaching the boiling degree. Also, as the evaporation 
time increases, the amount of vapor increases as well.

3.8  Energy saving

On the other hand, Fig.  11 shows the energy saving 
value on using different doses of dispersed (NGOCB) 

(1)For 4 gm∕l EV = 0.4818 × ET
(

R
2 = 0.9983

)

(2)For 10 gm∕l EV = 0.596 × ET
(

R
2 = 0.9923

)

Fig. 8  Effect of sugar con-
centration as source of nano 
graphene oxide coated on 
bentonite clay on boiling time 
of salty water
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phene oxide coated bentonite 
(NGOCB) dose on the boiling 
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during saline water evaporation for 30 min. after reach-
ing the boiling. The results show that as the (NGOCB) 
dose increases from 0 g/l of saline water to 10 g/l of saline 
water. The amount of vapor increases from 220 to 450 ml 
as shown in Fig. 11b, the energy consumption increasing 
by 10% to reach the boiling degree as shown in Fig. 11a. 
However, after 30 min. from boiling, the volume percent 

of vapor in case of 10 g/l of nano graphene oxide coated 
on bentonite substrate is 204.5% of that obtained in case 
of saline water only. Meanwhile, the energy consumed 
for distillation of pure saline water is double the amount 
required for distillation of saline water comprising10g/l 
NGOCB. Consequently, NGOCB is decreasing energy con-
sumption nearby 50%.These findings may clarified as 
retarding of boiling time on addition of 10 g/l graphene 
oxide may be attributed to increase in solution viscos-
ity. Moreover, the enhancing of vapor amount in case of 
addition of graphene to saline water is explained by the 
graphene ability to reduce the contact angle between 
the liquid and vapor interface. On the other hand, NGOCB 
may be able to break the hydrogen bonds between water 
molecules.

Fig. 10  Amount of vapor 
formed during 30 min, after 
boiling time at 4 g/l, and 
10gm/l of NGOCB
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Fig. 11  Effect of NGOCB dose on the vapor volume during 30 min. after boiling point, a time required for boiling, and b vapor volume gen-
erated with time after boiling

Table 1  The effect of nano graphene oxide concentration on the 
rate of vaporization

Amount of nanographene oxide 
coated bentonite (g/l)

Rate of vaporization R2

4 0.4818 × ET 0.9983
10 0.596 × ET 0.9923
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In this work, the behavior of a water nano-droplet on 
hydrophilic nano graphene oxide coated on bentonite 
substrate (NGOCB) is studied at high temperatures to 
investigate the possibility of saving energy in the evapo-
ration of saline solution. The results showed that, as the 
temperature is increasing, the spreading will exceed the 
evaporation of water molecules on the surface of NGOCB. 
At high temperatures, the regime changes from partial to 
total wetting. After the spreading is completed and the 
surface is completely covered by water, evaporation of 
water occurs more rapidly. Simulation results revealed that 
as the system temperature rises, the number of hydrogen 
bonds between water molecules decreases.

As the temperature increases, the hydrogen bond 
between the water molecules disintegrates and is replaced 
by formation of new hydrogen bonds between the water 
molecules and the nano graphene oxide coated bentonite 
molecules. The bond strength between water and nano 
graphene oxide coated bentonite (NGOCB) may be more 
feeble than the hydrogen bonds existing between the 
water molecules, which facilitates the evaporation of water 
from the NGOCB surface.

In terms of the contact angle and the density of the 
water molecules on the surface of the NGOCB as tem-
perature increases water molecules largely expanded 
on the surface of NGOCB, that increases the amount of 
water vapors on the surface of NGOCB. Regarding to water 
molecules dipolar momentum at several layers of NGOCB 
indicate that water molecules in the initial layers tend to 
approach the surface with hydrogen atoms. Hence, the 
possibility of evaporation of water molecules at high tem-
peratures, complete wetting on the GO substrate could 
be detected in nearly one nanosecond. Afterward, water 
evaporation occurs more rapidly after the completion of 
dispersion and full coverage of the surface by water. Lastly, 
the elevation of temperature leads to an increase in the 
number of evaporated water molecules on the GO surface 
[35].

From the point of view of evaporation energy, the 
energy required to convert one kilogram of saline water 
into steam during distillation process is nearly 720.1Kwt. 
Meanwhile, there is about 93Kwt consumed for water 
boiling (from room temperature) and 627.1kwt is spent 
to convert the boiled water to steam. Also, on the addi-
tion of 4 g/l (NGOCB) to the saline water, it was noticed 
that, the energy saving for desalination near to 11% 
(from room temperature to boiling). However, on using 
10 g/l (NGOCB), no energy saving was recorded during 
the change in temperature elevation till boiling. on the 
other hand, during evaporation process after boiling for 
30 min. in the evaporation cell (heating coil of 500 Wt./h., 
with volume capacity one l), the time required for reaching 

boiling is about 17 min. while the evaporation is carried for 
30 min. with total experiment time 47 min.

From calculations, one kg of saline water required 
2.272  kWt to produce one kg steam while in case of 
nano graphene oxide coated bentonite suspension, only 
0.871 kwt is required. Meanwhile, the same energy for 
evaporation of saline water mixed by nano graphene oxide 
coated bentonite, more than 240% of water vapor could 
be produced compared with pure saline water.

Using mini steam turbine to recover electricity from 
the generated steam shows energy recovery of 21% 
(0.183 kt/h) for nano graphene oxide coated bentonite 
substrate suspension. So, from the above results and cal-
culations, it was found that one kg of vapor formation 
during distillation (in presence of NGOCB)the amount of 
electricity recovery using mini steal turbine required was 
about 0.688 kwt./hr. While, it was required 2.272 K Wt./h. 
in absence of NGOCB, Energy saving reached to about 
58.23%.

3.9  Economic indicators

For economic indicators prediction for the production 
process of nano graphene oxide coated over the outer 
surface of bentonite clay using the reaction of sulfuric 
acid with fine crushed sugar, we made a hypothetically 
design for production unit with daily capacity of 1 ton. 
The proposed unit based on st.st double jacket st.st316L 
mixer, boiler, filtration system, thermal dryer, RO desalina-
tion unit, liquid nano potassium sulfate fertilizer unit, filing 
machine, backing unit, and other helping auxiliaries such 
as balance, forklift, analysis apparatus. Economic analysis 
was carried out using excel program calculations. The pro-
gram shows that the electromechanical equipment cost 
will be 441 thousand $ including the installation, main-
tenance, control, electricity, and transportation. The civil 
work will cost 571 thousand $, while the working capi-
tal cost is 695 thousand $ including the material cost for 
three months with 15% added value taxes, indirect cost, 
labor, and energy. The indirect cost is 0.6 million $ and the 
annual labors including insurance is 3.66 million $. The 
products generated in the proposed plant is 330 ton/year 
of graphene oxide coated on bentonite, and 12 ton liquid 
nano potassium fertilizer. The nano graphene oxide coated 
bentonite will be sale as 25 kg package, while the liquid 
nano fertilizer will be sale as 25liter bottle capacity. The 
results show that the annual depreciation is 56.8 thousand 
$. The study indicates that the required investment is 3.9 
Million $. The total annual production cost is 2.6 million $ 
with cost of one ton 4000 $ for graphene oxide product 
and 3806$ for each ton of nano potassium fertilizer. The 
proposed price is 15,000$/ton of graphene oxide product 
and 70 $ for each 25liter capacity nano fertilizer bottle. 
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The annual sales is 11.38 Million $ with annual gross 8.8 
Million $. The annual tax (25% of the annual gross) is 2.2 
million $. The annual net profit is 6.6 million $. 50% of the 
net profit will be directed as divined, commissions, and Pay 
the loan installments i.e. 3.3 million $. The rest is directed 
as cash flow i.e. 3.3 Million $ annually. Based on the above 
calculations the predicted internal rate of return is 80.16%.

All the indicators show high profitability, strong and 
stable financial position, and a very high cash flow. The 
feasibility study shows a high liquidity rate as the aver-
age liquidity ratio of 1: 9 exceeds on average, indicating 
very high liquidity. Solid financial structure as the leverage 
rate is equal to 0.8: 1 and then as a final result due to the 
technology of nanoscience it is expected that the project 
will achieve very high profits, stable financial structure and 
high liquidity.

4  Conclusions

In this study, NGOCB composite was prepared by treating 
bentonite clay with sugar.

The results show that the behavior of the nano-droplet 
water on NGOCB surface was investigated at different tem-
perature. At high temperature, water molecules dispersed 
on the NGOCB surface and water evaporation occurs more 
rapidly. Increasing temperature leads to increase the num-
ber of evaporated water molecules in the initial layers of 
NGOCB.

Energy used to distillate water from saline solutions can 
be decreased by 50% in case of using NGOCB as disper-
sion in the solution or as a liner for internal walls of the 
evaporator. The amount of NGOCB, more than 4 g/l saline 
water leads to increase in viscosity and the time required 
for boiling.

Regarding electricity output then heat recovery from 
hot condensate, appropriate design of desalination system 
will be cost effective which needs more investigations.
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