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Abstract

Background: The nano-adsorbents present considerable decontamination potential due to their unique
characteristics. This study aimed to investigate the adsorption efficiency and capacity of synthesized nano graphene
oxide coated layer over Egyptian clays (bentonite, kaolinite and feldspar) as substrate. The experimental work
involves nano graphene oxide coating using acid dehydration via sulfuric acid in presence of different percentage
of sugar (fine powder from 1 to 7%), followed by thermal activation to improve the adsorption capacity of natural
clay that is locally available in Egypt. Several operating parameters were studied to prepare the superior adsorbent
(type of substrate, sulfuric acid concentration, sugar concentration and contact time).

Results: The optimum preparation conditions of nano graphene oxide coated bentonite (NGOCB) adsorbent were
bentonite substrate 1 kg, sulfuric acid concentration 1.5 kg/kg clay, sugar fine powder 50 g/kg clay, water 3000 ml/kg

clay, and stirring time of 30 min at 100 °C. The morphology characterization showed that the deposited graphene
oxide layer is in the nano form (6 to 33 nm). Sets of experiments were conducted to evaluate the adsorption
performance of synthesized NGOCB for removal of methylene blue (MB) dye from aqueous solutions. Effect of initial
dye concentration, contact time, pH and temperature on the adsorption capacity of the modified adsorbent were
studied. The capacity of the prepared nano graphene oxide coated bentonite adsorbent was 1000 mg/q.

Conclusions: The removal efficiency of nano graphene coated clay reached to 99.9% that indicates the Egyptian
bentonite could be employed as a low-cost absorbent for dye removal.
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Background

Water contamination is a serious problem for human
society due to tens of thousands of dyes that exist in
sewage waters from different industries such as food,
textiles, cosmetics, paper, printing, carpets and lea-
ther. It is estimated that the quantity of dyes dis-
charged in wastewater stream in the environment is
about 1-2% loss during production and 1-10% loss
during uses (Pandey and Ramontja 2016). As small
quantities of dyes can badly impact on water bodies,
it must be treated before disposal (Ramakrishna and
Viraraghavan 1997). Most of the government organi-
zations and water industries try to develop cost-
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effective technologies for wastewater treatment and
reclamation due to increasing demand of fresh water
(Toor 2010). Developing effective and low-cost adsor-
bents has great importance for controlling water con-
tamination (Zhao et al. 2018). Adsorption is a surface
phenomenon and interacts via physical forces with
pollutants that may be adsorbed on the solid surface.
However, weak chemical bonding may be also in-
volved in the adsorption process (Pandey and
Ramontja 2016). Moreover, it is known as an effective
and economic procedure for wastewater purification.
As it is simple in operation, it is a cost-effective and
an efficient method for removal of both organic and
inorganic pollutants from contaminated waters
(Nigam et al. 1996; Annadurai et al. 2002). Currently,
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Photo (1) Kaolinite

Photo (2) Bentonite
Fig. 1 Substrate clay pictures. Photo (1), kaolinite. Photo (2), bentonite. Photo (3), feldspar

Photo (3) Feldspar

activated carbon is the most commercial system that
can be used as sorbent to remove dyes in wastewater
(Sophia et al. 2019). In spite of its excellent adsorp-
tion ability, its application is restricted due to high
cost (Derbyshire et al. 2001). Also, activated carbon
has other drawbacks such as non-selective and inef-
fective against disperse and vat dyes, which force sci-
entists to search for more economic adsorbents
(Babel and Kurniawan 2003). For improving adsorp-
tion capacity of natural clay, various methods were
proposed such as acid activation (Emmerich et al.
2009), treatment with cationic surfactant (He et al.
2006), clay-rubber composite (Dai and Huang 1991),
thermal treatment (Al-Asheh et al. 2003), polymer
addition, plasma (de LB et al. 2008) adsorption and
ion exchange with inorganic and organic cations,
binding of inorganic and organic anions (mainly at
the edges) and grafting of organic compounds (Liu
2007). Graphene oxide-calcium alginate composite has
an absorptive capacity 20 times greater than acid-
activated bentonite clay (Fatihaa and Belkacem 2016;
Li et al. 2013). In this work, a novel technique was
presented for conversion of bentonite clay into high
adsorption capacity absorbent. The bentonite clay was
used as a substrate for deposition of nano graphene
oxide layer which has an expected absorptive capacity
more than 100 times greater than activated carbon.
The present work aims to use fine powder sugar in
the presence of sulfuric acid to deposit a thin layer of
graphene oxide over the clay surface to prepare nano
structure nano graphene oxide coated bentonite with
spherical surface morphology. Hence, the adsorption
capacity of natural clay was improved. The prepared
graphene oxide was investigated as highly efficient
and low-cost adsorbent for wastewater treatment

especially in dye removal from aqueous solutions or
suspensions.

Methods

Materials

Clay substrate

Figure 1 shows the raw kaolinite, bentonite and feldspar
bloke used in this study. Chemical composition of the
used clays were provided in Table 1. Fine powder of
sugar produced by El Hawamdeya Sugar Production
Company in Egypt was used as carbon source for gra-
phene oxide layer preparation. Sulfuric acid 98% was
used for activation. All used reagents were of analytical
grade.

The adsorbent was applied for removal of the basic
dye methylene blue (MB), which is a heterocyclic aro-
matic compound, dark green, and solid at room
temperature. The chemical structure of the MB is shown
in Table 2.

The wavelength corresponding to the maximum ab-
sorbance ( .0 was detected at 660 nm using single
beam (UV-Vis) spectrophotometer as shown in Fig. 2.
This wavelength was selected to measure the absorbance
of residual concentration of MB dye, while Fig. 3 shows
the relation of MB concentration and the absorbance
obtained at the optimum wave length (660 nm). The fol-
lowing equation is used to measure the dye concentra-
tion remained:

Y =0.2355 X (1)

where Y is absorbance and X is MB dye concentration.

Table 1 Chemical composition of the used clays (Yahaya et al. 2017; Hassan and Abdel-Khalek 1998; Boulos et al. 2015)

Clay Total SiO>% Free quartz (%) Combined SiO»% AlLO3% H,0% MnO% MgO% Other minerals (%)
Kaolinite 29.1 8 211 36 4 - - 1.2

Bentonite 54 - - 17.01 14 0.08 2.47 12.44

Feldspar 73.5 - - 12,5 - - - 14
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Table 2 Chemical composition of methylene blue
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Chemical and physical data

Formula C16H13CIN3S
Molar mass 319.85/mol
Molecular

Structure
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Synthesis of adsorbents
The bentonite clay was mixed with different weights of
sugar as described in the following:

a. Clay grinding and sieving: kaolinite, bentonite and
feldspar blokes were grinded then sieved to the
desired particle size,

b. About 100 g of clay was mixed with fine powder
sugar (1-7g),

c. 200 ml of concentrated sulfuric acid was added,

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

e. After the dehydration reaction completed, 300 ml
distilled water was added with stirring then the
mixture is boiled for 30 min to activate the
deposited graphene oxide layer,

. After cooling, the filtration followed by washing was
carried out till the pH reached to 7,

g. Then drying is carried out at 105 °C.

Adsorption capacity

Equilibrium experiments were performed to determine
the adsorption capacity of the adsorbent as following:
0.5 g of the coated graphene oxide clay was added to 50
ml of MB solution (100 mg/1) then stirring for 5 min and
filtration. After that, the absorbance of the filtrate was

measured at 660 nm to determine the concentration of
residual MB dye. The concentration and adsorption cap-
acity of dye were calculated using the following
equation:

Adsorption capacity (q,) = (C;-Cy)*xV/M (2)
Removal% = C%le x 100 (3)

where q. (mg/g) denote the equilibrium adsorption
capacity,

C; is the initial concentration of MB (mg/1),

Cy is the final concentration of the MB (mg/l),

M is the mass of the adsorbent (g),

and V is the volume of the dye solution (L).

Clay coated graphene oxide morphology

The shape and size of the obtained clay coated with gra-
phene oxide was characterized using a JEOL-JEM-1200
transmission electron microscope (TEM). The TEM
sample was prepared by adding a drop of the graphene
oxide coated clay suspension solution after sonication
for 15min on a 400-mesh copper grid coated by an
amorphous carbon film and lifting the sample to dry in
air at room temperature. The average diameter of the
clay coated particles was determined within 100
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Fig. 2 Variation of absorbance of MB dye (100 mg/l) solution with wavelength
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Fig. 3 Variation of MB dye concentration with absorbance (A,.x = 660 nm)

nanoparticles found in several chosen areas in enlarged
microphotographs. Also, X-ray diffraction test was car-
ried out using X-ray diffraction-type BRUKER apparatus,
D8 ADVANCE, Cu target wavelength 1.54 A 40kV, 40
mA (Germany).

XRD diffraction

X-ray diffraction (XRD) scans of graphene oxide was
performed with Bruker’s D8 advanced X-ray diffractom-
eter using CuKa radiation (A =1.5418 A). Dynamic light
scattering (model no: HORIBA Nano particle analyzer
SZ 100) was used to measure the size of the particle.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was per-
formed to identify types of chemical bonds, ie. func-
tional groups in a molecule (model no: Perkin Elmer
precisely FT-IR spectrometer) over the wave number
range of 4000500 cm ™.

Results

Effect of clay substrate type

For nano graphene oxide layer deposition, the clay sub-
strate (100 g), sugar (fine powder, 5 g), sulfuric acid (54
ml) and distilled water (300 ml) were mixed and stirred
for 30 min at 100 °C. On studying sulfuric acid as dehy-
drating solvent, it was found that both kaolinite and
feldspar yields were decreased to 40 and 70%, respect-
ively. This may be attributed to dissolution of the sub-
strate in the concentrated sulfuric acid medium due to
the presence of free aluminum oxide as illustrated in
Table 1 and other minerals such as sodium oxide, potas-
sium oxide and others which are soluble in concentrated
sulfuric acid. On the other hand, in the case of bentonite
only 5% of the substrate dissolution was observed as
shown in Fig. 4. Stability of bentonite clay may be attrib-
uted to the presence of aluminum in combined state

with silica as montmorillonite which is insoluble hy-
drated sodium calcium aluminum magnesium silicate
hydroxide (Na, Ca)g33(Al, Mg),(Si4010)(OH),-nH,O. So,
bentonite clay was selected as the optimum substrate for
nano graphene oxide deposition based on the above
discussion.

Effect of sulfuric acid concentration

The effect of sulfuric acid concentration on both the
nano graphene oxide coated bentonite clay yield (ad-
sorbent) and the adsorption efficiency for removal MB
dye is graphically shown in Fig. 5. On studying the effect
of sulfuric acid addition in synthesis of graphene oxide
coated bentonite clay, it was clear that as the sulfuric
acid concentration increases, the coated clays by gra-
phene oxide yield decreases from 98% at sulfuric acid
dose 50g/100g clay to 55% at 250g/100g clay. On the
other hand, as the sulfuric acid amount increases from
150gm/100gm to 250gm/100gm clay, the adsorption
capacity of NGOCB for MB solution increases from 60
to 98%. So, the amount of sulfuric acid 150g/100g clay
was selected as optimum.

100

Yield (%)
N
S

Kaolinite

Bentonite Feldspar

clay

Fig. 4 Effect of clay type as substrate for the deposition of nano
graphene oxide layer on the target adsorbent yield
A\
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Fig. 5 Effect of sulfuric acid concentration on the clay coated graphene oxide yield and methylene blue removal efficiency, (bentonite substrate
100 g, sugar fine powder 5 g, water 300 ml, and stirring time 30 min at 100 °C)
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Effect of sugar concentration

Addition of sugar on bentonite with different amounts
was studied. Figure 6 shows the effect of sugar concen-
tration on both bentonite graphene oxide coated clay
yield and MB removal efficiency from its solution. It is
clear that as the sugar concentration increased above
50g/kg clay, no change of bentonite graphene oxide
coated clay yield was observed. This may be attributed
to that certain outer surface area of the bentonite sub-
strate which will be saturated with fixed amount of gra-
phene formed from the dehydration of sugar powder.
While the sugar fine powder concentration increases,
the removal efficiency of the methylene blue from the
solutions increases reaching 98% at optimum sugar dose.
From the abovementioned results, it is concluded that

the optimum operating conditions for the synthesis of
bentonite coated by nano graphene oxide layer using
sugar fine powder as source of carbon were bentonite
substrate 1 kg, sulfuric acid concentration 1.5 kg/kg clay,
sugar fine powder 50 g/kg clay, water 3000 ml/kg clay,
and stirring time 30 min at 100 °C. Figure 7 illustrates
the shape and color of the obtained adsorbent due to
the change of sugar powder addition; it is clear that as
the sugar dose increases, the color changes from buff to
black which indicates the formation of graphene oxide
layer.

Preparation of nano fertilizer from acid waste
After the activation process, the resulted slury is filterted
to get the graphene oxide coated bentonite. The filtrate

-
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Sugar concentration g/kg clay

Fig. 6 Effect of sugar concentration on both bentonite coated graphene oxide yield and methylene blue removal efficiency. (Bentonite substrate
100 g, sulfuric acid 150 g, water 300 ml, and stirring time 30 min at 100 °C)
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Fig. 7 Photo of adsorbent shape and color

is mainly highly concentrated sulfuric acid solution. This
acid solution may be used for prepration of nano
fertilizer to reach the so-called zero liquid discharge
(ZLD) process as mentioned previously by Hussein et al.
2019.

Adsorption capacity optimization

In order to get the maximum adsorption capacity of the
prepared nano graphene oxide coated bentonite for MB
removal, several operating conditions have to be investi-
gated such as nano graphene oxide adsorbent dose, stir-
ring time, initial MB solution pH and temperature.

Effect of NGOCB clay amount on the adsorption efficiency
The removal efficiency of MB dye 100 mg/l with differ-
ent doses of bentonite coated with nano graphene oxide
layer prepared via the optimum operating conditions
mentioned above were represented in Fig. 8. The ad-
sorption experiments were carried out at a stirring time
of 15 min with a stirring rate of 150 rpm then settling
for 10 min and filtration of the decanted solution. It is
clear from this data that as the dose of the coated clay
increases, the adsorption efficiency increases reaching its
maximum (98%) at 15min for 20 g/1.
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Effect of NGOCB dose on contact time

The removal efficiency was studied at different time in-
tervals as shown in Fig. 9. It illustrates that the uptake
attained equilibrium after 15 min for NGOCB and the
removal efficiency reached 98%, while in literature the
time needed for equilibrium was 3h (Pandey and
Ramontja 2016). These results revealed that the stirring
time is inversely proportional to the quantity of adsorb-
ent, ie. increasing dose of NGOCB decreases the time
required for maximum removal. On using 1 g of coated
clay per one liter of MB solution (100 ppm), the time re-
quired was 60 min to reach to maximum removal of dye,
while on adding a dose of 20 g/l, the time required was
only 15 min for complete removal. So, from the econom-
ical point of view and the engineering design parameters,
it is recommended to use the dose 5 g/l for 40 min as a
considerable amount and a short time was required.

Effect of initial pH

As shown in Table 3, the adsorption of the dye with pH
from 4 to 11 were studied, keeping all other parameters
constant. It was observed that the amount of dye
absorbed per unit weight of absorbent increased as the
increasing pH value. This is due to electrostatic force be-
tween the adsorbent and positively charged basic dyes
which become less. This is in good agreement with the
results reported before (Pandey and Ramontja 2016).

Effect of temperature

By increasing the temperture of MB solution from 25 to
60°C, it is clear that increasing the temperature in-
creases the pecent removal of MB from 99 to 99.6% at
40 °C then it remains constant at 60 °C which means that
the temperature almost has no effect on NGOCB ad-
sorption capacity throughout this study as shown in
Table 4.

Graphene oxide coated bentonite surface morphology

The sample of the NGOCB (bentonite coated with nano
graphene oxide) prepared at the optimum conditions
was studied by TEM test and SAED (a and c) to obtain

MB removal efficency (%)

0 5 10

NGOCB dose (gm)

Fig. 8 Effect of NGOCB dose on the removal efficiency of methylene blue (pH 7, stirring time 15 min, room temperature, stirring rate 150 rpm)

15 20 25
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Fig. 9 Effect of contact stirring time on MB removal efficiency at different doses of NGOCB. (MB 100 mg/I, pH 7 at RT)
.
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the surface morphology. It was found that the obtained
particles are in spherical shape with a diameter that
ranged from 6 to 33 nm as shown in photo (a) and the
histogram (b) of the prepared sample which was shown
in Fig. 10. The histogram shows that the major particle
sizes present of the optmium NGOCB (42%) is 6 nm
while the minor particle sizes is 33 nm which represents
5% of the sample. The selected area electronic diffraction
pattern (SAED) (c) test illustrates that the obtained coat
over the bentonite clay is defintely graphene oxide layer.
The presence of internal points with higher light inten-
sities than other external points clearly indicated the
presence of graphene oxide mono-layers with hexagonal
pattern and structure containing a smaller number of
layers, which is in good agreement with the results of
previous work (Hack et al. 2018). X-ray diffraction of
nano graphene oxide was performed to determine the
crystal structure of graphene oxide obtained by this
method. As shown in Fig. 11, it gave one sharp peak for
graphene oxide at 15.59°. Also, it indicated that graphite
was completely oxidized to graphene oxide due to the
disappearance of graphite peak at 10.5°. Moreover, the
interlayer distance of graphene oxide (d spacing) was
calculated (0.077 A). The compositional analysis of gra-
phene oxide was performed with the aid of FTIR (Fig.
12) over the range of 390-3890 nm. The wide band ob-
served in graphene oxide between 3500 and 3100 is at-
tributed to the O-H (hydroxyl group), stretching
vibrations of C—OH and observed water molecules. The
peak observed at 1627 is due to the combined effect of
C=C and C=0O vibrations. The adsorption bands be-
tween 850 and 800 nm are credited to the C—H bond

Table 3 Effect of pH solution on MB removal efficiency
pH 4 7 9
50 72 99

Removal efficiency (%) 99

vibration. Also, spikes at 650—-600 nm arise from C-H
bonding vibration.

Adsorption capacity of the graphitized clay
The graphene oxide source in this study is the dehydra-
tion reaction of fractose according to Eq. 4:

C12H 001 (sugar) + HyS04—12C + 11H,0 + H,S0,  (4)

The complete dehydration of one mole of sugar (180
g) will give 72 g of carbon. With respect to our results, 5
g sugar/100g bentonite clay was selected as optmium.
Then, 5g sugar will give 2g carbon per 100 g clay, i.e.
20 g graphene oxide/kg bentonite clay.

The results show that 5g of the NGOCB is cabable
for the removal of 100 mg of MB dye from its solu-
tion. This means that 100 mg net graphene oxide coat
is cabable for removal of 100 mg of MB dye. By cal-
culations, 1g of net graphene oxide coat could re-
move 1000 mg of MB dye from its solution which
indicates that the adsorption capacity of the NGOCB
adsorbent is 1000 mg/g adsorbent which is more than
five times than that cited in the previous work (Li
et al. 2013). It is expected to increase the adsorption
capacity about 10 times by improving the conversion
of graphene oxide to graphene layer by reduction
process to modify the adsorbent which will require
more investigation.

According to the traditional graphene oxide-calcium
alginate composite with MB adsorption capacity (183
mg/g) which was prepared by the Hummer method
(Li et al. 2013) and comparing this with our prepared
graphitized bentonite with adsorption capacity (1000
mg/g net graphene), and with using a filtration
process to evaluate both types in removal of MB with
fixed volumes of them, it is found that our filter has
removal efficency of 36 times more than that of
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Table 4 Effect of temperature solution on MB removal

efficiency

Temp (°Q) Removal efficiency (%)
25 99

40 99.6

60 99.6

traditional graphene oxide-calcium alginate using the
same dose at the same contact time. On the other
hand, regarding the cost of NGOCB against the trad-
itional one, it was found that the capital cost of
NGOCB was about 30% (350$/kg) of the traditional
graphene capital cost (1100$/kg).

Discussion

Graphene oxide coated bentonite in nano form
(Ngocs) was prepared by the dehydration reaction of
sugar powder using concentrated sulfuric acid in the
presence of Egyptian bentonite clay as carrier sub-
strate followed by thermal activation in aqueous
medium. Several operating parameters were studied to
get the optimum preparation conditions such as the
type of substrate, sulfuric acid concentration and
sugar powder concentration, and the prepared adsorb-
ent samples’ adsorption capacity were tested using
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methylene blue dye as adsorbate. The surface morph-
ology, FTIR, TEM and XRD of the optimum adsorb-
ent sample was carried out to get a complete
characterization of the target nano graphene oxide
coated bentonite powder. The optimum preparation
conditions were bentonite substrate 1kg, sulfuric acid
concentration 1.5kg/kg clay, sugar fine powder 50 g/
kg clay, water 3000 ml/kg clay, and stirring time 30
min at 100°C. The selection of the substrate clay is
based on the resistance of the clay to the sulfuric acid
dissolution to maximize the amount of adsorbent
yield. It was found that the bentonite structure has
the lowest solubility in sulfuric acid flowed by feld-
spar, then kaolinite. This may be attributed to that the
bentonite structure has aluminum in combined state with
silica as montmorillonite which is insoluble hydrated so-
dium calcium aluminum magnesium silicate hydroxide
(Na, Ca)gs3(Al, Mg),(SigO10)(OH),nH,O. This formula
is always used for the preparation of bleaching earth
(RREF) due to its resistance to acid dissolution, so
bentonite was selected as the optimum substrate for
deposition of graphene oxide layer. At the optimum
conditions, it will be sure that all the sugar amounts
is consumed and converted to graphene oxide, and
excess amount of sulfuric acid may leach the depos-
ited graphene oxide layer to the activation medium

Percentage ( %)

(c)
Fig. 10 a TEM analysis, b histogram, and ¢ photo SAED of graphetized bentonite
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which leads to the decrease of the adsorption cap-
acity; so, 150 g/kg clay of sulfuric acid is considered
as optimum. Regarding sugar powder amount, it is
believed that the precipitated graphene oxide layer
have to be in the form of one to nine layers to be as
graphene or graphene oxide, while if more than nine
layers it will be deposited as a graphite layer which
has an adsorption capacity less than that of graphene
or graphene oxide. So, at the optimum selected sugar
dose is suitable for the maximum methylene blue dye
removal which has matching presence of graphene
oxide layer. Due to the concept of ZLD (zero liquid
discharge), the wastewater carried during this process
is mainly sulfuric acid solution with a minimum
amount of nano carbon particles, so by the
neutralization of this water by potassium hydroxide li-
quid nano fertilizer, it will be prepared with high cash

flow in the production process as shown by Hussein
et al. (2019). Several adsorption conditions were stud-
ied to maximize the obtained adsorbent (NGOCB) ad-
sorption capacity of methylene blue dye from its
solutions; these conditions were NGOCB dose, pH,
contact time, temperature and initial dye concentra-
tion. From experimental results, it was found that the
optimum adsorption condtions were pH 11, contact
time 40 min, 5g NGOCB/l of 100mg/l methylene
blue, temperature 25°C. From the TEM analysis, the
obtained NGOCB has spherical particles of diameter
that ranged from 6 to 33 nm with a major percentage
of 42% of 6 nm particles and 3% of minor percentage
of 33nm particles as indicated by histogram. SAED
and XRD analyses indicate the presence of monolayer
graphene oxide over the surfaces of the bentonite clay
with hexagonal structure.
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20 A
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T %

10 -

= graphene oxide from
clay + sugar

390 890 1390

Wavelength, nm

Fig. 12 FTIR analysis for synthesized nano graphene
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Conclusions

The adsorption of basic dye methylene blue was investi-
gated using Egyptian bentonite clay coated with gra-
phene oxide layer, and it was concluded that:

The optimum conditions for maximum adsorption
capacity of MB dye by NGOCB were 150 g sulfuric acid
per 100 g bentonite clay and using 5 g fine sugar powder.

Addition of sugar improves the removal of methylene
blue to reach 99.95% at 15 min due to the increase in the
adsorption capacity of graphene oxide coated bentonite.

The syntheized NGOCB, at the optmium conditions,
has a nano size structure ranged from 6 to 33nm.

Adsorption behaviour was insensitive to the temperature
change due to low activation energy in the ionic system.

Increasing the dose of NGOCB decreases the time re-
quired for maximum removal of dye. The net adsorption
capacity of graphene oxide layer coated over bentonite
clay is raised to 1000 mg/g which is more than five times
the adsorption capacity of graphene oxide-calcium algin-
ate composite.
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GO: Graphene oxide; NGOCB: Nano graphene oxide coated bentonite;

MB: Methylene blue; XRD: X-ray diffraction; TEM: Transmission electronic
microscope; SAED: Selected area electron diffraction; FTIR: Fourier transform
infrared spectroscopy
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