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Graphene-like hybrid nanomaterials (GHNs) were successfully synthesized through a sustainable and solvent-free
method. Sucrose and bentonite renewable precursors were used as a carbon source and a template, respectively.
The characterization of GHN by Raman nanoscale spectroscopy and X-ray photoelectron spectroscopy (XPS) con-
firmed the successful transformation of sucrose to sp2-hybridized carbon as in graphene. The high-resolution

transmission electron microscopy (HR-TEM) analysis evidenced the formation of a hybrid nanomaterial in a
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well-defined layered structure. The nanoindentation studies show that the modulus of the pyrolyzed sugar was
4 GPa, while it was 28 GPa for the graphene layer synthetized with this procedure. These hybrid nanomaterials
were evaluated as an adsorbent for the removal of both cationic (rhodamine B and methylene blue dyes) and
anionic (methyl orange) organic water pollutants at 9.5-10 mg/g. These stiffer GHN increase the resilience, dura-
bility, and sustainability of the clay particles for treatment processes.

© 2021

1. Introduction

During the past two decades, research on graphene has progressed
rapidly. Specific attention has been given to advancing the processes
that transform graphite into monolayer carbon, including spray meth-
ods (Bi et al., 2019) and sol gel-based processes (Chen et al., 2019;
Wang et al., 2019). Layered double oxides (Shahzad et al., 2019)
have also been used, but these processes are still dependent on chem-
ical treatments similar to conventional technology at the laboratory
scale. The intercalation of graphene oxide within inorganic substrates
have shown superior adsorption capacities using anchored, or inter-
calated, graphene particles within inorganic substrates (Shahzad et
al., 2019). Clay-supported graphene materials have been identified as
promising adsorbents for hydrogen storage applications (Ruiz-Garcia
et al., 2013) and for sustainable dielectric composites (Azizi, 2017)
(Azizi, 2019). Clays are abundant, inexpensive, eco-friendly and ac-
tive surface materials (Unuabonah et al., 2013). Their layered struc-
ture leads to porous hybrid nanomaterials with favorable properties for
graphene formation (Ruiz-Hitzky et al., 2016) within the clay layers.

Abbreviations: GHN, graphene hybrid nanomaterial.
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Facile and cost-efficient processes are still needed in order to bring these
advances to industrial applications. Another point of inquiry is what
readily available functional materials are available and able to support
the formation of graphene layers from renewable carbon source precur-
sors (Ruiz-Garcia et al., 2013; Chyan et al., 2018; Ruan et al.,
2011; Ruiz-Garcia et al., 2014). Pulse lasers can transform many re-
newable organic substrates into laser-induced graphene (Chyan et al.,
2018). While this method is sound, the ability for it to be upscaled to
large volumes is very expensive and time consuming. Pyrolysis remains
a scalable approach to produce carbonaceous materials from renewable
precursors (Wang et al., 2019).

In water treatment, the presence of recalcitrant compounds, such
as organic dyes, are of particular concern because of their toxicity
that causes health risks to humans. Adsorption on natural minerals is
well-known (Krsti¢ et al., 2018). Graphene based nanomaterials have
been reported to improve the decontamination of heavy metals (Krsti¢
et al., 2018; Perreault et al., 2015), anionic and cationic dyes (Xiao
et al., 2016), pharmaceuticals (Wang et al., 2019; Al-Hamadani et
al., 2017), and other organic compounds (Chen et al., 2019; Per-
reault et al., 2015). The implementation of these technologies has
been limited by the expensive and complicated synthesis procedures (Bi
et al., 2019; Chen et al., 2019; Shahzad et al., 2019; Perreault
et al., 2015). To overcome these issues, graphene-clay-based nano-
materials prepared by inert pyrolysis of renewable low cost and nat-
ural products can be employed. Bentonite clay is often used in large-
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scale engineering applications. The graphene can provide additional me-
chanical stiffness to the clay particles, which increases the resilience,
durability and sustainability of the particles themselves.

In this article, a multilayered graphene intercalated into a natural
porous bentonite is made using a cost-effective, facile and scalable
method. Here in, we use sucrose, which is a disaccharide consisting
of a molecule of glucose united with a molecule of fructose (Zhu et
al., 2010). In this study, bentonite is used as an inorganic porous sub-
strate because it is commonly used in civil engineering for large-scale
projects and it is widely available. The bentonite contains montmoril-
lonite clay, which consists of octahedral layers sandwiched between two
tetrahedral sheets, and is the template material in the production of
these graphene-like clay nanocomposite (Ruiz-Hitzky et al., 2016;
Ruiz-Garcia et al., 2014; Rahmani and Nouranian, 2018; Li et al.,
2016; Cheng et al., 2017). The silicate layers of montmorillonite con-
tain negative charges that must be stabilized by inorganic cations or con-
tact with water (Segad et al., 2010). Graphene-like hybrid clay nano-
materials have a synergic effect and they can be used for many polymer
applications (Bouakaz et al., 2017, 2015). The advantage of this ma-
terials is that it can be produced with readily available materials, clays
and sugar. Nanostructured materials tend to have a better affinity to
adsorb pollutants. However, the mechanism of the transformation from
sugar to graphitized carbon still has open questions.

The biggest challenge of the large-scale production of hybrid
graphene materials from natural resources is controlling the transfor-
mation reaction of precursors to graphene-like materials on porous
solids while maintaining cost effectiveness and scalability. Raman spec-
troscopy, X-ray photoelectron spectrometry (XPS), and high-resolution
transmission electron microscopy (HR-TEM) and were used to confirm
that this method promoted the graphitization of sucrose in the ben-
tonite network. The influence of these graphene-like layers on the devel-
opment of mechanical properties of the bentonite composites, namely
elasticity and strength, have not — to the best of our knowledge -
been addressed in the open literature. Herein, the local mechanical
properties of the synthesized materials (pure and composites) were in-
vestigated using an indentation technique to determine their indenta-
tion modulus (M) and hardness (H) at the submicrometer scale. The
nanoindentation measurements allowed to better understand the phases
in the composite graphene-like clay, to quantify the improved me-
chanical properties due to the presence of the graphene and to pro-
vide recommendations for process improvements. In order to evaluate
the adsorption performances of the designed bentonite-graphene hybrid
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nanomaterials (GHN), the removal of three organic dyes, rhodamine B
(RhB), methylene blue (MB) and methyl orange (MO) was studied. Ef-
forts were devoted to study the adsorption kinetics and recyclability of
adsorbent through chemical regeneration.

2. Experimental section
2.1. Materials

The sodium bentonite (BT) was obtained from Canadian Clay Prod-
ucts, Inc (65-85 meq/100 g ion-exchange capacity, 75.88 m?/g surface
area, 2.6 g/cm? density) and used without further treatment. The chem-
ical composition was SiO, 67.1%, Al,O3 16.43%, MgO 2.09%, Fe;O3
7.76%, CaO 1.30%, K0 1.55%, NayO 2.32%, TiO5 0.43%. All chem-
icals, including saccharose (C13H250717, 99.5%), methylene blue (MB,
>97%), rhodamine B (RhB; >95%), and the methyl orange (MO,
>97%) were purchased from Sigma-Aldrich and used as received. The
0.1 N sodium hydroxide (NaOH) and 0.1 N hydrochloric acid (HCI) were
purchased from VWR Chemicals BDH Prolabo. The aqueous solutions
used in this work were prepared with Millipore water (DI water).

2.2. Preparation of graphene-like hybrid nanomaterial (GHN)

Graphene-like hybrid nanomaterial was prepared according to our
previously described eco-friendly method where natural clay and sac-
charose were used as precursor materials (Fig. 1) (Boussaboun et al.,
2017). Firstly, homogenized BT particles (less than 2um) were vigor-
ously dispersed in DI water at 83.3% by weight. After 24 h of swelling at
room temperature, the resulting suspension was mixed for 20 min with
an aqueous solution of saccharose (2 g/mL by weight) in 1:5 wt ratio
(BT: saccharose) using a mixer with a stirring speed of 400 rpm. Subse-
quently, the mixture was dried in an oven for 48 h at 50 °C, followed by
an activation in a furnace at 800 °C for 1 h at a heating rate of 5 °C/min
under nitrogen flow. Finally, the obtained dark monolith was ground
using a mortar and pestle, then with a high-performance planetary ball
mill (Pulverisette 6, Laval Lab Inc.) until the particle size is less than
20 pm.

2.3. Physicochemical characterizations
The graphitic structure of GHN was evaluated by Raman spec-

troscopy using alpha 300R confocal Raman microscope with a wave-
length of 532 nm. The elemental composition of GHN was investigated
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Fig. 1. Schematic illustration of the synthesis of the graphene-like hybrid nanomaterials from sucrose and natural bentonite.
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by X-ray photoelectron spectroscopy (XPS) recorded on a Thermo Scien-
tific K-Alpha spectrometer equipped with a monochromatic Al-Ka X-ray
source (hv = 1486 eV). The operation pressure was around 2 X 107°
Torr and the spot size of the X-ray was 400 pm. The electron kinetic en-
ergy was determined using a hemispherical analyzer with a pass energy
of 200 and 50 eV for survey and high-energy resolution scans, respec-
tively. The morphology and microstructure of GHN were examined us-
ing transmission electron microscopy (TEM). HRTEM micrograph acqui-
sitions were recorded using a JEOL 2170F at an accelerating voltage of
200 kV. Zeta potential measurements were performed using a Malvern
Nano-ZS Zetasizer equipped with a He-Ne laser (A = 633 nm). For each
pH, the zeta potential was calculated as the average of three measure-
ments of three subsequent runs. The concentrations of MB, RhB, and MO
dyes in water were measured in 1 cm glass cuvettes using UV-Vis spec-
troscopy on an Agilent Cary 60 UV-Vis spectrophotometer.

Nanoindentation experiments were conducted to better understand
the nanoscale mechanical properties of the GHN at submicrometer
lengths. The particle-like sizes of the bentonite and graphene-like sheets
had diameters that were no larger than 60 um and required stabiliza-
tion to ensure they remained stationary during the test. The particles
were first dispersed and embedded in low-density polyethylene (LDPE)
to provide the needed stabilization. The accuracy of the measurements
requires a very smooth surface and isolation of the phase of interest
(Miller et al., 2008; Oliver and Pharr, 2011a, 2011b). To ensure
this, a polishing protocol was adopted that consisted of manual polish-
ing using alumina pads with particle sizes of 9, 3 and 1 pm (Buehler,
USA). The 9-pm particle size was used to remove the outer protective
pure LDPE layer (~1-3 pm thick) to expose the embedded bentonite and
graphene-like sheets. The 3- and 1-ym alumina pads were then used to
make the surface of the composite smooth and flat.

Before testing, the particle + LDPE composite samples were glued to
a steel substrate to hold them in place for testing. Three samples were
tested: Pure LDPE, LDPE + 10% bentonite, and LDPE + GHN. Only in-
dents that were contained completely in one phase were considered for
further analysis, curves landing on interfaces were excluded. Each in-
dent was loaded in force control up to the limiting maximum load at a
constant loading/unloading rate. At the peak load, the force was held
constantly before the load was removed. In each phase, the loading pa-
rameters were optimized to ensure only the elastic response was domi-
nating.

2.4. Adsorption of organic cationic and anionic dyes on GHN

In order to evaluate the adsorption characteristics of organic pollu-
tants on the as-designed GHN, batch adsorption experiments were per-
formed. For this, adsorption of three dyes was tested, methylene blue
(MB), rhodamine B (RhB), and methyl orange (MO), where stock solu-
tions of 1000 mg L~! were prepared from solid materials in deionized
water. Twenty-five milligrams of GHN adsorbent were added to 10 mL
of 25 mg L~! MB, RhB, or MO dye at pH 5 in 20 mL glass vial and the
mixture was stirred for 60 min at 25 °C and then the supernatant was
collected by centrifugation and analyzed with UV-Vis spectrophotome-
ter. The initial pH of solutions was adjusted with 0.1 N HCI or 0.1 N
NaOH. The effect of pH (2-10), temperature (25, 30, 40, and 50 °C), and
contact time (1-180 min) on the adsorption capacity of GHN was stud-
ied. All experiments were repeated three times with similar results. Ad-
sorption capacity was calculated according to Eq. (1).

Cy—-C
Removal (%) = % x 100 @
0

Here, Cy and C, are the initial and equilibrium concentrations of pol-
lutants, respectively.

3. Results and discussion
3.1. Microstructure characterization

The conversion of sucrose-coated bentonite to graphene-like nano-
material was demonstrated with Raman spectroscopy, a convenient tool
for characterizing graphitic materials. As it can be observed from Fig.
2, the Raman spectrum of pure bentonite did not reveal any band
in the wavenumber range of 1000-2000 cm~'. The Raman spectra of
pyrolyzed sugar exhibited a broad D-band (1372 cm~') and G-band
(1585 cm™!) while the 2D band was almost absent due to the low
number of layers in the graphene structure (Oliveira et al., 2018).
By adding bentonite, the D and G-band shifted to 1351 cm™! and
1603 cm™1, respectively. The Raman signal of pyrolyzed sugar was en-
hanced by ~8 fold by the presence of bentonite sheets due to the chem-
ical modification of the carbon structure (Jasuja et al., 2010). The
Ip/Ig ratio value decreased from 0.80 for pyrolyzed sugar to 0.67 for the
GHM indicating a more ordered structure and a chemical binding be-
tween pyrolyzed sugar and bentonite in the GHM composite. Thus, the
as-prepared GHM presents low defects compared to that found in litera-
ture (An et al., 2018; Eckmann et al., 2012).

The elemental composition of the GHN surface was investigated by
XPS analysis. As expected, the XPS survey spectrum (Fig. 3a) of GHN
contains the main peaks of Al 2p, Si 2p, Cls, and Ols, centered at 74,
102, 284, and 533 eV, respectively. The high-resolution spectrum of the
Cls region (Fig. 3b) gives an asymmetric and complex peak, which is
fitted with five components centered at 284.2, 285.6, 286.7, 288.5, and
290.5 eV, corresponding to sp2 carbon (C = Q), sp3 carbon (C-C/C-H),
C-O, C = O, and n—n* shake-up satellites, respectively. The high rela-
tive area of the sp? carbon peak (compared to that of sp®) and the pres-
ence of the shake-up, which is characteristic of the aromatic compounds,
clearly indicate the formation of graphene sheets from a renewable pre-
cursor using natural clay as a template. However, the presence of epoxy
or alcohol groups (C-O-C, C-OH), carboxylic acid functions (HO-C = 0),
and sp® hybridized carbon (C-C, C-H) suggests the surface oxidation of
a fraction of the graphene, which is in line with the high Ip/Ig ratio, as
determined by Raman results (Boussaboun et al., 2017).

The microstructure of GHN was analyzed by high-resolution trans-
mission electron microscopy (HRTEM). Fig. 4 reveals that GHN is or-
ganized in a sheet-like structure confirming the presence of graphene
on the surface of bentonite layers, with a well combination between
bentonite and graphene nanosheets. The 2D layered organization of
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Fig. 2. Raman spectroscopy analysis of the bentonite compared to the GHN.
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GHN is induced by that of bentonite, the templating structure used dur-
ing its synthesis. The GHN is composed from a mixture of multilayered
and single-layer structure. The wavy graphene/bentonite sheets with has
regions of individualized layers randomly dispersed when agglomerated
multilayers are also observed.

3.2. Nanoscale mechanical properties

Nanoscale indentation tests were conducted to better understand the
mechanical behavior of GHN. The tests were run using a loading and un-
loading rate of 0.3 mN/min with a hold time of 20 s after a max depth
of 100 nm was reached. A minimum of 25 indents was performed. The
output of the test is a force displacement (P-h) curve. The curves were
judged for consistency and any curves containing anomalies were re-
moved before subsequent analysis. Fig. 5 (a-c) shows the raw output
from the machine. The samples were tested using an Ultra Nano Hard-
ness Tester (UNHT) from Anton-Paar using a Berkovich tip, which was
calibrated on a fused silica standard. To ensure the indentation pro-
cedure was tuned properly for the particles embedded in LDPE, some
reference tests were performed on sections of the plain LDPE. The re-
sults of M, displayed in Table S1, agree very well with the reference
value of 300 MPa found in the literature (Carotenuto et al., 2012) af-
ter the conversion of plain stress to plain strain. The mechanical prop-
erties were then extracted from the resulting load-displacement curve
(Fig. 5) by applying the continuum scale model of Oliver and Pharr
(2011a) (see Egs. (2)-(5)) to obtain the indentation modulus M, which
represents the elastic response of the material, and hardness H, which
is the resistance to permanent deformation. Note that in Fig. 5d, “ben-
tonite + graphene” refers to indents that were performed on the ben-
tonite layers of GHNSs, whereas “graphene sheets in bentonite” refers to
indents that were performed on the graphene-like sheets that formed on
the surface of the GHNs.

(1-2) @

dh [z 3

E-E & @

SRVRTY ®

Here, A, is the projected contact area, which is 24.5 (h2) for the
geometry of a reference Berkovich tip (between the indenter tip and the
sample surface while the load is applied). h, is the maximum penetra-
tion contact depth, E and v are the Young’s Modulus and Poisson’s Ra-
tio of the material, respectively. S is the slope of the initial descending
branch of the load-displacement curve and is given by Eq. (3), where E,
is the reduced modulus, given by Eq. (4), and E; and ; are the Young's
modulus and Poisson's ratio of the indenter, respectively. The indenta-
tion hardness represents a strength quantity of the material and is given
by Eq. (5).

The phases found in all samples are displayed in Table S1 presented
in the supporting information and shown graphically in Fig. 5 d.
Samples (b-d) contained multiple phases, and in each phase, we ob-
tained M and H. The results revealed the phases in the bentonite and
GHM. Bentonite has two phases: a softer phase and a stiffer phase.
GHN also has two levels of stiffness. The softer phase of GHN is com-
posed of pyrolyzed sugar, but it is still stiffer than LDPE. The major-
ity of the phases have a standard deviation in the modulus of less than
15%, which is typical for indentation on clay minerals (Berthonneau
et al., 2017). The standard deviation of hardness is higher because the
calibration of the area function is calibrated on the modulus and not
the hardness. This is an encouraging result because it demonstrates that
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the M and H values of each phase are different enough that they can
be uniquely mechanically identified. The elastic modulus measured for
bentonite is slightly higher than that of pure montmorillonite (Carrier
et al., 2016) because bentonite is a rock that contains other miner-
als. The results revealed various phases. First, particles that appear to
be bentonite could be identified in all samples. Sample (b) contained a
bentonite-like phase that was very stiff, which is attributed to the in-
clusion of particles (likely SiO, according to mineralogy; see Table S1).
Sample GHN contained enough production of graphene-like sheets both
within and independent of the bentonite. In the sample, we found some
graphene sheets sitting on top of the bentonite, which produced a com-
posite response homogenized between the stiffness of the bentonite and
the carbon sheets independently. One additional phase was discovered
in a sample GHN, which had a modulus of approximately 3.4 GPa. This
phase was attributed to pyrolyzed sucrose, as it was dark in color and
there was likely a surplus of sucrose that did not contribute to the forma-
tion of graphene-like layers within the bentonite. However, this carbon
contributed to the increased electrical conductivity (Boussaboun et al.,
2017). The stiffness of many sugars with zero porosity has been found
to be in the range from 11 to 18 GPa (Bassam et al., 1990). Since
this sugar was pyrolyzed, it is reasonable for it to have a lower stiff-
ness. While the graphene-like layers present within the bentonite are too
small to be locally identified by indentation, the tests demonstrate that
once GHN has formed in the bentonite, the overall stiffness increases,
indicating a homogenized response of the reference bentonite and the
independent graphene-like sheets.

3.3. Organic dye adsorption tests

3.3.1. Adsorption capacity comparison between GHN and BT

The efficiency of the novel synthesized graphene-like hybrid nano-
materials was evaluated for removal of harmful cationic (methylene
blue, MB and rhodamine B, Rh B) and anionic (methyl orange, MO),
from aqueous solutions and compared to that of the template, bentonite

(BT). As can be seen in Fig. 6, the presence of graphene layers in the
bentonite network provides higher adsorption capacity and faster rate
than the pure bentonite clay for the three organic dyes. This enhance-
ment in the adsorption efficiency of dyes can be explained by the in-
crease of both number of active sites and specific surface area. XPS re-
sults have shown that GHN surface exhibits abundant hydrophilic func-
tional groups such as the hydroxyl, carboxyl, and epoxy groups as well
as sp2 hybridized carbon atoms which could generate electrostatic in-
teractions, hydrogen bonds, and n-n binding (Xiao et al., 2016). In
addition, BET specific surface area of GHN (267 mz/g) is about three
times higher than that of BT (87 mz/g). This is due to the nano-sand-
wich structure of GHN formed from graphene and bentonite layers.

3.3.2. Parametric effects on adsorption

In order to determine the influence of pH on adsorption, its effect
on the zeta potential of both BT and GHN was investigated over the
range of pH 2-10 (Fig. 7). Contrary to that of BT, the zeta potential of
the GHN is remarkably influenced by the change of pH solution since it
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Fig. 6. Comparison between the removal capacities of BT and GHNs for cationic (MB &
RhB) and anionic dye(MO) according to the adsorption time with weight of both BT and
GHN are of 25 mg, initial concentration for MB, RhB, and MO is of 25 mg L~ and pH of
dye solutions is of 5.
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decreased significantly at elevated pH, and the isoelectric point (IEP)
was found to occur at around 2.7 (Fig. 7). This indicates that below pH
2.7, GHN surface has a positive charge in solution and a negative charge
above this pH, which is explained primarily by the presence of acidic
groups, i.e. carboxylic acid and hydroxyl, on the surface of the graphene
particles which are protonated at highly acidic media and deprotonated
at basic solutions (Perreault et al., 2015).

To determine the optimal conditions for dye removal efficiency, the
effects of pH and temperature were examined (Fig. S1 shown in the
supporting information). The GHN adsorption capacity for removal
of cationic and anionic dyes as a function of the initial pH is shown in
Fig. Sla. The results suggest that the adsorption of MB and RhB is in-
significantly affected by pH indicating no noticeable charge interaction
between MB, RhB and GHN. Thus, one can predict that the adsorption
of MB and RhB cationic dyes on GHN is mainly dominated by n-r inter-
action. In contrast, the adsorption of MO, as an example of anionic dye,
decreased continuously as the maximum adsorbed amount was obtained
at pH 2 (9.65 mg g~!) and the minimum at pH 10 (1.48 mg g~1). This
is due to electrostatic attraction between the anionic dye and the posi-
tively charged GHN for pH value below 2.7 and electrostatic repulsion
at pH higher than this IEP value. Moreover, at alkaline pH, adsorption
of OH™ ions could compete effectively with the dye anion adsorption re-
sulting in a decrease in removal of the MO.

To investigate thermodynamics of the dyes adsorption, 25 mg GHN
were dispersed in 10 mL of each dye solution separately at 25 mg L™}
concentration for 1 h at four temperatures ranging from 25 to 50 °C, and
the obtained adsorption results are shown in Fig. S1b. As we can ob-
serve, MB was fully adsorbed on GHN (10 mg g~!) at all studied temper-
atures, indicating strong MB-GHN affinity. While RhB and MO adsorp-
tion increased gradually with increasing temperature, revealing an en-
dothermic nature of the adsorption process and showing that high tem-
perature was favorable for adsorption of these dyes. The thermodynamic
parameters dealing with enthalpy change (AH®), entropy change (AS°),
and Gibb's free energy change (AG"®) are calculated based on van't-Hoff
Eq. (6). AH® and AS® were evaluated respectively from the slope and in-
tercept of the linear van't-Hoff plot of In K versus 1/T (Eq. (2)). Whereas
AG® was calculated using equation (Eq. (7)), and K was determined us-

ing Eq. (8).

mK =22 _ 8%

" R RT ©)

AG® = —RTInK @
q

K== ®)

where K (L g™!) is the thermodynamic equilibrium constant calculated
with Eq. (7), R (8.314 J mol~! K1) is the universal gas constant, T (K)
is the temperature, C, (mg L™1) is the initial concentration of dyes, Ce
(mg L™1) is the concentration of dyes at equilibrium, V(L) is the volume
of the solution, m (g) is the used mass of adsorbent.

From the calculated thermodynamic parameters recapitulated in
Table S2 shown in the supporting information), one can note that the
values of AG® are negative which predict a spontaneous transfer process
of the three dye molecules from the solution to GHN adsorbent surface,
and that absolute values of AG® of cationic dye are much higher than
those of the anionic one revealing higher adsorption capacities should
be expected for cationic dyes. The positive value of AH® suggests that
the process of adsorption of the studied dyes under the operation condi-
tions was of endothermic nature and the positive value of AS® indicates
an increase in disorder at the interface adsorbent solution referring to
the randomness of the adsorption reaction (Wang et al., 2017).

3.3.3. Adsorption isotherms and kinetics

The adsorption of both cationic and anionic dyes fitted best Lang-
muir models (Table 1). The Langmuir isotherm describes a monolayer
dye adsorption on the outer surface of the adsorbent, and the Freundlich
model describes a multilayer adsorption on heterogeneous surface. The
K, Kp, and 1/n parameters characterize the adsorbent — adsorbate in-
teractions and are dependent on the surface chemical composition. In
the Freundlich model, a 1/n value below one indicates a monolayer
chemisorption mode, as is observed for RhB and MB. In contrast a value
above one, as observed in the case of MO, indicates a cooperative ad-
sorption and deviation from the Langmuir model (Foo and Hameed,
2010). In comparison with other graphene-based materials, the pre-
pared GHN composite exhibits excellent adsorption abilities for differ-
ent organic dyes. The detailed comparison is summarized in Table 2.
The maximum adsorption capacity obtained from the Langmuir model
for MB, RhB and MO are 455 mg g~!, 53 mg g~ ! and 69 mg g~! respec-
tively, indicating that GHN could be used efficiently in water treatment.
Electrostatic forces have a strong influence on the adsorption and, in
agreement with the conclusions of the zeta potential results discussed
earlier, as well as the pi-pi stacking interactions, which are stronger for
the two cationic dyes. The adsorption kinetics of the three dyes fitted
well the pseudo-second-order model that the adsorption is mainly con-
trolled by a chemical process. The sorption of RhB can be accordingly
described by pseudo-first and pseudo-second-order kinetics, represented
by high values of linear coefficients (>0.9) while the pseudo-second or-
der kinetic was suitable for describing the sorption of MB.

3.3.4. Adsorbent recyclability

To demonstrate the practical application of this new adsorbent for
dye removal from water, the regeneration and the reusability of the
GHN adsorbent were tested. Water contaminated with MB as an exam-
ple of model dyes was used for five repeated experiments of adsorp-

Table 1
Isotherms parameters for the adsorption of MB, Rh B, and MO dyes on GHN adsorbent.

Experimental

Dye Qe (mgg™h Langmuir Freundlich

K*103 Am Kg

(L (mg (mg

R? mg) g R? g 1m

MB 10.00 1.000  01.00 455 0.999 1.482 0.99
RhB  9.97 0.998  0.300 53 0.991 2.600 0.16
MO 9.56 0.915 0.285 69 0.818  0.260 1.85
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Table 2
Dye adsorption capacity of some graphene-based composites.

Adsorption

Adsorbent Dye capacity (mg.g ~1) Reference
GHN MB 455 This work
Exfoliated graphene 500 (Xue et al.,

2016)
Carbon nanotube-Graphene 191 (Sui et al.,
aerogel 2012)
Magnetic chitosan- Graphene 181 (Fan et al.,
Oxide 2012)
Reduced Graphene oxide sponge 184 (Zhao et al.,

2012)
PVA/CMC hydrogels-Graphene 172 (Dai et al.,
Oxide/Bentonite 2018)
GHM RhB 53 This work
Reduced Graphene oxide/Fe304 37-41 (Geng et

al., 2012)
Reduced Graphene oxide sponge 73 (Zhao et al.,

2012)
Carbon 150 (Sui et al.,
nanotube-Graphene aerogel 2012)
GHN MO 69 This work
Reduced Graphene oxide sponge 12 (Zhao et al.,

2012)

tion/desorption cycles. For desorption of MB dye and regeneration of
the adsorbent, filtration was first used in order to separate GHN adsor-
bent powder from the aqueous dye solution, followed by an abundant
washing using 1 M HCI solution and then by a drying at 80 °C under
vacuum. As can be observed in Fig. 8, GHN adsorbent did not show loss
of adsorption capacity for the three first adsorption cycles, and a very
slight loss was observed up to five cycles. This proved its high stability
and facile regeneration of the developed hybrid sorbent.

4. Conclusions

Graphene-like hybrid nanomaterials have been successfully prepared
from renewable sucrose and bentonite clay using an eco-friendly, sol-
vent-free approach. The synergy between the hybrid clay-graphene sur-
face chemistry and the high specific surface area of the composites
make these materials well suited for surface dependent applications,
such as the removal of pollutants from aqueous media. The character-
ization methods showed the presence of the graphene in the clay. The
presence of the graphene was shown to drastically improve the me-
chanical properties of the bentonite particles. The prepared GHN ex-
hibits adsorption ability toward model pollutants methylene blue, rho-
damine B, and methyl orange. The removal of the positively charged
dyes by the negatively charged adsorbent occurs via ion exchange mech-
anism through electrostatic interactions. This work demonstrates

100% 100% 100%  ggo

Removal effeciency (%)

Cycles

Fig. 8. Reusability test of GHN adsorbent for MB removal from water up to five cycles.

a simple and cost-effective method to prepare graphene-like hybrid
nanomaterials. The stiffer and more adsorbent particles are well suited
for water treatment, especially for applications in high flow filters where
the forces on the particles will undoubtedly be high.
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