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Abstract: Fundamental studies involving divalent ion intercalated graphene-based hydrogel are still
lacking in terms of their adsorption behavior towards dye pollutants. In this study, we prepared a
self-assembled Mg?* and Ca?* intercalated reduced graphene hydrogel (rGH) using hydrothermal
treatment to evaluate the intercalation impact on the adsorption capability towards cationic dyes,
methylene blue and rhodamine B. The morphological, structural, thermal, and textural properties
of the divalent ion intercalated reduced graphene hydrogels were studied using Fourier trans-
form infrared spectrometer, thermogravimetric analysis, Raman spectroscopy, scanning electron
microscope-energy dispersive spectroscopy, X-ray photoelectron spectroscopy, Brunauer-Emmett-—
Teller surface area analysis, and X-ray diffraction. The increased adsorption capacity of the divalent
ion intercalated reduced graphene-based hydrogels towards the dye molecules resulted from the
increase in the specific surface area and pore volume due to the Mg?* and Ca?* bridging that formed
spaces between the graphene sheets framework. Adsorption kinetics and the equilibrium adsorption
isotherm were fitted by a pseudo-second-order alongside intraparticle diffusion kinetic models and
Langmuir isotherm respectively. In addition, the divalent ion intercalated reduced graphene hydrogel
showed good generation after three cycles of simultaneous adsorption.

Keywords: graphene hydrogel; hydrothermal; dye adsorption; calcium; magnesium

1. Introduction

Water bodies contaminated with dye-containing effluent disposed from various in-
dustries such as textile and printing often contribute to massive environmental and health
problems [1-4]. Currently, the treatment of dye wastewater includes biological treatment,
coagulation, floatation, and adsorption. Due to the low cost, ease of operation, and high
performance, adsorption is often preferred for dye removal from waste water [5-8]. For
the past years, many significant findings on the remediation of dye wastewater via adsorp-
tion have been reported using graphene-based nanomaterials upon comparing to other
carbon-based materials such as biochar, activated carbon, etc. [9-12].

From the carbon family, graphene possessed a honeycomb crystal lattice composing
of hexagonally sp? hybridized carbon atom with a thickness of equal to one atom diame-
ter [13]. This two-dimensional (2D) material has gained prominence among researchers
due to its unique properties such as possessing high surface area (2600 m?/g), intrinsic
electron mobility (200,000 cm?/Vs), Young’s Modulus (1 TPa), and high thermal conduc-
tivity (5000 W/mK) [14-16]. Graphene oxide (GO) is a commonly used precursor in the
synthesis of graphene. Until now, the salient properties associated with 2D graphene have
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not yet been realized due to the fact that they cannot exist in a free state due to aggregation
of the sheets from the intrinsic 7i-t [17]. In wastewater remediation applications, the us-
age of graphene-based powder complicates the post-recovery process which is not ideal
in large scale applications. The development of three-dimensional (3D) graphene-based
architecture such as hydrogels or aerogels has become a promising choice to tackle the
aforementioned drawbacks. The 3D reduced graphene hydrogel block morphology ex-
plicitly tackles the issue of easy recovery and prevents the release of graphene nanosheets
from contributing to secondary contamination [18]. The intrinsic 7t-7 interactions and van
der Waals interactions drive the hydrogel formation between the sheets to achieve macro-
scopic structural stability [19,20]. The three-dimensional graphene framework contains an
interconnected porous structure with a large specific surface area making them ideal for
wastewater treatment [21,22]. In addition, reduced graphene-based hydrogels can act as a
templating material for the inclusion/blending with small molecules, metal /metal oxide
nanoparticles, polymer complex, etc. which enable the design of novel multi-functional
hydrogels with upgraded properties [23,24]. In term of pollution remediation, reduced
graphene hydrogel form 7t-7t interactions with adsorbate molecules containing aromatic
rings. Furthermore, remaining oxygenated groups on their surface enables electrostatic,
van der Waals forces, and hydrogen bonding interactions with the pollutants such as
small dyes [25]. Previously, ample studies have been conducted using graphene-based
hydrogel as promising adsorbent material for wastewater dye remediation [26-32]. To date,
various approaches were reported in the successful fabrication of reduced graphene-based
hydrogels which include hydrothermal treatment [20,33-35], solvothermal method and
chemical vapor deposition (CVD) [36]. Inherently, the hydrothermal process is a preferred
alternative as it is a scalable approach that enables the control in the size and properties
of the hydrogel from operating parameters such as hydrothermal time and hydrothermal
temperature [37]. In addition, the process eliminates the usage of reducing agent, which
significantly reduced the cost [38]. During the hydrothermal process, superheated water
acts as strong electrolyte with high diffusion and dielectric constant; hence readily catalyzes
bond cleavage of oxygen moieties present on the basal planes of the graphene sheets [39].

Previously, Jiang et al. [40] compared divalent ion (Ca?*, Ni**, and Co?*) linkage
between graphene sheets in a 3D architecture prepared via hydrothermal treatment. They
found that the graphene sheet is interconnected via chemical and hydrogen bonds, which
are driven by water molecules, divalent ions, and oxygen-functional groups on the reduced
graphene sheet. The inclusion of calcium ions is also reported to improve the mechani-
cal performance of alginate/graphene-based hydrogel due to the formation of different
microcosmic morphologies within the framework [41,42].

In energy applications, Ca?* forms bridges between graphene sheets; hence creating
new electron energy levels and conduction channels [43]. The comparison between alkali
metal ions as crosslinkers should be made to reduce the knowledge gap in order to fully
grasp their effect on the physical and chemical properties of the hydrogels synthesized.
Taking the unique behavior of reduced graphene hydrogel, herein, we describe a simple
one-pot synthesis via hydrothermal treatment of GO in the presence of Mg?" and Ca?*
for the preparation of divalent-ion intercalated reduced graphene hydrogels (rGH). The
effect of divalent metal ion cross-linking within the 3D macrostructure is accessed for their
adsorption behavior towards methylene blue (MB) and rhodamine B (RhB). The findings of
this study will provide useful insights on future works pertaining to intercalated reduced
graphene hydrogel practical applications in dye wastewater treatment.

2. Materials and Methods
2.1. Materials, Reagents, and Equipment

Graphene oxide (GO) dispersion in water (0.1-2.0%) was used as received from
Nippon Shokubai Co., Ltd. (AX-1-FM-W-151). Magnesium chloride (MgCl,), calcium
chloride (CaCl,), methylene blue (MB), rhodamine B (RhB), hydrochloric acid (HCI) was
obtained from Wako Pure Chemical Industries Ltd., Japan. Deionized water (18.25 M() cm)
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produced by a Milli-Direct 16 (MilliporeSigma, Burlington, MA, USA) was used for the
entire experiment. All the reagents and materials were used without further purification
unless otherwise specified. For the sonication process, a bath ultrasonicator (AS ONE
Ultrasonic Cleaner Single Frequency, 3L (MSC-3) 40 kHz, 100 W) was used as described
below.

2.2. Synthesis of Divalent Ion Intercalated Reduced Graphene Hydrogel

Briefly, 30 mL of GO solution was prepared by the sonication of GO dispersion in
deionized water to a concentration of 2 mg/mL for 1.5 h in order to exfoliate the graphene
sheets. 10 mL of 0.01 M MgCl, and CaCl, was added into the GO solution, respectively
and stirred for 15 min. The solution mixture was then transferred into an 80 mL modified
autoclave glass bottle and sealed. The hydrothermal reduction was carried out in a TOMY
LBS-325 high-pressure steam sterilizer (TOMY Seiko Co., Ltd., Tokyo, Japan) at 130 °C
for 8 h. Scheme 1 depicts the schematic representation for the formation of divalent ion
intercalated reduced graphene hydrogel. The resulting reduced graphene hydrogels (rGH)
were then dialyzed in HyO for 24 h. The obtained rGHs were denoted as rGH-Mg and rGH-
Ca to ease identification. The hydrothermal treatment of GO solution (40 mL) without the
addition of divalent salt was also carried out and denoted as rtGH. The rGH samples were
then freeze-dried at —50 °C for 24 h to remove any moisture content without destroying
the 3D macrostructure. The freeze-dried rGHs were kept for characterization studies as
described below.

CaCly/ MgCly

—»

25°C, 15 mins stirring

Divalent 1on

GO Divalent 1on mtercalated GO Divalent 1on mtercalated tGH

Scheme 1. The schematic representative of the formation of divalent ion intercalated reduced
graphene hydrogel without taking into account the interactions occurred for the formation of hydrogel.

2.3. Characterizations

The absorption spectrum of the colloidal suspension of individual GO and with the
presence of MgCl, and CaCl, were measured by UV-vis spectrophotometer (Genesys 10s,
Thermo Fisher Scientific, Waltham, MA, USA). The zeta potential and particle size analysis
of the colloidal suspension were determined using DelsaMax Pro (Beckman Coulter, Inc.,
Brea, CA, USA). The morphology of the freeze-dried hydrogels was accessed using JEOL
6000 microscope (JEOL Ltd., Tokyo, Japan) scanning electron microscopy (SEM) attached
with energy dispersive X-ray analyzer (EDX) operated at 10 kV accelerating voltage. The
crystalline structure was recorded on a Rigaku X-ray diffractometer with Cu K-« radiation
at 40 kV and 15 mA with a scan rate of 10°/min. Attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy was carried out on a Nicolet iS5 (Thermo Fisher
Scientific, Madison, W1, USA) spectrometer. Thermogravimetric analysis (TGA) was per-
formed on an EXSTAR TG/DTA7000 (Hitachi High-Tech, Tokyo, Japan) under continuous
N, stream. Raman spectroscopy measurements were performed using JASCO NRS-5100
Laser Raman Spectrometer (JASCO International Co., Ltd., Tokyo, Japan) with an excitation
wavelength of 532 nm and 2.5 mW laser power beam. The Ip /I ratio was automatically
calculated using the Spectra Manager II software (JASCO International Co., Ltd., Tokyo,
Japan) pre-installed after performing wavenumber correction and intensity correction.
X-ray photoelectron spectroscopy (XPS) was performed on an Axis Nova (XPS) Surface
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Analyzer (Kratos Analytical Ltd, Manchester, UK) with a monochromatized Al Kot X-ray
source. The XPS spectra were analyzed for their relative atomic percentages of the element
species present using the CasaXPS program (Version 2.3.22rev1.0l, Casa Software Ltd.,
Teignmouth, UK). The peaks are fitted by Gaussian-Lorentzian (GL) formula fitted with a
Shirley background. N, adsorption-desorption studies were carried out using a Surface
Area and Pore Size Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The
surface area and pore size distribution of the rtGH samples were calculated using the
Brunauer-Emmett-Teller (BET) method via N; adsorption-desorption isotherms and the
Barrete—Joynere-Halenda (BJH) method, respectively.

2.4. Adsorption Experiments

Analytical grade dyes, cationic methylene blue (MB), and rhodamine B (RhB) were
used as model pollutants for the adsorption experiment at room temperature in order to
probe the adsorption performance of the hydrogels. The as-prepared hydrogels were placed
into 20 mg/L, 150 mL dye solution, and agitated until adsorption-desorption equilibrium
is achieved. For each experimental run, 2 mL of the dye solution was removed at a specific
time interval and centrifuged at 2000 rpm for 5 min to remove suspended particles before
residue dye absorbance measurements were taken. From Supplementary Figure S1, the
residual concentration of the MB and RhB were computed from the calibration curve
prepared by measuring the absorbance at various concentrations of the dye at 664 and 554
nm, respectively. The adsorption capacity (Q.) for the hydrogels were calculated using the

following equation:
Co— C)V
QL’ ( 0 t) (1)

m

where Cj represents the initial concentration (mg/g), C; represents the equilibrium con-
centration at the specific time (mg/g), V is the volume of the dye solution (L) and m is
the mass of the adsorbent (mg). Three kinetic models, namely pseudo first-order (PFO),
pseudo second-order (PSO) and Elovich were used to understand the adsorption kinetics
of the MB and RhB adsorption. PFO corresponded to a diffusion-controlled process in
a solid-liquid phase. PSO assumed the process is controlled by adsorption reaction at a
liquid-solid interface. Elovich model was applied to describe the adsorption in a non-ideal
state. The model assumes that the rate of solute adsorption decreases exponentially as the
amount of adsorbed solute increases. The models” equation can be described as follows:
The pseudo first-order (PFO) model:

Kyt
In(Qe— Q) =In Qe — 5202 2)
The pseudo second-order (PSO) model:

t 1 1
= =)t 3
Q  KoQ? (Qe) ©

The Elovich model: , .
Qir= -Inaf+ =Int 4)

pr P

where Q, and Qy are the dye amount adsorbed at equilibrium (mg/g), k represents the time,
Ky (h™Yor K, (g/mg h) refers to the adsorption rate constant, « is the initial adsorption
rate (mg/g) and B is the desorption coefficient (mg/g). To further confirm the diffusion
mechanism process, the intraparticle diffusion (IPD) model was also applied and can be
written as:

Q= Ky t2+C ®)

where K}, is the rate constant of the intraparticle diffusion kinetic model, C is the thickness
of the boundary layer.
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The Langmuir, Freundlich, and Temkin adsorption isotherms were applied in the
process to probe the adsorption process by fitting the equilibrium data. The Langmuir
model presumes monolayer adsorption onto a homogenous adsorbent surface with the
idea that energy change is uniform for all adsorption. On the other hand, the Freundlich
model assumes that multilayer adsorption occurs on a heterogeneous surface. On the other
hand, the Temkin model assumes that the heat of adsorption decreases linearly instead
of logarithmically with the increase in the surface coverage and that adsorption can be
characterized by uniform binding energies. The linear form of the equation employed to
describe the adsorption isotherm is as follows:

Langmuir isotherm model:

% N KLlQm " % ©
Freundlich isotherm model:
In Q. =InKp + % In C, (7)
Temkin isotherm model:
Qe = %anT+ %lnCe (8)

where C, is the equilibrium concentration of the dye solution (mg/L). Q. and Q;, are
the adsorption capacity (mg/g) adsorbed on the adsorbent at equilibrium and maximum
adsorption capacity (mg/g), respectively. K is the Langmuir binding constant (L/mol),
KF is the Freundlich binding constant (L/mol), Kt is the equilibrium binding constant
(L/mol) corresponding to maximum binding energy and 1/n is the adsorption intensity.
Bisrelated to the heat of adsorption (J/mol), R is the universal gas constant (8.314 ] /K. mol),
and T is the absolute temperature (K).

3. Results
3.1. Characterization of GO Colloidal Suspension in the Presence of Divalent Ions

Before hydrothermal reaction, the addition of MgCl, and CaCl, into the GO sus-
pension led to the intercalation between the divalent atoms and the oxygen-containing
functional groups occurring between the basal plane and edges; hence leading to a network
of continuous bridging [44,45]. The divalent ions (M?*) may interact with GO sheets via
two different binding modes. The strongest binding mode is the M?* ions bound to the
carboxylic group at the edges which results in the cross-linking with neighbouring sheets.
The second, from the creation of C-OH due to the ring-opening epoxide by M?* which
facilitates the intercalation of metal ions into the gallery between GO sheets [45]. In order
to probe the interaction with the divalent ions, UV-visible analysis was conducted on the
GO suspension which is shown in Supplementary Figure S2. The UV-Vis spectrum of GO
suspension after sonication showed two distinct bands, a maximum at 262 nm attributed to
m-7t* transition of the aromatic C-C bonds, and the shoulder peak at 302 nm corresponds to
the n-7t* transition of the carbonyl C=0 bonds [46]. The decrease in intensity of the shoulder
peak and also the slight blue shift could be possible from the intercalation of the divalent
ion with the oxygen-containing functional groups. Saha et al. [47] found the blue shifting
upon studying the effect of anionic surfactant (SDS) intercalation on GO. From Table 1,
the addition of the neutral salt solution of MgCl, and CaCl, does not bring significant
changes to the pH of the GO suspension. To further confirm the intercalation behaviour
and access the colloidal stability, DLS and zeta potential studies were conducted. The
increase in the lateral size of the GO and also the increase in zeta potential value after the
inclusion of the divalent ion in the GO suspension indicated that Mg?* and Ca?* showed
good affinity towards the oxygen functional groups GO sheets are highly negative charged
which is attributed to the ionization of oxygen-containing functional groups present at
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the basal and planar plane. We posit that the higher particle diameter obtained for rGH-
Ca is attributed to the larger ionic size of Ca?* for easier chelation with the oxygenated
group of the GO [48]. The higher hydration energy of MgCl, led to the greater volumetric
dimension of its hydrated ion which may limit their interactions via ionic cross-linking
with the negatively charged GO sheets [49]. Zeta potential values below (more negative)
than —30 mV are considered ideal to represent sufficient electrostatic repulsion to ensure a
stable dispersion [50]. The more positive zeta potential values obtained for the colloidal
suspension of GO in the presence of divalent ion occurs due to the lower charge density of
GO from the interaction with negatively charged functional groups.

Table 1. Properties of the GO colloidal suspension in the presence of MgCl, and CaCl,.

Sample pH Diameter (nm) Zeta Potential (mV)
GO 2.70 2015.2 —39.24
GO + MgCl, 2.69 4563.3 —36.63
GO + CaCl, 2.69 7680.9 —32.37

Supplementary Figure S3 depicts the hydrogels after freeze-drying process which
showed the retainment of the cylindrical monolith reduced graphene hydrogel in the
presence of the Mg?* and Ca?*. The surface of the reduced graphene hydrogel after freeze
dry becomes hydrophobic [51,52]. From previously reported studies, the freeze-drying
process removed water molecules embedded in the pore structure, which leads to the
collapse of the framework due to 7-7 interactions between the graphene sheets. It can be
seen that the presence of Mg?* and Ca?* introduced in the graphene framework preserved
the cylindrical structure of the hydrogel. It is posited that the divalent ion bridged the
individual graphene sheets; hence retaining the hydrogel structure.

3.2. Characterization of Freeze-Dried Hydrogels

Figure 1 depicts SEM images of the freeze-dried GO and the reduced graphene
hydrogels. GO possesses a wrinkled surface topography and a disorderly manner as
depicted in Figure 1a which can be attributed to the deviation from the sp? planar character
of the carbon atom. Based on Figure 1b—d, the morphology of rGHs clearly depicted a
randomly oriented 3D framework after hydrothermal treatment. The reduced graphene
nanosheets are of aggregated crumples nanosheets which were similar to previous literature
obtained via hydrothermal treatment [39]. The aggregation of reduced graphene sheets
is attributed to the increased hydrophobic interactions between individual sheets. The
intercalation of the divalent ion may occur electrostatically in which the ion coordinates
with the carboxylic groups; hence forming linkages between the reduced graphene sheets.
In the situation in which the carboxylic groups are saturated, electrostatic repulsion between
other carboxylic groups is reduced, leaving the system to interact through the m=n bond
network which drives the stacking [53]. The intercalation of Mg?* and Ca?* can be roughly
accessed from the atomic elemental composition from the EDX signals assigned to Mg and
Ca. Even though the peak signal is relatively low (<1% atomic percentage), the inclusion of
the divalent ion altered the morphology in terms of the introduction of more pore cavities.

The elemental analysis of the commercial GO as well as the rGHs samples were
summarized in Table 2. The presence of trace amount of S and K in the commercial GO
sample may be attributed to the residue reactants used during the manufacturing process.
The C/O atomic percentage (at %) of GO, rGH, rGH-Mg, and rGH-Ca is 1.40, 3.05, 3.27,
and 3.41, respectively. The slight increase in the C/O ratio indicates that the intercalation of
Mg?* and Ca?* further assisted in the removal of the oxygenated functional groups during
the hydrothermal treatment. The result of the intercalation of the divalent ion creates C-OH
from the to the ring opening epoxide which can be directly desorbed from the graphene
sheet due to Coulomb repulsion derived from the extra charge accumulation [54]. Hence,
the rearrangement of aromatic sp? carbon resulted in higher C/O ratio for the divalent ion
intercalated hydrogels. The difficulty of Mg?* intercalation in comparison to Ca?* can be
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attributed to the strong electrostatic forces between the Mg ions and the negatively charged
groups on the graphene sheet which induce the intrinsically slow kinetics of ion insertion
and diffusion [55].

b
M N 20 g
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Figure 1. Scanning electron microscopy (SEM) images of freeze dried (a) graphene oxide (GO), (b) reduced graphene
hydrogels (rGH), (c) rtGH-Mg, (d) rtGH-Ca. EDX spectrum with elemental distribution for (e) rGH-Mg and (f) rGH-Ca.
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Table 2. Elemental composition of GO, rGH, rGH-Mg and rGH-Ca obtained from EDX analysis.

Sample C (%) O (%) S (%) K (%) Mg (%) Ca (%) Total (%)
GO 55.99 39.82 3.81 0.38 0.00 0.00 100.00
rGH 75.31 24.69 0.00 0.00 0.00 0.00 100.00

rGH-Mg 76.15 23.28 0.00 0.00 0.57 0.00 100.00

rGH-Ca 76.74 22.49 0.00 0.00 0.00 0.77 100.00

The interlayer spacing of GO and the freeze-dried hydrogels were confirmed using
powder X-ray diffraction (XRD). From Figure 2a, the diffractogram of the commercial
freeze-dried GO exhibited a sharp peak at 7.25° corresponding to the characteristic carbon
peak (0 0 1) with a d-spacing of 1.21 nm. The larger d-spacing obtained from GO upon
comparing to other previous reported findings [56] (~0.80 nm) could be attributed to the
freeze-drying process that retains the graphene framework. The d-spacing of the most
intense peak was calculated by using Bragg’s equation, which is presented as:

nA =2dsin6 9)

where 7 is an integer, A is the X-ray wavelength and 6 is the angle between incidence
and reflected rays. The reduction of GO led to the disappearance of the (0 0 2) peak
and appearance of a well-resolved diffraction peak observed at 24.02°, 24.74°, and 23.56°
corresponding to d-spacing values of 0.370, 0.360, and 0.362 nm for rGH, rtGH-Mg, and
rGH-Ca, respectively. The finding indicated that GO has been successfully reduced to its’
reduced form via hydrothermal treatment. The intercalation of the divalent ion resulted in
reduced interlayer spacing in comparison to rGH. The presence of small diffraction peaks,
20 at ~43.0-44.0° is related to the (1 0 2) plane of reduced graphene structure. Hence, the
inclusion of intercalated Mg?* and Ca?* between the graphene layers led to the decrease
in the interlayer spacing, making the sheets packed tightly against eachanother, which
signified the intercalation of the divalent ions into the graphene framework.

FTIR provided an overview of the presence of chemical functionalities in the freeze-
dried hydrogels. Figure 2b depicts the ATR-FTIR spectra of GO, rGH, rGH-Mg, and
rGH-Ca. The spectrum of GO with following peaks: 1080 cm~! corresponded to C-O
(alkoxy group), 1280 cm ™! (epoxy group), 1618 cm ! associated with the presence of C=C
(aromatic), and 1750 cm ™! assigned to C=0O (carboxyl group) present mostly along the sheet
and basal plane. The broad peak at 3212 cm ™! originated from the hydroxyl O-H bond.
The hydrothermal reduction of the GO led to the significant weakening of the O-H and
C=0 peaks and is apparent in the Mg?* and Ca?* intercalated reduced graphene hydrogels.
Moreover, the intense weakening of alkoxyl groups (1040 cm~1!) and the epoxy groups
for the divalent ion intercalated samples indicated possible interaction with the groups.
The peak at about 1550 cm ! confirmed the restoration of the sp? carbon network while
the peak at around 1710 cm ™! corresponded to vibrations of carbonyl groups. Hence, the
intercalation is posited to occur from the interaction of the divalent ion to the carboxylic
group which is linked to the neighbouring sheet. The intercalation in between the graphene
sheets also may occur from the ring-opening epoxide by the divalent ions. Similar result
corroborated the study by Park et al. [45], in which the epoxy/ether C-O stretch significantly
decreased after exposure to Lewis acidic divalent metal ions leading to the ring opening of
the epoxide.

Raman spectroscopy characterization was carried out to access the intercalation effect
of Mg?* and Ca?* towards the defects and disorder within the graphene sheet structure.
The Raman spectra of GO, rGH, rGH-Mg, and rGH-Ca is depicted in Figure 2c. The two
characteristics bands of GO located at 1392 and 1596 cm ™! were assigned to the D and G
band, respectively. The D band is assigned to the breathing mode of k point phonons with
Ajg symmetry and band attributed to the sp> hybridization of carbon; G band on the other
hand is the characteristic peak from sp? hybridization corresponding to the Ep phonon
scattering of carbon atoms. The weak band present around 2640 cm ™! is often associated
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with the 2D band due to the second-order two phonons with opposite momentum in the
highest optical branch adjacent to the K point of the Brillouin zone [57]. After hydrothermal
reaction, the D band peak remained unchanged while the G-band peak of their reduced
state red-shifted. The increase in the number of sp? atomic domains and also the successful
reduction of GO to a reduced state were evident from the red-shift in the G band [58]. The
intercalation induces a red shift of the G band due to the lower Fermi energy level and shifts
the band gap due to the doping effect. The slight shift of the G band of the divalent ion
intercalated reduced graphene hydrogel in comparison to rGH also confirms the interaction
between graphene and the divalent ion due to charge transfer which has been previously
reported [43]. The probing into the order/disorder crystal structures can be observed from
the integrated intensity ratio (Ip/Ig) between the D and G bands. The Ip/Ig of GO, rGH,
rGH-Mg, and rGH-Ca is 0.89, 1.00, 1.01, and 1.01, respectively. The increase in the ratio
indicated the decrease in the average size of sp? carbon domains suggesting the easier
orientation of the aromatic rings after the removal of the oxygen-containing functional
groups. The intercalation of Mg?* and Ca?* induced a higher I /Ig ratio in which it is
hypothesized that the divalent ions do not introduce defect from their interaction with the
epoxy and carboxyl groups as supported by the FTIR result. The lateral dimension size of
the sp? carbon cluster (L,) can be calculated using the following equation [59,60].

_ ~10),4_ 1
Lo (nm) = (24 x 1072 i (10)
where A is the Raman excitation wavelength of the laser (532 nm). Based on the Ip/Ig
obtained from Figure 2¢, the calculated L, values were 21.60, 19.22, 19.03, and 19.03 for GO,
rGH, rGH-Mg, and rGH-Ca, respectively. The intercalation of the divalent ions within the
hydrogel framework reduced the L, value, suggesting a decrease in the average in-plane
crystallite size of the sp? carbon.

TGA was further used to probe the thermal stability of the prepared samples. Figure 2d
displays the TGA thermograms for GO, rGH, rGH-Mg, and rGH-Ca, respectively. GO
showed major weight loss (~30%) between 100 and 200 °C which can be attributed to the
removal of labile functional groups such as hydroxyl, epoxy and carbonyl which yielded
CO, CO,, and steam [61]. The reduced state samples exhibited a smooth weight loss curve
which can be attributed to the removal of most oxygen functional groups via hydrothermal
process. Between 100 and 200 °C, the weight loss of the divalent ion intercalated samples
was slightly higher than that of rGH, suggesting higher moisture content. It can be inferred
that the intercalation of Mg?* and Ca?* increase the hygroscopicity of the hydrogels. Closer
inspection of the inset in Figure 2d shows that the tGH-Mg and rGH-Ca exhibited slight
improvement in their thermal stability between 200400 °C with a lower mass loss reported
which can be attributed to the intercalation effect. However, the weight loss of the hydrogel
samples remained basically similar beyond 400 °C.

XPS characterization was further carried out to investigate the elemental composition
and also to confirm the successful intercalation of the Mg?* and Ca?* within the reduced
graphene framework. The quantified atomic concentration of the functional groups is
shown in Table 3. Figure 3f depicts the XPS wide spectra of rGH, rGH-Mg, and rGH-Ca.
The typical C 1s and O 1s peaks can be observed for all the freeze-dried samples with a
trace amount of Mg and Ca from the intercalation with the graphene sheets. Although
the Ca 2p and Mg 2p peaks cannot be observed clearly from the wide peak spectrum,
the split peaks indicated otherwise. The atomic percentage of Ca is greater than Mg by
one-fold which substantiate the notion that Mg?* is difficult to chelate with the oxygenated
groups of the graphene sheets. The low content of the divalent ion could be the reason for
their weak signal strength. The deconvoluted high-resolution C 1s region of the samples
was shown in Figure 3a—c, possessing peak binding energies at around 284.6, 285.4, 286.3,
287.1, 287.9, 289.1 and 290.3 eV assigned to C=C, C-C, C-O, C=0, O-C-O, C(O)OH, and
m-71¥, respectively. It can be seen that the atomic percentage of alkoxy and epoxy groups
significantly decreased which further supports the notion that intercalation occurs via
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ring-opening epoxide by the divalent ions and also via the alkoxy groups. The findings
corroborated the result obtained via FTIR. The increase in the Csp? atomic composition
percentage also suggests that the divalent ion assisted in the rearrangement of the C=C
aromatic structure. Figure 3d depicts the fitted Mg 2p core-level spectra deconvoluted to
Mg 2p1 /2 and Mg 2p3 5. The binding energy at 51.4 eV and 48.6 eV correspond to the Mg?*
state and Mg?, respectively. As for the Ca 2p spectra in Figure 3e, the deconvolution at 347.9
and 351.4 eV are attributed to the Ca 2p3,, and Ca 2pq /5. The split of 3.5 eV between the two
peaks is evident for the presence of Ca* coordination within the graphene framework [43].
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Figure 2. (a) X-ray diffraction (XRD) pattern, (b) ATR-FTIR spectra, (c) Raman spectra (d) Thermogravimetric analysis
(TGA) thermogram of GO, rGH, rGH-Mg, and rGH-Ca.
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Table 3. Elemental composition, and C 1s binding energy obtained from X-ray photoelectron spectroscopy (XPS).
. Elemental Composition (%) C1s Deconvolution (%)
Sample
P C (0] Mg Ca Csp? Csp® C-O0 C=0 0-C-0 C(O)OH Tr-Te*
rGH 67.92 32.08 0.00 0.00 69.50 9.10 13.18 2.80 3.04 0.60 1.78
rGH-Mg 76.65 22.46 0.89 0.00 71.72 15.77 5.92 1.89 1.48 1.95 1.26
rGH-Ca 73.54 24.47 0.00 1.99 71.89 13.41 6.23 3.76 1.87 1.58 1.27
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Figure 3. (a—c) C 1s split spectra of tGH, rGH-Mg, and rGH-Ca. (d) Mg 2p split spectra of rtGH-Mg. (e) Ca 2p split spectra
of rGH-Ca. (f) wide spectra of GO, rGH, rGH-Mg and rGH-Ca.

Figure 4a depicts the nitrogen adsorption-desorption isotherm of the freeze-dried
rGH, rGH-Mg, and rGH-Ca which exhibited an H3 hysteresis loop with the typical type
IV isotherm suggesting the presence of mesopores and slit-like pores. It can be seen that
the hysteresis loop closes below 0.4 P/Py which is possible from the smaller neck diameter
than the critical size on the reduced graphene hydrogel surface which led to the desorption
mechanism occurring from larger pores involving cavitation [62]. Figure 4b illustrates the
Barrett, Joyner, and Halenda (BJH) pore size distribution which suggests that the pore size
distribution of the freeze-dried hydrogels with bimodal pore size distribution around 2 nm
in radius for the mesopores. BJH method was utilized in the calculation of the pore size
distributions and volume from the experimental isotherms using the Kelvin model of pore
filling as adapted in previous studies [63—65]. The data was readily obtained from the Nova
e software program installed on the workstation.
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Figure 4. (a) N, adsorption-desorption isotherm and (b) Barrete—Joynere-Halenda (BJH) pore size distribution of the
freeze-dried rGH, rGH-Mg, and rGH-Ca.

From Table 4, rGH-Ca was found to exhibit the largest surface area at 63.09 m?/g,
followed by rGH-Mg at 50.48 m? /g and rGH at 41.14 m? /g. The increase in the surface
area can be attributed to the successful intercalation of the Mg?* and Ca?* that become
cross-linkers and also act as spacers between the graphene sheets which create a porous
framework. However, the surface area was lower than the theoretical value of exfoliated
pristine graphene which is about 2600 m?/g which may be attributed to the varying
synthesis/drying process. The significant decrease of the hydrogel’s surface area could be
attributed to the aggregation of the sheets during GO sonication leading to the coalescing
of the reduced graphene sheets after hydrothermal treatment as supported by SEM results.
Estimating the number of stacking of the graphene sheets can be further realized by
applying the scaling law which is described as [66,67]:

N = 2600/A (11)

where the N is the number of graphene sheets per plate, 2600 is the theoretical surface
area of graphene (m?/g) [68] and A is the experimental BET surface area measured (m?/g).
It can be seen that the estimated number of graphene sheets present is 63, 47, and 41 for
the freeze-dried rGH, rGH-Mg, and rGH-Ca, respectively. It can be observed that the
intercalation of the Mg?* and Ca?* between the graphene sheets induced higher pore
volume which is posited to occur due to the spacing effect elicited from the divalent ions.
The higher pore volume obtained for rGH-Ca can be attributed to the larger ionic size of
the Ca?* in comparison to Mg?*. The larger surface area and pore volume after divalent
ion intercalation should enhance the diffusion of liquid reactants which are beneficial for
the dye adsorption process.

Table 4. Brunauer-Emmett-Teller (BET) surface area and textural properties of freeze-dried hydrogels.

Sample Specific Surface Area m?/g Pore Radius Dv(r) Pore Volume cc/g
rGH 41.135 1.741 0.145
rGH-Mg 54.884 1.741 0.265

rGH-Ca 63.088 1.751 0.313
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3.3. MB and RhB Adsorption
3.3.1. Effect of Initial Dye Concentration

From previous studies, adsorption of dye compounds onto the highly porous graphene-
based hydrogels can occur via several interactions which may include n-7t interactions,
electrostatic interactions, and hydrogen bonding interactions [69,70]. In order to evaluate
the in-situ adsorption capacity of rGH, rtGH-Mg, and rGH-Ca towards MB and RhB, the
‘wet-hydrogel’ sample was used instead of the freeze-dried samples. The wet hydrogel
samples were placed in the dye solutions and agitated for 24 h to achieve the adsorption-
desorption equilibrium. The water content present in the hydrogel matrix not only acts
as supporting media and provides transport nanochannels but also promotes hydrogen
bonding to induce the adsorption process [71,72]. The findings indicated that the inclusion
of a small amount of divalent ion in the hydrogel matrix could bring improvement in
their adsorption capacities towards MB and RhB. Based on Figure 5, the effect of initial
dye concentration on the adsorption capacity of the hydrogels is shown. It can be seen
that the amount of dye adsorbed increased with an increase in the initial concentration.
The initial dye concentration provided an important driving force to overcome the mass
transfer resistance of the dye and the hydrogel. High dye concentrations increase the
gradient between the bulk solution and that of the adsorbent, which enhances the driving
forces for the diffusion of dye molecules to the adsorbent surface [73]. Hence, the higher
adsorption capacity for dye is expected at a higher initial concentration. Generally, the
adsorption capacity for MB is higher as compared to the RhB because of the larger size of
RhB [74]. The adsorption capacity of the rGH-Ca showed the highest adsorption capacity
at higher initial dye concentration (100 mg/L) for both MB and RhB. The adsorption be-
havior of RhB corresponds to the surface area of the hydrogel, with rGH-Ca performed
the best attributed to their higher surface area in comparison to rGH and rGH-Mg. As
for MB adsorption, rGH-Mg and rGH-Ca possessed almost similar adsorption capacity at
lower (20 and 50 mg/L) dye concentration. It is posited that at low concentration of dye
solution, 7t-7t interactions plays a determining role in the adsorption process for rtGH-Mg
and rGH-Ca which is supported by the almost similar sp? atomic percentage obtained from
the XPS result.

250
100 | GH 100
I rGH-Mg
Bl GH-Ca

50

200 H

50

MB RhB

Figure 5. The adsorption capacity of the rGHs using various initial concentration (20, 50 and
100 mg/L) of methylene blue (MB) and rhodamine B (RhB).

3.3.2. Adsorption Kinetics

Kinetic studies were carried out to understand the mechanism involved during the
adsorption process. The linear plots of In (Q, — Q¢) vs. t and In (Q, — Q) vs. t/Q; correspond-
ing to the PFO and PSO kinetic models are depicted in Supplementary Figure S4a—d. The
linear plot of the Elovich model is obtained from the Q; vs. In t as shown in Supplementary
Figure S4e,f. The lower regression value for the Elovich model proved that this model is not
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suitable to accurately describe the kinetic process. The kinetic parameters obtained from
the models are displayed in Table 5. The kinetic data of MB and RhB adsorption using the
hydrogels can be accurately described by the PSO model from the better regression coeffi-
cient as compared to the PFO and Elovich model. Moreover, the linear plots of t/Q; versus
t indicated good agreement between experimental results and the calculated values. For
MB adsorption, the fastest adsorbing hydrogel is rGH followed by rtGH-Mg and rGH-Ca.
While for RhB adsorption, the rate of adsorption showed that rtGH-Mg showed the highest
rate followed by rGH and rGH-Ca. Thus, these results revealed that the diffusion of the dye
molecules onto the hydrogels is a controlled adsorption, posited to be via chemisorption
through binding reaction by sharing/exchange of electrons or covalent forces.

Table 5. Kinetic parameters obtained from the pseudo first-order (PFO), pseudo second-order (PSO)
and Elovich kinetic model for the adsorption of MB and RhB.

Pseudo-First Order Pseudo-Second Order Elovich
Sample Q. Kq R? Q. K, R? o« B R?
MB

rGH 107.61  0.002902 0.96962 123.92 0.000024 0.98502 1.060 0.04440 0.93857
rGH-Mg 12341 0.002902 0.95907 140.85 0.000018 0.97394 1.087 0.03985 0.91910
rGH-Ca  118.32 0.002695 0.93354 138.89 0.000018 0.97647 1.054 0.04054 0.92249

RhB

rGH 40.55 0.001914 0.95924 74.68 0.0001242 098612 17.846 0.12314 0.74884
rGH-Mg 3771  0.001794 0.96048 74.35 0.0001496 0.98806 31.446 0.13240 0.73716
rGH-Ca 40.55  0.002096 0.96130 87.26 0.0000981 0.98204 10.678 0.09706 0.75825

From Figure 6, the plot of Q; versus t'/2 confirms the multistage adsorption of (a) MB
and (b) RhB molecules with three slopes obtained. The first linear line indicated the transfer
of dye molecules to the external surface posited to occur via strong electrostatic interactions.
The second linear line corresponds to the slow adsorption step in which the dye molecules
entered the internal porous network of the hydrogels via intraparticle diffusion. The final
stage is the final equilibrium step, in which the dye molecules moved slowly from the
larger pores to the smaller pores, leading to a retarded adsorption rate [75,76].
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Figure 6. Intraparticle diffusion (IPD) plot of (a) MB and (b) RhB adsorption onto the hydrogels.
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From Supplementary Table S1, the negative C value obtained for MB absorption
can be attributed to the combined effects of film diffusion and surface reaction control
which has been previously reported [77]. For MB adsorption, K; > K; indicated a faster
diffusion process during the initial stage of adsorption. However, as for RhB adsorption,
the value of K > K3, indicating that IPD process was faster than the first step. Hence, it is
considered that surface adsorption involving PSO and IPD are involved simultaneously in
the adsorption of the dye compounds.

3.3.3. Adsorption Isotherm

The study into the adsorption isotherm provided vital insights into the interaction
behavior of the adsorbate and adsorbent. It is important to establish the correlation for the
equilibrium curve for the optimization of a dye adsorption system. Table 6 summarizes the
equilibrium isotherm constant for the adsorption of MB and RhB using the hydrogels. For
both the adsorption of MB and RhB, it was found that the experimental data conformed to
the Langmuir isotherm model yielding linear correlation coefficients (R?) closer to unity for
rGH, rGH-Mg, and rGH-Ca as compared to Freundlich and Temkin isotherm model. Hence,
it can be posited that the adsorption sites on the rGHs were occupied by dye molecules
in monolayer form having the same adsorption energy. Further, Langmuir isotherm can
be used to access the maximum adsorption capacity (Q,;) of the hydrogels towards MB
and RhB. Interestingly, the maximum adsorption capacity for MB followed the following
trend: rtGH (282.49 mg/g) > rGH-Ca (224.22 mg/g) > rGH-Mg (243.31 mg/g). From XPS
measurement, the presence of a higher percentage of oxygenated functionalities on rGH
promote interactions with the MB. It is posited that the surface of rGH is surrounded
by a higher number of functional groups, such as carboxyl, hydroxyl, and epoxy groups
as the binding sites which drives the adsorption capacity with the cationic dye, MB.
However, the interaction between the divalent ion intercalated rGH showed higher K,
values which indicated greater interaction between rGH and MB which is important
for the post-treatment process. On the other hand, the RhB adsorption followed the
following isotherm model in order: Langmuir > Temkin > Freundlich. The maximum
adsorption capacity (Qm) for RhB followed the following trend: rGH-Ca (299.40 mg/g) >
rGH-Mg (260.42 mg/g) > rGH (192.31 mg/g) which showed that the intercalated divalent
ion improved the maximum adsorption capacity by almost 35% and 57% for Mg?* and
Ca?*, respectively. The affinity between adsorbate and absorbent was accessed using the
dimensionless separation factor, Ry, which can be expressed as:

1

Rp= ——
L™ 1+ KG

(12)
where K; is the calculated Langmuir constant and Cj is the initial concentration of the
dye solution. Often, the R} (0 < Ry < 1) indicate a favorable isotherm, while (R; >1) is
unfavorable and (R = 1) is linear. The separation factors calculated for all the hydrogel
samples indicated that the adsorption of both the cationic dyes is favorable.

In terms of the adsorption performance of the divalent ion intercalated rGH with
previously reported adsorbent for MB and RhB, the intercalated divalent rGHs were
comparable to that of previously reported adsorbents. Table 7 represents some adsorption
capacity of some hydrogel-based adsorbents. The differences in their adsorption capacity
can be attributed to various factors including the functionalities, textural properties, and
experimental conditions. The results showed that the adsorption capacity of divalent ion
intercalated rGH prepared using the facile hydrothermal method is comparable in terms of
their adsorption capacity. It is posited that the adsorption of various noxious pollutants,
such as heavy metals, emerging contaminants, etc., is also possible using the divalent ion
intercalated rGHs attributed to their inherent unique porous structure.
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Table 6. Langmuir, Freundlich, and Temkin equilibrium isotherm constant for the adsorption of MB
and RhB.

Langmuir Model Freundlich Model Temkin Model
Sample Qum Ki R? Kr n R? Kr B R?
MB

rGH 28249  0.09056 0.98769 78.40 4.937 0.45218 0.3208 13233 0.66571
rGH-Mg 22422 029419 099999 87.62 44905 0.89475 0.5799 111.74 0.55911
rGH-Ca 24331 0.15498 099968 69.66 3.4775 0.88091 0.3039 140.57 0.66571

RhB

rGH 19231  0.006157 0.99968 31.05 2.602 095183 0.6045 41.72  0.99476
rGH-Mg  260.42 0.049016 0.99999 29.88 2177 095183 0.3370 69.60  0.99187
rGH-Ca 29940 0.045294 0.99906 29.62 2.026 0.94789 03681 73.00  0.99903

Table 7. Adsorption capacities of MB and RhB onto various hydrogel-based adsorbents.

Adsorbate Adsorbent Kinetic Model Adsorption Isotherm Qe (mg/g) Reference
rGH PSO/IPD Langmuir 123.92 This work
rGH-Mg PSO/IPD Langmuir 140.85 This work
rGH-Ca PSO/IPD Langmuir 138.89 This work
Silver/tetraphenylporphyrin/rGH PSO - 130.37 [78]
N,N-dimethylacrylamide/2-
MB hydroxyethyl PSO Langmuir 80.27 [79]
methacrylate
Chitosan-carbon nanotubes PSO - 21.74 [80]
P-N-graphene oxide PSO - 12.71 [81]
Polyvinyl alcohol/carboxylmetyl .
cellulose/ graphene oxide /bentonite PSO Langmuir 157.50 (821
Tannic acid/rGH PSO Langmuir 348.40 [27]
Polyacrylamide-agar/ Clay@reduced PSO Langmuir 189.00 [83]
graphene oxide
Graphene 0x1(?1e-cellulose PSO . 1225 [84]
nanowhiskers
rGH PSO/IPD Langmuir 74.68 This work
rGH-Mg PSO/IPD Langmuir 74.35 This work
rGH-Ca PSO/IPD Langmuir 87.26 This work
RKB Graphene oxu;le-cellulose PSO ) 62.00 [84]
nanowhiskers
Reduced graphene oxide /Nd,O3 PSO - 244.50 [85]
Polyacrylamide-agar/ Clay@ reduced PSO Langmuir 186.40 183]
graphene oxide
P-N- graphene oxide PSO - 11.91 [81]
Chitosan-carbon nanotubes PSO - 9.66 [80]

3.3.4. Adsorption Mechanism

In order to elucidate the active sites and interaction between the as-prepared reduced
graphene hydrogels and the dyes, the hydrogels collected after adsorption for 24 h were
freeze-dried and subjected to FTIR analysis. The interaction of the cationic dyes might
occur either via physical or chemical bonding such as 7-7t interactions, hydrogen bonding,
and/or via electrostatic interactions. The FTIR before and after the adsorption of MB and
RhB was shown in Figure 7a,b, respectively. For pure MB, peaks appearing at 3430 and
1181 cm ™! is attributed to the O-H and C=C skeleton of the aromatic rings, respectively. The
spectra ranging from 1600 to 1341 are assigned to the aromatic ring structures of MB [86].
The interaction with MB shifted the C=0 bond (~1714 cm~!) and also almost completely
removed the C-OH (~1250 cm~!) and C-O-C (1040 cm~!) suggesting strong electrostatic
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interactions. On the other hand, the adsorption of the RhB showed new adsorption peaks
around ~800 cm~! and ~1390 cm ™! indicating chemical interactions with the rGHs.
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Figure 7. FTIR of freeze-dried rGHs before and after adsorption with (a) MB and (b) RhB.

Pure RhB showed typical bands at 2984, 1590, and 1345 cm ! [87]. The peaks ap-
pearing around 2987 and 2900 cm ! corresponded to the C-H stretching vibration of the
RhB adsorbed on the surface of the hydrogels. The slight introduction of the peak around
~3300 cm~! may be attributed to the hydrogen bonding that occurs with the RhB. In addi-
tion, the increase in the intensity of the 1060 cm ™! corresponded to the C-O, indicating that
the interaction with RhB also is driven by electrostatic interaction.

3.3.5. Simultaneous Adsorption of MB and RhB

From the kinetic studies, chemisorption has been posited to be one of the main driving
forces that govern the adsorption mechanism of the divalent ion intercalated rtGHs; possibly
due to the electrostatic interactions. In order to access the adsorption affinity towards
the dye molecules (MB and RhB), simultaneous adsorption studies were conducted by
placing the as-prepared hydrogel in aqueous solution containing an equal concentration of
both dye molecules. From visual observation, the rtGHs showed greater affinity towards
cationic MB dye as compared to the RhB dye as depicted in Supplementary Figure S5
from the clear change in color (from bluish to pinkish) before and after adsorption. The
possible explanation can be attributed to the electrostatic interaction due to the positive
charged sulfur and nitrogen in MB structure, hence driving the adsorption process further
in addition to the porous structure framework. In addition, the IPD parameters of MB
adsorption further corroborated the findings, with MB having higher K; values. Similar
adsorption affinity behavior has also been previously reported elsewhere [88,89].

3.3.6. Recyclability and Reusability

Considering the potential practical application and to reduce material cost, the divalent
ion intercalated hydrogels should possess excellent recyclability and reusability. The cycling
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adsorption experiments were performed to access the regeneration efficiency of the as-
prepared hydrogels. The results were depicted in Figure 8a,b respectively After each cycle
of adsorption, the hydrogels were dialyzed in dilute HCl for 6 h and washed with H,O
before the regenerated hydrogels were subjected to the next adsorption cycle. It can be seen
that the regeneration efficiency decreased each cycle which is due to loss of small graphene
fragments during the adsorption/desorption under agitation; hence leading to reduced
surface area for interactions. After three cycles of adsorption-desorption, the divalent ion
intercalated hydrogels maintained above 95% of its initial capacity demonstrating good
adsorption recyclability for both MB and RhB which is an added value for large scale
applications. In comparison, the adsorption capacity obtained for rGH is only about 89.3
and 88.5% for MB and RhB, respectively. Therefore, the divalent ion intercalated hydrogels
can be used as an efficient cationic dye adsorbent.
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Figure 8. Regeneration efficiency after adsorption of (a) MB and (b) RhB after 3 cycles.

4. Conclusions

In the present work, divalent ion intercalated reduced graphene hydrogel was suc-
cessfully prepared via hydrothermal treatment. The intercalation of Mg?* and Ca?* rGH
occurred via the alkoxyl and epoxy functional groups showed improved performance
towards the adsorption of cationic dyes, MB, and RhB with a higher affinity towards MB.
The improvement in their adsorption capacity can be attributed to the increase in their
physical attributes such as surface area and pore volume. The adsorption kinetics and the
equilibrium adsorption isotherm conformed to a pseudo-second-order (PSO) alongside
intraparticle diffusion (IPD) kinetic models and Langmuir isotherm respectively. The
interaction between the divalent ion intercalated rGH showed higher K;, values which indi-
cated greater interaction with the dye molecules which is important for the post-treatment
process. The regeneration process indicated the good recovery and efficiency after three
cycles which is an important factor to address the inherent problem with powder-based
adsorbents. Thus, the present investigation provided further insight into the application of
divalent ion intercalated graphene-based hydrogels as dye adsorbents which are efficient,
economical, and environmentally friendly in the treatment of dye wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/1/169/s1, Figure S1: The absorption spectrum and linear concentration curve of (a) RhB and
(b) MB under varying concentration, Figure 52: UV-vis spectrum of GO suspension in the presence of
MgCl, and CaCly, Figure S3: Digital image of freeze-dried (a) rGH, (b) rtGH-Mg, and (c) rGH-Ca,
Figure S4: Pseudo first order (a,b), Pseudo-second order (c,d) and Elovich kinetic model (e f) of
MB and RhB adsorption on the hydrogels, Table S1: The parameters of the intraparticle diffusion
model by the hydrogels. Figure S5: Digital image of the dye solution before (a) and after for (b) rGH,
(c) rGH-Mg, and (d) rGH-Ca in the simultaneous adsorption of MB and RhB.
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