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ARTICLE INFO ABSTRACT

Keywords: In this work, reduced graphene oxide-nickel (RGO-Ni) nanocomposite is synthesized. X-ray diffraction (XRD),
Reduced graphene-nickel nanocomposite scanning electron microscopy (SEM) and SEM—EDS (Energy Dispersive X-Ray Spectroscopy) are used to study the
(RGO’N%) crystalline nature, morphology and elemental composition of the RGO-Ni nanocomposite, respectively. As syn-
gg&damme B dye thesized RGO-Ni nanocomposite is used to develop selective adsorptive removal of Rhodamine B (RhB) dye from
XRD the aqueous solution. The experiments have been performed to investigate RhB uptake via RGO-Ni nano-

composites which include, contact time (60 min), initial dye concentration (50 mg/100 ml), adsorbent dosage
(0.5 mg) and pH 8 of dye solution. The equilibrium concentration is determined by using different models namely,
Freundlich, Langmuir and Tempkin. Langmuir isotherm has been fitted well. Langmuir and Tempkin equations
are determined to have good agreement with the correlation coefficient data. The kinetic study concluded that
RhB dye adsorption follows with the pseudo-second-order kinetic model. Further, adsorption mechanism of
RGO-Ni is proposed which involves three steps. The synthesized adsorbent is compared with the other adsorbents
in the literature and indicates that RGO-Ni nanocomposite used in this study shown better results for a particular
adsorption capacity than polymeric, natural and synthetic bioadsorbents. The regeneration and reusability ex-
periments suggest RGO-Ni nanocomposite can be used for many numbers of times for purification/adsorption.

Adsorption kinetics

1. Introduction

Textile industries generate the most liquid effluent due to the vast
amount of water involved in the dying process [1]. Synthetic dyes are
used in a wide variety of items like clothing, food, and leather acces-
sories. Between 10 to 15% of the unused dyes are coming out as effluents
[2]. Apart from un-pleasant aspects of wastewater that contains dye, it's
presence in naturally available water bodies including, rivers and streams
may cause major damage to aquatic life due to its toxic nature. And some
dyes which are reported as carcinogenic and also non-biodegradable [3].

At the moment, over 9000 distinct dyes are used, each one referring to
a distinct chemical application class. A number of the chemical and
physical treatments, like, precipitation, adsorption, etc. are mostly used
to get free from these harmful pollutants from water. Many of the
developed methods have some drawbacks [4]. The removal of dyes in a
productive way is the most important work for environmental scientist.
In photochemical degradation of dye, which is based on electron-hole
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pairs that are obtained, react to water as well as oxygen molecules to
generate hydroxide radicals, superoxide anions which increase oxidizing
power and thereby to be employed in degradation of numerous industrial
dye compounds [5]. One among is Rhodamine B (RhB) dye (Figure 1)
which has two molecular forms of zwitter ionic and cationic.

Cationic dyes are treated as toxic colorants which may induce health
effects such as cancer, skin irritation, allergic dermatitis and mutations.
The use of activated charcoal adsorption is better suited for the treatment
of wastewater containing dye. Focusing on the productive way by eval-
uating the capacity to adsorb heavy metals and dye pollutants present in
the wastewater [6, 7]. Adsorption plays a crucial role in the removal of
dyes. Adsorption kinetics and isotherm in a series of batch modes give the
useful information for the calculation of effectiveness of
adsorbent-adsorbate system [8, 9].

Taking these factors into account, there is a need to develop a new
and modified technique for the treatment of waste water containing dyes.
A wide range of graphene-based nanocomposites used in water
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Figure 1. Structure of RhB dye.

purification in many cases as well as maximum removal of toxic waste
without any waste disposal problem has been reported [10]. Literature
survey reveals that Suryakanti Debata et al. have done the synthesis of
graphene based nickel nanocomposite with RhB dye removal where they
focused on synthesis, characterization and studied the preliminary dye
removal degradation but not studied in detail [11, 12]. However, present
work describes detailed study about batch studies, adsorption isotherms,
kinetics, mechanism, comparison with other adsorbents using RhB dye
and also regeneration of the adsorbent. In another case, along with
synthesis and characterization and preliminary degradation of RhB dye
removal, they have verified the usage of composite for electrode material
as super capacitors [13]. The graphene based nanocomposites are also
used in devices like dye sensitized solar cell [14], enhanced X-ray photon
response [15], enhanced performance of light-controlled conductive
switching [16], and photocatalytic activity in semiconductor [17].

In order to improve the adsorption and dye degradation efficiency by
using graphene-based nanomaterials, along with co-catalysts, noble
metal particles, metallic, non-metallic doping and with hydrogels have
been used [18]. Even though many researchers reported on the dye
degradation of RhB, our work using graphene based nickel nano-
composite (RGO-Ni) showed better adsorption efficiency than adsorp-
tion for removing RhB dye compared to that of other adsorbents like TiO2
and graphene TiOy [19], CuS/PVA nanocomposite [20], ZnO-MnO,
[21], and other self-assembled GO nanostructures from various styles
[22, 23, 24, 25].

Graphene (G) is tightly packed into a two-dimensional (2D) "honey-
comb lattice". Graphene is used in an excessive application such as power
storage, adsorption and dye degradation properties [26, 27, 28]. In this
quick evaluation, the latest studies advance in graphene-nickel nitrate
prepared with sonication, are provided with the purpose of extending the
adsorption of RhB dye in detail. The RhB dye (Figure 1) was chosen as a
representative organic toxic waste in order to assess the adsorption ki-
netics of the pollutant onto a graphene-based nickel nitrate nano-
composite under various experimental conditions. The kinetic data were
analyzed and various models were used to match the experimental data.
This may be useful in large scale study and practical applications in the
dyeing wastewater treatment [29].

2. Experimental
2.1. Materials

In the laboratory, graphene and reduced graphene oxide (RGO) were
synthesized using an improved Hummer's process. Rhodamine B dye
(CagH31CIN203) (AR Grade, 99%), hydrogen peroxide (H202) (98%),
potassium permanganate (KMnO4) (AR Grade, 99%), sulfuric acid
(H2SO4) (98%), Ortho phosphoric acid (o-H3PO4) (98%), methanol
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(98%) and hydrazine hydrate (HgN2O) (98%) were purchased from
Sigma-Aldrich. The double distilled water was used for this entire study.

2.2. Graphene oxide preparation

Much interest is to obtain graphene and graphene oxide preparation
by improved Hummers' method. The first step involves oxidation. In this
oxidation step, the natural graphite was dissolved in H,SO4 and 0-H3sPO4
acidic mixture under high speed stirring in an ice bath. The temperature
was then steadily raised to 30-50 °C by adding KMnO4. And the tem-
perature was kept at 50 °C for approximately 20 h with constant stirring.
After 20 h, the reaction mixture was mixed with ice-cold deionized water
and then mixing with HyO, at room temperature for around 3 h. The
solution was adjusted to pH 7 using distilled water. HCl was used for the
washing process to move out the metal ions. The obtained RGO was dried
at 60 °C. The second step involves reduction. In this step, required
amount of graphene oxide (GO) was dissolved in methanol. To this 10 ml
of hydrazine hydrate (H¢N20O) was added with continuous stirring. The
solution was heated up to 40-45 °C under constant mixing for 6 h. This
product obtained was filtered, washed, and then dried at 60 °C to get
graphene (Figure 2).

2.3. Preparation of reduced graphene oxide-nickel (RGO-Ni)
nanocomposite

Figure 2 shows the flow chart for the preparation of RGO-Ni nano-
composite. By dissolving the nickel nitrate in 20 ml of deionized water
and adding 20 ml of RGO solution (4 mg/ml) vigorously stirring, the
necessary ratio of RGO to nickel nitrate was obtained. A 10/1 mass ratio
of RGO/Ni was maintained. The solution was sonicated, and the obtained
solution was kept in a freezer (~18 °C), and kept in vacuum at the
temperature below 0 °C for 2 days (Figure 2). The obtained product was
heated from the room temperature (RT) to 600 °C at the rate 10 °C/min
in a tube furnace and held at 600 °C temperature for 3 h.

2.4. Preparation of dye solution for batch study

Every day, stock solutions of RhB dye (300 mg/L) were prepared.
Further, working standard solutions were prepared daily from the stock
solutions through sufficient dilution with deionized water. Adsorption
studies were performed in a series of batch mode. Adsorbent (weighed)
and 50 mL of dye solution were taken in a 100 ml beaker and then mixed
on a magnetic stirrer. The stirring speed was kept at 250 rpm and the
temperature was set to 25 °C (room temperature). The pH of the solution
was changed by adding HCI or alkali solution and then measured with a
pH meter. By using centrifuge and filtration, the adsorbent particles were
removed from the solution. Change in the absorbance (Eq. (2)) of the test
sample was studied in different time intervals. At the conclusion of this
study, the concentration of the dye was measured using the Elico SL 159
ultraviolet-visible (UV-Vis) spectrophotometer. The adsorption capacity
ge can be calculated using Eq. (1):

ge = [(Co-Ce)/V] x M (@]
% Adsorption = (Ci-C,)/C; 2)

where: q. amount of dye adsorbed in mg per gram of adsorbent.

Cp and Ce (mg/L) are initial and equilibrium dye concentrations in
the liquid phase, respectively.

C; and C, are initial and equilibrium concentration of RhB (mg/L),
respectively.

V is the volume of mass of adsorbent.

M is the mass of adsorbent.
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Figure 2. Flow chart of the preparation of RGO-Ni nanocomposite by Hummer's method.
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2.5. Characterization of RGO-Ni nanocomposite

The scanning electron microscopy (SEM) picture of RGO-Ni nano-
composite was shown in Figure 3a, which displays diamond shape ma-
terial having porous surface. By this Figure, it is concluded that RGO-Ni
nanocomposite have suitable morphology for RhB adsorption. Energy
Dispersive X-Ray Spectroscopy (EDS) results reveal that elements such as
oxygen (38.51%), carbon (34.39%), sulphur (1.49%), aluminum
(1.01%), nitrogen (1.84%), iron (0.67%) and Nickel (13.49%) are con-
tained in RGO-Ni nanocomposite sample (Figure 3b). Further, the
nanocomposite composed of aluminum and iron impurities which
confirm that they are obtained from heating of tube furnace to 600 °C. X-
ray diffraction (XRD) data of RGO-Ni nanocomposite was collected be-
tween scattering angles (20) of 10-80° at a scanning rate of 2° min~!
from the Siemens D-5000 diffractometer operating with Cu-Ka radiation
(A =1.54056 A). The XRD pattern was shown in Figure 4 which indicates
that the RGO-Ni nanocompositeis crystalline in nature with clear char-
acteristic peaks and matched well as JCPDS file 98-001-6741. The XRD
pattern of RGO-Ni nanocomposite could be concluded that the original
graphite powder was almost completely oxidized. However, the oxygen-
incorporated functional groups of graphene oxide couldn't be completely
got cleared off through Hummers reduction. A small diffraction peak is
persisted in the XRD pattern of RGO-Ni nanocomposite which is char-
acteristic of graphene oxide at 35° approximately, as well a broad peak of
the graphite at 34°. The characteristic diffraction peaks of graphite from
49° to 54° were due to the short-range order of graphene.

SEM HV: 10.0 kV WD: 11.42 mm | VEGA3 TES(

SEM MAG: 2.00 kx Det: SE 20 pm
View field: 104 pm Date(m/dly): 11/13/18 CoE-BMS College of Engineering

wHZSOO

KeV

Figure 3. (a) SEM micrograph and (b) EDS spectrum of RGO-Ni nanocomposite
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2.6. BET surface area measurement

At a bath temperature of -196.3 °C, the total surface area of the
synthesized graphene-based nickel nanocomposite was calculated using
nitrogen adsorption/desorption isotherms on a Brunauer-Emmett-Teller
(BET) surface area analyzer (ASAP 2020). Using the N» adsorption/
desorption isotherm results, the total surface areas of the given samples
were calculated using the BET multi-point and single-point methods.
Prior to the analysis, the graphene-based nickel nanocomposite was
evacuated under vacuum for an entire night at 150 degrees Celsius to
clean the pores. The BJH method, a technique for calculating pore size
distribution using the Kelvin equation and DH method, used to calculate
the pore volume data. The Dubinin—-Radushkevich (DR) method was used
to determine the micropore volumes of the samples. The BJH model was
used to evaluate the pore size distribution. Surface area (mz/g):18.0,
pore volume (cm3/g): 0.029, pore size (nm): 6.3 and micropores area
(mZ/ g): 10.57 summarize all BET surface area measurement parameters.

3. Results and discussion
3.1. Effect of contact time

The impact of contact time at the elimination of RhB dye is depicted
in Figure 5a. The dye adsorption of about 85% takes place within of 60
min for RGO-Ni nanocomposite. The equilibrium was attained after 60
min. The rate of adsorption to the maximum extent is due to the vacant
pores of adsorbent and gradient solute concentration. The reduced
adsorption, in particular towards the end of experiments, suggests the
lack of active sites for dye adsorption after completing the equilibrium
[30]. Compared to Gelatin/activated carbon composite bead form
(dosage 0.15 g/L), zinc oxide loaded activated carbon ZnO-AC (dosage
0.02 g/L) and Ti-doped layered zinc hydroxide (0.3 g/L) which has more
contact time of 30 h, 140 min and 240 min, respectively [31, 32, 33]. The
present work, RGO-Ni nanocomposite shows higher adsorption capacity
and less contact time of 1 h (60 min) due to large surface of graphene.

3.2. Effect of dye concentration

The effect of dye concentration on adsorption of RhB onto RGO-Ni
nanocomposite was performed in a concentration range of 10-90 mg/
100 ml (Figure 5b). Equilibrium adsorption capacity is determined by
maintaining an optimum dose of 0.5 g/100 ml for 60 min at a pH of 8.
The results indicate that percentage of removal increases with an in-
crease in RhB concentration from 10 mg to 50 mg/100 ml after that
adsorption capacity becomes constant [30].
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Figure 4. XRD pattern of RGO-Ni nanocomposite
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Figure 5. (a) Effect of contact time, (b) Effect of dye concentration, (c) Effect of adsorbent dosage and (d) Effect of pH on RhB dye adsorption.

3.3. Effect of adsorbent dosage

The effect of adsorbent dose on RhB adsorption is examined by
varying the adsorbent dosage from 0.1 — 0.9 g/100 ml. It has been
observed from Figure 5c, an increase of the adsorbent dose from 0.1 g/
100 ml-0.5 g/100 ml gets a sharp increase in the RhB adsorption. This
may be due to the presence of many adsorbent sites which enable greater
adsorption and also larger accessibility of surfaces of the adsorbents.
Nevertheless, no substantial variations in removal efficiency are noticed
beyond 0.5 g/100 ml of adsorbent dose. The reduced adsorption, in the
end of experiments, suggests the monolayer formation of RhB and lack of
active sites after completing the equilibrium. So, 0.5 g/100 ml is fixed as
an optimal dose for RGO-Ni loading where about 90% of RhB adsorption
is recorded.

3.4. Effect of pH

The pH of the dye solution is one of the important aspects for the
adsorption of RhB dye onto RGO-Ni nanocomposite. Figure 5d indicates
effect of pH on adsorption to RGO-Ni nanocomposite. The maximum RhB
removal is found at the pH 8. The basic dye gives charged ions when basic
dye dissolved in water. Hence, in acidic medium, it is observed, in an
expanded adsorption of RhB due to increased electrostatic attraction
between negatively charged adsorbent and positively charged dye.
Beyond pH 8 (alkaline media) adsorbent's positive surface tends to repel
cationic adsorbate adsorption. Hence after pH 8.0 adsorption capacity
becomes constant [30].

3.5. Adsorption isotherm

The adsorption isotherm is an important aspect in the study of
adsorptive degradation of dye by the adsorbents. The mechanism and
working of adsorbent can be studied by these models. The adsorption
isotherms express the quantitative correlation between the dye concen-
tration and the mass of dye adsorbed at a given time, dose, and pH. This
experiment enables to calculate greatest adsorption capacity of the
adsorbent which depends on mathematical model applied. Langmuir,

Freundlich and Temkin models are midst explaining solid-liquid sorption
systems. The adsorption capacity and dye concentration in the solution
were calculated as per the literature.

Theoretical Langmuir isotherm model is calculated as per literature
[34]. Figure 6 shows the Langmuir (Figure 6a), Freundlich (Figure 6b)
and Temkin isotherms (Figure 6¢). The Langmuir model adopts that the
highest adsorption takes in the monolayer of dye primarily on the
adsorbent surface and that all the sites have least interaction between
adsorbed molecules and the nanomaterial with similar energy. The
Freundlich adsorption isotherm is a practical model which can be used in
heterogeneous surface system and are calculated as per literature [35].
Temkin isotherm measured as the effects of indirect adsorption heat of all
the RhB dye molecules on the RGO-Ni nanocomposite surface will
change linearly and results are calculated as per literature [36]. The
Langmuir, Freundlich, and Temkin equations were applied to the
experimentally determined data (Table 1) and revealed that the Lang-
muir model fits well (R? = 0.99) than the Freundlich model (R = 0.95)
or the Temkin model (R? = 0.97). On this basis, also one would say that it
was chemisorption.

3.6. Kinetic study of adsorption

The study of kinetics of RhB dye adsorption gives the information
about choosing the optimised conditions for the batch process. The ki-
netic parameters, which are used to study adsorption rate, give insight on
about creating and designing the optimised adsorption processes.
Different models have been used to assess the adsorption process.
Adsorption mechanisms consistent with kinetics-based models have
recently been calculated and published in the literature [37, 38]. In this
study, pseudo 1% order and Pseudo 2" order models were used to found
the best fitted model for the experimental data obtained (Figure 7). The
kinetic study determined that the adsorption of RhB dye follows a
pseudo-second order kinetic model. The kinetic constants determined
from both the pseudo first order and pseudo second order graphs
demonstrate that pseudo second order fits better than pseudo first order
(Table 2).
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Figure 6. Isotherms (a) Langmuir, (b) Freundlich and (c) Temkin.
Table 1. The adsorption isotherms.
Model Isothermal Constants
Langmuir qe (mg/g) Ky, (L/mg) Ry R?
47.62 0.04 0.05-0.35 0.99
Freundlich n (mg/g) R2
2.51 5.69 - 0.95
Tempkin (L/g) (mg/L) (J/mg) R2
0.53 9.17 274.66 0.97

6
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Table 3. Comparison of maximum RhB dye adsorption capacities (qm, mg g~ ') by different adsorbents reported as per prior literature.

S.No. Adsorbent Adsorptive capacity (qm) (mg/g) Ref.
1 Ligno sulfonate Fe304 Cr(VI) 22.47 [39]
2 Furfural residue (FR) 37.93 [40]
3 Cal-ZIF-67/AC 46.2 [41]
4 Hyper crosslinked polymeric adsorbent 25-55 [42]
5 Starch grafted p-tert-butyl-calix[n]arene 9.81 [43]
6 Magnetic nanocomposite 29.48 [44]
7 Polyamide branches grafted onto carbon microspheres 19.9 [45]
8 Coconut coir 14.9 [46]
9 Sodium montmorillonite 38.27 [47]
10 RGO-Ni nanocomposite 65.31 Present work
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Figure 9. Percentage removal of RhB for regenerated adsorbent at different
cycle runs.

3.9. Regeneration and reusability

We have shown that adsorption is an easy and inexpensive pro-
cess. Regeneration and reusability are important aspects of the syn-
thesised RGO-Ni nanocomposite, which was put in a beaker and
allowed to adsorb in the presence of RhB dye while being vigorously
stirred for approximately 60 min. After filtering the adsorbent, it was
cleaned with deionized water. The used adsorbent was heated to
about 150 °C to activate the adsorbent sites and remove all adsorbed
dye. The cycle was repeated 6 times, each with a stirring time of 60
min with RhB dye, and then the absorbance of the filtrate was
measured. The results showed to be promising in Figure 9. After the
first recycling, the efficiency decreased to 85%, which could be
attributed to nanoparticle clustering during sintering. But, for a
second round the efficiency decreased as the order was repeated.
Therefore, this material can be used for many numbers of times for
purification/adsorption.

4. Conclusions

In this investigation RGO-Ni nanocomposite suggests favorable
adsorption potential of RhB adsorption. The effective parameters
optimized for the most sorption are concentration (50 mg/100 ml),
sorbent dosage (0.5 g/100 ml) and contact time (60 min). Removal of
RhB dye depends on pH and it will be highest at pH 8. Adsorption
equilibrium values were fitted nicely inside the Tempkin, Langmuir
and Freundlich isotherm models. The rate of sorption determined to
obey pseudo-second-order kinetics. The mechanism of the adsorption is
defined. The prepared adsorbent is compared with other adsorbents
with the same dye and concluded that it is better than other adsorbents
reported in literature. Regeneration and reusability study has been
done.

in the public, commercial, or not-for-profit sectors.
Data availability statement

Data included in article/supplementary material/referenced in
article.

Declaration of interests statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.

References

[1] L Qadir, R.C. Chhipa, Comparative studies of some physicochemical characteristics
of raw water and effluents of textile industries of Sitapura, Jaipur, Int. J. Adv. Res. 3
(6) (2015) 2444-2449.

[2] R.D. Saini, Textile organic dyes: polluting effects and elimination methods from

textile waste water, Int. J. Chem. Eng. Res. 9 (1) (2017) 121-136.

B. Lellis, C.Z. Favaro-Polonio, J.A. Pamphile, J.C. Polonio, Effects of textile dyes on

health and the environment and bioremediation potential of living organisms,

Biotechnol. Res. Innov. 3 (2) (2019) 275-290.

P. Rajasulochana, V. Preethy, Comparison on efficiency of various techniques in

treatment of waste and sewage water-a comprehensive review, Resour. Technol. 2

(4) (2016) 175-184.

[5] W.S. Koe, J.W. Lee, W.C. Chong, Y.L. Pang, L.C. Sim, An overview of photocatalytic
degradation: photocatalysts, mechanisms, and development of photocatalytic
membrane, Environ. Sci. Pollut. Res. 27 (3) (2020) 2522-2565.

[6] U.F.C. Sayago, Y.P. Castro, L.R.C. Rivera, A.G. Mariaca, Estimation of equilibrium
times and maximum capacity of adsorption of heavy metals by E. crassipes, Environ.
Monit. Assess. 192 (2) (2020) 1-16.

[7]1 M.K. Dahri, M.R.R. Kooh, L.B.L. Lim, Remediation of rhodamine B dye from
aqueous solution using Casuarina equisetifolia cone powder as a low-cost
adsorbent, Adv. Phys. Chem. 2016 (2016) 1.

[8] M.R.R. Kooh, M.K. Dahri, L.B.L. Lim, The removal of rhodamine B dye from aqueous
solution using Casuarina equisetifolia needles as adsorbent, Cogent Environ. Sci. 2
(1) (2016) 1140553.

[9] M. Khan, M.N. Tahir, S.F. Adil, H.U. Khan, M.R.H. Siddiqui, A.A. Al-Warthan,

W. Tremel, Graphene based metal and metal oxide nanocomposites: synthesis,
properties and their applications, J. Mater. Chem. A 3 (37) (2015) 18753-18808.

[3

[4


http://refhub.elsevier.com/S2405-8440(21)00954-3/sref1
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref1
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref1
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref1
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref2
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref2
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref2
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref3
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref3
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref3
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref3
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref3
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref4
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref4
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref4
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref4
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref4
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref5
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref5
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref5
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref5
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref6
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref6
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref6
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref6
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref7
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref7
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref7
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref8
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref8
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref8
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref9
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref9
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref9
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref9

U. Jinendra et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Y. Gu, M. Xing, J. Zhang, Synthesis and photocatalytic activity of graphene based
doped TiO2 nanocomposites, Appl. Surf. Sci. 319 (2014) 8-15.

S. Patra, E. Roy, R. Madhuri, P.K. Sharma, AIP Conf. Proc.. Imprinted magnetic
graphene oxide for the mini-solid phase extraction of Eu (III) from coal mine area
1832, American Institute of Physics Inc., 2017, 050009.

A. Al-Nafiey, M.H.K. Al-Mamoori, S.M. Alshrefi, A.K. Shakir, R.T. Ahmed, One step
to synthesis (rGO/Ni NPs) nanocomposite and using to adsorption dyes from
aqueous solution, Mater. Today: Proc. 19 (2019) 94-101.

B. Li, H. Cao, J. Yin, Y.A. Wu, J.H. Warner, Synthesis and separation of dyes via
Ni@ reduced graphene oxide nanostructures, J. Mater. Chem. 22 (5) (2012)
1876-1883.

B. Pang, M. Zhang, C. Zhou, H. Dong, S. Ma, Y. Shi, Q. Sun, F. Li, L. Yu, L. Dong,
Nitrogen-doped carbon nano-onions decorated on graphene network: a novel all-
carbon composite counter electrode for dye-sensitized solar cell with a 10.28%
power conversion efficiency, Solar RRL 4 (9) (2020) 2000263.

X. Liu, T. Xu, Y. Li, Z. Zang, X. Peng, H. Wei, W. Zha, F. Wang, Enhanced X-ray
photon response in solution-synthesized CsPbBr3 nanoparticles wrapped by
reduced graphene oxide, Sol. Energy Mater. Sol. Cells 187 (2018) 249-254.

J. Wei, Z. Zang, Y. Zhang, M. Wang, J. Du, X. Tang, Enhanced performance of light-
controlled conductive switching in hybrid cuprous oxide/reduced graphene oxide
(Cuz O/rGO) nanocomposites, Opt. Lett. 42 (5) (2017) 911-914.

N. Kwon, J.M. Lee, T. Gu, X. Jin, S.J. Hwang, Synergetic hybridization effect of
homogeneously mixed inorganic and graphene nanosheets on the photocatalytic
activity of semiconductor, Solar RRL 5 (2) (2021) 2000411. Preprint, 2000411.
M. Kheirabadi, M. Samadi, E. Asadian, Y. Zhou, C. Dong, J. Zhang, A.Z. Moshfegh,
Well-designed Ag/ZnO/3D graphene structure for dye removal: Adsorption,
photocatalysis and physical separation capabilities, J. Colloid Interface Sci. 537
(2019) 66-78.

M.H.H. Ali, A.D. Al-Afify, M.E. Goher, Preparation and characterization of
graphene-TiO2 nanocomposite for enhanced photodegradation of Rhodamine-B
dye, Egypt. J. Aquat. Res. 44 (4) (2018) 263-270.

A.A. Al-Kahtani, Photocatalytic degradation of rhodamine B dye in wastewater
using gelatin/CuS/PVA nanocomposites under solar light irradiation, J. Biomater.
Nanobiotechnol. 8 (01) (2017) 66.

S.-Y. Pung, Y.-L. Chan, S. Sreekantan, F.-Y. Yeoh, Photocatalytic activity of ZnO-
MnO2 core shell nanocomposite in degradation of RhB dye, Pigment Resin Technol.
45 (2016) 408.

R. Giovannetti, E. Rommozzi, M. Zannotti, C.A. D’Amato, Recent advances in
graphene based TiO2 nanocomposites (GTiO2Ns) for photocatalytic degradation of
synthetic dyes, Catalysts 7 (10) (2017) 305.

H. Guo, T. Jiao, Q. Zhang, W. Guo, Q. Peng, X. Yan, Preparation of graphene oxide-
based hydrogels as efficient dye adsorbents for wastewater treatment, Nanoscale
Res. Lett. 10 (1) (2015) 1-10.

R. Xing, W. Wang, T. Jiao, K. Ma, Q. Zhang, W. Hong, H. Qiu, J. Zhou, L. Zhang,
Q. Peng, Bioinspired polydopamine sheathed nanofibers containing carboxylate
graphene oxide nanosheet for high-efficient dyes scavenger, ACS Sustain. Chem.
Eng. 5 (6) (2017) 4948-4956.

R. Guo, T. Jiao, R. Li, Y. Chen, W. Guo, L. Zhang, J. Zhou, Q. Zhang, Q. Peng,
Sandwiched Fe304/carboxylate graphene oxide nanostructures constructed by
layer-by-layer assembly for highly efficient and magnetically recyclable dye
removal, ACS Sustain. Chem. Eng. 6 (1) (2018) 1279-1288.

B. Cai, X. Li, Y. Gu, M. Harb, J. Li, M. Xie, F. Cao, J. Song, S. Zhang, L. Cavallo,
H. Zeng, Quantum confinement effect of two-dimensional all-inorganic halide
perovskites, Sci. China Mater. 60 (9) (2017) 811-818.

C. Junyong, H. Yongmei, L. Yan, G. Jiajia, Magnetic graphene oxides as highly
effective adsorbents for rapid removal of a cationic dye rhodamine B from aqueous
solutions, RSC Adv. 3 (20) (2013) 7254-7258.

J.R. De Andrade, M.F. Oliveira, M.G.C. Da Silva, M.G.A. Vieira, Adsorption of
pharmaceuticals from water and wastewater using nonconventional low-cost
materials: a review, Ind. Eng. Chem. Res. 57 (9) (2018) 3103-3127.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Heliyon 7 (2021) e06851

D. Pathania, S. Sharma, P. Singh, Removal of methylene blue by adsorption onto
activated carbon developed from Ficus carica bast, Arab. J. Chem. 10 (2017)
$1445-51451.

F. Hayeeye, M. Sattar, W. Chinpa, O. Sirichote, Kinetics and thermodynamics of
Rhodamine B adsorption by gelatin/activated carbon composite beads, Colloids
Surfaces A Physicochem. Eng. Asp. 513 (2017) 259-266.

J. Saini, V.K. Garg, R.K. Gupta, N. Kataria, Removal of Orange G and Rhodamine B
dyes from aqueous system using hydrothermally synthesized zinc oxide loaded
activated carbon (ZnO-AC), J. Environ. Chem. Eng. 5 (1) (2017) 884-892.

N.T. Thao, D.T.H. Ly, H.T.P. Nga, D.M. Hoan, Oxidative removal of rhodamine B
over Ti-doped layered zinc hydroxide catalysts, J. Environ. Chem. Eng. 4 (4) (2016)
4012-4020.

F.E. Titchou, R.A. Akbour, A. Assabbane, M. Hamdani, Removal of cationic dye
from aqueous solution using Moroccan pozzolana as adsorbent: isotherms, kinetic
studies, and application on real textile wastewater treatment, Groundw. Sustain.
Dev. 11 (2020) 100405.

U. Jinendra, D. Bilehal, B.M. Nagabhushana, K.R. Reddy, C.V. Reddy, A.V. Raghu,
Template-free hydrothermal synthesis of hexa ferrite nanoparticles and its
adsorption capability for different organic dyes: comparative adsorption studies,
isotherms and kinetic studies, Mater. Sci. Energy Technol. 2 (3) (2019) 657-666.
A.A. Inyinbor, F.A. Adekola, G.A. Olatunji, Kinetics, isotherms and thermodynamic
modeling of liquid phase adsorption of Rhodamine B dye onto Raphia hookerie fruit
epicarp, Water Resour. Ind 15 (2016) 14-27.

J. Yang, M. Li, Y.F. Wang, H. Wu, N. Ji, L. Dai, Y. Li, L. Xiong, R. Shi, Q.J. Sun, High-
strength physically multi-cross-linked chitosan hydrogels and aerogels for removing
heavy-metal ions, J. Agric. Food Chem. 67 (49) (2019) 13648-13657.

X. Zhang, H. Yu, H. Yang, Y. Wan, H. Hu, Z. Zhai, J. Qin, Graphene oxide caged in
cellulose microbeads for removal of malachite green dye from aqueous solution,
J. Colloid Interface Sci. 437 (2015) 277-282.

Usha Jinendra, B.M. Nagabhushana, Comparative adsorptive and kinetic study on
the removal of Malachite Green in aqueous solution using titanium coated graphite
and titanium coated graphite with CNT-ABS nanocomposite, Dinesh Bilehal Desal.
and Wat. Treat. 209 (2012) 392-401.

J. Geng, F. Gu, J.M. Chang, Fabrication of magnetic lignosulfonate using ultrasonic-
assisted in situ synthesis for efficient removal of Cr (VI) and Rhodamine B from
wastewater, J. Hazard Mater. 375 (2019) 174-181.

X. Chen, H. Li, W. Liu, X. Zhang, Z. Wu, S. Bi, W. Zhang, H. Zhan, Effective removal
of methyl orange and rhodamine B from aqueous solution using furfural industrial
processing waste: furfural residue as an eco-friendly biosorbent, Colloids Surf. A
Physicochem. Eng. Asp. 583 (2019) 123976.

Y. Li, X. Yan, X. Hu, R. Feng, M. Zhou, Trace pyrolyzed ZIF-67 loaded activated
carbon pellets for enhanced adsorption and catalytic degradation of Rhodamine B
in water, Chem. Eng. J. 375 (2019) 122003.

J.-H. Huang, K.-L. Huang, S.-Q. Liu, A.-T. Wang, C. Yan, Adsorption of Rhodamine B
and methyl orange on a hypercrosslinked polymeric adsorbent in aqueous solution,
Colloids Surf. A Physicochem. Eng. Asp. 330 (1) (2008) 55-61.

M. Chen, T. Shang, W. Fang, G. Diao, Study on adsorption and desorption properties
of the starch grafted p-tert-butyl-calix [n] arene for butyl Rhodamine B solution,
J. Hazard Mater. 185 (2-3) (2011) 914-921.

K.P. Singh, S. Gupta, A.K. Singha, S. Sinha, Experimental design and response
surface modeling for optimization of Rhodamine B removal from water by magnetic
nanocomposite, Chem. Eng. J. 165 (1) (2010) 151-160.

T.A. Saleh, I. Ali, Synthesis of polyamide grafted carbon microspheres for removal
of rhodamine B dye and heavy metals, J. Environ. Chem. Eng. 6 (4) (2018)
5361-5368.

M.V. Suresh Kumar, C. Namsivayam, Adsorption behavior of Direct Red 12B and
Rhodamine B from water onto surfactant-modified coconut coir pith, Colloids Surf.
A Physicochem. Eng. Asp. 317 (1-3) (2008) 277-283.

P.P. Selvam S. Preethi, P. Basakaralingam, N. Thinakaran, A. Sivasamy,

S. Sivanesan, Removal of rhodamine B from aqueous solution by adsorption onto
sodium montmorillonite, J. Hazard Mater. 155 (1-2) (2008) 39-44.


http://refhub.elsevier.com/S2405-8440(21)00954-3/sref10
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref10
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref10
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref11
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref11
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref11
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref12
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref12
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref12
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref12
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref13
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref13
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref13
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref13
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref14
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref14
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref14
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref14
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref15
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref15
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref15
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref15
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref16
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref16
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref16
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref16
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref16
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref17
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref17
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref17
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref18
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref18
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref18
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref18
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref18
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref19
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref19
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref19
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref19
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref19
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref20
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref20
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref20
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref21
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref21
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref21
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref22
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref22
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref22
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref23
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref23
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref23
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref23
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref24
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref24
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref24
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref24
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref24
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref25
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref25
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref25
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref25
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref25
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref26
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref26
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref26
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref26
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref27
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref27
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref27
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref27
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref28
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref28
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref28
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref28
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref29
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref29
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref29
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref29
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref30
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref30
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref30
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref30
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref31
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref31
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref31
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref31
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref32
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref32
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref32
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref32
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref33
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref33
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref33
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref33
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref34
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref34
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref34
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref34
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref34
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref35
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref35
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref35
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref35
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref36
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref36
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref36
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref36
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref37
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref37
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref37
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref37
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref38
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref38
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref38
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref38
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref38
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref39
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref39
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref39
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref39
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref40
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref40
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref40
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref40
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref41
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref41
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref41
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref42
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref42
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref42
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref42
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref43
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref43
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref43
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref43
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref43
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref44
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref44
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref44
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref44
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref45
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref45
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref45
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref45
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref46
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref46
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref46
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref46
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref46
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref47
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref47
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref47
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref47
http://refhub.elsevier.com/S2405-8440(21)00954-3/sref47

	Adsorptive removal of Rhodamine B dye from aqueous solution by using graphene–based nickel nanocomposite
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Graphene oxide preparation
	2.3. Preparation of reduced graphene oxide-nickel (RGO-Ni) nanocomposite
	2.4. Preparation of dye solution for batch study
	2.5. Characterization of RGO–Ni nanocomposite
	2.6. BET surface area measurement

	3. Results and discussion
	3.1. Effect of contact time
	3.2. Effect of dye concentration
	3.3. Effect of adsorbent dosage
	3.4. Effect of pH
	3.5. Adsorption isotherm
	3.6. Kinetic study of adsorption
	3.7. Mechanism of adsorption
	3.8. Comparison of different adsorbents
	3.9. Regeneration and reusability

	4. Conclusions
	Declarations
	Author Contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


