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ARTICLE INFO ABSTRACT

Keywords: Industrial graphite becomes waste after its use and dumping of such graphite waste leads to environmental
Industrial graphite waste to the beneficial damage and health risks, thus needs alternative measures. This study is the first of its kind to convert industrial
product

graphite to exfoliated graphene(EG) and using EG as an adsorbent. The used conversion method is chem-
icothermal which is greener and competent. The resultant EG was micro-analyzed for its application as an
engineered adsorbent. The adsorption capacity of EG is tested for the removal of five toxic dyes from aqueous
solution, namely royal blue (RB), turquoise blue (TB), black supra (BS), navy blue (NB), and deep red (DR) for
various environmental conditions. The order of adsorption at equilibrium was found to follow, DR > TB > BS >
NB > RB at circum-neutral pH in the range of 5 - 25 mg/L of dye, having 0.2 gm of EG. The notable adsorption
capacity of dye onto EG can be credited to the various interface mechanisms which were studied using kinetic
and thermodynamic models. The reusability studies recommend EG as the alternate adsorbent against com-
mercial activated carbon which holds a huge carbon and water footprint. These results suggest that the appli-
cability of potential EG adsorbent can be extended to the removal of organic pollutants in water and wastewater
treatment. The success of converting graphite waste to an engineered dye adsorbent couples the advantages of
converting industrial waste to a beneficial product and removal of toxic dyes thus achieving the circular economy
and sustainable development in industrial practices.

Exfoliated graphene

Textile dye adsorption
Chemicothermal conversion
Alternate to activated carbon

1. Introduction Li et al., 2018; Patterson and Cheng, 1975; R.S.Kalyoncu, 2002; Sutphin

et al., 1990; Taylor, 2000; Vorpahl et al., 1976; Wareing et al., 2017).

The industries are the spine of any country’s economic growth and
fix the country’s status across the world, henceforth it is unavoidable (K.
Akatmatsu, 1962).0n the other hand, massive industrial waste produc-
tion causes global environmental threats and hence necessitates the
prerequisite balance between the financial benefits and safe environ-
ment (Azapagic, 2004; Citation, 1994; Dauvergne and Lister, 2012;
Gray and Jan Bebbington, 2001; Langdon et al., 2019; Pravalie and
Bandoc, 2018). Different industries use different raw materials and so
the generated waste (Allen and Behmanesh, 1994; Bruvoll and Ibenholt,
1997; Fellner et al., 2017; Pappu et al., 2007; Polprasert and Liyanage,
1996; Sendra et al., 2007; Tsai and Chou, 2004; Wiemes et al., 2017).
Among industrial wastes, a large amount of graphite waste is generated
from forging industries and refineries (C. Schacht, 2004; C.J.Mitchell,
1992; Dean, 2000; Feytis, 2010; Kryachek, 2004; Lee and Zhang, 1999;
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The major uses of graphite are in brake linings, lubricants, powdered
metals, refractory applications, and steelmaking. In the global scenario,
China took the top spot for graphite mining by having 95,000 MT, with
India and Brazil coming in second and third, respectively (Feytis, 2010;
R.S.Kalyoncu, 2002; Taylor, 2000). All the mined graphite goes to in-
dustry and followed by use, it becomes waste. To date, there is no proper
disposal or recycling method for industrial graphite waste is developed
because of the abundance of graphite availability (Li et al., 2018;
Wareing et al., 2017).

The fate, transformation, and transport of dumped graphite waste in
soil, water, and air components root i) environmental issues being as the
absorber and carrier of toxic compounds, ii) acute and severe health
problems such as graphitosis due to unnecessary graphite exposure and
iii) nuisance/inconvenience in the social system because the graphite
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dust is dense enough to impede visibility (Kang et al., 2020; Kryachek,
2004; Patterson and Cheng, 1975; Vorpahl et al., 1976). Hence, the life
cycle of graphite from its mining, industrial usage followed by its
dumping cost huge ecological footprint, societal health damage, and
economical loss (Feytis, 2010; R.S.Kalyoncu, 2002; Taylor, 2000). All
these effects compel the need for proper graphite waste management
options.

Circular economy, sustainable development, and green engineering
practices describe the reuse and recycle of different industrial wastes
(Allen and Behmanesh, 1994; Bendikiene et al., 2019; Fellner et al.,
2017; Tsai and Chou, 2004; Wiemes et al., 2017). In this paper, the
studied auto-forging industry, Chennai, India, uses graphite as a lubri-
cant and generates approximately a ton of graphite waste every month.
This study investigated the effectiveness of converting spent graphite to
a value-added adsorbent and checks its applicability as an adsorbent in
pollutant removal.

Graphite-based materials-mediated adsorption is a well-established
technique in the past decade. Among, graphite oxide, graphene, gra-
phene oxide, expanded graphene, and exfoliated graphene are being
proved as the superior adsorbents (Capone et al., 2019; Duan et al.,
2016; Pozzetto et al., 2020; Yang et al., 2019; Yusuf et al., 2015). Having
unique chemical, electrical and physical properties, in this study exfo-
liated graphene (EG)was synthesized from the graphite waste. In recent
times, the method of thermal reduction is an effective way of reducing
graphene oxide (GO) which is the mid material in EG synthesis from
graphite and has been considered as a green technique, because of zero
usage of hazardous reductants or chemicals for the chemical reduction
(Chen et al., 2010; Gao et al., 2010; Larciprete et al., 2011; Lavin-Lopez
et al., 2019; Zhu et al., 2010).

The adsorption performance of the synthesized EG was tested for dye
adsorption (Hu et al., 2019; Larciprete et al., 2011; Shittu et al., 2019;
Sykam et al., 2018). Given their complex structure and synthetic origin,
dyes used in textile industries contribute to 18-20% of the global water
pollution, and their toxicity causes health-risks ranging from a skin rash
to cancer (A.Reife, 1996; Carmen and Daniel, 2012; Clarke and Anliker,
1980; F.L.Slejko, 1985; Hossain et al., 2018). The adsorption treatment
technique garnered popularity due to its simplicity of design, high-cost
efficiency, and accelerated removal of pollutants (Hou et al., 2020;
Sophia A. and Lima, 2018). Previously, graphite cathode waste which
consists of fluoride and cyanide was treated with strong acids or bases to
leach the hazardous chemicals that again cause huge environmental
impact. Further, it was converted to GO using the Hummers method and
tested as an additive in water-based drilling fluids. However, there is no
existing study on the synthesis of EG from industrial graphite which does
not hold any harmful substances and is trailed as an adsorbent for
pollution removal.

As a summary, the focus of this paper is to evaluate the efficiency of
dye adsorption using an adsorbent prepared from graphite waste by the
eco-friendly method. The tasks involved are 1) synthesis of EG from
graphite waste using thermal reduction method 2) characterization of
the adsorbent and 3) assess the adsorption efficiency of EG on the
removal of dyes from aqueous solution by varying the parameters like
solution pH, dye, and sorbent dose, presence of salt, shaking speed and
contact time. This attempt of converting industrial graphite waste to a
beneficial adsorbent and its performance check against toxic textile dyes
is the first of its kind.

2. Materials and method

The spent graphite was collected from an auto forging industry,
Chennai, India. All the chemicals used in this study are analytical grade
and purchased from Rankem, India. For the adsorbent synthesis and
experiments, deionized water was used. All the dyes used are industrial
grade and collected from the dye industry, Tirupur, India. Glassware and
sample vials were cleaned and washed with deionized water before and
after every use.
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2.1. Preparation of EG from industrial graphite

The collected spent graphite was washed multiple times to remove
the foreign matter and dried at 60°C for 2 h to get rid of the moisture
content (2 to 6%) that it grew during the industrial processes. After
drying, the industrial spent graphite was sieved using a 20um sieve and
the resultant graphite was converted to GO using modified Hummer’s
method (Dao and Jeong, 2015; Kaniyoor and Ramaprabhu, 2011; Luo
et al., 2017; Xian et al., 2015). The obtained brownish yellow color GO
was kept under thermal treatment for its exfoliation and reduction as
follows; The samples were taken in a silica crucible and kept in the
furnace for 8 h. The activation temperatures were maintained as 500°C,
700°C, 900°C, and 1100°C, and the resultant black color samples were
named as exfoliated graphene (EG), EGsoo, EGyo0, and EGggy, and
EG1100, respectively. After cooling down, the EGs were stored in an
airtight container till their use in adsorption studies.

2.2. Characterization

The prepared samples were characterized for understanding the
change during its preparation. Fourier-transform infrared spectroscopy
(FTIR) and X-Ray Diffraction Spectroscopy (XRD) (CuKa, Lynx detector,
35 kV, 25 mA, Bruker Axs, USA) analysis were done to capture the
variation in distinct characteristics of graphite’s conversion to EG. The
change in surface morphology was checked using Scanning Electron
Microscopy (SEM) (JEOL, JSM-6380, Japan). The chemical composition
was confirmed by Energy-Dispersive X-ray spectroscopy (EDAX) anal-
ysis (EDAX; FEI, Quanta 200, Czechoslovakia). The surface area and
pore volume were characterized by the Ny adsorption/desorption
isotherm using Brunauer-Emmett-Teller (BET) using micromeritics
ASAP 2020. Zeta potential analyzer (Horiba Scientific, SZ-100) was used
to find the surface charge of the sample (Temperature of the Holder
25°C, Dispersion Medium Viscosity 0.896 mS/cm, conductivity 0.068
mS/cm, dielectric constant 78.321, electrode voltage 2.7 V) (C.J.
Mitchell, 1992; Larciprete et al., 2011; Shittu et al., 2019). The
maximum absorption wavelength for the dyes was figured out using the
UV-Visible spectrophotometer (UV-1800, Shimadzu Corporation,
Japan) for the scan range of 200-900 nm.

2.3. Adsorption experiments and isotherms

The sacrificial mode adsorption experiments were conducted at the
base concentration of each dye unless otherwise specified (Chung et al.,
2015; Selvanantharajah et al., 2019). The adsorption capacity was tested
for the prepared EG at different activation temperatures (0.5 gm of
EGs00,EG700, EGogo, and EGy109,2 h of contact time), different EG dose
(0.2, 0.28, 0.35, 0.42 and 0.5 gm), dye concentration (5, 10, 15, 20 and
25 mg/L), contact time (0, 30, 60, 120 and 180 min), initial pH of the
solution (3, 4, 6, 7, 8 and 10), shaking conditions (100, 125, 150, 200,
and 230 rpm), and effect of salt (0.1 M NaCl or MgCly). The initial pH of
the solution was changed using 0.1 N HCI or NaOH.

Unless otherwise specified, 15 mg/L dye, 0.2 gm EG dosage,125 rpm
shaking speed of orbital shaker, sampling time of 0, 30, 60, 120, and 180
min, and neutral - initial pH of the solution was maintained. Similar
experiments were conducted using commercial grade activated carbon
as detailed in the supplementary information.

The dye removal efficiency of EG(R in %) was calculated from
equation (1).

R

- % x 100 )

i

where C; and Cgare the initial and final dye concentrations (Desta, 2013;
Li et al., 2019).

Langmuir and Freundlich isotherms were used to evaluate the
adsorption at equilibrium.
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Fig. 1. Conversion mechanism of industrial graphite waste to EG under chemicothermal process

Langmuir equation is given in Eq. (2).
C. 1
qe qmaxKL

C.
Gmax

(2)

Where, C. (mg/L)is equilibrium dye concentration, g.(mg/gm)is the
mass of dye removed at equilibrium per unit mass of EG, qmax (mg/gm)is
the maximum monolayer adsorption capacity of EG and Kj, is the
Langmuir constant (Desta, 2013; Hossain et al., 2018; Lavin-Lopez et al.,
2019; Li et al., 2019; Sophia A. and Lima, 2018; Sykam et al., 2018). The
slope and intercept values from the plot of C./q. against C., are used to
find the values of quax and K.

The Freundlich adsorption equation in its linear form is given in Eq.
(3.

q. = KiCor €)
Here C. (mg/L) is the concentration of dye removed by EG at equilib-
rium and Kg (mg/g)(L/mg)l/ ™ and 1/n are constants representing the
adsorbent capacity and the heterogeneity factor, respectively (Desta,
2013; Li et al., 2019). The plot of log q. against log C. determines the
value of 1/n and Ky

2.4. Adsorption kinetics

In the present study, kinetic models such as pseudo-first-order
model, pseudo-second-order model, and diffusion-based models such
as intra-particle diffusion model, and liquid film diffusion model were
used to analyze the adsorption mechanism of five different dyes by EG.
The kinetic models can be presented in different (linear and non-linear)
forms as follow

The equation used in the linear pseudo-first-order model (LPFO) is

In(g. —q:) = In(q.) — kit 4

The equation used for the non-linear pseudo-first-order model
(NLPFO) is

g = q.(1—e™) %)
where,qis the amount of dye adsorbed at time t (mg g~ %), q. is
adsorption capacity in the equilibrium (mg g~1), k;= pseudo-first-order
rate constant (min’l), t is the contact time (min).

Graphs of In(q. — g;) versus t were plotted for five different dyes at
five different dye concentrations and the slope and intercept of the ob-
tained plot were used to determine rate constant k; and equilibrium
adsorption capacity qe respectively.

The equation used in the linear pseudo-second-order kinetic model
(LPSO) is
t 1
q: que2

1
+—t
g

(6)

The equation used for the non-linear pseudo-second-order model
(NLPSO) is

quezt

— 7
1 +kZQet ( )

q:

where, q; (mg g—1), qe (mg g—1), and t (min) are as defined in the
previous equation and ky (g mg—1 min—1) is the pseudo-second-order
rate constant (Markandeya et al., 2015; Yang and Liu, 2014; Oyelude
et al., 2017). The values of q. and k, were obtained by finding the slope
and intercept of t/qt versus t plots.

The equation used for the intra-particle diffusion model analysis is

(®

1/2)

q = kt'?+C

where q; (mg/g) and t (min) are as previously defined, ks (mg/g/min
is the intraparticle diffusion rate constant and C is a constant of the
boundary layer. The values of ks and were obtained from the slope and
intercept of q; against t'/2 plot (Oyelude et al., 2017).

The equation used in the liquid film diffusion model is

—In(1-F)= Ky+C )
where F is fractional attainment of equilibrium (q¢/qe), k4 (1/min) is the
liquid film diffusion rate constant, t (min) is time, and C is a constant
related to the boundary layer. The value of k4 was determined from the

plot of -In(1 — F) against t (Oyelude et al., 2017).

2.5. Adsorption thermodynamics

To calculate the thermodynamic parameters experiments were car-
ried out at different temperatures in the range of 303 K to 353 K for five
different dyes adsorption by EG. The effect of temperature on the
adsorption kinetics of five different dyes was evaluated by calculating
the dimensionless constant k? .

Dimensionless equilibrium constant k¢ is calculated using the
equation
K =k, x Cae

e

10

Where kg (L mol’l) is the equilibrium constant of the best fit of Langmuir
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Fig. 2. (a) XRD (b) FTIR (c) SEM and EDAX analysis of graphite, GO, and EG

isotherm model on experimental data, Cgye (mol L) is the concentra-
tion of the adsorbate and y is the coefficient of activity of the adsorbate.
In the present study, the considered dyes’ concentration was 10> mol/L
and hence the value was considered as one (Lima et al., 2019; Zamri
et al., 2021).

The Gibbs free energy change (AG°) of adsorption reaction is
calculated using

AG" = —RTInk? 1D
where R is the gas constant (8.314 Jmol K1), Tis the temperature (K).

The entropy (AS°) and enthalpy (AH°) parameters were calculated
using the equation

AG = AH —TAS’ (12)
where, standard enthalpy (AH°), standard entropy (AS°) are calculated
from the above-mentioned equation by finding the intercept and slope
respectively for the plot of AG® and T of five different dyes (Lima et al.,
2019; Liu, 2009; Zamri et al., 2021).

3. Results and discussion
3.1. Preparation mechanism of EG from industrial graphite

The mechanism behind the synthesis of exfoliated graphene from
graphite is an analogy to ‘open a closed book to paper by paper like a
paper accordion’ as illustrated in Fig. 1. The oxidants and intercalants
used in modified Hummer’s method fused through the layers and
relaxed the structural bonding in graphite (closed book), further
broadened the interplanar spacing that ended up with GO (open book or
paper accordion). During the thermal activation at different tempera-
tures, the generated heat wave diffused through the macro and micro-
channels of GO which relaxed the structural stability and peeled it
into layers. Besides, the thermal activation sublimated the bound water
molecules, O, and oxygen-containing functional groups that connected
the GO layers to gas. This simultaneous depilation and reduction
resulted in exfoliated graphene (paper by paper). The activation tem-
perature of 900°C resulted in the maximum exfoliation with thin gra-
phene layers and was so considered as the optimum activation
temperature. Lower temperature (500°C-700°C) limited the exfoliation
whereas higher temperature produced fragmented and melted EG. This
mechanism was formulated from the characterization of obtained

products at every step that was explained in the following sections.
Hence, the EG adsorbent was synthesized from GO using a thermal
method which eliminated the usage of ecologically damaging chemicals
and reductants and makes the method eco-safe.

3.2. Characterization

X-ray diffraction (XRD) analysis of graphite, GO and EG is a robust
way to detect the micro-level structural changes during the synthesis of
EG from graphite(Ammar et al., 2016; Kartick et al., 2013; Rattana et al.,
2012; Wang et al., 2017). In Fig. 2(a), the peaks at 26.7°, 44.9% and
55.05%bserved can be assigned to the planes 002, 101, and 004,
respectively for graphite. The sharp peak at 26.7° evidenced the crys-
talline nature of graphite that has an interplanar spacing of 3.34 A. The
pushing of the sharp peak from 26.7° to lower angles having a broader
peak at 25.58° for GO and 24.6° for EG suggested an increased interlayer
spacing and weakenedn- n stacking interaction(Ammar et al., 2016;
Avouris and Dimitrakopoulos, 2012; Kartick et al., 2013; Wang et al.,
2017). Applying Bragg’s equation, the interlayer spacing was found to
be 7.79 A and 8.45 A for GO and EGggo considering the 002-plane peak,
proposing the intercalation, structural relaxation, and exfoliation,
happened during the oxidation and thermal activation process during
the synthesis process (Avouris and Dimitrakopoulos, 2012; Kartick et al.,
2013). The changes observed in the interlayer spacing specify the
disruption of various oxygen-containing functional groups that were
bound to the graphite during its conversion to EG. The broadening and
weakening of peaks during the conversion from graphite to EG confirm
the presence of a few-layered reduced GO in EG (Wang et al., 2017). The
rise of temperature to 900°C dries the water molecules in the GO layers
during the thermal activation that may aid the exfoliation. The other
peaks in the XRD spectrum may correspond to inorganic compounds
which were measured in EDAX analysis. In this study, the GO synthe-
sized from graphite was thermally reduced to EG. The thermally exfo-
liated EG lacks the peaks that the GO has, which illustrated that the
disappearance of oxygen from the GO (Kartick et al., 2013), which was
proven again in EDAX and FTIR analysis.

As shown in Fig. 2(b), the peaks at 669, 1555, 2350, and 3450 cm ™
wavelength in the FTIR spectra of graphite are due to the C-Cbonds, C=C
aromatic benzene ring including one double bond, 2 double bond, and
alternate single bond, stretching vibrations of the carboxyl group
(-COOH), respectively proved that the graphite is good in quality and
free from any organic contaminations(Bykkam et al., 2013; Kartick
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et al., 2013; Khalili, 2016; Wang et al., 2017). The firm and intense
peaks at 1400-1555cm ™' attributes to C-OH stretching and -OH
bending, 1634cm™! -is due to internal alkenes, 1034 cm ™! indicates the
vibrational mode of the C-O group, 1362 cm™! is due to C-OH group,
1700 cm ™! is due to the presence of carboxyl group(Avouris and Dimi-
trakopoulos, 2012; Kartick et al., 2013; Pei et al., 2018). For GO, the
resonance peak at 1634cm ™! can be assigned to the stretching and
bending vibration of -OH groups of water molecules adsorbed on gra-
phene oxide. The clear peaks at1750cm ™! characteristics to the C=0
stretching vibrations of conjugated acid especially in the form of dimmer
appear in GO indicating that further breakage of larger particles would
create more active sites, which are prone to oxidize easily(Habte et al.,
2019; Khalili, 2016).

The peaks at, 2026 —2300cm ! the hydrogen-bonded OH groups of
dimeric COOH groups and intra-molecular bonded O-H stretching of
alcohols(Avouris and Dimitrakopoulos, 2012; Kartick et al., 2013; Pei
et al., 2018), 3071, is responsible for stretching vibrations of the hy-
droxyl group, where the hydroxyl groups may be from absorbed water
molecules, 3224 and sharp 3566cm ™Y, —OH stretching (reveals the
presence of hydroxyl groups in graphene oxide)(Bykkam et al., 2013;
Ghorbani et al., 2015; Habte et al., 2019; Pei et al., 2018). In EG, the
characteristic peaks of GO at 1634, 3071 cm ™ ‘vanish or appear with
significantly lower intensity after reduction. Blunted peaks at 1359,
1750, 2357, 3071 cm ! indicate that the GO is reduced to a great extent.
These bands completely disappear in the FTIR spectra of EG and the new
peaks are set in1378 cm ™!, skeletal vibrations of graphene backbone
chain and 3267 cm™?, and blunted 3569 cm ™! OH stretching vibration
(Habte et al., 2019; Kartick et al., 2013).

The BET analysis showed the surface area of 4.972 and 0.025 m?/g
and the pore volume of 0.025 and 0.102 (cm®/g) for graphite and EG,
respectively. This observation evidences the effectiveness of the chem-
icothermal processes involved in the conversion of graphite to EG which
was further expected to assist in the performance enhancement of
adsorption. Similar observations were made during the evaluation of
exfoliation temperature on the characteristics of EG.

The surface morphology of the graphite and EG in Fig. 2(c and d)
shows the expansion and exfoliation of few-layered graphene from
initial graphite waste. The EDAX analysis showed that the industrial
graphite waste has a carbon to oxygen ratio (C/O) of 2.96 whereas C/O
in EG was 21.24 proved the removal of oxygen from the graphite during
its conversion to EG (El-Hendawy, 2003). The disappearance of inor-
ganic foreign matters was also evidenced.

3.3. Adsorption experiments and isotherms

3.3.1. Effect of temperature during thermal activation

To check the influence of thermal activation temperature in the
adsorption capacity of EG, the performance of EGsgo, EG700, EGgpoand
EG1100 were tested for the adsorption of five different dyes, RB, TB, BS,
DR, and NB. The maximum absorption wavelength of each dye was
found using UV-Visible spectrum and listed in Table S1 which were
matched with the datasheets of different dyes.

For all the dyes, the adsorption is positively correlated with the
activation temperature and stabilized at 900°C as shown in Fig. 3(a).
The EGggp exhibited a maximum of 96% adsorption efficiency for BS and
a minimum of 53% for the dye, NB. The reason behind the stabilization
of adsorption after 900°C may be the limitation of the thermal conver-
sion of GO to EG. The possibility of melting the spiked graphene layers
on the surface and further hindrance in exposing the surface of GO to the
thermal activation may also end up with the equilibrium phenomenon.
A distinct swift in adsorption from lower to higher temperatures
(Fig. S3) was observed as shown in Fig. 3(a). The reason was found that
at the low temperature of 500°C and 700°C, the exfoliation of GO is
partial, and hence the surface of EG is exposed to the adsorption of dyes
(Kartick et al., 2013). The thermal activation at 900°C not only favoring
the exfoliation but also produces underdeveloped structures and small
surface area that leads to the enhancement of structural features and
adsorption capacity as shown in Fig. 2(d). This better adsorption phe-
nomenon was witnessed with the chemical synthesis of graphene due to
incomplete surface modification (Aljeboree et al., 2017). From here on,
the rest of our studies were conducted only on EGggg.

3.3.2. Effect of shaking speed

The adsorption and adsorption rate was positively influenced by the
shaking speed from 100 rpm to 250 rpm for all the dyes as shown in
Fig. 3(b). With increased shaking, the rate of diffusion of dye molecules
from the bulk liquid phase to the solid phase and thinning of boundary
liquid layer on the surface of EGggg resulted in a 10% to 50% increase in
adsorption for NB and RB, respectively when shaking speed changed
from 100 to 200 rpm. The adsorption got stabilized at 150 rpm for DR
and 200 rpm for the other dyes. Previous studies also stated the direct
correlation of adsorption with shaking speed only up to a certain limit,
and no correlation beyond that shaking speed (Arafat et al., 1999;
Ihsanullah et al., 2015; Shiau and Pan, 2004). Turbulence-assisted
agglomeration of EGggg particles and further hindrances of the active
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Fig. 4. Effect of EGggo dose on dye adsorption

surface area is the reason behind this observation.

3.3.3. Effect of initial dye concentration

The influences of the initial concentration of each dye (5 to 25 mg/L)
on its removal efficiency after 3h are given in Fig. 3(c). The EGggo dose
was kept as 0.2 mg/L. The dyes TB and BS showed complete removal at
their initial concentration of Sppm. Maximum dye removal occurred at
low initial dye concentrations and the adsorption (%) gradually
decreased towards higher concentrations, which was seen in adsorption
using carbon-based adsorbents (Aljeboree et al., 2017; Nsami and
Mbadcam, 2013; Priddy and Hanley, 2003); TB resulted in 100%
adsorption at 5mg/L of initial concentration and halved (54%) at 25
mg/L. The adsorbent EGgg has a fixed number of active sites which get
saturated at low concentrations of the dye. Hence at higher dye con-
centrations, no further adsorption can be achieved, resulting in a
decrease in adsorption efficiency. At 10 and 25 mg/L of dye concen-
tration, the adsorption efficiency of EGggg followed the order of TB > DR
> BS > NB >RB and DR > TB > BS > NB > RB, respectively proved that
apart from the role of dye concentration and EG900 dose, the charac-
teristics of a dye such as its chemical structure and molecular weight also
play a major role in fixing the adsorption capacity. The detailed char-
acteristics of the dye are mentioned in the supplementary information.

3.3.4. Effect of salt

Dissolved salts in aqueous media (dye solutions) were suggested to
have been involved in a variety of mechanisms which include altering
the surface charge ofEGggg and interaction with dye in both the solution
and on the surface of EGggg as witnessed with activated carbon-based
adsorption (Hashemian et al., 2013).Fig. 3(d) compares the adsorption
efficiency with and without salt added for a reaction time of 1h. The
adsorption efficiency for each dye was found to increase with the

addition of salts NaCl and MgCl,. The enhancement inefficiency was
found to be in the range of 8% to 22% using NaCl and it almost doubled
in the case of MgCly and resulted in 16% to 47% for various dyes.
Theoretically, when there is an electrostatic attraction between adsor-
bent and adsorbate an increase in ion strength shall decrease adsorption
strength (Feng et al., 2011). But in the present study opposite phe-
nomenon was observed and can be explained as follows.

As described below, when dyes were released into an aqueous so-
lution, they got separated into negative ions and Na™ ions. Upon intro-
ducing NaCl, the number of Na™ ions in the solution increases and the
resultant concentric cations try to neutralize the surface of EG. Mean-
while, the remaining anions were forced to aggregate and migrate to-
wards the adsorbent surface thereby increasing the removal efficiency
(Ara et al., 2015). Also, electrostatic attractions between EG and dye
anions might have dominated the repulsions due to Na™. The effect of
Mg?* mediated adsorption enhancement was greater due to its smaller
hydrated radius and high atomic number. It can also be attributed due to
the presence of non-electrostatic forces and dispersive interactions.
These forces were enhanced with increasing ion strength which screened
the electrostatic interaction and resulted in increased adsorption ca-
pacity as observed during the previous study on the adsorption of dye on
magnesium hydroxide-coated pyrolytic bio-char (Zang et al., 2013).

The maximum uplift in adsorption efficiency was found with RB dye.
Thus, the strength of ionic interaction between the more negative dye
and the less negative EGOgq increases, thereby enhancing adsorption
efficiency (Hashemian et al., 2013).

3.3.5. Effect OF EGggpdose

The studies were conducted at 15 mg/L of each dye unless otherwise
specified; the dosage of EGggg was varied from 0.2 to 0.5 gm. Fig. 4
depicts the effect of adsorbent dose for each dye. In this experiment, the
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adsorption process is dependent on the mass of the EGggy which is
directly proportional to the surface area of the adsorbent. From the re-
sults, it can be observed that the dosage of EGgg was proportional to the
removal efficiency of all dyes. This can be attributed to (i) a higher
concentration gradient between dye and EG, (ii) the availability of larger
reactive surface areas and so a greater number of adsorptive sites, and
(iii) a decrease in the adsorption density. The BS dye exhibits the highest
difference in adsorption with the EGggo dose and attained 100% removal
efficiency at 0.5 gm in 3 h adsorption time. However, for the other dyes,
the increase in adsorption capacity was weakened as more EGgqy is used,
because of the incomplete utilization of the full capacity of EGgppand
fixed dye concentration. This fact also may be due to the agglomeration
effect of EGggg that tends to occur at higher dosages and the hindrance of
active sites on EGggo. Besides, the increase in adsorption efficiency
observed is non-linear for BS and tends to attain a stable value at a
higher dose and hence resulted in a low R? value as observed before in
adsorption studies using activated carbon derived from coconut shell
and cola nutshell(Nsami and Mbadcam, 2013; Priddy and Hanley,
2003). The concentration of dye during stabilization followed that order
BS > TB > DR > NB > RB, as given in Fig. S4.

3.3.6. Effect of pH

The adsorption phenomenon depends on the structure and solubility
of the dye, and the charge of the adsorbent, EGggg’s surface which was
controlled by the pH of a dye solution, as any change in the pH can affect
the three major influencing factors of adsorption and hence the ionic
interaction between the dye and EGggy (Hu et al., 2019; Shittu et al.,
2019; Sykam et al., 2018; Yusuf et al., 2015). The results obtained as
illustrated in Fig. 5 showed that the general trend of obtaining maximum
adsorption efficiency at pH 3 with 98 to 99.9% removal of dyes and

weakening of adsorption towards circum-neutral pH and a rising at
alkaline pH conditions (Zhu et al., 2010). The least adsorption was found
to be at pH 7 for RB, TB, DR, and NB and 8 for BS. However, for all the
dyes an increase in adsorption efficiency was observed at alkaline pH
and reached 46% of adsorption with BS and 70% to 81% with other
dyes, and the uplift was found to be the least of 0.9% with TB.

To catch on the reason, the zeta potential of EGggo was analyzed. It
was found to be negative in the range of -89.24 to -109.94 mV for all pH
conditions, which may be due to the structural defects and functional
groups such as -COOH, C=0 which would facilitate the adsorption
(Shittu et al., 2019). The dyes used for the study have a complex organic
structure with unsaturated bonds having-SO3Na as the functional group.
The pKa values of different attractor groups representing the dye
molecule, sulfonic acid group (SO3), carboxylate group (COO™), and azo
group (N = N) were 2.0, 5.0, and 10.86, respectively. If pH of solution >
pKa of the dye, the dye molecules exist in anionic form. For instance, the
pKa of the sulphonic group is 2, and if the pH of the solution is 3-10
which means the surrounding environment is basic and hence sul-
phonic group exists in de-protonated form (Zhu et al., 2010), and
resulted in anionic species as shown in the following Eq. (10).

Dye — SO3;Na— Dye — SO;~ + Na* 10)

Meanwhile, when H' ions were added to lower the pH, there is a
simultaneous gain in positive surface charge and reduction in negative
surface charge due to the uptake of H' ions by the surface of EGggp and
enhanced the adsorption of anionic dye species (Zhu et al., 2010). With
the increment in solution pH towards circum-neutral pH, the competi-
tion between OH' ions and the anionic dye species in interacting with the
surface of EGggg results in minimum adsorption efficiency. The rise in
adsorption at alkaline pH can be attributed due to the small formation of
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Table 1
Langmuir and Freundlich isotherms
Dyes  Langmuir Freundlich Best Fit
KL L/ Qmax R? Ke 1/n R? Model
mg) (mg/
gm)
RB 0.274 36.231 0.981 12.377 0.31 0.975 Langmuir
TB 3.769 68.027 0.998 36.693 0.28 0.617 Langmuir
BS 0.766 60.975 0.929 1.233 0.332 0.959 Freundlich
DR 0.46 74.074 0.925 28.131 0.327 0.962 Freundlich
NB 0.442 54.054 0.996 19.443 0.347 0.971 Langmuir

coagulated molecules and precipitation of dye color at basic pH. The
synergistic effect of competition between anions and the no-coagulation
effect is the fact behind the least adsorption at circum-neutral pH con-
ditions. Even then hydrogen bonding and hydrophobic mechanisms are
inclusive, the main mechanism was found to be an electrostatic
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attraction between the dyes and the adsorbent, EGggo. This trend holds
good for all the dyes studied.

3.3.7. Adsorption isotherms and adsorption capacity

After equilibrium is reached, adsorption isotherms are useful to un-
derstand the liquid phase dye molecule, which is adsorbed on the solid
phase adsorbent, EGOggo. Both Langmuir and Freundlich isotherms were
plotted for all the dyes as shown in Fig. S5 to express the adsorption of
different dyes by EGOgq at the equilibrium time of 3 h at a constant
temperature, 298 K, and the calculated isotherms constants were listed
in Table 1. By comparing the R charts for each dye, the isotherm model
which it followed was predicted as described in the literature (Oyelude
et al., 2017).

The ‘closer to unity’ R? values for the dyes, RB, TB, and NB indicating
these dyes follow the Langmuir model that assumes the homogenous
monolayer adsorption occurring on a surface of EGggp which contains
sorption sites having uniform binding energy. Hence, no adsorption
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occurs when RB, TB, and NB adsorbate molecules fill these sites on
EGggo. The maximum adsorption capacity calculated was 36.23, 68.02,
and 54.05 mg/gm for the dyes RB, TB, and NB which almost matched
with the experimental observation also 30.805, 67, and 47 mg/L,
respectively.

Freundlich isotherm was also plotted to check to see if it’s a better fit.
For the dyes BS and DR, the Freundlich isotherm was a better fit and it
showed that the adsorption capacity of 57.974 and 62.245 mg/gm for
the dyes BS and DR, respectively for which the experimental observation
was 63.173 and 68.28 mg/gm. At this point, the fact is Freundlich
isotherm assumes multilayer adsorption with the heterogeneous surface
where binding sites on EGgg are not equivalent. Identical information
was detailed in teak leaf little powder-based adsorption of eosin yellow
dye (Yang and Liu, 2014). The 1/n values obtained from the Freundlich
isotherm were less than 1 for all dyes indicate normal adsorption and the
partition between the solid phase EGggo and liquid phase dyes depends
on concentration. However, the validity of these assumptions based on
the isotherm fit cannot be concluded as, in a solution-solid adsorption
system because various factors like hydration forces and mass transport
effects, and concentration play a role, making the whole system is dy-
namic and complicated. Therefore, obeying the isotherms does not mean
that the assumptions are valid. In such systems the isotherm adequacy
can be seriously affected by the experimental conditions, in particular,
the range of concentration of the solute, dyes, and dose of adsorbate,
EGooo-

The prepared EGggo showed the adsorption capacity which is almost
equal to the existing well-used adsorbent, activated carbon (Fig. S6), and
can be the best alternate for activated carbon which demands huge
carbon and water footprint for its preparation.

3.3.8. Adsorption kinetics
Adsorption kinetic study plays an important role in understanding

the mechanism of the adsorption process and the rate-controlling step
(Oyelude et al., 2017; Yang and Liu, 2014). It provides valuable infor-
mation regarding the dynamics of the adsorption process in terms of rate
constant and order that can play an important role in designing and
modeling the actual treatment system(Yang and Liu, 2014). In the pre-
sent study (linear and non-linear) forms of pseudo-first and second-order
kinetics, intra-particle diffusion, and liquid film diffusion models were
tested to understand the adsorption of dyes by EGggo.

3.3.8.1. Pseudo first and second-order kinetics. Based on the adsorption
equilibrium capacity, the adsorption of dyes by EGggpwas described by
linearized pseudo-first and second-order models as in Fig. 6. The
closeness of g, calculated values to the g. experimental values was
observed for RB, BS, and DR dyes. It proves that the linearized pseudo-
first-order model is the best fit model to describe the kinetics of their
removal from aqueous solution by EGggg (Oyelude et al., 2017). Besides,
it was observed that the linearized pseudo-first-order determination
coefficient (Rz) values are higher than those of linear
pseudo-second-order values (Table S2(a-b)) which proves that for the
above-mentioned three dyes linear pseudo-first-order kinetic model is
the best fit model. Hence it can be concluded that the rate of dye
adsorption is proportional to the number of free adsorption sites (Amadi
et al., 2017).

For TB dye and NB dye variation in g calculated (qe cal) to the qe
experimental (q. exp) values were observed with lesser R? values. It
indicates that the linearized form of pseudo-first and second-order
models didn’t fit well to describe the adsorption kinetics. However,
the chances of non-linearized forms of first and second-order kinetic
models of describing them cannot be ignored (Markandeya et al., 2015).
Hence, the adsorption of TB and NB dyes was described by its NLPFO
and NLPSO models as shown in Fig. 7. From Table S2(b and d), it can be
observed that g cal values are increasing with the increase in the dye
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Fig. 8. Intraparticle and liquid-film diffusion Model

concentration following the similar path of g exp. More closeness of g
cal values to g exp can be observed in the NLPSO model than in NLPFO
for both the dyes. Also, the determination coefficient (R?) values are
observed to be higher for PNLSO than NLPFO. Based on the above two
criteria it can be clearly stated that NLPSO kinetic model was found to be
the best fit model for TB and NB dyes to describe their adsorption ki-
netics by EGggop (Markandeya et al., 2015).

3.3.8.2. Intra particle diffusion. The plots of q; vs t'/2 of five different
dyes are shown in Fig. 8. The value of C, Rz, and second-order rate
constant (K3) for 0.2 g EG adsorbent dose at five different dye concen-
trations for five different dyes are calculated and listed in Table S2(c). As
adsorbed dye molecules can move from the surface of EGgqp into the
pores, this diffusion model plays an important role in evaluating the
influence of pore diffusion on the adsorption mechanism (Oyelude et al.,
2017). It was observed from Fig. 7 that the plots are linear but not
passing through the origin and have non-zero intercepts. It concluded

10

that intra-particle diffusion was involved in the current adsorption
process, however not the sole rate-limiting step (Yang and Liu, 2014;
Pan et al., 2017).

3.3.8.3. Liquid film diffusion. The plots of -In(1 — F) vs t of five different
dyes are linear and are close to passing the origin as shown in Fig. 8. A
similar result was also found by Yang et al. 2015 which states that liquid
film diffusion cannot be exempted from the adsorption process and
adsorption kinetics is likely to be diffusion-limited. Also, Table S2(d-e)
shows that the value of liquid film diffusion rate constant (k4) is less than
the intra-particle diffusion rate constant (ks) for all dyes which indicates
that the liquid diffusion process can be the rate-limiting step (Yang and
Liu, 2014; Tarawou and Young, 2015).

As the linear plots of the intra-particle and liquid film diffusion
didn’t pass through the origin which can also indicate that boundary
layer diffusion might have involved in the adsorption process and both
liquid film diffusion and intra-particle diffusion can jointly control the
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removal of dyes from aqueous solution by EGggg (Oyelude et al., 2017).

3.3.9. Thermodynamic parameters

The Gibbs free energy changes (AG°) for the adsorption of five
different dyes onto EG were calculated using the eq. (8) whereas AS° and
AH° parameters are calculated by finding slope and intercept of AG®° vs T
plots as shown in Fig. (S5), at different temperatures for five different
dyes. All the thermodynamic parameters at different temperatures are
summarized in Table S3.

It was observed that AG® value for all dyes is negative which means
the adsorption process is spontaneous and is more favorable in the
temperature range of 303 to 353 K. It can also be observed that AG®
increased on increasing the temperature from 303K to 353K which
shows that process is not favorable at high temperatures for all five
(Lyubchik et al., 2020).

The AH° values are 2.738, 2.746, 2.734, 2.715, 2.771 KJ/mol for RB,
TB, BS, DR, and NB dyes, respectively. As all AH® values are positive, the
adsorption process is endothermic. According to Svetlana et al., 2014,
the heat evolved in the range of 2.1-20.9 kJ/mol undergoes physical
adsorption, 80-200 kJ/mol enthalpy change is chemisorption, and <8.4
kJ/mol enthalpy changes were observed for ion exchange reactions. In
the present study, the enthalpy value for all the dyes is< 20 kJ/mol
which shows it is physical adsorption. Similarly, the AS° value was
found to be 0.110, 0.135, 0.121, 0.112, and 0.114 KJ/mol for RB, TB,
BS, DR, and NB dyes respectively. The positive AS® indicates the
increased randomness at the solid and liquid interface (Pan et al., 2017)
(Lyubchik et al., 2020). Overall, it shows physical adsorption with
increased randomness for all five dyes.

4. Conclusion

This study successfully converted the industrial graphite waste to a
beneficial material viz exfoliated graphite (EG) by an eco-safe chem-
icothermal process. The resultant EG was micro-analyzed to exhibit
favorable characteristics towards adsorption. Subsequently, the
adsorption efficiency of EG was checked against the removal of five toxic
dyes, which are used as fabric colors in textile industries. The efficacious
and complete adsorption of toxic dyes that were observed in this study,
suggests extending the application of EG to remove complex organic
pollutants in pharmaceutical, food products, and oil manufacturing in-
dustrial effluents. The conversion of massive industrial graphite waste to
the engineeredadsorbent and its capability of replacing the currently
practiced activated carbon which claims huge water and carbon foot-
print are the major milestones that were achieved in this study, in the
area of waste to wealth. Also, the results of the industrial graphite waste-
derived, EG-mediated removal of toxic dyes proved an operational
example of circular economy aspects in a real-world industrial scenario.
The coupling of beneficial industrial graphite waste management and
industrial wastewater treatment with decoupling of resource consump-
tion for the activated carbon production, not only reduces industry’s
impact on the local environment but also overcomes the challenges to-
wards the greener practices in industries, and provides industries the
best opportunity to achieve the sustainable development.
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Statement of novelty

The current work is the first of its kind to successfully convert auto-
forge industrial graphite waste to exfoliated graphene (EG) by an eco-
safe chemicothermal approach. Another novelty involves in this study
is the evaluation of industrial graphite waste-derived exfoliated gra-
phene as the engineered adsorbent for textile dyes. The study assessed
the effect of varying environmental conditions such as solution pH, dye
and EG dose, shaking speed, and presence of salt adsorption on the
adsorption efficiency, and adsorption mechanisms were derived. Lang-
muir and Freundlich isotherms were drawn to understand the details of
the adsorption process. The kinetic and thermodynamic models were
studied to explore the mechanisms.

The synthesized EG’s adsorption capacity was compared with the
present-in-use activated carbon which demands huge water and carbon
footprint and this study’s results suggest that the prepared EG can be the
top substitute for it. The above-mentioned observations and research
outcome of the industrial graphite waste-derived EG and its application
as textile dye adsorbent, pave a new path in the advanced research areas
such as sustainable industrial waste management, waste to wealth, cir-
cular economy, and green engineering practices.
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