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ABSTRACT

Adsorptive removal of two basic dyes, methylene blue (MB) and malachite green (MG) using ther-
mally reduced graphene (TRG) is reported. TRG was synthesized by thermal exfoliation and reduc-
tion of graphite oxide, and characterized by X-ray diffraction, transmission electron spectroscopy,
and surface area measurements. The factors affecting the adsorption process such as initial dye
concentration, initial solution pH, temperature, and Dye/TRG ratio were investigated. The Dye/
TRG ratio was found to be the most important factor controlling the adsorption of MB and MG on
graphene surface. Highest adsorption capacity was observed at dye/TRG ratio of 1, irrespective of the
initial dye concentration. The maximum measured adsorption capacity of 687 mg/g-TRG for MB and
212 mg/g-TRG for MG, and removal efficiency of 99.62% for MB and 98.74% for MG were obtained.
Both dyes followed the Langmuir isotherm indicating the monolayer adsorption on the graphene
surface. Thermodynamic analysis indicated the adsorption of MB is an exothermic process whereas
adsorption of MG is an endothermic process. In addition, an equilibrium model to model the exper-
imental adsorption data was developed which successfully described the experimental adsorption
results and predicted maximum theoretical capacity of 730 mg/g-TRG for MB and 380 mg/ g-TRG for
MG, consistent with previously reported results for MB adsorption on graphene and its derivatives.
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1. Introduction

With the evolution of industrial technology, human
health and the environment suffer from various threats. Over
the past few decades, stringent environmental policies and
regulations related to the emission of industrial waste efflu-
ents have been introduced by various regulatory agencies.
These regulations require cleaning the wastewater to a level
that it is no more hazardous for the living organisms. Textile
effluents are regarded as major contributors to the contami-
nation of flowing water. Approximately 10° kg/y of dyes are
discharged into waste streams by the textile industry [1]. In
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recent years, continuous efforts towards the production of
more stabilized and fast-acting dyes have produced dyes
that are difficult to degrade after usage. These developments,
though better for the textile industry, have introduced extra
risks in effluent discharge and its treatment procedures.

Colored effluents cause serious health and environmen-
tal problems by reaching and contaminating the drinking
water [2]. Organic components in many of these effluents
are biologically non-oxidizable due to their large molecular
sizes and structures [1]. Therefore, continuous evolution of
the research efforts to bring new developments to treat the
colored effluents more effectively are necessary.

Methylene Blue (MB) is a basic dye with a wide range
of applications in textile, paper and hair coloring sectors.
However, MB causes eye burns for humans and animals in
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addition to various other risks if inhaled [3,4]. Malachite
green (MG), another basic dye, is extensively used to dye
leather, silk and wool [5]. Though MG was reported to be
antiseptic for humans and as antifungal therapeutic agent
for animal husbandry, the oral consumption of MG is car-
cinogenic [6,7]. Moreover, degradation products of MG are
also not safe, and possess certain carcinogenic potential
[8,9]. Thus, removal of MB and MG dyes from the wastewa-
ter is necessary before release into the aquatic environment.
There are various methods to treat colored wastewater
containing dyes such as coagulation, oxidation, biological
degradation, sonochemical degradation, electrochemical
degradation, cation-exchange membranes, and adsorption
[8,10-14]. A detailed discussion on the advantages, disad-
vantages, and selection criteria of dye removal processes is
covered in recent reviews [13,17]. Adsorption has a number
of advantages due to its low initial cost, flexibility and sim-
plicity of design, ease of operation, and insensitivity towards
toxic pollutants [13,18]. In addition, adsorption does not
produce any harmful substances after completion of the pro-
cess cycle, an added advantage. Adsorption has been vastly
studied for decontaminating the drinking water with dif-
ferent types of adsorbents originating from natural [19,20],
waste [21,22], and synthetic resources [23]. In addition, var-
ious adsorbents such as activated carbon [24,25], hazelnut
shell [26], perlite [27], clay [28], zeolites [29] are studied for
adsorption of MB and MG and some of these adsorbents
have shown promising results towards these dyes.
Graphene is a fascinating new member of the carbon
allotropic family with honeycomb and one-atom-thick
structure. Since its first production, graphene has excited
enormous interests during the past several years. Due to the
exceptional properties such as very high surface area, elec-
trical conductivity, strength and porous structure, graphene
has been studied extensively for its potential applications
in various fields [30-35]. The production and applications
of graphene are also discussed in detail elsewhere [30,31].
Graphene has shown excellent adsorption characteris-
tics compared to other conventional adsorbents [36—42].
Recently, we have investigated the adsorption of crude
oil [43] and methyl orange on graphene [36], and linked
graphene microstructure to its adsorption properties.
Graphene oxide is a highly oxidized form of graphene,
produced by exfoliating graphite oxide by different meth-
ods [30]. Graphite oxide (GO), an un-exfoliated form of
graphene oxide, exhibited maximum adsorption capaci-
ties of 341 and 248 mg-dye/g-adsorbent for MB and MG,
respectively [44]. Similarly, a very high adsorption capac-
ity of approximately 714 mg-MB/g-GO was reported [38].
Liu et al. [37] reported a lower adsorption capacity of
154 mg-MB/g-graphene for reduced graphene, attributed
to the lower oxygen contents of reduced graphene.
Thermally reduced graphene (TRG) is produced by
simultaneous thermal exfoliation and reduction of graphite
oxide [45]. TRG contains C/O atomic ratio ranging from as
low as ~7 to a maximum of ~18 with varying surface area
and pore characteristics [43,46]. The variation of the C/O
ratio imparts an opportunity of tailoring the adsorptive
behavior of TRG between that of graphene oxide and pris-
tine graphene.
In this study, TRG was synthesized by thermal exfolia-
tion of GO, and used for adsorptive removal of MB and MG

dyes from the aqueous solutions. The adsorption capacity
of TRG was measured under various conditions of initial
dye concentrations, Dye/TRG ratio, and pH. The equilib-
rium adsorption data is also studied using adsorption iso-
therm models. In addition, based on the microstructure of
TRG and its equilibrium capacity, we also developed and
tested an equilibrium equation to model the experimental
adsorption data.

2. Experimental details
2.1. Materials

Methylene blue (purity >97%, microscopy grade, 66720
Sigma Aldrich), malachite green chloride (purity >96%,
HPLC grade, 38800 Sigma Aldrich), natural flake graphite
(=10 mesh, 99.9%, Alfa Aesar), sulfuric acid (95-97%, J.T.
Bakers), hydrochloric acid (37%, Reidel- deHaen), hydro-
gen peroxide (30% solution, BDH), potassium perman-
ganate and sodium nitrate (Fisher Scientific) and sodium
hydroxide (Reidel-deHaen) were used as received.

2.2. Synthesis of TRG

TRG was produced by thermal exfoliation of graph-
ite oxide (GO) [45]. In this method, graphite was oxidized
using the Staudenmaier method [47] as follows: graphite
(5 g) was placed in ice-cooled flask containing a mixture of
H,SO, (90 ml) and HNO, (45 ml). Potassium chlorate (55 g)
was added slowly to the cold reaction mixture. The reac-
tion was stopped after 96 h by pouring the reaction mix-
ture into water (4 L). 5% HCI solution was used to wash
the produced GO until no sulfite ions were detected in the
filtrate. The mixture was washed with water till no chloride
ions were detected in the filtrate. GO was dried under vac-
uum overnight. The prepared GO was exfoliated by rapid
heating at 1000°C in a tube furnace (Model 21100, Barnstead
Thermolyne) under a constant N, flow for 30 s.

2.3. Adsorbent characterization

X-ray diffraction (XRD) (X'Pert PRO MPD diffractome-
ter, PANalytical) was used to test the oxidation of graphite,
and complete exfoliation of graphite oxide. XRD scan was
conducted between 5-35° at a scan rate of 0.02°/s at 40 KV
voltage using CuKa radiation of wavelength 1.54 A. Trans-
mission electron microscopic (TEM) images were obtained
using FEI Tecnai G20 TEM with point to point resolution
of 0.11 nm. The TEM samples were prepared by dispers-
ing approximately ~ 0.5 mg of TRG in 25 mL of dimethyl
formaamide by sonication for 10 min in a sonicating bath.
Two drops of the suspension were deposited on a 400 mesh,
copper grid covered with thin amorphous film (lacey car-
bon). CHN elemental analysis were carried out by Midwest
MicroLab. LLC (Indiana, US) using a combustion analyzer
at 990°C under ultrapure oxygen, and the determination
of oxygen was carried out by Unterzaucher method, sepa-
rately, at 1050°C. Surface area measurement was conducted
at 77 K using Quantachrom Autosorb-1 (Quantachrom
Instruments). The sample was degassed for 16 h at 200°C
prior to the adsorption measurement. The cumulative pore



228 M.Z. Igbal et al. / Desalination and Water Treatment 68 (2017) 226-235

volume was determined through BJH cumulative desorp-
tion method.

2.4. Adsorption measurements

Batch adsorption experiments were carried out in a
500 mL flask containing 100-400 mL dye solution (100
mL for MG and 400 mL for MB). Typical range of initial
dye concentration (C, mg/L) was from 1.25 to 15 mg/L,
and that of TRG dose from 10 to 40 mg. In all the exper-
iments, a stock solution of 1000 mg/L of dyes was pre-
pared, and diluted further for specific measurements.
Adsorption was carried out under constant stirring and
constant temperature. Small aliquot samples (1.5 ml)
were withdrawn from the TRG-dye solutions after the
equilibrium was established. The equilibrium concentra-
tions were measured using Genesys™ 20 spectrophotom-
eter (Thermo Electron Corp.) at A__ = 660 nm for MB,
and 618 nm for MG. The equilibrium adsorption capacity
(9,, mg-dye/g-TRG) was calculated as g,= V (C - C)/W,
where C and C, (mg/L) are the initial and equilibrium
dye concentrations, respectively. V (L) is solution vol-
ume, and W (g) is the weight of TRG used. The initial pH
of the dye solutions was controlled using 0.1 M NaOH or
0.1 M HCL.

3. Results and discussion
3.1. TRG exfoliation and morphological characterization

The first sign of the oxidation of graphite to GO, and
the simultaneous thermal exfoliation and reduction of GO
to produce TRG was the substantial increase in the bulk
volume from about 1 cm®/g for graphite and 2 cm®/g for
GO to 150 cm?®/g for TRG. Moreover, the crystallographi-
cal structure of GO and TRG as examined by XRD further
confirmed the expanded structure of GO, and fully exfoli-
ated TRG (Fig. 1a). Graphite showed an intrinsic (002)-peak
at 20~26.5° (d-spacing~3.37 A), that shifted to 20~11.4°
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(d-spacing~7.8A) in GO. The increase in interlayer spac-
ing in GO and its shift towards lower 20 is attributed to
the presence of the polar oxygen functionalities, and inter-
calation of water molecules within GO galleries. However,
presence of a single peak also indicated that GO still con-
tained the ordered structure. It is worth noting that the
graphite (002)-peak was much narrower, and exhibited a
much higher intensity than GO (002)-peak, indicating the
less ordered structure in GO compared to that in graphite.
On the other hand, no noticeable diffraction peaks were
observed for TRG, confirming the complete exfoliation of
GO and the presence of no ordered/stacked layers in TRG.

TEM morphology (Fig. 1b) showed that TRG was com-
prised of thin paper-like sheets extending over 2 pum in
lateral dimension. The sheet edges appeared as dark fields
due to the overlapping and folding edges. The thin, layered
structure was another evidence of the complete exfoliation
of GO into TRG. Nevertheless, TRG surface was wrinkled,
attributed to the presence of residual oxygen-moieties
left after the thermal exfoliation process. These wrinkles
resulted in contrast difference in the image, showing nano-
sheets less transparent than the actual [48].

Type-II adsorption-desorption isotherm for TRG was
observed from the BET measurement at 77K (inset in Fig. 2).
The type-II adsorption represents the aggregated plate-like
particles with slit-shaped pores [49]. Graphene exhibited
multilayer adsorption until a high P/Po was reached due
to the delayed capillary condensation (Fig. 2). On the other
hand, during desorption process, the state of adsorbate
changed, following a different path than adsorption until a
critical value of P/P_was reached, where the adsorption-de-
sorption curves re-converged. The pore volume, pore size
distribution, and surface area of TRG were determined
using the BJH desorption method [36]. The TRG sample
exhibited a cumulative pore volume and surface area of
1.34 cm?®/g and 486 m?/g, respectively. The observed sur-
face area of TRG appeared less than the one normally exhib-
ited by graphene, which could be attributed to the highly
reduced nature of TRG that might result in some re-stacking
of the nano-sheets. The pore size distribution showed that

Fig. 1. (a). XRD patterns of graphite, graphite oxide and TRG and (b) TEM image of TRG.
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Fig. 2. Pore size distribution of TRG. Inset shows adsorption-de-
sorption isotherm.

TRG was composed of meso-pores (2 nm < d < 50 nm) and
no micropores (<1 nm) were observed.

3.2. Adsorption analysis

The effects of various adsorption process variables such
as temperature, pH, initial dye concentration, and Dye/
TRG ratio on the adsorption capacity were examined.

The C, (for both MB and MG) was varied from 5 to
20 mg/L with a fixed TRG loading (10 mg) (Fig. 3). Increas-
ing C, led to an increase in equilibrium adsorption capacity
(9, mg/g), and decrease in % removal. Specifically, a slight
decrease in % removal was observed for MB (98.4% to 86%),
whereas a slightly higher decrease was observed for MG
(96% to 76%) in the same range of the tested C, (5 to 20

750 100
600 } 80

=

o 450 } 60 2

) £

g o

=300 } 40
150 } 20
0 » 'l s 'l » 'l s 'l » 2 s 'l » 'S s 0

25 5 75 10 125 15 175 20 225

Dye Initial Concentration, C, (mg/L)

Fig. 3. Effect of initial dye concentration on equilibrium adsorp-
tion capacity (closed symbol) and % removal (open symbols) for
MB (blue circles) and MG (green squares). Data reported at T =
22°C, pH = 6.7, and TRG = 10 mg.

mg/L). Meanwhile, the equilibrium adsorption, g, increased
from 197 mg/g to 687 mg/g for MB (~350% increase), and
from 48 mg/g to 141 mg/g for MG (~300% increase) with
increasing C. The elemental analyses showed that C/O
atomic ratio of TRG sample was 11/1, which was above the
typical value of 10/1 observed for thermally and chemically
reduced graphene (showing a more reduced form of TRG).
Recently, FTIR [36], XPS and NMR [50] studies confirmed
the presence of epoxy, hydroxyl and carbonyl groups on
reduced graphene. The presence of oxy-groups was also
observed to enhance the adsorption capacity of the adsor-
bent [38]. The observed adsorption capacity of MB on TRG
was in between that of graphene oxide, 714 mg/g [38], and
highly reduced graphene 153 mg-MB/g-TRG [37], which
also signifies the role of oxygen contents on graphene
surface in the adsorption. The decrease in removal % is
attributed to the increased number of dye molecules in
solution, making graphene surface less accessible to the dye
molecules attaching after the first monolayer.

Textile effluents normally exhibit different pH. There-
fore, the effectiveness of adsorbent should also be linked
with changing pH for better control and understanding of
adsorption process. Within the studied pH of 3.5 to 11, the
removal efficiency increased from 77.5% to 99.4% for MB,
and from 93.2% to 99.9% for MG (Fig. 4). The g, increased
from 620 mg/g to 796 mg/g for MB, and from 140 mg/g
to 150 mg/g for MG for the same pH change, respec-
tively. Thus, the basic environment accelerated TRG's
performance for both dyes, which was also observed for
reduced graphene and graphene oxide [37,38]. However,
TRG showed better adsorption capacity and % removal
than that reported for the reduced graphene, attributed to
the presence of oxy-groups on TRG surface that enhanced
the surface complexation, and further helped in an early
attainment of the equilibrium. Compared with MB, the
MG’s adsorption capacity became nearly stagnant after
the pH of 4.5. As reported by Samiey and Toosi [51], under
alkaline conditions, MG transforms into carbinol-base
containing — OH functional group at the junction of three
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Fig. 4. Effect of initial pH on equilibrium adsorption capacity
(closed symbol) and % removal (open symbols) for MB (blue
circles) and MG (green squares). Data reported at T = 22°C, TRG
=10mg, C, for MB =20 mg/L, and C,MG=15 mg/L
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benzenic rings of MG. In addition, the MG molecules con-
taining positive charges in the solution, get neutralized
under basic conditions. Thus, the electrostatic forces of
attraction between TRG and MG are reduced due to the
neutralization reaction, and eventually, a slow uptake of
MG was observed with increasing pH. Nevertheless, a
detailed analysis of the transformation of MG in solution
in the presence of graphene with changing pH might give
a better understanding of the adsorption stagnation at
higher pH.

Optimization of the adsorption process using minimum
adsorbent dose to clean the maximum amount of colored
water is most pertinent in adsorbent design. Here, the opti-
mization has been carried out by altering Dye/TRG ratio
at fixed dye initial concentrations. Strong effects of adsor-
bent dosage on the adsorption process are well established.
However, here, we show that it is not the adsorbent dosage
that has a direct effect on the adsorption capacity, but the
Dye/adsorbent ratio, which determined by the dye con-
centration, and the liquid to solid volume, has the prime
importance. Fig. 5 shows the effect of Dye/TRG ratio on
g, and % removal for both MB and MG dyes. The Dye/
TRG ratio was changed from 0 to 1 by maintaining a con-
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Fig. 5. Effect of dye/TRG ratio on q, (a) and % removal (b) for MB
and MG (the color schemes in ‘a” and ‘b’ are the same).

stant C, and changing the TRG dosage in the solution.
Similarly, measurements were conducted at various fixed
C, values for both dyes. g, was directly proportional to
Dye/TRG ratio irrespective of C  value in solution (Fig.
5a). There was an increasing trend in g, with increasing
the Dye/TRG ratio. This was a striking result because dye
adsorption is considered as a concentration-gradient-based
diffusion process, where the adsorption capacity should
increase with increasing dye concentration [37] (see Fig. 3).
However, fixing Dye/TRG ratio did not affect the adsorp-
tion capacity, revealing adsorption dependent on the Dye/
adsorbent number of contacts and not on C, alone. In case
of methyl orange adsorption on TRG [36] at fixed Dye/TRG
ratio, changing C_ altered the adsorption capacity non-lin-
early. However, this is not the case here. Increasing Dye/
TRG ratio decreased the removal % for both MB and MG.
In general, at Dye/TRG > 1, more dye molecules are pres-
ent in solution compared to TRG, resulting in decreased
removal %. This behavior can also be attributed to the fact
that adsorption of MB and MG is a strong function of num-
ber of ionic sites on the adsorbent.

Adsorption from dilute solution can be regarded as an
exchange process where molecules can adsorb not because
of ionic attraction towards solid surface, but also due to
rejection from the solution [52]. Solvents in adsorption
from dilute solution are called the structureless continuum
[53] which leads to applying typical gas adsorption equa-
tions directly onto the liquids by replacing the pressure
with concentration. The experimental data analyzed using
equilibrium isotherms helps extracting information about
molecular interactions between the adsorbate and adsor-
bents. On the other hand, non-idealities in dilute solutions
can also lead to non-ideality in isotherms [52]. Various types
of isotherms have been reported to explore different aspects
of adsorption process [54].

The Langmuir isotherm essentially assumes monolayer
distribution of adsorbate on finite adsorption sites with uni-
form energies having no lateral interactions and steric hin-
drance between the adsorbate molecules even on adjacent
sites [55]. Mathematically, the Langmuir isotherm is shown
in Eq. (1) in non-linear form:

bC
= ¢ 1
e 1+g4,C, M)

where g, is the maximum adsorption capacity, C, is the
equilibrium concentration and b is the Langmuir constant.
The Langmuir constant, b is related to rate of adsorption. A
linear form of Eq. (1) is given by:

C 1 C

o @
9. 4.0 4,

Another important parameter, R, the separation factor [56]
can be extracted from Langmuir isotherm defined as fol-
lows:

1

S 3
1+0C, , ®)

L

Here C  is the maximum initial concentration of the dye
used in the Langmuir analysis. The R, is a qualitative mea-

sure of the adsorption process favorability such that R, =1
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indicates unfavorable process, 0 < R, < 1 indicates favorable,
R, = 0 indicates irreversible process.

Non-ideal and reversible adsorption can be expressed
using the Freundlich isotherm [57] which assume multi-
layer adsorption over a heterogeneous surface. The non-lin-
ear and linear forms of Freundlich model are given by Egs.

(4) and (5), respectively:

qe = KFCfl/n (4)

Ing, =anF+llnCc ()
n

Typical range of slope (1/n) in Eq. (5) is from 0 and 1, and
measures the adsorption intensity or the surface hetero-
geneity (more heterogeneous surface as slope approached
zero). Moreover, the slope (1/n) <1 implies chemisorption
process, and >1 indicates cooperative adsorption [58].
Parts a and b of Fig. 6. shows linear fitting of the experi-
mental data to the Langmuir and Freundlich isotherm mod-
els for C changing from 5 to 20 mg/L at room temperature.
Both, MB and MG were observed to follow the Langmuir
isotherm (R*~1). The Langmuir model predicted the maxi-
mum adsorption capacity, g, of 727 and 151 mg-dye/g-TRG
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Fig. 6. Fitting of the adsorption data to Langmuir (a), and Fre-
undlich (b) isotherm

for MB and MG, respectively, in agreement with the exper-
imental data (Fig. 3). The Langmuir constant, b was used
to calculate R, using the maximum C, utilized in fitting as
20 mg/L. In this work, R, was found to be close to 1 (0.90
for MB and 0.97 for MG), indicating favorable adsorption.
On the other hand, the Freundlich isotherm under pre-
dicted the maximum adsorption capacity for both dyes (K,
~ 547 for MB and 85 for MG), showing the incapability of
the Freundlich isotherm in modeling these dyes. Also, the
Freundlich constant, n, calculated from the linear fits for
both dyes was above 1. Typically, as n decreases, adsorp-
tion becomes more difficult. In general, good adsorption is
observed for n = 2-10, difficult adsorption n = 1-2 and for
poor adsorption # is less than 1. In our case, the value of n
was in the range of good adsorption, and these was no other
significant piece of information that could be extracted from
the Freundlich isotherm.

For thermodynamic analyses [36] in the temperature
range of 2575°C (Fig. 7), a highly reduced form of TRG
was used with high C/O ratio in order to compare our
observation with the results from Ref. [37]. The adsorption
capacity of MB decreased with increasing temperature,
indicating exothermic adsorption. On the other hand, the
increased adsorption of MG with increasing temperature
showed endothermic behavior. The change in Gibb's free
energy (AG®) was calculated using the expression [36,59]:
AG® = -RTIn(k,), where k, is the distribution constant for
the equilibrium sorption, calculated as k, = g/C,. The cal-
culated AG® increased from —7.7 to —6.3 for 22 and 57°C for
MB, whereas for MG, the AG increased from 24.3 to 83.6
KJ/mol for 22 and 74°C, respectively. Furthermore, the
Van’t Hoff equation was used to calculate the averaged
standard enthalpy change (AH®), and standard entropy
change (AS®) as follows: In(k,) = ~AH®/RT + AS°/R, where
T is the absolute temperature (K), and R is the universal gas
constant (8.314 ] mol™ K™'). A straight line between In(k,)
and T gives AS° from the intercept, and AH® is obtained
from the slope. The AH® was found to be —20.4 and 19.7
KJ/mol for MB and MG, and AS° values were —43.6 and
85 J/mol K for MB and MG, respectively. The thermody-
namic parameters such as AG®° and AH® are considered
important in predicting and understanding nature of the
adsorption process. A highly negative AG° value for MB
indicated a spontaneous adsorption, whereas MG exhib-
ited a highly positive AG®, showing difficult adsorption
on TRG surface. Similarly, AH® was negative for MB but
positive for MG. A Similar endothermic adsorption of MG
was reported for zeolites [60], and surface modified phyl-
losilicates [61]. A negative AS® for MB further indicates
ordered adsorption, whereas a positive AS° for MG indi-
cates random arrangement of MG molecules on graphene
surface [62].

3.3. Equilibrium model development

For further analyses of the adsorption on graphene,
an equilibrium-based expression has been developed to
understand the nature of the adsorption process. The dye-
TRG equilibrium adsorption process can be described as
follows:

TRG +xDye = TRG - Dyey 6)
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Here “x” is the stoichiometric Dye/TRG ratio (g/g),
TRG is the amount of unsaturated graphene, TRG-Dye is
the sum of the saturated TRG and the adsorbed dye.

Thus, the mass equilibrium constant, K, for such equi-
librium process is given by:

TRG - Dye,
= )
[TRG][ Dye ]

Let the fraction of the saturated TRG = y, the amount of

adsorbed dye per gram of initial TRG, g, can be given as:

_ a<.is.0.rbed dye _ xy ®)
initial TRG

At equilibrium,
Amount of unsaturated TRG,[TRG| = [TRG]U (1 - y)
Amount of unadsorbed dye, [ dye | = [dye]o ~[TRG], xy
= [TRG]O (9 - xy)

Sum of saturated TRG and adsorbed dye,[TRG - Dyex]
= [TRG]O (y + xy)

Taking a basis of 1 g of initial TRG dose,

_ TRG - Dye, _ y+xy 9
[TRG][dye]  (1-y)(6—xy) ®
K = M (10)

(x-g.)(6-7.)

Since x is constant, and K is the only function of T and
pH, the model predicts that adsorption capacity, q,, is only a
function of the initial Dye/TRG ratio (8) as indicated by Eq.
(10). This is consistent with our experimental results shown
in Fig. 8, where g, data obtained from experiments with dif-
ferent C, collapse on one curve when plotted against the
Dye/TRG ratio.
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Fig. 8. Comparison of experimental and model calculated ad-
sorption capacities.

In order to determine the model parameters (K and x),
we used experimental data presented above. An excel solver
function was used that assumes values for K and x, and
recalculates K from Eq. (10) at each data point. The solver
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Table 1
Model parameters for adsorption of MB and MG on TRG
MB MG
K 1154 0.73
x, mg/g 730 380

function searches for a solution that minimizes Z(Kassumed

- Kcal ated )>. The model was then used to fit the experi-
mental data using a goal seek function that calculates g, at
each data point using the K and x values obtained from the
solver function (Table 1).

The equilibrium constant, K for MB was calculated to be
115.4, and that for MG was 0.73, whereas the value of x was
730 mg/g (0.73 g/g) for MB, and 380 mg/g (0.38 g/g) for
MG. The very high K value for MB indicated higher affinity
of TRG towards MB compared to MG. A small value of K (K
= 0.73) for MG might indicate that MG did not completely
follow a single layer adsorption as observed in the Lang-
muir analyses. MG might form complexes on TRG surface,
which would restrict its further adsorption on the graphene.
We plotted the experimentally determined g, versus Dye/
TRG ratio (0, g/g) in Fig. 8. The value of x signifies the max-
imum theoretical adsorption capacity. This capacity can be
achieved experimentally when a very high dye/TRG ratio
is used whereas the actual adsorption capacity is a func-
tion of feed Dye/TRG ratio. In order to validate the devel-
oped model, we compared the recently published data with
model predictions. The feed Dye/TRG ratio used by Yang et
al. [38] was 0.533 g/g, which was very low compared with
our experiments. However, the reported maximum adsorp-
tion capacity was 0.714 g/g (714 mg/g) for MB, which is the
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highest reported adsorption capacity for graphene oxide.
However, it iss still slightly below the theoretical maximum
(x =0.73 g/g). We believe that this high adsorption capac-
ity was due to the high contents of oxygen-pendant groups
on the graphene oxide surface. Liu et al. [37] reported the
adsorption of MB on graphene using Dye/TRG = 0.055-
0.2 g/g, and obtained an adsorption capacity of ~80 to
180 mg/g, respectively. Our model predicts an adsorption
capacity of 50 mg/g for 6 = 0.05, and 199 mg/g for 6 = 0.2,
validating the equilibrium model. Ramesha et al. [63] used
exfoliated GO for adsorbing MB and used a Dye/adsor-
bent ratio of 0.23 g/g to obtain an adsorption capacity of
17.3 mg/g, which is extremely low compared to this study
and other reports. Based on the comparison of our model
predictions with the published reports, it is reasonable to
believe that this model can describe adsorption of MB on
graphene very successfully. On the other hand, there was a
single report on MG adsorption by graphene oxide [64] and
the feed Dye/adsorbent ratio was not provided. That’s the
reason, we could not compare our results with others for
MG adsorption at this time.

We also compared the adsorption capacities of vari-
ous graphene-based adsorbents for MB adsorption (Table
2). There were varying adsorption capacities reported for
graphene oxide [38,63,65,66], which might be attributed to
the preparation methods for graphene, and the feed Dye/
adsorbent ratio being used. The influence of adsorbent
preparation method also affected the surface area of the
adsorbents in these studies. In addition, the attachment of
various materials on graphene surface might have reduced
the accessible surface area of graphene to dye molecules,
which was exhibited by the lower adsorption capacity of
graphene nanosheet/Fe,O,, chitosan-graphene oxide, and

E?)tl)'ilepzarison of adsorption capacities of various graphene-based adsorbents
Adsorbent Surface Dye Feed dye/ Max Adsorption
area (m?/g) adsorbent ratio  Removal capacity
(8/8) %o (mg/g)
Graphene oxide [38] N/A MB 0.5 99% 714
Graphene oxide [65] 32 MB 04 99.6% 241
Graphene oxide [64] 28.5 MB N/A N/A 224
Graphene oxide [66] N/A MB 0.1 N/A 43.5
Graphene [37] 296 MB 0.2 99% 351
Exfoliated graphite oxide [63] N/A MB 0.04 100% 17
Graphene nanosheet [67] N/A MB 0.06 N/A 60
Graphene nanosheets/ Fe,O, composites [67] N/A MB 0.06 64% 35
Magnetic Chitosan-graphene oxide [66] 392 MB 0.1 N/A 46
Graphene/CNT composites [68] 79 MB 0.07 97% 82
Thermally reduced graphene (current study) 486 MB 0.05-0.8 99.62% 687
Thermally reduced graphene (current study, prediction) 486 MB 0.05-1.0 99.71%* 730*
Graphene oxide [64] 28.5 MG N/A N/A 248
Thermally reduced graphene (current study) 486 MG 0.05-0.4 98.97% 212
Thermally reduced graphene (current study, prediction) 486 MG 0.05-1.0 98.43%* 380"

“Model prediction
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graphene/carbon nanotube composites [66-68]. Overall,
in comparison, the adsorption capacity of TRG for MB and
MG dyes has been fairly reasonable compared with other
graphene-based adsorbents.

4. Conclusions

We have used TRG for adsorptive removal of MB and
MG from the aqueous solutions. Increasing initial dye con-
centration increased adsorption capacity, which further
increased under the basic environment. The Dye/TRG ratio
was found to be the most pertinent factor in controlling
adsorption capacity of TRG in solution. The highest adsorp-
tion capacity was observed at Dye/TRG ratio of 1 irrespec-
tive of the initial dye concentration, indicating that Dye/
TRG ratio can be used as a scaling parameter. The Langmuir
isotherm successfully predicted the maximum adsorption
capacities for both dyes with monolayer adsorption. In
addition, an equilibrium equation and equilibrium con-
stant expression was developed to predict the maximum
allowable adsorption capacity of graphene. A comparison
of model and experimental adsorption capacities revealed
that MB had more affinity towards graphene than MG.
However, the model still needs more work to include the
chemistry of the dyes and that of adsorbent surface. Further
investigation will reveal a more generalized picture of the
adsorption process on the molecular level.
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