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Removal of Methyl Green Dye from Aqueous Solutions
Using Activated Carbon
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ABSTRACT: Activated carbon obtained from cryogenic crushing of used tire prepared and
characterized previously was used as an adsorbent for the removal of cationic dye “methyl green dye
MG” from an aqueous solution. Batch adsorption studies were carried out as a function of varying
parameters of the system such as initial solution pH, adsorbent dosage, initial dye concentration, and
temperature. The experimental data were fitted using Langmuir, Freundlich, Dubinin-Radushkevich,
and Temkin isotherm models. The Langmuir isotherm model fitted well the obtained experimental
data. The maximum adsorption capacity of methyl green dye at pH 7 was found to be 71.43 mg/g.
The results of the kinetics study indicated that the experimental data are fitted to the Pseudo-first order
model. The thermodynamic properties of AG, AH, and AS were estimated for the adsorption processes
and indicated that the latter was exothermic, spontaneous, and favorable. The developed activated
carbon might be used in a favorable manner for removing methyl green from an aqueous solution.
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INTRODUCTION

The extensive use of dyes and pigments for coloring
products manufactured in many industries such as textiles,
paper, cosmetics, food, printing, pharmaceutical, leather,
and rubber causes serious pollution problems to human
health and the environment [1]. Dyes are highly toxic and
can be a source of several sicknesses such as cancer,
mutation, allergic dermatitis, skin irritation, etc. [2-4].
Besides, dyes are known to be stable to photo-degradation,

bio-degradation, and oxidizing agents [5]. Their complex
aromatic molecular structure makes them resistant and
difficult to treat [6-8]. Furthermore, global government
legislation has grown more stringent. Thus it becomes
necessary to develop methods for the removal of dyes from
the wastewater.

Various treatment processes including, membrane
filtration [9], microbial degradations [10], electrochemical [11],
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coagulation and flocculation [12], chemical oxidation [13],
Solar photo-Fenton degradation [14], Arc-discharge
method [15], and adsorption [16] were used for removing
dye from effluents. Among numerous separation
techniques attempted for dye removal, the adsorption
using activated carbon has proven its effectiveness
in treating effluents. However, its use is limited due to
the expensive costs of commercial carbons. The particular
advantage offered by this versatile adsorbent is its ability
to remove hazardous materials from water, air, and many
chemical and natural products [17.18]. This is due to its
high surface area, extensive porosity, chemical stability,
and the presence of many different types of surface
functional groups on its surface. A challenge in the field of
adsorbents research is to produce efficient adsorbents with
specific properties including highly developed porosity
and internal surface area from low-cost, readily available,
and renewable starting materials.

Over recent years, research has focused on the
production of activated carbons from natural and synthetic
waste materials. A variety of starting materials have been
used as a precursor for the activated carbon preparation,
including waste tire [19-22], polymers [23] Cassava peel [24],
nutshells [25], etc. It has been demonstrated in several
previous works that wastes can serve as economical and
effective adsorbents for the removal of pollutants from
effluents. On the other hand, the reuse of these waste
materials contributes to reducing waste disposal costs,
land clearing, and environmental protection. They, also,
add value to these solid wastes and provide a cheaper
alternative to commercial adsorbents produced from
non-renewable sources.

In this study, activated carbon prepared from cryogrinded
waste tires by the HsPO.-chemical activation method is used
as an inexpensive adsorbent for removing dye pollutants from
water. The effect of some operating parameters, such as pH
of the solution, initial concentration of methyl green, contact
time, temperature, and the adsorbent dose was studied in
a batch system. Kinetics and isotherm studies were investigated
to evaluate the adsorption capacity of cryogrinded waste tire-
activated carbon. For this purpose, pseudo-first-order kinetic,
pseudo-second-order kinetic, and intraparticle diffusion
models were attempted. Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin isotherms were used to fit the
equilibrium data.
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EXPERIMENTAL SECTION
Modification and activation of used tire

Modification of used tires has been investigated
by our group recently and was reported in detail in another
publication [26]. Herein, we only provide brief
information on the modification methods and the optimal
conditions used.

Activated carbon used in the present study was synthesized
from cryogrinded waste tires. Prior to the experiments,
the waste tire was cut mechanically to obtain 2-3 cm piece
size. Then, this material was ground cryogenically, using
liquid nitrogen as a refrigerant. The obtained powder was
sieved and the particles ranging between 0.5mm and 2mm
were retained for activated carbon preparation. Activated
carbon was prepared by the chemical activation method
using phosphoric acid (HsPO4) (20%) as a dehydrating
agent. The resulting chemical-loaded sample was then
heated in a muffle furnace, to the carbonization
temperature of 650-C under nitrogen flow at a heating
rate of 15 °C/min and held at that temperature for 2 h.
After cooling the carbonized product was washed with hot
and cold distilled water until neutral pH then dried at 105 °C,
and stored in a desiccator for subsequent use.

The activated carbon has particle sizes ranging
between 100 and 160 um. The surface area (Sger), the total
pore volume, and the average pore diameter of the prepared
adsorbent, determined from the BET (Brunauer—-Emmett, and
Teller) methods, are 356 m?/g, 0.49 cm?g, and 4.2 nm,
respectively. The pH at the point of zero charges (pHpzc)
is 5, which indicates that the majority of the functional
groups at the adsorbent surface are acidic.

Adsorbate and chemicals

In order to evaluate the adsorption capacity of activated
carbon obtained by cryogenic grinding used tires, Methyl

green (C2sH33Cl2N3) of technical grade, C.1. 42585 dye,
obtained from Merck, was used without any additional
purification. The physical and chemical properties
of the dye are given in Table 1.

The solution was prepared by dissolving the required
amount of dye in distilled water. The maximum absorption
wavelength of the dye (Amax=633 nm) was obtained
by scanning an aqueous solution of the dye over the visible
range. All other chemicals used in this study were of
analytical grade.
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Table 1: Chemical and physical properties of dye C.I. 42585 dye.

4 Usual name C.1. 42585 dye N
Molecular formula Ca26H33CIoN;
I i
T
Molecular Structure O &
4-[[4-(dimethylamino) phenyl][4-(dimethylimino)- 2, 5-cyclohexadien-1-ylidine]methyl]-N-ethyl-N,N-
IUPAC name . . . .
dimethylbenzenaminium dichloride (methyl green);
Molecular Weight 458,47 g mol*!
Absorption Maxima (Amax) 633 nm
C.1. 42585 dye is a triphenylmethane group of rosanilines. It derives from the hexamethylpararosaniline.
Nature dyes . . . . .
k It consists of three benzene rings with seven methyl groups linked by a carbon. It colors the silk. j

Adsorption studies

To determine the equilibrium isotherm, adsorption
tests at approximately 25°C+2 were performed by adding
a constant amount of adsorbent (0.25g) to a series of 100 mL
Erlenmeyer flasks containing 50 mL of dye solution
at a different initial concentration (10, 25, 50, 75, 100, 150,
and 200 mg). The solutions were maintained at pH of 7
using HCI (1M) and NaOH (1 M) and a speed of 200 rpm
were used in stirring the flasks for 3 h, to ensure-that
adsorption equilibrium was reached After decantation and
centrifugation, the residual concentration of Methyl green
in the solution was measured at 633 nm using UV-visible
spectrophotometer (Model SPECOR 200). A high-
precision electronic balance (Kern ALS 220-4) with
an accuracy of 0,00001 g was used for weighting the activated
carbon and dye centrifugation was done by Hettich
Zentrifugen universal 320. The amount of Methyl green
dye at equilibrium ge (mg/g) and percentage of elimination
were calculated using the Equations (1) and (2),
respectively:

c -C
quM (1)
mAC
c -C
%Removal:w (2
CO
Where:

Co: the initial dye concentrations in liquid phase (mg/L)
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Ce: the equilibrium dye concentration in the liquid
phase (mg/L),

V: the volume of the solution (L).

mac : the mass of the adsorbent used in the experiment (g).

RESULTS AND DISCUSSION
Effect of contact time

For the kinetic tests, 50 mL of dye solution of known
concentration (100mg/L), pH =7, and amount of the
adsorbent (0.25 g) were taken in a 100 mL Erlenmeyer
flask. This mixture was agitated using a magnetic stirrer
at a constant speed of 200 rpm. Liquid samples
were collected at preset time intervals, filtrated, and
analyzed for remaining dye concentration.

The quantity of dye-adsorbed q: (mg/g) at time t
was estimated using Eq. (1) by replacing Ce with C:.

The effect of contact time for the removal of methyl
green by the activated carbon is shown in Fig. 1.

The removal of dye increased with contact time.
The methyl green was rapidly adsorbed before the first
60 min (approximately 40 mn), and then the adsorption
proceeded at a slower rate before reaching equilibrium
in about 1 hour. In the beginning, the methyl green ions
were adsorbed by the external surface of the adsorbent
and the adsorption was rapid. After saturation of the
external surface, the methyl green ions entered the pores
where they were absorbed by the internal surface of
the particle [3, 27].
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Fig. 1: Effect of contact time on the removal percentage
of methyl green by the adsorbent (T=25°C, V = 50 mL; pH 7;
Co = 100 mgl/L, stirring rate = 200 rpm; mac=0.25g).

This adsorption of methyl green by several adsorbents
occurs with a relatively long contact time [28, 29].
Meanwhile, the contact time needed to reach the adsorption
equilibrium of methyl green dye on activated carbon
obtained from the used tire is approximately one hour.
Similar results have been reported in the literature [3, 27, 30].

Effect of activated carbon dosage

Adsorbent dosage is an important parameter that can
determine the capacity of an adsorbent for a given initial
concentration of the adsorbate. The effect of the activated
carbon dosage on dye removal was carried out by mixing
50 mL of methyl green solution with an initial dye
concentration of 100 mg/L at ambient temperature
(25°C+2) for 3 hours and pH of 7. Different quantities of
activated carbon (0.05-0.3 ¢/50 mL of solution
corresponding to 1-6 g per liter) for methyl green
adsorption were investigated. Once the equilibrium was
reached the samples were centrifuged and the solution was
analyzed. The effect of activated carbon dosage on methyl
green removal is illustrated in Fig. 2.

The results show that the percentage removal of methyl
green increased with the activated carbon dosage up to
a certain bound before reaching a constant value.

The maximum uptake (>96%) of methyl green was attained
at an activated carbon dosage of 0.25 g per 50 mL of
solution, corresponding to 5 g/L.

The increase in adsorption of methyl green onto the
used tire-activated carbon is basically due to the existence
of more active sites on the surface with increasing
adsorbent dosage [31, 32].
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Fig. 2: Effect of activated carbon dosage on the percentage
removal of methyl green (T=25°C, V =50mL, pH 7 Co = 100 mg/L,
stirring rate = 200 rpm; t=3h).

Effect of initial methyl green concentration

The effect of initial methyl green concentration
on percentage removal of dye as well as the capacity
of adsorption were studied. For this purpose, 0.25 g
of adsorbent was added to 50 mL of dye solution,
at different dye concentrations of 10, 25, 50, 75, 100, 150,
and 200 mg/L. These experiments were carried out
at pH 7. The equilibrium adsorption capacity increased
with an increase in the initial dye concentration as shown
in Fig. 3.a.

The effect of initial concentration on percentage
removal of methyl green is shown in Fig.3.b. Dye removal
strongly depends on concentration. The ratio of initial
moles number of methyl green dye to the available
adsorption sites is high for low concentrations, as opposed
to high concentrations this ratio becomes lower.
As concentration increases the number of active sites
decreases and subsequently the percentage removal of dye
decreases [33, 34].

Effect of pH

The effect of pH on the removal of dye by activated
carbon was carried out with solutions containing 100 mg/L
of the methyl green dye at a temperature of 25°C+2.
Adsorption tests were conducted by mixing 0.1 g of the
adsorbent with a series of 50 mL of dye solution in a set of
Erlenmeyer flasks. Each solution was taken at an indicated
pH. The initial pH of the solution was adjusted to between
2 and 11. This was possible by adding either NaOH (1 M)
or HCI (1 M). The pH of the solution was measured
using a pH meter (model Hanna instruments pH 211).
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Fig. 3: Effect of initial concentration (a)-on methyl green adsorption capacity by activated carbon. (b)-on percentage removal
of methyl green by activated carbon. (T=25°C, V =50 mL; pH 7; stirring rate = 200 rpm; mac=0.25g).
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Fig. 4: Effect of pH (a)- on percentage removal of methyl green (T=25°C, V =50 mL; Co = 100 mg/L,
stirring rate = 200 rpm; mac=0.25g), (b)- Variation of final pH against initial pH.

The suspension was stirred using magnet stir for 3 h
at 200 rpm. The obtained solution was centrifuged and analyzed
to determine the final concentration of the methyl green.

The effect of pH on the adsorption of methyl green dye
by using tire-activated carbon is shown in Fig. 4a.

The results show that the adsorption of dye onto
the adsorbent was significantly affected by solution pH.
It was found that the amount of dye adsorbed increases
from 18.2 to 92.76% with increasing pH from 2 to 11.

Note that the pH affected the behavior of C.1. 42585,
mainly in basic medium (pH = 11 to 12), which was observed
visually, a loss of color of the solution, thus turning
transparent. Therefore, the study is limited to a pH range
between 2 <pH < 11. Similar results were found
by S.Ponchami et al [35].

The point of zero charges (pHezc) of the developed
activated carbon was measured to determine the total
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surface charge. A dose of 0.25 g of the activated carbon
was added to 50 mL of 0.01M NaCl solution in different
flasks. The pH of each solution was adjusted to pH values
of 2, 4, 6, 8, 10, and 12 by adding a few drops of HCI
(0.1 mol/L) or NaOH (0.1 mol/L) solutions. Then, the
mixtures were agitated for 24 h at a temperature of 25+ 2 °C
and the final pH was measured. The value of the point
at which the curve pHsina versus pHinitiar Crosses the line
PHinitial €quals to pHrina Was taken as the pHpc (Fig. 4.b.).
At a solution pH lower than pHpezc, the total surface charge
is positive, whereas at a solution pH higher than pHpzc
the total surface charge is negative.

Lower adsorption capacity at lower pH (acidic
medium), is mainly due on one hand to the competition
between H* cations present in excess in the solution and
cationic molecules dye for the same adsorption site onto
the surface of the activated carbon. On the other hand,
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Fig. 5: Impact of pH on the absorption spectrum of the methyl
green.
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Fig. 6: Molecular structure of C.I. 42585(Methyl Green) and
the carbinol.
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Fig. 7: Effect of temperature on methyl green dye removal
(V =50 mL; pH 7; Co = 100 mg/L, stirring rate = 200 rpm;
mac=0,25g).

at pH below pHpyc, the surface is positively charged
resulting in the decrease of percentage removal due to
repulsion electrostatic forces between dye protons and
the positively charged surface. At higher pH, pH >pHzc,
the surface of used tire-activated carbon is negatively
charged, leading to an increase in percentage removal due to
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attraction electrostatic forces between dye protons and
negatively charged surface.

Therefore, the increase in pH had an influence
on the group auxochrome, which is a saturated group
linked to a chromophore that can change the wavelength
and intensity of the absorption Ex: OH, NHCI,
CHz...Consequently, the pH had hypochromic effect (decrease
of absorption intensity) on the methyl green (Fig.5).

Zollinger [36, 37] suggested that the effects could be
explained by the relatively slow addition of OH" to the
Methyl green cation, forming a carbinol compound
that should behave as a monovalent cation (Fig. 6),
the reaction being:

2

MG“ +OH «—>carbinol’ 3)

Effect of temperature

The temperature effect on the methyl green adsorption
process was carried at temperatures of 298, 308, 318,
and 333K. For this purpose, 50 mL of dye solution
at a concentration of 100 mg/L and pH 7 was mixed with
0.25 g of the adsorbent. The mixture was agitated for 3 h
using a thermostatic water bath shaker. Then, the solution
was centrifuged and analyzed to determine the residual
concentration of methyl green dye.

As seen in Fig. 7, the adsorption ability of used tire
activated carbon for methyl green dye decreased with
increasing temperature indicating that the removal of
methyl green dye onto used tire adsorbent is an exothermic
process.

This can be explained by the weakening of the bonds
between active sites of adsorbents and molecules of the
green methyl dye at high temperatures.

Many authors have achieved similar results for the
adsorption of dyes on various adsorbents [3, 38].

Modeling of adsorption isotherm

In order to optimize the design of the sorption process,
the equilibrium adsorption isotherm was represented
by plotting experimental results of methyl green adsorption
onto used tire activated carbon using the four most
commonly used models, namely, Langmuir, Freundlich,
Temkin, and Dubinin-Raduschkevic.

The Langmuir isotherm model [39-43] assumes that
the adsorption process takes place on a homogeneous
surface with a finite number of identical sites.
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The Langmuir equation is valid for monolayer
adsorption and one of its linear forms is given in Eq. (4):

C 1 C
—e (4)
4, Ka, 4d,

Where

gm is the maximum adsorption capacity (mg/g).

Ce is the equilibrium concentration of dye at the
equilibrium time (mg/L)

Ky is the Langmuir constant (L/mg).

The essential characteristics of the Langmuir isotherm
can be expressed by a dimensionless constant R, which
is defined as:

1

ey ©

The nature of the adsorption process is either
unfavorable (R.>1), linear (R.=1), favorable (0<R.<1), or
irreversible (R.=0).

Co : the initial dye concentrations in the liquid phase

The empirical equation of the Freundlich isotherm
assumes the heterogeneous adsorbent surface with
a non-uniform heat distribution of heat of sorption [39].

The Linear form of this isotherm can be expressed
as follows.

Inqe:InKF£+InCe (6)
n

Where Kr (L/mg) represents the capacity of adsorption,
and n represents the intensity of the adsorption.

The Temkin isotherm is based on the assumption that
the heat of adsorption of all molecules in the layer would
decrease linearly with surface coverage [39]. This model
takes into account indirect interactions between adsorbate
molecules and is represented as

q,=BIn(AC,) (7
And its linearized form is
Ing_=BInA+pInC, (8)

Where

S=RT/b and b (J/mol) is the Temkin constant related
to the heat of adsorption;

A (L/g) is the Temkin isotherm constant;

R=8.314 J/mol.K is the universal gas constant.

Research Article

Removal Of Methyl Green Dye from Aqueous Solutions ...

Vol. 41, No. 1, 2022

T (K) is the absolute temperature.

The Dubinin—Radushkevich [44] isotherm is derived
from the adsorption of vapors in micropore solids on
energetically non-homogeneous surfaces. It determines
if the adsorption process is chemical or physical.

It is represented in the following form (9):

qe=q1exp(—Kaz) 9
And its linearized form is
Inqe:Inqt—Ks2 (10)

Where ¢; is the theoretical saturation capacity (mg/g),
K is the Dubinin—-Radushkevich constant (kJ%/mol?), and ¢
is the Polanyi potential.

The constant ¢ can be calculated from Eqg. (11):

s—RTIn[lJrCLJ (11)

The slope of the plot of Inge versus &2 gives K (mol?/kJ?)
and the intercept yields the adsorption capacity, qm (mg/g).
The mean free energy of adsorption (E),
is defined as the free energy change when one mole of ion
is transferred from infinity in solution to the surface
of the sorbent, was calculated from the K value using
the following relation (Eq. (12)) [45]:

Eo—u (12)

Fig. 8 shows the fit of the isotherm models previously
defined to the experimental data for the adsorption of
methyl green onto adsorbent issued from the cryogenic
grinding of used tires. Parameters of the models employed
in this study are summarized in Table 2. According to
Giles et al. classification [46], the isotherms displayed
an L curve pattern with a concavity toward the abscissa axis.
This pattern indicates that the adsorption process occurs
as monolayer adsorption on a homogeneous surface
in a finite number of identical sites without interaction
between solute molecules [47,48].

From Table 2, it was observed that the value of the
correlation coefficient for the Langmuir isotherm equation
(R?=0.992) was higher than those of Freundlich, Dubinin-
Radushkevich, and Temkin equations. These results
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Table 2: Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich coefficients values for adsorption of methyl green at 25°C+2.

/ sotherm Parameters \
KL gm (mg/g) R2
Angmuir
0.504 71.43 0.992
1/n KF (Lmg-1) R2
Freundlich
1.7 5.17 0.948
KT (L/mg) B R2
Temkin
1.03 12.16 0.953
E(kJ) qt (mg g—-1) R2
Dubinin-Radushkevich
\ 0.79 33.58 0.735 /
90 *EXP. data 45
g0 { "LANGMUR s 4 y=-0,057x+ 4,117
4 FREUNDLICH N\ R*=0,977
70 X DUBININ-RADUSHKEVICH 35
60 * TEMKIN . 3
§ 50 t ; 25
;u- 40 g . E 2
30{ * ¢ 15
20 Xf A l
0% 0.5 *
0 4 . . . : 0 .
0 20 40 60 80 100 0 10 20 30 40 50 60 70
Ce (mg/L) t (min)

Fig. 8: Fit of the adsorption isotherm: experimental data,
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich.

indicate that the adsorption of methyl green on the
prepared activated carbon follows the Langmuir isotherm
and the corresponding parameters, maximum adsorption
capacity (qmax) and K. were found to be 71.43 mg/g and
0.504, respectively. The values of R_ estimated with the
corresponding initial concentrations in the liquid phase Co
are between 0 and 1, indicating that the adsorption process
is favorable. The value of n derived from the Freundlich
equation was greater than 1 confirming that the adsorption
is favorable [49]. The free energy E, calculated from the
Dubinin-Radushkevich isotherm model, was found to be
0.79 kd/mol, indicating the adsorption process of methyl
green dye onto used tire activated carbon is physical
in nature [50].

Adsorption kinetics
Pseudo-first and pseudo-second-order equations

The data for the adsorption of methyl green on used
tire-activated carbon were applied to two common models,
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Fig. 9: The pseudo-First-order kinetic model.

specifically, the pseudo first and second-order Kkinetic
models.

The applicability of the kinetic model is compared by
judging the correlation coefficients, R?, and the agreement
between the calculated (Qe,car) and the experimental (Ce exp)
values.

Linear fitting of the plots of In(qe-Q:) against t and t/q:
against t was performed as shown in Fig.9 and Fig.10.

The obtained results obtained from the two kinetics
models are illustrated in Table 3.

The correlation coefficient of the first order kinetic
model (0.996) is greater than the second-order kinetic
model (0.825) on one hand. On the other hand, ge ca Values,
and Qe exp Values are estimated for the pseudo-second-order
are significantly different from each other. Meanwhile,
these values are comparable to the pseudo-first-order kinetic
model. In light of these considerations, we can conclude
that the methyl green adsorption system is defined
by the pseudo-first-order model. A similar kinetic result

Research Article



Iran. J. Chem. Chem. Eng.

Removal Of Methyl Green Dye from Aqueous Solutions ...

Vol. 41, No. 1, 2022

Table 3: The results of the pseudo first and second order kinetic models.

/ Pseudo-first order model \
K (min) Ge.cal (MY/G) R?
0.057 49 0.977
Gerop (MY/G) Pseudo-second order model
43.6

Kz (mg/gmin)

Ce.cal (MY/Q) R?

k 0.00045

62.5 0.956 j

Table 4: The parameters obtained from the intraparticle diffusion model.

Fig. 10: The pseudo-second-order kinetic model.

has also been reported for the adsorption of methyl green
onto graphene sheets [51].

Intra-particle diffusion model

According to this model, the plot of uptake should be
linear if intraparticle diffusion is involved in the
adsorption process and if these lines pass through the
origin then intraparticle diffusion is the rate-controlling
step [52].

The graph of g against t2 reveals three regions (Fig. 11).

The first region was interpreted as the diffusion of
methyl green molecules on the external surface of the
activated carbon. The second region shows diffusion
into pores (intraparticle diffusion) of the activated carbon
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( Parameters Kid C R2 N\
) Region 1 5.56 5.853 0.994
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Fig. 11: Intraparticle diffusion model plot for the adsorption of
methyl green on used tire activated carbon.

and finally, the third region (plateau) corresponds to the
equilibrium stage in which the intraparticle diffusion starts
to slow down. Constants calculated for both regions (first
and second) are given in Table 4.

The Kigvalues smaller than Kig, values set forth that
the adsorption rate of intraparticle diffusion is established
by the intraparticle diffusion step. A similar phenomenon
has been observed in the adsorption of cationic dyes
on various carbons [53;54]. However, since the curve does
not pass through the origin, it was interpreted that
the intraparticle diffusion model is not a rate-determining step
and the adsorption rate is determined by both intraparticle
diffusions as well as diffusion to the external surface
step [55,56].
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Thermodynamic study

Equilibrium data of methyl green adsorption onto
cryogrinded wused tire activated carbon at different
temperatures were used to evaluate the feasibility and
to estimate the thermodynamic parameters (AG, AH, and AS)
of the adsorption process. The change in free energy (AG)
of the reaction thermodynamics can be calculated by the
following equation:

AG=AH-TAS (13)

The equilibrium constant, Kg, of the adsorption
process (L/g) can be used to estimate the thermodynamic
parameters. The changes in every parameter, the enthalpy
(AH), and the entropy (AS) of this process were estimated
by the following Equations (14)—(16):

.
Kd:: (14)
AG=-RTInK, (15)
AS AH
INK = —— — 16
R RT (16)

The results and the values of these thermodynamic
parameters are illustrated in Table 5.

AH and AS were calculated from the slope and intercept
of the Van’t Hoff plots of Inky versus 1/T (Fig. 12).

The negative values of AG indicate the feasibility and
spontaneous nature of methyl green adsorption onto used
tire-activated carbon. The negative value of AH indicates
the exothermic nature of methyl green adsorption. In addition,
the value of AH is less than 40 kJ/mol, indicating
the possibility of physical adsorption. The positive value
of AS suggests that there was a good affinity of the adsorbent
for the methyl green dye and there was an increase
in the randomness at the solid/liquid interface.

CONCLUSIONS

In this study, a methyl green adsorption experiment
on activated carbon prepared from cryogrinded tires
was conducted by batch technique. The adsorption was
found to be strongly dependent on pH and the maximum
adsorption of Methyl green by activated carbon was
reached at pH 7.

Langmuir, Freundlich, Dubinin—Radushkevich, and
Temkin equations were used to describe the adsorption of
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Table 5: Thermodynamic parameters for the removal of methyl
green onto activated carbon.

T AG AH AS
(K) (I/mol.K) (kd/mol) (kd/mol)
298 -22.41
308 -22.93
-5.05 58.01
318 -23.50
\_ 338 -24.36 )
9.1
y=0.607x +6.977
R*=0.991
9.0
£ 89
£
8.8
8.7 T T )
2.9 3.1 33 35
@)

Fig. 12: Plots of In(Ka) versus. 1/T for methyl green adsorption
on activated carbon.

Methyl green onto prepared activated carbon. The
adsorption of Methyl green was best represented by
the Langmuir model which indicated that the adsorption
process occurs as monolayer adsorption on a homogeneous
surface in a finite number of identical sites without
interaction between solute molecules. The maximum
adsorption capacity was found to be 71.43 mg/g by using
a small amount (5¢/L) of the adsorbent confirming the
effectiveness of the activated carbon for the removal of
methyl green from aqueous solution.

The mean free energy calculated by the Dubinin—
Radushkevich equation (0.79 kJ/mol, physical in nature)
indicated the possibility of regeneration and reuse of used
tire-activated carbon.

Kinetic studies showed that the pseudo-first-order rate
equation was able to provide a realistic description of
the adsorption kinetic of Methyl green and thermodynamic
parameters indicated that the process is exothermic (AH < 0),
spontaneous, and more favorable at low temperatures
(AG < 0). The positive value of entropy AS indicates that
there was an increase in the randomness at the solid/liquid
interface of the system. Besides, the value of enthalpy
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change (AH < 40Kj/mol), confirms the possibility of
regeneration and reuse of used tire-activated carbon.
On the basis of the results of this work, it can be concluded
that waste tires can be effectively used as a substitute for
the preparation of activated carbon and its use as an effective
and promising adsorbent for the removal of methyl green
from aqueous solution.

Received : Feb. 29, 2020 ; Accepted : Aug. 24, 2020

REFERENCES

[1] Cardoso N.F., Lima E.C., Royer B., Bach M.V,,
Dotto G.L., Pinto L.A.A., Calvete T., Comparison of
Spirulina Platensis Microalgae and Commercial
Activated Carbon as Adsorbents for the Removal of
Reactive Red 120 Dye from Aqueous Effluents,
J. Hazard. Mater, 241-242: 146-53 (2012).

[2] Carneiro P.A., Umbuzeiro G.A., Oliveira D.P.,
Zanoni M.V.B., Assessment of Water Contamination
Caused by a Mutagenic Textile Effluent/Dyehouse
Effluent Bearing Disperse Dyes, J. Hazard. Mater,
174(1-3): 694-699 (2010).

[3] Natesan S., Rajoo B., Optimization, Equilibrium and
Kinetic Studies of Basic Red 2 Removal onto Waste
Gossypium hirsutum Seeds, Iran. J. Chem. Chem.
Eng. (IJCCE), 37(2): 157-169 (2018).

[4] zafar M.N., Tabassum M., Ghafoor S., Zubair M.,
Nazar M.F., Ashfaq M., Utilization of Peanut (arachis
hypogaea) Hull Based Activated Carbon for the
Removal of Amaranth Dye from Aqueous Solutions,
Iran. J. Chem. Chem. Eng. (IJCCE), 39(4): 183-191
(2019).

[5] Ramakrishna K.R., Viraraghavan T., Dye Removal
Using Low Cost Adsorbents, Water Sci. Technol,
36(2-3): 189-196 (1997).

[6] Rodriguez Couto S., Dye Removal by Immobilised
Fungi, Biotechnol. Adv, 27(3): 227-235 (2009).

[7] Fernandez M.E., Nunell G.V., Bonelli P.R., Cukierman A.L.,
Activated Carbon Developed from Orange Peels:
Batch and Dynamic Competitive Adsorption of Basic
Dyes, Ind. Crops Prod, 62: 437-445 (2014).

[8] Marahel, F., Adsorption of Hazardous Methylene
Green Dye from Aqueous Solution onto Tin Sulfide
Nanoparticles Loaded Activated Carbon: Isotherm
and Kinetics Study, Iran. J. Chem. Chem. Eng.
(IJCCE), 38(5): 129-142 (2019).

Research Article

Removal Of Methyl Green Dye from Aqueous Solutions ...

Vol. 41, No. 1, 2022

[9] Jegatheesan V., Pramanik B.K., Chen J., Navaratna D.,
Chang C.Y, Shu L., Treatment of Textile Wastewater
with Membrane Bioreactor: A Critical Review,
Bioresour. Technol, 204: 202-212 (2016).

[10] Tan C.Y., Li M., Lin Y.M., Lu X.Q., Chen Z.L.,
Biosorption of Basic Orange From Aqueous Solution
onto Dried A. Filiculoides Biomass: Equilibrium,
Kinetic and FT-IR Studies, Desalination, 266(1-3):
56-62 (2011).

[11] Feng Y., Yang L., LiuJ., Logan B.E., Electrochemical
Technologies for Wastewater Treatment and
Resource Reclamation, Environ. Sci.: Water Res.
Technol, 2(5): 800-831 (2016).

[12] Teh C.Y., Budiman P.M., Shak K.P.Y., Wu T.Y.,
Recent Advancement of Coagulation—Flocculation
and Its Application in Wastewater Treatment, Ind.
Eng. Chem. Res, 55(16): 4363-4389 (2016).

[13] Buthiyappan A., Daud W, Raman A., Development of
Advanced  Chemical  Oxidation  Wastewater
Treatment System for the Batik Industry in Malaysia,
RSC Adyv, 6: 25222-25241 (2016).

[14] Duran A., Monteagudo J.M., Amores E., Solar Photo-
Fenton Degradation of Reactive Blue 4 in a CPC
Reactor, Applied Catalysis B: Environmental,
80(1-2): 42-50 (2008).

[15] Poorsadeghi S., Kassaee M., Fakhri H., Mirabedini M.,
Removal of Arsenic from Water Using Aluminum
Nanoparticles Synthesized through Arc Discharge
Method, Iran. J. Chem. Chem. Eng. (IJCCE), 36(4): 91-
99 (2017).

[16] De Gisi S., Lofrano G., Grassi M., Notarnicola M.,
Characteristics and Adsorption Capacities of
Low-Cost Sorbents for Wastewater Treatment: A
Review, Sustainable Mater. Technol, 9: 10-40
(2016).

[17] Ould Brahim 1., Belmedani M., Ahmed H., Hadoun H.,
Belgacem A., Degradation of C.1. Acid Red 51 and C.1.
Acid Blue 74 in Aqueous Solution by Combination of
Hydrogen Peroxide, Nanocrystallite Zinc Oxide and
Ultrasound Irradiation, J. Adv. Oxid. Technol, 21(1):
26-43 (2018).

[18] Ould Brahim I., Belmedani M., Belgacem A., Hadoun H.,
Sadaoui Z., Discoloration of Azo Dye Solutions
by Adsorption on Activated Carbon Prepared from
the Cryogenic Grinding of Used Tires, Chemical
Engineering Transactions, 38: 121-126 (2014).

217


https://www.sciencedirect.com/science/article/abs/pii/S0304389412009508
https://www.sciencedirect.com/science/article/abs/pii/S0304389412009508
https://www.sciencedirect.com/science/article/abs/pii/S0304389412009508
https://www.sciencedirect.com/science/article/abs/pii/S0304389412009508
https://www.sciencedirect.com/science/article/abs/pii/S0304389409015672
https://www.sciencedirect.com/science/article/abs/pii/S0304389409015672
https://www.sciencedirect.com/science/article/abs/pii/S0304389409015672
http://www.ijcce.ac.ir/article_32913.html
http://www.ijcce.ac.ir/article_32913.html
http://www.ijcce.ac.ir/article_32913.html
http://www.ijcce.ac.ir/article_34951.html
http://www.ijcce.ac.ir/article_34951.html
http://www.ijcce.ac.ir/article_34951.html
https://www.sciencedirect.com/science/article/abs/pii/S0273122397003879
https://www.sciencedirect.com/science/article/abs/pii/S0273122397003879
https://www.sciencedirect.com/science/article/abs/pii/S0734975009000020
https://www.sciencedirect.com/science/article/abs/pii/S0734975009000020
https://www.sciencedirect.com/science/article/abs/pii/S0926669014005603
https://www.sciencedirect.com/science/article/abs/pii/S0926669014005603
https://www.sciencedirect.com/science/article/abs/pii/S0926669014005603
http://www.ijcce.ac.ir/article_31991.html
http://www.ijcce.ac.ir/article_31991.html
http://www.ijcce.ac.ir/article_31991.html
http://www.ijcce.ac.ir/article_31991.html
https://www.sciencedirect.com/science/article/abs/pii/S0960852416000092?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0960852416000092?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0011916410005679
https://www.sciencedirect.com/science/article/abs/pii/S0011916410005679
https://www.sciencedirect.com/science/article/abs/pii/S0011916410005679
https://pubs.rsc.org/en/content/articlelanding/2016/ew/c5ew00289c#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ew/c5ew00289c#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ew/c5ew00289c#!divAbstract
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.5b04703
https://pubs.acs.org/doi/abs/10.1021/acs.iecr.5b04703
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c5ra26775g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c5ra26775g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c5ra26775g#!divAbstract
https://www.sciencedirect.com/science/article/abs/pii/S0926337307004079
https://www.sciencedirect.com/science/article/abs/pii/S0926337307004079
https://www.sciencedirect.com/science/article/abs/pii/S0926337307004079
http://www.ijcce.ac.ir/article_28714.html
http://www.ijcce.ac.ir/article_28714.html
http://www.ijcce.ac.ir/article_28714.html
https://www.sciencedirect.com/science/article/pii/S2214993715300221
https://www.sciencedirect.com/science/article/pii/S2214993715300221
https://www.sciencedirect.com/science/article/pii/S2214993715300221
https://www.ingentaconnect.com/content/sycamore/jaot/2018/00000021/00000001/art00003
https://www.ingentaconnect.com/content/sycamore/jaot/2018/00000021/00000001/art00003
https://www.ingentaconnect.com/content/sycamore/jaot/2018/00000021/00000001/art00003
https://www.ingentaconnect.com/content/sycamore/jaot/2018/00000021/00000001/art00003
https://www.cetjournal.it/index.php/cet/article/view/CET1438021
https://www.cetjournal.it/index.php/cet/article/view/CET1438021
https://www.cetjournal.it/index.php/cet/article/view/CET1438021

Iran. J. Chem. Chem. Eng.

[19] Nunes M., Perez G., Loguercio L., Alves E.,
Carrefio N., Martins J., Garcia ., Active Carbon
Preparation from Treads of Tire Waste for Dye
Removal in Waste Water, J. Braz. Chem. Soc.,
22(11): 2027-2035 (2011).

[20] Belgacem A., Belmedani M., Rebiai R., Hadoun H.,
Characterization, Analysis and Comparison of
Activated Carbons Issued from the Cryogenic
and ambient Grinding of Used Tyres', Chemical
Engineering ambient Grinding of Used Tyres',
Chemical Engineering Transactions, 32: 1705-1710
(2013).

[21] Gupta V.K., Gupta B., Rastogi A., Agarwal S., Nayak A.,
A Comparative Investigation on Adsorption
Performances of Mesoporous Activated Carbon
Prepared from Waste Rubber Tire and Activated
Carbon for a Hazardous Azo Dye—Acid Blue 113,
J. Hazard. Mater. 186(1): 891-901 (2011).

[22] San Miguel G., Fowler G.D., Sollars C.J., A Study of
the Characteristics of Activated Carbons Produced by
Steam and Carbon Dioxide Activation of Waste Tyre
Rubber, Carbon, 41(5): 1009-1016 (2003).

[23] Sharma S., Rajesh N., Augmenting the Adsorption of
Palladium from Spent Catalyst Using a Thiazole
Ligand Tethered on an Amine Functionalized
Polymeric Resin, Chemical Engineering Journal,
283: 999-1008 (2016).

[24] Rajeshwarisivara J., Sivakumar S., Senthilkumar P.,
Subburam V., Carbon from Cassava Peel, and
Agricultural Waste, as an Adsorbent in the Removal
of Dyes and Metal lons from Aqueous Solution,
Bioresour. Technol, 80(3): 233-235 (2001).

[25] Fernandes A.N., Almeida C.A.P., Debacher N.A.,
Sierra M.M.S., Isotherm and Thermodynamic Data of
Adsorption of Methylene Blue from Aqueous Solution
onto Peat, J. Mol. Struct, 982(1): 62-65 (2010).

[26] Belgacem A., Rebiai R., Hadoun H., Khemaissia S.,
Belmedani M., The Removal of Uranium (VI) from
Agqueous Solutions onto Activated Carbon Developed
from Grinded Used Tire, Environmental Science and
Pollution Research, 21(1): 684-694 (2014).

[27] Mall I.D., Srivastava V.C., Agarwal N.K., Mishra I.M.,
Removal of Congo Red from Aqueous Solution by
Bagasse Fly Ash and Activated Carbon: Kinetic Study
and Equilibrium Isotherm Analyses, Chemosphere,
61(4): 492-501 (2005).

218

Belgacem A. et al.

Vol. 41, No. 1, 2022

[28] Chen B., Hui C.W., McKay G., Film-Pore Diffusion
Modeling and Contact Time Optimization for the
Adsorption of Dyestuffs on Pith, Chemical
Engineering Journal, 84(2): 77-94 (2001).

[29] Baccar R., Blanquez P., Bouzid J., Feki M., Attiya H.,
Sarra M., Modeling of Adsorption Isotherms and
Kinetics of a Tannery Dye onto an Activated Carbon
Prepared from an Agricultural by-Product, Fuel
Process. Technol, 106: 408-415 (2013).

[30] Malik P.K., Use of Activated Carbons Prepared from
Sawdust and Rice-Husk for Adsorption of Acid Dyes:
A Case Study of Acid Yellow 36, Dyes Pigm., 56:
239-249 (2003).

[31] Konaganti V.K., Kota R., Patil S., Madras G.,
Adsorption of Anionic Dyes on Chitosan Grafted
Poly(alkyl methacrylate)s, Chemical Engineering
Journal, 158(3): 393-401(2010).

[32] Xu S., Wang J., Wu R., Wang J., Li H., Adsorption
Behaviors of Acid and Basic Dyes on Crosslinked
Amphoteric Starch, Chemical Engineering Journal,
117(2): 161-167(2006).

[33] Wang L., Application of Activated Carbon Derived
from ‘Waste’ Bamboo Culms for the Adsorption of
Azo Disperse Dye: Kinetic, Equilibrium and
Thermodynamic Studies, J. Environ. Manage, 102:
79-87 (2012).

[34] Nethaji S., Sivasamy A., Thennarasu G., Saravanan S.,
Adsorption of Malachite Green Dye onto Activated
Carbon Derived from Borassus Aethiopum
Flower Biomass, J. Hazard. Mater, 181(1): 271-280
(2010).

[35] Sharma P., Borah D.J., Das P., Das M.R., Cationic
and Anionic Dye Removal from Aqueous Solution
Using Montmorillonite Clay: Evaluation of Adsorption
Parameters and Mechanism, Desalin. Water Treat,
57(18): 8372-8388 (2016).

[36] Lazar T., Color Chemistry: Synthesis, Properties, and
Applications of Organic Dyes and Pigments, 3rd
Revised Edition, Color Res. Appl, 30(4): 313-314
(2005).

[37] Zollinger H., Color Chemistry: Syntheses, Properties,
and Applications of Organic Dyes and Pigments,
Wiley, (2003).

[38] Demir H., Top A., Balkése D., Ulkii S., Dye
Adsorption Behavior of Luffa Cylindrica Fibers,
J. Hazard. Mater, 153(1): 389-394 (2008).

Research Article


https://www.scielo.br/scielo.php?pid=S0103-50532011001100002&script=sci_arttext
https://www.scielo.br/scielo.php?pid=S0103-50532011001100002&script=sci_arttext
https://www.scielo.br/scielo.php?pid=S0103-50532011001100002&script=sci_arttext
https://www.cetjournal.it/index.php/cet/article/view/CET1332285
https://www.cetjournal.it/index.php/cet/article/view/CET1332285
https://www.cetjournal.it/index.php/cet/article/view/CET1332285
https://www.cetjournal.it/index.php/cet/article/view/CET1332285
https://www.sciencedirect.com/science/article/abs/pii/S0304389410015177
https://www.sciencedirect.com/science/article/abs/pii/S0304389410015177
https://www.sciencedirect.com/science/article/abs/pii/S0304389410015177
https://www.sciencedirect.com/science/article/abs/pii/S0304389410015177
https://www.sciencedirect.com/science/article/abs/pii/S0008622302004499
https://www.sciencedirect.com/science/article/abs/pii/S0008622302004499
https://www.sciencedirect.com/science/article/abs/pii/S0008622302004499
https://www.sciencedirect.com/science/article/abs/pii/S0008622302004499
https://www.sciencedirect.com/science/article/abs/pii/S1385894715011432
https://www.sciencedirect.com/science/article/abs/pii/S1385894715011432
https://www.sciencedirect.com/science/article/abs/pii/S1385894715011432
https://www.sciencedirect.com/science/article/abs/pii/S1385894715011432
https://www.sciencedirect.com/science/article/abs/pii/S0960852400001796
https://www.sciencedirect.com/science/article/abs/pii/S0960852400001796
https://www.sciencedirect.com/science/article/abs/pii/S0960852400001796
https://www.sciencedirect.com/science/article/abs/pii/S0022286010006563
https://www.sciencedirect.com/science/article/abs/pii/S0022286010006563
https://www.sciencedirect.com/science/article/abs/pii/S0022286010006563
https://link.springer.com/article/10.1007/s11356-013-1940-2#citeas
https://link.springer.com/article/10.1007/s11356-013-1940-2#citeas
https://link.springer.com/article/10.1007/s11356-013-1940-2#citeas
https://www.sciencedirect.com/science/article/pii/S0045653505004157
https://www.sciencedirect.com/science/article/pii/S0045653505004157
https://www.sciencedirect.com/science/article/pii/S0045653505004157
https://www.sciencedirect.com/science/article/abs/pii/S1385894701001930
https://www.sciencedirect.com/science/article/abs/pii/S1385894701001930
https://www.sciencedirect.com/science/article/abs/pii/S1385894701001930
https://www.sciencedirect.com/science/article/pii/S0378382012003220
https://www.sciencedirect.com/science/article/pii/S0378382012003220
https://www.sciencedirect.com/science/article/pii/S0378382012003220
https://www.sciencedirect.com/science/article/abs/pii/S0143720802001596
https://www.sciencedirect.com/science/article/abs/pii/S0143720802001596
https://www.sciencedirect.com/science/article/abs/pii/S0143720802001596
https://www.sciencedirect.com/science/article/abs/pii/S1385894710000136
https://www.sciencedirect.com/science/article/abs/pii/S1385894710000136
https://www.sciencedirect.com/science/article/abs/pii/S1385894705004900
https://www.sciencedirect.com/science/article/abs/pii/S1385894705004900
https://www.sciencedirect.com/science/article/abs/pii/S1385894705004900
https://www.sciencedirect.com/science/article/pii/S0301479712000886?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479712000886?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479712000886?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479712000886?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0304389410005881
https://www.sciencedirect.com/science/article/abs/pii/S0304389410005881
https://www.sciencedirect.com/science/article/abs/pii/S0304389410005881
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1021844
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1021844
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1021844
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1021844
https://onlinelibrary.wiley.com/doi/abs/10.1002/col.20132
https://onlinelibrary.wiley.com/doi/abs/10.1002/col.20132
https://onlinelibrary.wiley.com/doi/abs/10.1002/col.20132
https://books.google.dz/books/about/Color_Chemistry.html?id=0Ynge4E5rqYC&redir_esc=y
https://books.google.dz/books/about/Color_Chemistry.html?id=0Ynge4E5rqYC&redir_esc=y
https://www.sciencedirect.com/science/article/abs/pii/S0304389407012435
https://www.sciencedirect.com/science/article/abs/pii/S0304389407012435

Iran. J. Chem. Chem. Eng.

[39] Dada A., Olalekan A., Olatunya A., Dada O.,
Langmuir., Freundlich., Temkin and Dubinin—
Radushkevich Isotherms Studies of Equilibrium
Sorption of Zn?* unto Phosphoric Acid Modified Rice
Husk, IOSR J. Appl. Chem, 3(1): 38-45 (2012).

[40] Langmuir ., The Constitution and Fundamental
Properties of Solids and Liquids. Part I. Solids, J. Am.
Chem. Soc, 38(11): 2221-2295 (1916).

[41] Akmil Basar C., A Mathematical Model for
Adsorption of Surfactant onto Powdered Activated
Carbon, Iran. J. Chem. Chem. Eng. (IJCCE), 37(6):
125-131 (2018).

[42] Chen C., Cheng T., Shi Y., Tian Y., Adsorption of
Cu(Il) from Aqueous Solution on Fly Ash Based Linde
F (K) Zeolite, Iran. J. Chem. Chem. Eng. (IJCCE),
33(3): 29-35 (2014).

[43] Muslim A., Optimization of Pb(ll) Adsorption onto
Australian Pine Cones-Based Activated Carbon by
Pulsed Microwave Heating Activation, Iran. J. Chem.
Chem. Eng, (IJCCE), 36(5): 115-127 (2017).

[44] Dubinin M.M., Zaverina E.D., Radushkevich L.V.,
Sorption and Structure of Active Carbons I. Adsorption
of Organic Vapors, Zh. Fiz. Khim, 21: 151-162 (1947).

[45] Kannan N., Sundaram M.M., Kinetics and
Mechanism of Removal of Methylene Blue by
Adsorption on Various Carbons-A Comparative Study,
Dyes Pigm., 51(1): 25-40 (2001).

[46] Giles C.H., Smith D., Huitson A., A General
Treatment and Classification of the Solute
Adsorption Isotherm. 1. Theoretical, J. Colloid
Interface Sci, 47(3): 755-765 (1974).

[47] Cabrita I., Ruiz B., Mestre A.S., Fonseca |.M.,
Carvalho A.P., Ania C.O., Removal of an Analgesic
Using Activated Carbons Prepared from Urban and
Industrial Residues, Chemical Engineering Journal,
163(3): 249-255 (2010).

[48] Faraji H., Mohamadi A.A., Soheil Arezomand H.R.,
Mahvi A.H., Kinetics and Equilibrium Studies of
the Removal of Blue Basic 41 and Methylene Blue
from Aqueous Solution Using Rice Stems, Iran. J.
Chem. Chem. Eng. (1JCCE), 34(3): 33-42: (2015).

[49] zhang L., Yu T., Nan Z,, Wu Z., Li B, Li S,
Application of the Modified Biochar from Sewage
Sludge for Removal of Pb(11) from Aqueous Solution:
Kinetics, Equilibrium and Thermodynamic Studies,
Iran. J. Chem. Chem. Eng. (IJCCE), 37(3): 161-169 (2018).

Research Article

Removal Of Methyl Green Dye from Aqueous Solutions ...

Vol. 41, No. 1, 2022

[50] Mousavi Z., Bozorgzadeh H.R., Preparation of
Carbon Molecular Sieves from Pistachio Shell and
Walnut Shell for Kinetic Separation of Carbon
Monoxide, Hydrogen, and Methane, Iran. J. Chem.
Chem. Eng. (IJCCE), 36(2): 71-80 (2017).

[51] Jain R., Gupta V.K., Sikarwar S., Adsorption and
Desorption Studies on Hazardous Dye Naphthol
Yellow S, J. Hazard. Mater, 182(1): 749-756 (2010).

[52] El Qada E., Kinetic Behavior of the Adsorption of
Malachite Green Using Jordanian Diatomite as
Adsorbent, Jordanian Journal of Engineering and
Chemical Industries (JJECI), 3(1): -  (2020).

[53] Goswami M., Phukan P., Enhanced Adsorption of
Cationic Dyes Using Sulfonic Acid Modified
Activated Carbon, J. Environ. Chem. Eng., 5(4):
3508-3517 (2017).

[54] Song Y., Liu Y., Chen S., Qin H., Xu H., Carmine
Adsorption from Aqueous Solution by Crosslinked
Peanut Husk, Iran. J. Chem. Chem. Eng. (IJCCE),
33(4): 69-77 (2014).

[55] Singh T.S., Pant K.K., Equilibrium, Kinetics and
Thermodynamic Studies for Adsorption of As(l1I)
on Activated Alumina, Sep. Purif. Technol, 36(2):
139-147 (2004).

[56] Cheung W.H., Szeto Y.S., McKay G., Intraparticle
Diffusion Processes During Acid Dye Adsorption
onto Chitosan, Bioresour. Technol, 98(15): 2897-
2904 (2007).

219


https://pdfs.semanticscholar.org/9da4/648925199ce9659969c7d3a5fb4e895426a9.pdf
https://pdfs.semanticscholar.org/9da4/648925199ce9659969c7d3a5fb4e895426a9.pdf
https://pdfs.semanticscholar.org/9da4/648925199ce9659969c7d3a5fb4e895426a9.pdf
https://pdfs.semanticscholar.org/9da4/648925199ce9659969c7d3a5fb4e895426a9.pdf
https://pubs.acs.org/doi/10.1021/ja02268a002
https://pubs.acs.org/doi/10.1021/ja02268a002
http://www.ijcce.ac.ir/article_31721.html
http://www.ijcce.ac.ir/article_31721.html
http://www.ijcce.ac.ir/article_31721.html
http://www.ijcce.ac.ir/article_11328.html
http://www.ijcce.ac.ir/article_11328.html
http://www.ijcce.ac.ir/article_11328.html
http://www.ijcce.ac.ir/article_30035.html
http://www.ijcce.ac.ir/article_30035.html
http://www.ijcce.ac.ir/article_30035.html
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Sorption+and+Structure+of+Active+Carbons+I.+Adsorption+of+Organic+Vapors&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Sorption+and+Structure+of+Active+Carbons+I.+Adsorption+of+Organic+Vapors&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0143720801000560
https://www.sciencedirect.com/science/article/abs/pii/S0143720801000560
https://www.sciencedirect.com/science/article/abs/pii/S0143720801000560
https://www.sciencedirect.com/science/article/abs/pii/0021979774902525
https://www.sciencedirect.com/science/article/abs/pii/0021979774902525
https://www.sciencedirect.com/science/article/abs/pii/0021979774902525
https://www.sciencedirect.com/science/article/abs/pii/S1385894710006777
https://www.sciencedirect.com/science/article/abs/pii/S1385894710006777
https://www.sciencedirect.com/science/article/abs/pii/S1385894710006777
http://www.ijcce.ac.ir/article_14750.html
http://www.ijcce.ac.ir/article_14750.html
http://www.ijcce.ac.ir/article_14750.html
http://www.ijcce.ac.ir/?_action=article&keywords=Application+of+the+Modified+Biochar+from+Sewage+Sludge+for+Removal+of+Pb%28II%29+from+Aqueous+Solution
http://www.ijcce.ac.ir/?_action=article&keywords=Application+of+the+Modified+Biochar+from+Sewage+Sludge+for+Removal+of+Pb%28II%29+from+Aqueous+Solution
http://www.ijcce.ac.ir/?_action=article&keywords=Application+of+the+Modified+Biochar+from+Sewage+Sludge+for+Removal+of+Pb%28II%29+from+Aqueous+Solution
http://www.ijcce.ac.ir/article_26698.html
http://www.ijcce.ac.ir/article_26698.html
http://www.ijcce.ac.ir/article_26698.html
http://www.ijcce.ac.ir/article_26698.html
https://www.sciencedirect.com/science/article/abs/pii/S0304389410008381
https://www.sciencedirect.com/science/article/abs/pii/S0304389410008381
https://www.sciencedirect.com/science/article/abs/pii/S0304389410008381
http://jjeci.net/2020/04/16/kinetic-behavior-of-the-adsorption-of-malachite-green-using-jordanian-diatomite-as-adsorbent/
http://jjeci.net/2020/04/16/kinetic-behavior-of-the-adsorption-of-malachite-green-using-jordanian-diatomite-as-adsorbent/
http://jjeci.net/2020/04/16/kinetic-behavior-of-the-adsorption-of-malachite-green-using-jordanian-diatomite-as-adsorbent/
https://www.sciencedirect.com/science/article/abs/pii/S2213343717303202
https://www.sciencedirect.com/science/article/abs/pii/S2213343717303202
https://www.sciencedirect.com/science/article/abs/pii/S2213343717303202
http://www.ijcce.ac.ir/article_11810.html
http://www.ijcce.ac.ir/article_11810.html
http://www.ijcce.ac.ir/article_11810.html
https://www.sciencedirect.com/science/article/pii/S1383586603002090
https://www.sciencedirect.com/science/article/pii/S1383586603002090
https://www.sciencedirect.com/science/article/pii/S1383586603002090
https://www.sciencedirect.com/science/article/abs/pii/S0960852406005116
https://www.sciencedirect.com/science/article/abs/pii/S0960852406005116
https://www.sciencedirect.com/science/article/abs/pii/S0960852406005116

