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ABSTRACT

The adsorption of methyl orange (MO) onto granular-activated carbon (AC) is studied. The
effects of initial dye concentration, AC dose, initial solution pH, stirring rate, and tempera-
ture on MO adsorption were investigated in a batch system. The experimental data were
analyzed using the Langmuir, Freundlich, Elovich, Temkin, and Dubinin–Radushkevich
adsorption isotherms, and the characteristic parameters and related correlation coefficients
were determined for each isotherm at different temperatures. The best fit was achieved by
the Langmuir isotherm equation, by increasing the maximum monolayer adsorption
capacity from 20.7 to 46.1 mg/g, when the temperature increases from 283 to 313 K.
Pseudo-first-order, pseudo-second-order, Elovich, Weber–Morris intraparticle diffusion and
Boyd models were used to analyze the kinetic data obtained at different initial MO concen-
trations. The adsorption kinetic data were well described by the pseudo-second-order
model, while the adsorption process was controlled by film diffusion. The Gibbs free
energy, enthalpy, and entropy of the adsorption process were also evaluated, the results
showing that the adsorption was spontaneous and endothermic under the examined
conditions, and was presumably of a physical nature and non-reversible.
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1. Introduction

The removal of hazardous compounds from indus-
trial effluents is one of the greatest environmental
challenges faced in recent decades. A considerable
amount of colored wastewater is generated from many
industries [1]. Dyes usually have a synthetic origin
with complex aromatic chemical structures containing

different types of organic functional groups, some of
them acting as chromophores. More than 100,000
commercial dyes are known and annual production
exceeds 70,000 tonnes [2]. Only in the textile industry,
the total dye consumption worldwide is more
than 10,000 tonnes/year of which, approximately
100 tonnes/year are discharged into water courses [3].

Azo-dyes, characterized by one or more azo-
linkages (–N=N–), are the main chemical class of dyes
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used in the industrial field. Methyl orange (MO),
widely used in textile, paper, leather tanning, food
processing, plastics, cosmetics, rubber, printing, dye
manufacturing industries, pharmaceutical industries,
and research laboratories, is one of such dyes [4].

The presence of aromatic rings makes the dyes car-
cinogenic and mutagenic, exerting potent, acute, and/
or chronic effects on exposed organisms. They are
inert and non-biodegradable when discharged into
water courses and they also impart an undesirable
color to the same [5], reducing the penetration of sun-
light and thereby inhibiting photosynthesis [6]. Toxic
amines, produced by the reductive cleavage of azo
linkages in the dye molecules, are also released into
the environment [7]. These can have a severe effect on
humans by damaging the liver, kidneys, brain, central
nervous system, and reproductive system [8].

Various techniques have been applied for the
removal of azo-dyes from aqueous solutions, includ-
ing extraction [9], coagulation and flocculation [10],
adsorption [11,12], biosorption [12], coprecipitation
[13], sonochemical [14] and electrochemical [15]
degradations, membrane processes (micellar enhanced
ultrafiltration [16], nanofiltration [17], and ion
exchange [18]), advanced oxidation processes (Fenton
[19] and UV/H2O2 photodegradation [20]), and inte-
grated treatments [21].

Among these methods, adsorption is gaining
popularity as an effective dye-removal process due to
its low initial cost, simplicity of design, ease of opera-
tion, insensitivity to toxic substances, high removal
efficiency (even in the case of dilute solutions), and
the non-formation of harmful substances [22]. It is a
useful and simple technique that allows kinetic and
equilibrium measurements without the need for
highly sophisticated instrumentation [23]. Various
potential adsorbents have been assayed for the
removal of specific dyes from water.

Among the sorbent materials used, activated car-
bon (AC) is the most popular for the removal of pollu-
tants from wastewater due to its large porous surface
area, controllable pore structure, thermostability, wide
spectrum of surface functional groups [24], high
adsorption capacity, fast adsorption kinetics, and ease
of regeneration [25]. The chemical structure on the car-
bon surface influences the interaction between polar
and non-polar adsorbates. Indeed, the AC adsorption
process is recognized as the most promising treatment
technology. It involves surface phenomenon by means
of which a multicomponent fluid mixture is attracted
to the surface of the solid adsorbent, where it forms
attachments via physical or chemical interactions [26].
The method is particularly suited to the removal of a

large variety of dyes from wastewaters as an alterna-
tive to other treatment options [24].

In this paper, we study the removal of MO from
aqueous solutions through adsorption onto the
commercially available granular AC and analyze the
effect of different parameters such as AC dose, initial
pH of the MO solution, stirring speed, and tempera-
ture. The adsorption process is analyzed through
different isotherm and kinetic models, exploring the
possible adsorption mechanism and calculating
the thermodynamic parameters associated with the
adsorption process. No previous studies of the use of
this commercial granular AC in the removal of MO
have been described.

2. Theoretical

2.1. Equilibrium of adsorption

The adsorption equilibrium, i.e. the equilibrium
established between the phase adsorbed on the adsor-
bent and that in the solution, provides information
about the capacity of the adsorbent and it is repre-
sented by adsorption isotherms. An adsorption
isotherm indicates how the adsorbed molecules are
distributed between the liquid and solid phases until
the adsorption process reaches a state of equilibrium.
This is important for both describing how solutes
interact with adsorbents and for optimizing the use of
the adsorbent [27].

2.1.1. Langmuir isotherm model

The Langmuir isotherm model assumes a mono-
layer adsorption, onto an adsorbent surface containing
a finite number of adsorption sites, which are equiva-
lent, with no lateral interaction between the adsorbed
molecules and no transmigration of adsorbate in the
same surface plane. The linearized form of the
Langmuir isotherm can be written as [28]:

Ce

qe
¼ Ce

qm
þ 1

qmKL
(1)

where Ce is the dye concentration in the solution at
equilibrium (mg/L), qe is the dye concentration on the
adsorbent at equilibrium (mg/g), qm is the maximum
monolayer adsorption capacity of the adsorbent
(mg/g), and KL is the Langmuir sorption constant
(L/ mg). The plot of Ce/qe vs. Ce should give a straight
line with a slope of 1/qm and an intercept of 1/qmKL.

To confirm the favourability of the process, the
dimensionless equilibrium parameter RL was used:
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RL ¼ 1

1þ KLC0
(2)

where C0 is the highest initial dye concentration in
solution. The RL value indicates that the adsorption
process is favorable (0 < RL < 1), unfavorable (RL > 1),
linear (RL = 1), or irreversible (RL = 0) [29].

2.1.2. Freundlich isotherm model

The Freundlich isotherm model assumes heteroge-
neous surface energies, in which the energy term
varies as a function of the surface coverage. The lin-
earized form of the Freundlich model is represented
by [30]:

ln qe ¼ 1

n
lnCe þ lnKF (3)

where KF and n are constants incorporating the factors
affecting adsorption capacity and degree of non-linear-
ity between the solute concentration in the solution
and the amount adsorbed at equilibrium, respectively.
From the linear plot of ln qe vs. ln Ce, the KF and n
values can be determined. The constant KF, (mg/g)
(L/mg)1/n, is an approximate indicator of the adsorp-
tion capacity, while 1/n is a function of the strength
of adsorption in the adsorption process [30]: 1/n = 1
indicates that the partition between the two phases is
independent of the concentration, while 1/n < 1 indi-
cates normal adsorption and 1/n > 1 indicates
cooperative adsorption [30].

2.1.3. Elovich isotherm model

The Elovich isotherm model assumes that the
adsorption sites increase exponentially with adsorp-
tion, which implies a multilayer adsorption phe-
nomenon. The linearized form of the Elovich isotherm
can be written as [31]:

ln
qe
Ce

¼ lnðKE qmE)�
qe
qmE

(4)

where KE is the Elovich equilibrium constant (L/mg)
and qmE is the Elovich maximum adsorption capacity
(mg/g). From the linear plot of ln (qe/Ce) vs. qe, the
values of the model parameters can be obtained.

2.1.4. Temkin isotherm model

The Temkin isotherm model assumes that the heat
of adsorption of all molecules in the layer decreases

linearly rather than logarithmically with the coverage
and that adsorption is characterized by a uniform
distribution of the binding energies, until reaching the
maximum binding energy [32]. The model contains a
factor that considers the effect of the adsorbate
interaction on the adsorbent.

The linearized form of the Temkin model is
represented by [32]:

qe
qm

¼ RT

DH
ln ACeð Þ (5)

This equation can be written as,

qe ¼ B lnAþ B lnCe (6)

where B is the Temkin constant related to heat of
adsorption (B = qmRT/ΔH, mg/g), A (L/mg) is the
equilibrium binding constant, R is the gas constant
(J/mol K), T is the absolute temperature (K), and ΔH
is the adsoption energy (J/mol). A plot of qe vs. ln Ce

should give a linear graph, with B as the slope and B
(ln A) as the intercept.

2.1.5. Dubinin–Radushkevich isotherm model (D–R
model)

The Dubinin–Radushkevich model, which assumes
a heterogeneous surface with a variable sorption
potential, is usually used to estimate the apparent free
energy of adsorption and to differentiate the physical
and chemical adsorption processes.

The linearized form of the Dubinin–Radushkevich
model is represented by [33]:

ln qe ¼ ln qm � Ke2 (7)

where qm (mg/g) is the theoretical saturation capacity,
K is the activity coefficient, related to mean sorption
energy (mol2/J2), and ε (J/mol) is the Polanyi poten-
tial, which is related to the equilibrium concentration
as follows:

e ¼ RT ln 1þ 1

Ce

� �
(8)

The values of the isotherm constants (qm and K) can
be obtained by plotting ln (qe) vs. ε2. The constant K
gives the mean free energy of adsorption per molecule
of the adsorbate (E (J/mol)) when it is transferred to
the surface of the solid from an infinite distance in the
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solution. It can be computed using the relationship
E = (2 K)−1/2. The magnitude of E is used to determine
the type of adsorption mechanism. An E value of less
than 8 kJ/mol indicates physical adsorption, an E
value of between 8 and 16 kJ/mol indicates that the
adsorption process follows ion-exchange, while an E
value of 20–40 kJ/mol indicates chemisorption [34].

The model was used to estimate the apparent free
energy of adsorption as well as to differentiate
between physical and chemical adsorption process.

2.2. Kinetic of adsorption

Being able to predict the adsorption rate provides
important information for choosing and designing the
best operating conditions for the full-scale batch
process. Adsorption kinetics provides valuable
information about the reaction pathways, the mecha-
nism of the reactions, and the mechanisms controlling
the adsorption processes, such as mass transfer.

A number of kinetic models have been developed
to describe the removal kinetics of dyes and other
pollutants, including the pseudo-first-order kinetic
model of Lagergren, the pseudo-second-order kinetic
model of Ho, and the Elovich kinetic model. To iden-
tify the diffusion mechanisms and the rate controlling
steps that affect the adsorption process, the Weber
and Morris intra-particle diffusion model and the
Boyd model can be used.

2.2.1. Pseudo-first-order kinetic model

The Lagergren pseudo-first-order model is based
on the assumption that the adsorption rate is propor-
tional to the number of available adsorption sites [35],
and is expressed as follows:

dqt
dt

¼ kps1 qe � qt
� �

(9)

where kps1 (1/min) is the rate constant of pseudo-
first-order adsorption, qe and qt (mg/g) are the
amounts of the adsorbate adsorbed per gram of adsor-
bent at equilibrium and at any time t, respectively.

By applying the boundary conditions t = 0 to t = t
and qt = 0 to qt = qt, and integrating, the following
equation is obtained:

ln qe � qt
� � ¼ ln qe � kps1t (10)

The plot of ln (qe − qt) against t allows the kinetic
model to be evaluated and the values of qe and ksp1

to be determined from the intercept and slope,
respectively.

2.2.2. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model of Ho is
based on the assumption that the adsorption rate is
proportional to the square of the number of unoccu-
pied adsorption sites [36]. It is represented by the
following equation:

dqt
dt

¼ kps2 qe � qt
� �2

(11)

where kps2 (g/mg min) is the rate constant of pseudo-
second-order adsorption. Integrating the above
equation from t = 0 to t = t and from qt = 0 to qt = qt,
the following equation is obtained:

1

qe � qt
� � ¼ 1

qe
þ kps2t (12)

The equation is usually expressed as:

t

qt
¼ 1

kps2 q2e
þ t

qe
(13)

where kps2 q
2
e can be regarded as the initial adsorption

rate as t→0.
The plot of t/qt against t allows evaluation of the

kinetic model and the determination of kps2 and qe
from the intercept and slope, respectively.

2.2.3. Elovich model

The Elovich model assumes that the rate of adsorp-
tion decreases exponentially with an increase in the
amount of adsorbate adsorbed, and is one of the most
useful models for describing chemisorption. This
model can be expressed by the following equation [33]:

dqt
dt

¼ aebqt (14)

where qt (mg/g) is the amount of the adsorbate
adsorbed per gram of adsorbent at any time t, α
(mg/g min) is the initial adsorption rate, and β
(g/mg) is a constant related to the covert surface and
to the activation energy of the adsorption process.

Assuming that α β t >> 1 [37], this equation can be
simplified, and after integrated by applying the
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boundary conditions of qt = 0 at t = 0 and qt = qt at
t = t, a linear form is obtained [33]:

qt ¼
ln a bð Þ

b
þ ln t

b
(15)

The plot of qt against ln (t) allows to evaluate the
kinetic model and to determine the constants of the
model from the slope and from the intercept.

2.3. Adsorption mechanism

The above kinetic models are not able to identify
the diffusion mechanisms and the rate controlling
steps that affect the adsorption process. Any solid–
liquid sorption process is usually characterized by
external mass transfer (boundary layer diffusion) or
intraparticle diffusion, or both. The following three
steps describe the adsorption dynamics [38]:

(1) The adsorbate molecules move from the bulk
solution to the external surface of the adsor-
bent (film diffusion).

(2) Adsorbate molecules move through the interior
of the adsorbent particles (particle diffusion).

(3) Sorption of the solute on the interior surface of
the pores and capillary spaces of adsorbent
(sorption).

The third step in the adsorption dynamics is
assumed to be very rapid and can be considered negli-
gible. Steps (1) and (2) can be considered to be acting
individually or in combination. In the present study,
two kinetic models, namely the Weber–Morris and
Boyd models, were used to describe the mechanism of
MO adsorption on AC.

2.3.1. Weber Morris model

For design purposes, it is necessary to distinguish
between the film diffusion and the intraparticle
diffusion of adsorbate molecules. Weber and Morris
intraparticle diffusion model [39] was used, which is
commonly expressed by,

qt ¼ kintpt
1=2 þ Ci (16)

where kintp (mg/g h1/2), the intraparticle diffusion rate
constant, is obtained from the slope of the straight line
of qt vs. t

1/2. Ci represents the boundary layer effect,
so that the larger the intercept, the greater the con-
tribution of surface sorption to the rate-controlling

step. For pure intraparticle diffusion to take place, the
plot of qt vs. t

1/2 should be linear, passing through the
origin, with no intercept; otherwise, some other
mechanism besides intraparticle diffusion will also be
involved and the intraparticle diffusion will not be the
only rate-controlling step [40]. That is, if the plot
shows multilinearity, then the adsorption process may
be controlled by the combination of film and
intraparticle diffusion, with more than one step
involved [41].

2.3.2. Boyd model

To identify the actual slowest step in the adsorp-
tion process (film diffusion or intraparticle diffusion
step), the Boyd kinetic model was used. The equation
that described this model can be expressed as [38]:

Bt ¼ �0:4977� ln 1� qt
qe

� �
(17)

If the plots of Bs against time are linear and pass
through the origin, then the rate-controlling step in
the adsorption process is particle diffusion. Otherwise,
an adsorption process controlled by film diffusion is
suggested.

2.4 Thermodynamic of adsorption

Thermodynamic parameters allow us to evaluate
the orientation and feasibility of a physicochemical
adsorptive process. Both energy and entropy should
be taken into account in determining whether a given
adsorption process will take place spontaneously.
Moreover, the values of the thermodynamic parame-
ters are the real indicators for the practical application
of an adsorption process. So, in order to investigate
the thermodynamic behavior of an adsorption process,
the thermodynamic parameters standard free energy
(ΔG˚), standard enthalpy (ΔH˚), and standard entropy
(ΔS˚) of the adsorption were estimated from the fol-
lowing equations:

DG� ¼ �RT lnKe (18)

lnKe ¼ �DG�

RT
¼ �DH�

RT
þ DS�

R
(19)

where R is the universal gas constant (8.314 J/mol K),
Ke is the thermodynamic equilibrium constant, and T
is the absolute temperature (K). Values of Ke may be
calculated from the relation ln (qe/Ce) vs. qe at
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different temperatures and extrapolating to zero [42].
The plot of ln Ke vs. 1/T should give a straight line
with a slope of −ΔH˚/R and an intercept of −ΔS˚/R.

3. Experimental

3.1. Materials

Darco AC 4–12 (Sigma Aldrich) was used as adsor-
bent. Before using, it was washed several times with
deionized water to eliminate powder carbon, dried in
an oven at 105˚C for 24 h to remove the moisture and
stored in a dissicator. Properties of this granular AC
are included in Table 1.

MO, supplied by Sigma Aldrich, was used as
adsorbate. This dye has a chemical formula of
C14H14N3NaO3S, and a molecular weight of
327.34 g/mol. The chemical structure of MO is shown
in Fig. 1.

All of the MO solutions were prepared in distilled
water. The pH of the solution was adjusted with HCl
or NaOH (both from Probus) solutions using a Crison
micro 2,000 pH-meter with a combined pH electrode.

3.2. Methods

3.2.1. Effect of experimental parameters on adsorption
process

The effects of initial MO concentration (10–50 mg/L),
AC dosage (0.015–0.055 g), initial pH of the dye solution
(2.5–10.5), and stirring rate (50–250 rpm) on the adsorp-
tion of MO onto commercial AC were studied by varying
the parameters under study and keeping other parame-
ters constant. Typical experimental conditions were: ini-
tial MO concentration, 20 mg/L; absorbent dose, 20 mg;
initial pH of MO solution, 5.7; stirring rate, 200 rpm; and
a temperature of 293 K.

Batch experiments were performed in a set of
50 mL Erlenmeyer flasks containing 40 mL of dye
solution. The flasks were shaken in a thermostated
shaker for 24 h. Samples were taken at different

predetermined times and the residual MO concentra-
tion in the solution was measured by UV–vis spec-
trophotometry, at 508 nm, after addition of 1 M HCl,
using an Agilent 8453 spectrophotometer.

The percentage of MO removal was obtained by
using the following equation:

%Removal ¼ C0 � Ce

C0
100 (20)

where C0 and Ce are the initial and equilibrium MO
concentrations in the solution (mg/L), respectively.

3.2.2. Equilibrium and kinetic experiments

In the equilibrium and kinetic experiments, the
batch adsorption studies were carried out by shaking
0.02 g of AC with 40 mL of different concentrations of
MO solution (10–50 mg/) for 24 h at the solution pH
(5.7), in a rotary shaker (50 mL Erlenmeyer flasks) at
200 rpm. The temperature was 293 K in the kinetic
experiments and 283–313 K in the equilibrium
experiments.

The amount of MO loaded onto the AC at any
time t, qt (mg/g), and at equilibrium, qe (mg/g), was
estimated by the following relationships:

Table 1
Properties of commercial AC

Parameter Value Parameter Value

Particle size (mesh) 4–12 Mesopore volume (2–20 μm) (cm3/g) 0.202a

Specific surface area (m2/g) 520a Total acidity (μeq/g) 212.5b

Pore volume (cm3/g) 0.543a Total basicity (μeq/g) 417.9b

Micropore volume (<2 μm) (cm3/g) 0.219a Cero charge point 4.7b

Mesopore volume (2–20 μm) (cm3/g) 0.122a

a[43].
b[44].

Fig. 1. Chemical structure of MO.
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qt ¼ C0 � Ctð ÞV
m

(21)

qe ¼ C0 � Ceð ÞV
m

(22)

where Ct is the concentration of MO in the solution at
time t (mg/L), V is the volume of MO solution (L),
and m is the mass of AC (g).

The data obtained from these experiments were
used to test the different isotherm, kinetic, and
adsorption mechanism models.

3.2.3. Effect of temperature on adsorption.
Thermodynamic study

To study the effect of temperature on the adsorp-
tion process, samples of 0.02 g of AC were added to
40 mL of a 50 mg/L MO aqueous solution at the solu-
tion pH and the mixtures were shaken in 50 mL stop-
pered flasks at 200 rpm and different temperatures
(283–323 K) for 24 h. Data obtained from these experi-
ments were used to determine the thermodynamic
parameters through Eq. (18).

4. Results and discussion

4.1. Effect of experimental parameters

4.1.1. Effect of the initial MO concentration

The initial dye concentration has a pronounced
effect on the extent of its removal from aqueous solu-
tions, as shown in Fig. 2(a). The plot shows that
increasing the MO concentration from 10 to 50 mg/L
decreases the MO removal percentage from 83.78 to
30.58%, and increases the adsorption capacity from
15.43 to 29.71 mg/g. This increase in adsorption capac-
ity with the initial dye concentration may be due to
the increase in the driving force to overcome the resis-
tance to the mass transfer of MO between the aqueous
phase and the solid phase, enhancing the interaction
between MO and AC [45]. The decrease in the
percentage of MO removal can be attributed to the
saturation of available active sites on the absorbent
above a certain concentration of adsorbate [46].

4.1.2. Effect of AC dosage

The quantity of adsorbent used is a very important
feature as it determines the extent of dye removal and
may be used to determine the cost of adsorbent per
unit volume of solution to be treated. The results
shown in Fig. 2(b) indicate that the MO removal per-

centage increases from 24.6 to 94.8% when the AC
dosage increases from 0.015 to 0.055 g. This increase
can be attributed to an increase in the total available
area and, consequently, in the total number of adsorp-
tion sites. The MO removal percentage increases shar-
ply when AC dose increases from 0.015 to 0.035 g, but
further increase in AC dosage leads to a more moder-
ate increase in MO removal, probably due to the split
in the flux or the concentration gradient between the
solute concentration in the solution and the solute
concentration on the surface of the adsorbent [47].

4.1.3. Effect of the initial pH of the solution

The pH of an aqueous solution is a very influential
parameter in the dye adsorption process as it affects
the surface charge of the adsorbent material and the
degree of ionization of the dye molecule. The effect of
initial pH on MO adsorption onto AC is represented
in Fig. 2(c), where it can be seen that the MO removal
percentage was constant above pH 3 (about 57%) but
increased significantly to 79% at lower pH values.

The AC used in this study has a zero charge point
of 4.7, and it can be assumed that above this value,
active basic groups of the sorbent will be in a neutral
form (non-charged), while active acid groups will be
ionized (negatively charged). Below pH 4.7, acid
groups will be in a neutral form, but basic groups will
be protonated (positively charged). In the same way,
as MO has a pKa of 3.5, it can be assumed that above
pH 3.5, the dye will have a negative charge (amine
group in non-ionized form and sulfonic group in
negative charge ionized form), and that below pH 3.5,
the dye will have no net charge (amine group in posi-
tive charged ionized form and sulfonic group in nega-
tive charge ionized form). This means that above pH
4.7, both MO and AC are negatively charged and
adsorption by electrostatic interactions is not favoured
by any adsorption resulting from Van der Waals
interactions between the p electron density of the car-
bon layers of the AC and the aromatic ring of the dye.
At pH values lower than 3.5, AC is positively charged
and MO is not charged (though it has a positive and a
negative charge in its molecule). In this case, adsorp-
tion can result from both Van der Waals interactions
and electrostatic interactions between the positive
charges of AC and the negative sulfonic groups of
MO, thus resulting in an increase of adsorption.

4.1.4. Effect of stirring rate

The effect of stirring rate on MO removal by
adsorption on AC is illustrated in Fig. 2(d). As can be
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seen, the MO removal percentage increases with the
stirring rate; the increase was greater when the stirring
rate increases from 50 to 250 rpm, but lower at higher
stirring rate.

So a stirring rate of 200 rpm was selected for
further adsorption experiments. This indicates that the
diffusion of MO, from the solution into the surface of
the adsorbent and into the pores, occurs easily and
rapidly.

4.2. Adsorption equilibrium

Linear regression is commonly used to determine
the best fitting isotherm to any adsorption process, the
applicability of isotherm equations being compared by
analyzing the obtained correlation coefficients. So, the
experimental equilibrium data of MO adsorption onto
AC were analyzed using the Langmuir, Freundlich,
Elovich, Temkin, and Dubinin–Radushkevich equa-
tions described above.

Linear representation of these models is shown in
Fig. 3(a–e), while all the constants and R2 values

obtained from the five isotherm models are included
in Table 2.

The Langmuir isotherm model gives the highest R2

values (0.9796–0.9989). The fit of the experimental data
to the Langmuir isotherm model suggests that the sur-
face of AC is made up of homogeneous activated
patches. The values of RL calculated are lower than 1
(0.995–0.998), indicating the favorable character of the
MO adsorption process onto AC.

The lower R2 values obtained for Freundlich,
Elovich, Temkin, and Dubinin–Radushkevich equa-
tions indicate that these models are not appropriate
for describing the adsorption process of MO onto AC.

The free energy value of the adsorption process
obtained by the Dubinin–Radushkevich equation
(lower than 8 kJ/mol) suggests the physical nature of
the adsorption process.

4.3. Adsorption kinetics

The kinetics of MO adsorption onto AC was ana-
lyzed by using the Lagergren pseudo-first-order, the
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Fig. 2. Effect of different operating variables on MO adsorption onto granular AC: (a) initial MO concentration; (b) AC
dose; (c) initial pH of MO solution; and (d) stirring rate.
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Ho pseudo-second-order and the Elovich kinetic mod-
els described above. Linear representations of these
models are shown in Fig. 4(a–c), while all the kinetic
parameters and R2 values calculated from the three
kinetic models are included in Table 3.

It is evident from results that the experimental
data for MO adsorption onto AC are best described
by the pseudo-second-order kinetic model. Table 3
shows that the correlation coefficient R2 for the

pseudo-second-order kinetic equation is greater than
0.99 (0.9915–0.9982) and that the calculated qe values
are in an acceptable agreement with the corresponding
experimental values. This confirms that the adsorption
data are well represented by the pseudo-second-order
kinetic model.

As seen in Table 3, the correlation coefficients of
the pseudo-first-order and Elovich kinetic equations
are in a range of 0.9538–0.989 and 0.9711–0.9931,
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Fig. 3. Isotherm plots for the adsorption of MO onto granular AC: (a) Langmuir; (b) Freundlich; (c) Elovich; (d) Temkin;
and (e) Dubinin–Radushkevich.
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respectively, meaning that neither of these models is
suitable for describing the interaction between MO
and AC.

4.4. Adsorption mechanism

The kinetic experimental results were further ana-
lyzed by using the Weber and Morris intraparticle
diffusion model (Fig. 5(a)). The fact that the plots
shown in Fig. 5(a) are not linear over the whole time
range, means that more than one step is involved in
the adsorption process, and that intraparticle diffusion
is not the only rate-limiting mechanism in that adsorp-
tion process. That is, the double nature of the intra-
particle diffusion plot confirms the presence of both
surface adsorption and intraparticle diffusion [48].

To predict the actual slowest step in the adsorption
process, the effect of contact time data was tested with
the Boyd kinetic plot. From the results shown in
Fig. 5(b), it is observed that the plots are linear, but do
not pass through the origin, suggesting that the
adsorption process is controlled by film diffusion.

4.5. Adsorption thermodynamics

4.5.1. Effect of temperature on adsorption

It is well established that temperature is another
factor that greatly influences any adsorption process.
Fig. 6(a) shows the effects of temperature on the MO
removal percentage at different initial dye concentra-
tions. An increase of temperature from 283 to 313 K

Table 2
Isotherm constants for the adsorption of MO onto granular AC

Temperature (K) qm (mg/g) KL (L/mg) RL R2

Langmuir isotherm
Ce

qe
¼ Ce

qm
þ 1

qmKL

283 20.7 0.235 0.998 0.9796
293 30.58 0.45 0.991 0.9901
303 40.98 0.961 0.971 0.9989
313 46.08 1.154 0.955 0.9968

Freundlich isotherm ln qe ¼ 1
n lnCe þ lnKF

n KF (mg/g) (L/mg)1/n R2

283 5.49 9.51 0.9392
293 6.28 16.45 0.9871
303 4.96 21.49 0.9809
313 7.99 29.76 0.9906

Elovich isotherm ln
qe
Ce

¼ lnðKE qmE)� qe
qmE

qmE (mg/g) KE (L/mg) R2

283 3.79 17.84 0.862
293 4.35 143.29 0.9538
303 6.85 84.27 0.9873
313 4.32 10924.3 0.9569

Temkin isotherm qe ¼ B lnAþ B lnCe

A (L/mg) B (mg/g) R2

283 22.003 2.7318 0.8986
293 100.96 3.5057 0.9624
303 65.25 5.4202 0.9931
313 6807.32 3.6236 0.9621

Dubinin–Radushkevich isotherm ln qe ¼ ln qm � Ke2 e ¼ RT ln 1þ 1
Ce

� �

qm (mg/g) K (mol2/J) E (J/mol) R2

283 17.1 0.7040 0.84 0.7016
293 26.47 0.1540 1.80 0.8295
303 36.94 0.0724 2.63 0.9367
313 40.44 0.0079 7.96 0.8965
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leads to an increase of the removal percentage, that is,
to an increase in adsorption uptake, for all initial con-
centrations. This may be due to both an increase in
the dye mobility to penetrate inside the adsorbent
pores, because of the decrease in solution viscosity,
and an increase in the interactions between the dye
and functional groups of the AC [49]. These results
also suggest that the adsorption of MO onto AC is an
endothermic process. It can be also seen from the fig-
ure that the percentage removal increases sharply with
the increase in temperature up to 303 K, above which

the removal percentage reaches an almost constant
value.

4.5.2. Thermodynamic parameters

Three thermodynamic parameters were considered
in characterizing the adsorption process: the standard
free energy (ΔG˚), the standard enthalpy (ΔH˚), and
the standard entropy (ΔS˚). ΔG˚ was calculated from
Eq. (18), while ΔH˚ and ΔS˚ were calculated from
Eq. (19) through the plot of ln Ke vs. 1/T (Fig. 6(b)).
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Fig. 4. Kinetic plots for the adsorption of MO onto granular AC: (a) pseudo-first order; (b) pseudo-second order; and
(c) Elovich.

Table 3
Kinetic constants for the adsorption of MO onto granular AC

C0 qe (exp)

Pseudo-first order Pseudo-second order Elovich

k1
(1/min)

qe(calc)
(mg/g) R2

K2

(g/mg min)
qe(calc)
(mg/g) R2

Α
(mg/g min)

β
(g/mg) R2

0.10 16.50 0.0025 13.69 0.9764 0.29281685 18.48 0.9945 56.3640 0.2777 0.9905
0.02 22.95 0.0023 18.94 0.9840 0.07842368 25.25 0.9903 98.5992 0.2029 0.9711
0.03 25.24 0.0026 17.99 0.9538 0.04996086 25.83 0.9958 42.8205 0.2117 0.9931
0.04 28.05 0.0032 24.57 0.9890 0.02356701 32.57 0.9972 75.3666 0.1593 0.9853
0.05 29.71 0.0029 25.46 0.9792 0.01682269 34.48 0.9982 92.2357 0.1472 0.9921
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The calculated values of these thermodynamic
parameters are shown in Table 4.

As can be seen from Table 4, ΔH˚ and ΔS˚ are
positive and ΔG˚ is negative. The adsorption process
is obviously spontaneous and thermodynamically
favorable with the negative value of ΔG˚ for all the
studied temperatures. Positive values of standard
enthalpy (ΔH˚) confirm that the adsorption process is
endothermic, with adsorption increasing with an
increase in temperature. It has been reported that the
ΔH˚ ranges of physiadsorption, ionic exchange, and

chemiadsorption are 0–20 kJ/mol, 20–80 kJ/mol, and
80–450 kJ/mol, respectively [50]. In this study, the low
value of ΔH˚ (10.892 kJ/mol) confirms the existence of
physiadsorption between MO and AC (electrostatic
and Van der Waals interactions). The positive ΔS˚
value theoretically confirms the affinity of AC for MO
adsorption [51] and the non-reversible nature of the
adsorption process [52], and suggests the increase of
randomness of MO molecules on the AC surface,
probably due to structural changes in both the
adsorbate and the adsorbent.
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Table 4
Thermodynamic parameters of the adsorption of MO onto granular AC

ΔH˚ (kJ/mol) ΔS˚ (kJ/mol K)
ΔG˚ (kJ)

283 K 293 K 303 K 313 K

10.892 0.058 −5.552 −6.133 −6.714 −7.295
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5. Conclusion

The adsorption of MO onto granular AC is studied
in this paper. The MO removal percentage increases
with the carbon dose used, the stirring rate, the
temperature and as the pH falls below pH 3 (remain-
ing practically constant at higher pH values), and
decreases with the increase in initial dye concentra-
tion. Equilibrium data fit the Langmuir isotherm
equation very well, and the maximum monolayer
adsorption capacity is found to increase from 20.7 to
46.1 mg/g when the temperature increases from 283
to 313 K. The pseudo-second-order kinetic model fits
the kinetic data very well. The adsorption mechanism
shows that more than one step is involved in the
adsorption process and that this is controlled by film
diffusion. The negative ΔG˚ value indicates that the
adsorption is feasible and spontaneous. The positive
ΔH˚ and ΔS˚ values point to the endothermic nature
of the adsorption, which presumably has a physical
nature. The positive value of ΔS˚ indicates the affinity
of AC for MO adsorption and the non-reversible
nature of the adsorption process.
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