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ABSTRACT

Waste cotton activated carbon was used as an adsorbent for the removal of methylene blue
from aqueous solutions. The prepared activated carbon was characterized by pore structure
analysis, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy.
Batch adsorption studies were carried out and the effect of experimental parameters such as
pH, initial dye concentration, and contact time on the adsorption was studied. The obtained
equilibrium data were best fitted to the Langmuir model, with a maximum monolayer
adsorption capacity of 344.82 mg/g. The kinetic data obtained at different concentrations
were investigated using the pseudo-first-order, pseudo-second-order, and intraparticle diffu-
sion models. The experimental data were found to conform to the pseudo-second-order
kinetics with good correlation. The adsorption mechanism was also studied. The obtained
thermodynamic parameters indicated that the adsorption process was spontaneous and
endothermic in nature.
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1. Introduction

Textile dye-containing wastewater presents a seri-
ous environmental problem because most of the
dyes impart toxicity and have complex aromatic
molecular structures that are difficult to biodegrade
when discharged into waste streams. In textile efflu-
ent, dyes can obstruct light penetration and affect
photosynthetic activity of aquatic plants and raise
the chemical oxygen demand of the wastewater
[1–3]. Hence, the removal of dyes from textile efflu-
ents becomes one of the major environmental
concerns these days.

Basic dyes are water soluble cationic dyes that are
mostly used to dye anionic textile fibers such as
acrylic and modacrylic fibers and, to a much lesser
extent, wool, silk, modified nylons, and polyesters [4].
Most of basic dyes have high color strengths and can
produce brilliant shades even at low concentrations.
Methylene blue (MB) is one of the most commonly
used basic dyes. It has a number of uses in different
fields such as biology and chemistry, besides its appli-
cation for coloration of textile fibers, leather, plastics,
and paper. However, MB causes various harmful
effects on human health such as eyes burning, skin
irritation, nausea, vomiting, and diarrhea. If inhaled,
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the dye may cause methemoglobinemia, cyanosis,
convulsions, tachycardia, and dyspnea [5,6].

A variety of processes such as adsorption, electro-
chemical, membrane separation, fluctuation–coagula-
tion, oxidation, reverse osmosis, and biological
treatment have been employed to remove dyes from
wastewaters [2]. However, among all the methods
available, adsorption is considered one of the most
effective methods due to its easy availability, simplic-
ity of design and operation, high efficiency, and ability
to treat dyes in more concentrated forms [1,7].

Activated carbon is the most commonly used
adsorbent, which is often characterized by its highly
developed porosity and large surface area. However,
high production costs make activated carbon more
expensive than other adsorbents and limit its usages.
In recent years, there has been a growing interest in
the production of low-cost activated carbons from
industrial and agricultural solid wastes [7–9].

Waste cotton fibers are generated in large quanti-
ties in different units of cotton textile mills such as
cleaning, opening, carding, combing, drawing, and
spinning [10,11]. On the other side, rapid development
and higher production capacity of cotton textile indus-
tries resulted in higher output of waste cotton fibers.
Hence, in the context of economic issues and environ-
mental protection, there is growing interest in devel-
oping recycling processes to produce valuable
products from waste cotton fibers [12,13]. Recycling of
waste cotton to produce activated carbon can help to
solve part of the problem of textile solid waste dis-
posal and wastewater treatment.

The objective of the present work was to investigate
the potential of the waste cotton activated carbon
(WCAC) as an adsorbent in removing MB from
aqueous solutions. In this way, the equilibrium, kinetic,
and thermodynamic of the adsorption process were
studied.

2. Materials and methods

2.1. Materials

Waste cotton fibers were collected from a textile
mill, and used for preparing the activated carbon. The
fibers were washed with a non-ionic surfactant (1 g/L
Irgasol NA, provided by Ciba Co) for 1 h; then, rinsed
with distilled water, and oven dried at 105˚C for 3 h.
Phosphoric acid was from Merck with 85% purity.
Other chemicals also were analytical grades from
Merck.

MB with a molecular weight of 319.85 (g/mol)
supplied by Merck and was not purified prior to use.
The structure of MB is shown in Fig. 1.

2.2. Preparation of activated carbon

Waste cotton fibers (20 g) were first soaked in a
300 mL solution prepared with suitable volume of
85% (w/w) aqueous H3PO4 and allowed to absorb the
phosphoric acid overnight. The soaked waste cotton
fibers were dried in an oven at 105˚C, and then placed
in a programmable tubular furnace (50 mm diameter
and 500 mm length). Subsequently, the furnace was
purged with continuous N2 flow (50 mL/min) and
heated with a controlled rate of temperature rising
until activation temperature and kept at this tempera-
ture until the end of the activation process. The opera-
tional conditions were: activation temperature of
450˚C, activation time of 0.5 h, impregnation ratio of 2,
and the rate of temperature rising of 10˚C/min. The
produced AC was cooled in the furnace and washed
with hot distilled water until the pH of filtrate reached
to 6–7. The ratio of water to carbon was approximately
100:1 and the washing was repeated at least five
times.

2.3. Characterization of activated carbon

The surface area and the pore size distribution of
the activated sample were determined from nitrogen
adsorption/desorption isotherms measured at 77 K by
Quantachrome Autosorb equipment. The apparent
surface area was derived according to the Langmuir
and BET models, and the pore size distribution calcu-
lated from the desorption branch according to Barrett
et al. [14].

Fourier transform infrared spectroscopy (FTIR)
was performed by a Thermo Nicolet Nexus 870 spec-
trophotometer. For this purpose, the samples were
mixed with KBr powder, compressed into discs using
a manual tablet press, and analyzed using FTIR in
absorbance mode.

The surface elemental contents and chemical com-
position of the samples were measured by X-ray pho-
toelectron spectroscopy (XPS) using a Physical
Electronics VG ESCALAB MK II XPS spectrophotome-
ter with an achromatic MgAl X-ray source. The peak
positions were adjusted based on the C1s electron

Fig. 1. Chemical structure of MB.
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binding energy (BE) corresponding to graphitic
carbon, which was taken as 284.6 eV. After the base-
line subtraction, deconvolution of XPS peaks was
performed with a nonlinear least-square iterative
technique based on the Gaussian function.

2.4. Batch equilibrium studies

Adsorption tests were carried out by adding equal
mass of 0.1 g of the activated carbon in a set of 250 mL
Erlenmeyer flasks containing 200 mL of MB solutions
with different initial concentrations (50–600 mg/L) of
the dye. The dye samples were mechanically agitated
using a magnetic stirrer at 140 rpm for 240 min until
the equilibrium was reached. The experiments were
done at natural pH value of dye solutions which was
around 6.0. At the time of t = 0 and equilibrium, the
dye concentrations were determined by a double beam
UV/vis spectrophotometer (Shimadzu, Model UV
1601, Japan) at maximum wavelength, λmax = 618 nm.
The amount of adsorption at equilibrium, qe (mg/g),
was calculated by:

qe ¼ ðC0 � CeÞV
W

(1)

where C0 and Ce (mg/L) are concentrations of dye at
initial and equilibrium, respectively. V is the volume
of the solution (L) and W is the mass of dry adsorbent
used (g).

2.5. Adsorption isotherm

In order to design the adsorption process and
optimize the use of adsorbents, it is important to
understand the adsorption mechanisms and adsor-
bate–adsorbent interaction. Adsorption isotherm mod-
els relate the adsorbate concentration in the bulk to
the adsorbed amount at the interface and describe
how solute interacts with adsorbent. In this work, four
isotherm models: the Langmuir, Freundlich, Temkin,
and Dubinin–Radushkevich isotherms were examined
for their ability to describe the experimental data. The
validity of isotherm models to experimental data was
evaluated by correlation coefficient (R2) and normal-
ized standard deviation, (Δqe) % defined by Eq. (2).

Dqeð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

qe;exp � qe;cal
� �

=qe;exp
� �2q

N � 1
� 100 (2)

where qe,exp (mg/g) and qe,cal (mg/g) are the experi-
mental and calculated values for the amount of dyes

adsorbed, respectively. Smaller (Δqe) represents that
data from the model is similar to the experimental
value, whereas larger value points out the difference
between them.

2.6. Batch kinetics studies

In order to understand the dynamics of the
adsorption process, the kinetic adsorption data were
evaluated. The conditions of kinetic experiments were
identical to those of equilibrium experiments. The
samples were taken at predetermined time intervals
and the MB concentration was calculated. The amount
of adsorption at time t, qt (mg/g), was measured by:

qt ¼ ðC0 � CtÞV
W

(3)

where Ct (mg/L) is the calculated concentration of
dye at time t.

Three kinetic models, pseudo-first-order kinetic
model, pseudo-second-order kinetic model, and
intraparticle diffusion model were used to analyze the
kinetic data. The degree of fit of kinetic models to the
experimental data was evaluated by values of the cor-
relation coefficient, R2 and the normalized standard
deviation, (Δqt) (%) defined as:

Dqtð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðqt;exp � qt;calÞ=qt;exp

� �2q
N � 1

� 100 (4)

where qt,exp (mg/g) and qt,cal (mg/g) are the experi-
mental and calculated value for the amount of dye
adsorption at time t, respectively.

3. Results and discussion

3.1. Characterization of activated carbon

Based on the Brunauer Emmett Teller analysis, the
Langmuir specific surface area, BET specific surface
area (SBET), total micropore volume (Vmicro), and mes-
opore volume (Vmeso) of the produced activated car-
bon were determined as 1,101 m2/g, 694 m2/g,
0.2886 mL/g, and 0.0670 mL/g, respectively. The
obtained surface area and pore volume values indicate
that the produced activated carbon has well devel-
oped porous structure, in which 80.6% of the pore vol-
ume derives from the micropores. The activated
carbon also contains a certain amount of mesopores
that is necessary to provide transport channels for
adsorbate adsorption [13].
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The FTIR absorbance spectra in the range of
500–4,000 cm−1 for the WCAC are shown in Fig. 2.
There is a strong and broad adsorption peak at
3,436 cm−1, which corresponds to the stretching of the
OH functional group and shows the presence of
bonded hydroxide in the activated carbon sample. The
produced activated carbon has peaks at 2,924 and
2,854 cm−1 signifying the asymmetric and symmetric
CH bonds, respectively. These two peaks together with
the peak at 1,458 cm−1, are corresponding to the alkyl
groups such as methyl and methylene groups. The
C=O stretching due to carboxylic groups is observed at
1,703 cm−1, while, the aromatic skeletal vibration is
indicated by the band centered at 1,560 cm−1. The
broadband between 900 and 1,300 cm−1 has a maxi-
mum at 1,088.49 cm−1, which may be ascribed to the
P–O symmetrical vibration in a chain of P–O–P
(polyphosphate) [15,16]. Generally, the absorption in
this region is the characteristic of phosphorus and
phosphor carbonaceous compounds.

In order to further study the surface chemistry of
the activated carbon, XPS technique which analyses
the upper 5–10 nm of the surface of the WCAC was
employed. A wide survey scan of the sample
(Fig. 3(a)) shows two strong peaks for C1s and O1s at
284.6 and 532 eV, respectively, suggesting the presence
of abundant C and O on the surface of the sample
[17].

The material mainly consisted of carbon with an
atomic fraction of 89% followed by oxygen with an
atomic fraction of 9%. This indicates that the sample is
almost carbonized. On the other hand, the presence of
phosphoric acid as an activation agent caused some
phosphor groups (0.6%) to get attached to the surface
of activated carbon.

In order to reveal the local chemical state of func-
tional groups on the activated carbon surface, the
curve fittings of the raw data of the C1s and O1s spec-
tra are presented in Fig. 3(b) and (c), respectively.

The C1s spectrum was deconvoluted into three
peaks with binding energies of 284.6 eV (peak 1),
286.4 eV (peak 2), and 288.6 eV (peak 3) corresponding
to non-functionalized C (C–C/C–H) belonging to the
carbon skeleton of graphite and to hydrocarbons, car-
bon in alcohol or ether groups (peak 2) and carboxyl
and/or ester groups (peak 3). 61% of carbon atoms
are graphitic, 16% aliphatic, and about 23% belongs to
oxidized carbon.

The O1s spectrum of WCAC carbon was also fitted
to three peaks signifying, double bonded oxygen in
C=O groups (peak 1, BE = 532.4 eV), single bonded
oxygen in C–OH, C–O–C (peak 2, BE = 533.8 eV) and
–COOH, chemisorbed oxygen and/or water (peak 3,
BE = 535.2 eV) [18]. The obtained results from FTIR
and XPS studies revealed that the bulk and surface of
the activated carbon consist of various oxygen-contain-
ing functional groups. The pH of the aqueous slurry
of the carbon which is mainly influenced by theFig. 2. The FTIR spectrum of the WCAC.

Fig. 3. XPS spectra of WCAC: (a) a wide survey scan, (b) C1 s spectrum, and (c) O1 s spectrum.
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presence of oxygen or hydrogen functional groups
was 4.8 and it exhibits a pH value lower than that of
the blank (which was measured to be 5.5). Hence, the
produced WCAC can be classified as acidic (Type L)
carbons [19] which are generally preferred for the
adsorption of basic compounds.

3.2. Effect of solution pH

The pH of solution is an effective parameter on
both aqueous chemistry and binding sites of the
adsorbent surface. Hence, the degree of adsorption of
dyes onto the adsorbent surface is influenced by the
solution pH. Fig. 4 shows the effect of pH on the
removal of MB (initial concentration = 150 mg/L) by
the WCAC. The effect of pH on adsorption of the dye
was studied within pH range of 2–12. As can be seen,
the percent removal of MB increased with the increase
in pH and reached its maximum at pH 12. At acidic
condition (pH < pHzpc), more protons (H+ ions) are
available, which can compete with cationic dye mole-
cules for the adsorption sites of the adsorbent and
consequently decrease the amount of MB adsorption.
At higher solution pH (pH > pHzpc), the number of
negatively charged sites on the adsorbent surface
increases, which lead to higher adsorption of posi-
tively charged dye cations through electrostatic attrac-
tion. Similar trends of pH effect were also reported in
the literature for the adsorption of basic dyes on rattan
sawdust [20], activated carbons prepared from jute
fiber [5], and oil palm shell [21].

3.3. Effect of initial dye concentration

In order to study the effect of initial dye concentra-
tion on the adsorption of MB by WCAC, various ini-
tial concentrations of MB solutions (50, 100, 200, 300,
400, and 600 mg/L) and time intervals were assessed

until no adsorption of the dye on the adsorbent took
place. As shown in Fig. 5, the amount of adsorbed MB
per unit mass of WCAC increased from 48.85 to
346.32 mg/g as the MB concentration increased from
50 to 600 mg/L. This can be explained by an increase
in the driving force of the concentration gradient,
which occurs as a result of increased initial dye con-
centration. It was also observed that the equilibrium
of adsorption was achieved faster at lower concentra-
tions than at higher concentrations. However, for MB
solutions with higher initial concentrations, the
required equilibrium times were longer. The WCAC is
composed of porous structure and the process of
adsorption which consists of some consecutive mass
transport steps is gradual and takes relatively long
contact time. It is obvious that the WCAC is efficient
to adsorb MB from aqueous solution and the process
attaining the equilibrium is gradually especially for
higher initial dye concentrations.

3.4. Adsorption isotherm

3.4.1. Langmuir isotherm

The nonlinear form of the Langmuir isotherm
model [22] is represented by Eq. (5):

qe ¼ qmCeb

1þ Cebð Þ (5)

where Ce (mg/L) is the equilibrium concentration of
the adsorbed MB, qe is the amount of MB adsorbed
(mg/g), qm and b (Langmuir constants) are the mono-
layer adsorption capacity and affinity of adsorbent
toward adsorbate, respectively. A plot of qe against Ce

Fig. 4. Effect of solution pH on MB percent removal on
WCAC (MB initial concentration = 150 mg/L).

Fig. 5. Effect of initial concentration on the adsorption of
MB on WCAC. Conditions: temperature = 28˚C, rpm = 140,
V = 200 mL, W = 0.10 g, and pH 6.
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as a fitted curve is shown in Fig. 6 and the Langmuir
constants were derived from the adsorption data
(Table 1).

The essential characteristics of the Langmuir iso-
therm can be expressed by a dimensionless parameter
called the separation factor (KR) [23] which is defined
as:

KR ¼ 1

1þ KaC0ð Þ (6)

where KR and C0 are the Langmuir constant and the
initial dye concentration (mg/L), respectively. KR val-
ues indicate the type of isotherm to be irreversible
(KR = 0), favorable (0 < KR < 1), linear (KR = 1), or
unfavorable (>1).

The obtained KR values for the adsorption of MB
on WCAC are shown in Fig. 7. The range of KR values
obtained (0.001–0.0176), indicates that the adsorption
is a favorable process and that at high initial MB
concentrations the adsorption is almost irreversible.

3.4.2. Freundlich isotherm

The nonlinear form of the Freundlich model is
given [24] as:

qe ¼ KFC
1=n
e (7)

where KF (mg/g) (L/mg)1/n and n are the Freundlich
adsorption constants related to adsorption capacity
and adsorption intensity, respectively. For the value
n = 1, the partition between the two phases is inde-
pendent of the concentration. A value of 1/n below
one indicates a normal Langmuir isotherm, while 1/n
above one is indicative for a cooperative adsorption
[25]. A plot of qe against Ce (Fig. 6) resulted in a poor
curve fitting, which indicates that the adsorption pro-
cess did not follow the model. The corresponding
coefficients of the Freundlich isotherm, KF and n are
given in Table 1.

3.4.3. Temkin isotherm

In the derivation of the Temkin isotherm, it is
assumed that the heat of adsorption of all molecules
in the layer decrease linearly as coverage progresses
[26]. The Temkin isotherm model has generally been
applied in the following form:

qe ¼ RT=bT ln kTCeð Þ (8)

where kT is the equilibrium binding constant
corresponding to the maximum BE and B (RT=bT) is
related to the heat of adsorption. The qe (mg/g) and
Ce (mg/L) are the experimental adsorption capacity
and the concentration of the MB adsorbed at equilib-
rium, respectively. Also, R is the universal gas con-
stant (8.314 J/kmol) and T is the temperature in

Fig. 6. The non-linear isotherms studied for adsorption of
MB on WCAC. Conditions: temperature = 28˚C, rpm = 140,
V = 200 mL, W = 0.10 g, and pH 6.

Table 1
Langmuir, Freundlich, Temkin, and Dubinin–Radushke-
vich (D–R) isotherm model parameters for the adsorption
of MB onto WCAC

Langmuir qm (mg/g) b (L/mg) R2 Δqe
344.82 0.232 0.998 4.83

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

1/n R2 Δqe

146.25 0.21 0.787 37.26
Temkin kT (L/mg) B R2 Δqe

141.32 37.50 0.916 24.34
(D–R) qm (mg/g) E (kJ/mol) R2 Δqe

309.92 1.118 0.980 34.56

Fig. 7. The separation factor for MB adsorption on WCAC.
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Kelvin (K). The graph of Temkin isotherm and the
related parameters are presented in Fig. 6 and Table 1,
respectively.

3.4.4. Dubinin–Radushkevich (D–R) isotherm

The D–R equation is another popular isotherm
model, which its derivation is not based on ideal
assumptions, such as homogeneous surface or con-
stant adsorption potential [27]. It can give ideas about
the nature of adsorption processes, whether physical
or chemical. The nonlinear form of D–R model is rep-
resented as Eq. (9):

qe ¼ qm exp �be2
� �

(9)

where qe and qm are the quantity of dye molecules
adsorbed on per unit weight of adsorbent (mol/g) and
the maximum adsorption capacity (mol/g), respec-
tively. is the Polanyi potential and can be calculated
by Eq. (10):

e ¼ RT ln 1þ 1

Ce

� �
(10)

where R is the gas constant (8.314 J/mol K) and T is
the absolute temperature. The constant β (mol2/J2) is
the activity coefficient corresponding to adsorption
mean free energy, E (kJ/mol), which can be deter-
mined by the following relationship:

E ¼ 1

2bð Þ0:5 (11)

The mean free energy (E) of adsorption specifies the
dominance of physical or chemical mechanism in the
adsorption process. Chemical (ion-exchange) adsorp-
tion happens if the value of E < 8 kJ/mol, while
8 < E < 16 kJ/mol signifies physical adsorption mecha-
nism [26].

A plot of qe against ε2 gave a nonlinear graph
(figure not shown) that the related obtained parame-
ters for Dubinin–Radushkevich model are presented
in Table 1.

It can be seen in Table 1 that the Langmuir model
described more of the adsorption process of MB on
WCAC, as the model gave the highest R2 value (0.998)
and the lowest Δqe value (4.83%) in comparison with
other three isotherm models. This indicates the homo-
geneous and monolayer mechanism of adsorption and
the maximum monolayer adsorption capacity was
344.82 mg/g.

Although the D–R model gave relatively high R2

values, however, the Δqe values were higher compared
to the Langmuir model.

The D–R isotherm model, the more general form
of Langmuir model, further supported the physical
nature of monolayer adsorption as the value of
obtained mean free energy E, was less than 8 kJ/mol.

Many research works in the literature have also
reported similar results where adsorption process of
MB on activated carbon followed the Langmuir iso-
therm model, such as adsorption of MB on activated
carbons produced from jute fiber [5], corncob [28], rat-
tan sawdust [20], coconut husk [29], and oil palm fiber
[21,30]. The MB adsorption capacity of the WCAC pre-
pared in this work (344.82 mg/g) was relatively high
compared to some other adsorbents reported in the lit-
erature. This indicates that waste cotton fibers are
promising raw materials for the preparation of
activated carbon for removal of MB from aqueous
solutions.

3.5. Adsorption kinetic models

The kinetics of adsorption of MB on WCAC was
investigated by applying three different kinetic
models. The pseudo-first-order model proposed by
Lagergren and Svenska [31] is presented by Eq. (12):

ln qe � qtð Þ ¼ ln qe � k1t (12)

where qe and qt are the amount of MB adsorbed (mg/
g) at equilibrium and at time t (min), respectively. k1
is the rate constant of adsorption (min−1).

The slope and intercept of the plot of ln (qe − qt)
vs. t (figure not shown) were calculated and the
model’s parameters are given in Table 2.

The linear form of pseudo-second-order adsorption
model [32] is expressed as Eq. (13):

t

qt
¼ 1

k2q2e
þ 1

qe
t (13)

where k2 (g/mg min) is the rate constant of pseudo-
second-order adsorption.

As shown in Fig. 8, the plot of t/qt vs. t gave very
good linear relationship, and the values of qe and k2
were determined from the slope and the intercept of
the plot. The parameters of pseudo-second-order
kinetic model for the adsorption of MB on WCAC are
presented in Table 2.

The R2 values obtained from the two kinetic mod-
els were greater than 0.90 for all MB concentrations.
However, the pseudo-second-order kinetic model,
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with relatively higher R2 values (close to unity) and
lower Δqe values yielded better fit over the whole
range of studied concentrations. This indicates that the
pseudo-second-order kinetic model which is based on
the equilibrium chemical adsorption, describes the
adsorption kinetics, and that the overall rate of the
dye adsorption process appears to be controlled by
the chemisorption process [33].

The intraparticle diffusion model based on the the-
ory proposed by Weber and Morris [34] was further
tested to study the diffusion mechanism. The model is
represented by Eq. (14):

qt ¼ kit
0:5 þ C (14)

where ki (mg/g min1/2), the intraparticle diffusion rate
constant, is obtained from the slope of the straight line
of qt vs. t

0.5 and C is the intercept.

From Eq. (14), if intra particle diffusion is the
rate-limiting step, then a plot of q against t0.5 must
give a straight line with a slope that equals ki and an
intercept equal to zero. As shown in Fig. 9, the plots
of qt against t0.5 at various initial MB concentrations
are multilinear, having up to four phases of linear
parts. Therefore, a piecewise linear regression method
was used to fit the data to the model. The estimated
intercept values for the first linear parts of all the mul-
tilinear plots are considerably different from zero. This
indicates that the overall rate of adsorption is not con-
trolled by pore diffusion at this early step and that the
first linear section represents the film diffusion or
chemical reaction [35]. For the next two consecutive
linear segments, two pore diffusion parameters, ki,1
and ki,2, can be calculated from the slopes of the corre-
sponding lines that are presented in Table 3. The rate
parameters (ki) represent the diffusion of MB in pores
of distinctly different sizes such as macro pores and
mesopores [36]. The decrease in pore sizes and
subsequently available free path for diffusion from

Table 2
Kinetic parameters of pseudo-first and pseudo-second-order models for the adsorption of MB on WCAC

Initial MB concentration
(mg/L) qe,exp (mg/L)

Pseudo-first order parameters Pseudo-second order parameters

qe,cal
(mg/L)

k1
(min−1) R2 Δqt

qe,cal
(mg/L)

k2 × 103

(min−1) R2 Δqt

50 48.85 54.61 0.168 0.991 10.82 50.01 23.95 0.999 6.21
100 97.62 106.54 0.077 0.977 7.951 101.14 2.66 0.995 7.35
200 196.97 235.17 0.030 0.968 27.92 206.49 0.14 0.996 7.65
300 292.84 292.10 0.0186 0.962 13.85 304.25 0.041 0.996 8.66
400 328.24 369.99 0.0159 0.941 22.61 330.36 0.039 0.990 11.14
600 346.32 329.44 0.0135 0.971 21.17 339.44 0.046 0.984 13.68

Fig. 8. Pseudo-second-order kinetic for adsorption of MB
on WCAC. Conditions: temperature = 28˚C, rpm = 140,
V = 200 mL, W = 0.10 g, and pH 6.

Fig. 9. Intraparticle diffusion plot for the adsorption of dif-
ferent initial MB concentrations. Conditions: tempera-
ture = 28˚C, rpm = 140, V = 200 mL, W = 0.10 g, and pH 6.
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macropores to mesopores leads to a decrease in value
of Ki [21]. As can be seen in Table 3, for the higher
concentrations of MB, relatively higher ki values were
obtained. This can be explained by the increase of
driving force for dye diffusion caused by increase in
bulk liquid dye concentration. For the C0 = 50 no dis-
tinct second pore diffusion period was observed.
However, this does not essentially confirm that
adsorption mechanism at low concentrations has no
second pore-diffusion period, as the phenomenon may
be occurred due to the lack of enough data points
during the second period of pore diffusion.

3.6. Adsorption thermodynamic

The changes in thermodynamic parameters, stan-
dard Gibbs free energy (ΔG˚), standard enthalpy
(ΔH˚), and standard entropy (ΔS˚), for the adsorption
process were studied to make a decision on whether
the reaction is spontaneous or not.

The values of parameters were calculated using
the Van’t Hoff equation which is given as:

lnKd ¼ �DG�

RT
¼ DS�

R
� DH�

RT
(15)

where R (8.314 J/mol K) is the universal gas constant,
T (K) the absolute temperature, and Kd is the distribu-
tion coefficient which can be obtained as:

Kd ¼ qe
Ce

(16)

where qe (mg/L) is the amount adsorbed on solid at
equilibrium and Ce (mg/L) is the equilibrium concen-
tration. By plotting a graph of ln Kd vs. 1/T the values
ΔH˚ and ΔS˚ can be estimated from the slopes and
intercepts. The equilibrium experiments were con-
ducted for 200 mg/L MB solution at 30, 40, and 50˚C
and the obtained thermodynamic parameters are
presented in Table 4.

The negative values obtained for change of Gibbs
free energy showed that the adsorption process was
favorable and spontaneous and that the degree of
spontaneity of the reaction increases with increasing
temperature. Table 4 also indicates that the ΔS values
were positive which can be occurred as a result of
increased randomness or excitement at the interface
(solid–liquid) during the adsorption MB on WCAC.
Furthermore, the positive value of ΔH˚ signified that
the adsorption process was endothermic in nature.
Similar results were also reported for adsorption of
MB on other adsorbents such as wheat shells [37], oil
palm shell activated carbon [21], and acid-treated
activated carbons [38].

4. Conclusions

In the present work, the applicability of WCAC to
remove MB from aqueous solution was investigated.
The obtained results indicate that WCAC is effective
for the removal of MB from aqueous solution over a
wide range of concentration. The equilibrium data for
the prepared activated carbon were best represented
by the Langmuir isotherm and the maximum adsorp-
tion capacity was found to be 344.82 mg/g. The
adsorption kinetics followed the pseudo-second-order
model with the lowest Δqt value.

It was found that film diffusion was a rate-control-
ling step at the beginning of adsorption process and
subsequently, diffusion in macropores and mesopores
resulted in two consecutive distinct pore diffusion

Table 3
Diffusion coefficients for adsorption of MB on WCAC

Initial MB concentration
(mg/L)

ki,1 (mg/
g min0.5)

First pore diffusion period
(min)

ki,2 (mg/
g min0.5)

Second pore diffusion period
(min)

50 0.90 19.91–29.92 – –
100 8.28 29.92–59.90 4.44 59.90
200 17.25 30.25–85.23 4.45 85–149.81
300 18.78 39.69–149.8 8.31 149.80–239.90
400 19.91 40.70–121.31 10.57 121.31–269.94
600 18.85 40.96–121.87 11.93 121.87–272.25

Table 4
Thermodynamic parameters at various temperatures
studied

Standard
enthalpy ΔH˚
(kJ/mol)

Standard
entropy ΔS˚
(J/mol K)

Gibbs free energy ΔG˚ (kJ/
mol)

323 (K) 313 (K) 303 (K)

29.45 102.61 3714.43 −2663.37 −1659.99
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stages. Investigation of thermodynamic parameters
indicated that the adsorption process is spontaneous
and endothermic in nature. Based on the obtained
results, the WCAC could be employed as a low-cost
and effective adsorbent in the removal of MB dye
from wastewater.
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