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ABSTRACT

In this study, the cork powder was used as adsorbent to remove methyl orange (MO) from
aqueous solutions by adsorption. Batch experiments were conducted to study the effect of
reaction parameters on the adsorption of the dye such as: contact time, initial concentrations
of solution, adsorbent dosage, solution pH, and temperature; consequently, optimum condi-
tion of adsorption was obtained. The surface properties and structure of cork were measured
by some techniques including: Scanning electron microscope, Fourier transform infrared
spectrometry, point of zero charge, and Boehm titration method. Adsorption capacity of cork
for MO is 16.66 mg g−1 at 298 K under the optimum condition of pH of 2, cork dosage of
5.00 g l−1, particle size of d<0.08 mm, and contact time of 240 min. The kinetic data obtained
from different experiments were analyzed using three kinetic models namely pseudo-first-
order, pseudo-second-order, and Elovich kinetics models. Among the kinetics models
studied, the pseudo-second-order model was the best applicable model to describe the
adsorption of MO onto cork. Freundlich and Langmuir models were used to analyze the
obtained experimental data. In comparison, Langmuir model was understood to be a better
fit for the experimental data than Freundlich model. The value of Gibbs free energy of
adsorption (ΔG˚) was found to be −14.96 kJ mol−1; the negative value indicated the spontane-
ity of the adsorption process of MO onto cork. The values of (ΔH˚) and (ΔS˚) were found to
be −11.71 kJ mol−1 and −10.93 J mol−1 K−1, respectively. The thermodynamics parameters
indicated that the adsorption of MO onto cork was spontaneous and exothermal.
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1. Introduction

Water pollution is a common problem worldwide.
It has become more and more serious, especially
regarding dye ions. Dye ions, mainly from dyeing
industries, have become a serious threat to human

beings and the aquatic ecosystem, due to their toxicity
[1]. Methyl orange (MO) is a representative contami-
nant in industrial wastewater and shows poor biode-
gradability [2], hence, several methods such as
membrane [3], electrochemical [4], coagulation/floccu-
lation [5], biological [6–8], and adsorption [9–13] have
been used to treat wastewater containing this pollu-
tant. The adsorption process has been shown to be an
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effective technique with its efficiency, capacity, and
applicability on a large scale to remove dyes as well
as having the potential for regeneration, recovery, and
recycling of adsorbents [14–19]. And activated carbon
is the most effective adsorbent with high surface and
can be regenerated, but it is limited due to the high
operation costs, and this is a major economic consider-
ation in any large-scale remediation application [20]
that has led to a search for cheaper substitutes. Natu-
ral biomasses that are available in large quantities
may have potential as inexpensive adsorbents. Due to
their low cost, they can be discarded without expen-
sive regeneration. Adsorbents such as coal [21], fly ash
[22], wood [23], agricultural wastes (bagasse pith,
maize cob, coconut shell, rice husk, etc.), and cotton
wastes have been tried as an absorbent for color
removal [22,24–27].

A literature review showed that cork has not been
used before to remove acid dyes from colored waste-
water. In this study, cork was used as an adsorbent to
remove MO from aqueous solution. Effective parame-
ters such as adsorbent dosage, dye concentration, inor-
ganic anion (salt), pH, and temperature were
investigated on dye removal. Kinetic, isotherm, and
thermodynamic studies were conducted to evaluate
the adsorption capacity of cork.

2. Experimentals

2.1. Chemicals and materials

The cork powder used was supplied by the
Algerian company “EPE/ JIJEL Etancheite’s SPA.”
The cork powder was washed several times with dou-
ble-distilled water and dried at 110˚C for 3 h. Particle
size fractions were obtained by sieving, and the exper-
iments were carried out with the size fractions with
particle diameters of (d1: <0.08; d2: 0.08–0.1; d3: 0.1–
0.16, and d4 :0.16–0.2 mm). These different fractions
were used for the adsorption studies.

Analytical grade chemicals are used in this experi-
ment. MO (Fig. 1) was supplied by Merck.

A stock solution of MO (1,000 mg l−1) was pre-
pared. Experimental solutions of desired concentration
were obtained by successive dilutions with double-dis-

tilled water. The pH of the solutions was adjusted
using reagent-grade dilute sulfuric acid (0.1 N) and
sodium hydroxide (0.1 N).

2.2. Analysis method

The concentrations of the dye in the sample solu-
tion were measured in a Shimadzu spectrophotometer
(6101) UV–vis. All measurements were performed at
the maximum absorbency visible wave length
(465 nm). In alkaline media, dye exists as an equilib-
rium mixture of undissociated and dissociated dye
forms; to simplify analyses, measurements were
recorded at the isosbestic point as the extinction coeffi-
cients for the two forms were identical.

2.3. Surface studies

The functional groups of the cork were detected
by FTIR spectroscopy (Shimadzu 8400 s). The point
zero charge (pHPZC) was used to determine the point
where the density of electrical charge is zero. The
solid addition method [28] was used to determine
the point zero charge of the adsorbent. SEM Analysis
was performed using an environmental scanning
electron microscopy (Quanta 200). Boehm titration
method [29] was used to determine the amount of
acidic or basic functional groups on the surface of
the adsorbent.

2.4. Adsorption studies

The adsorption studies were carried out by batch
process. The dye adsorption was performed in a set of
Erlenmeyer flasks where a solution of MO with certain
concentration of amount and, then, cork were intro-
duced. When it reached equilibrium, the solution was
centrifuged, the absorbance of supernatants was deter-
mined by spectrophotometer, and then, the concentra-
tion was calculated by the standard curve equation.

The amount of MO adsorbed at equilibrium per
unit mass of adsorbent was determined according to
the following equation:

qe ¼
ðC0 � CeÞ � V

m
(1)

where m is the mass of adsorbent (g), V is the volume
of the solution (l), C0 is the initial concentration of MO
(mg l−1), Ce is the equilibrium concentration of the
adsorbate (mg l−1) in solution, and qe is the MO
quantity adsorbed at equilibrium (mg g−1).Fig. 1. Structure of methyl orange (MO).
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2.5. Adsorption isotherm

Adsorption isotherm data were described by the
two most widely used models. The Langmuir model
is expressed by the following equation [30]:

qe ¼ qmbCe

1þ bCe
(2)

and the Freundlich model is expressed by the
following equation [31]:

qe ¼ KF Ce
1
n (3)

where Ce is the equilibrium concentration in the liquid
phase (mg l−1) and qe the equilibrium sorption capacity
of sorbent (mg g−1). Parameter qm represents the
maximum sorption capacity (mg g−1) with monolayer
coverage on the sorbent particle, while, b, the
Langmuir constant related to the free energy of sorp-
tion (l mg−1). KF is the sorption capacity constant and n
the Freundlich constant for surface heterogeneity.

2.6. Thermodynamic studies

The thermodynamic parameters such as change in
Gibbs free energy (ΔG˚), enthalpy (ΔH˚), and entropy
(ΔS˚) were determined using the following equations
[32]:

DG ¼ �RT Ln KC (4)

KC ¼ CA

CS
(5)

Ln KC ¼ DS�

R
� DH�

RT
(6)

DG� ¼ DH� � TDS� (7)

where R (8.314 J/mol K), T (K), CA, CS, and Kc (l g
−1) are

the gas constant, the absolute temperature, the amount
of dye adsorbed on the adsorbent of the solution at
equilibrium (mg l−1), the equilibrium concentration of
the dye in the solution (mg l−1), and the standard ther-
modynamic equilibrium constant, respectively.

3. Results and discussion

3.1. Surface studies

The FTIR spectroscopy of cork before and after MO
adsorption is shown in Fig. 2(a) and (b), respectively. It

was seen that the peaks (Fig. 2(a)) could be assigned as
follows: 3,432 cm−1 (γ OH), (2,922 and 2,851) cm−1 (γ
C–H) asymmetric and symmetric in C–H, CH2, (γ
C=O), 1,735 cm−1 and 1,631 cm−1, (δ C–O) 1,036 cm−1,
where γ represented a stretching vibration and δ, a
blending vibration. An obvious change was observed
on the spectrum of cork-adsorbed MO. The adsorption
bands at 3,432, 2,922, 2,851, 1,735, 1,631, and
1,036 cm−1 (Fig. 2(a)) had shifted, respectively, to 3,412,
2,912, 2,842, 1,730, 1,620, and 1,025 cm−1 due to MO
adsorption (Fig. 2(b)). These shifts might be attributed
to ion exchange associated with carboxylate and
hydyroxylate anions, suggesting that acidic groups,
carboxyl and hydroxyl, were predominant contributors
in dye ions uptake.

The result in Fig. 3 shows that the surface charge
of cork at pH 4.6 was zero. Hence, the pHpzc of cork
was 4.6. The pHpzc of adsorbent indicated that the sur-
face of adsorbent is positively charged since the pH of
solution (pH 2) is less than pHpzc.

Boehm titration method was used to determine the
surface chemistry and the amount of functional
groups such as phenolic, lactonic, and carboxylic
groups of the cork. The experimental results of the
titration method are presented in Table 1. Obviously,
the total amount of acidic groups (2.113 mmol g−1) is
much higher than that of the basic groups
(0.946 mmol g−1), indicating the cork surface is acidic,
which resulted from the presence of major acidic
groups.

Scanning electron microscopic photographs of cork
showed (data not shown) that it has microscopic fea-
tures different from other lignocellulosic materials. Its
structure is formed by hollow polyhedral prismatic
cells, which have a honeycomb shape when observed
from the radial direction (relative to the tree trunk)
and rectangular when viewed from transversal direc-
tions, resembling a brick wall.

3.2. Effect of initial pH

The pH of dye solution plays an important role in
the whole adsorption process and, particularly, in the
adsorption capacity, influencing the surface charge of
the adsorbent, the degree of ionization of the dye
present in the solution, and the dissociation of func-
tional groups on the active sites of the adsorbent, but
also the solution dye chemistry [33–35].

The adsorption behavior of MO on cork was stud-
ied using various initial pHs varying from 2 to 10.
The variation of equilibrium MO uptake with initial
pH is given in Fig. 4 at about 100 mg l−1 initial dye
concentration at 298 K. As seen from the figure, the
adsorption capacity of MO was slightly decreasing
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within the pH range 2–4, then, suddenly decreased as
the pH of the solution increased to 10. Maximum
adsorption of dye occurs at acidic pH (pH 2). Cork

comprises various functional groups, such as hydroxyl
and carbonyl groups [36], which are affected by the
pH of solutions. This means that the predominant
charges on the cork at acidic pH are positive and,
because of having SO�

3 group in the structure of dye,
it seems that the dominant mechanism of the adsorp-
tion is electrostatic attraction. At pH 2, a considerable
high electrostatic attraction exists between the posi-
tively charged surface of the adsorbent and dye

Fig. 2. FTIR spectrum of: (a) cork and (b) MO-cork loaded.
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Fig. 3. Determination of pHpzc of the cork.

Table 1
Boehm results of cork

Active sites mmol g−1

Total acidic sites 2.113
Carboxylic 0.962
Lactone 0.637
Phenolic 0.514
Total basic sites 0.946

3714 F. Krika and O. el F. Benlahbib / Desalination and Water Treatment 53 (2015) 3711–3723



anions, due to the ionization of functional groups of
adsorbent and negatively charged anionic dye mole-
cules. As the pH of the system increases, the number
of negatively charged sites increases. A negatively
charged site on the adsorbent does not favor the
adsorption of anionic dyes due to the electrostatic
repulsion [37,38]. Moreover, lower adsorption of MO
at alkaline pH is due to the presence of excess OH−

ions destabilizing anionic dye and competing with the
dye anions for the adsorption sites [39]. Since the
adsorbent show high adsorption at pH 2, all further
studies were carried out at this pH.

3.3. Effect of particles size

The contact surface between any adsorbent and the
liquid phase plays an important role in the phenom-
ena of adsorption [36]. Four different particle sizes
viz. d1 < 0.08, 0.08 < d2 < 0.1, 0.1 < d3 < 0.16, and
0.16 < d4 < 0.2 mm were selected for batch adsorption
experiments. The influence of the adsorbent particle
size was investigated at constant pH 2, 100 mg l−1 of
MO at 298 K. According to Fig. 5, it is found that the
percentage removal of MO increases with the reduc-
tion in the diameter of the particles. The decrease in
the dye removal with increase in the particle size is a
result of decreased surface area of the adsorbent. The
maximum percentage elimination of MO (i.e. 41.91%)
was reached using the fine particles (d1<0.08 mm).

3.4. Effect of adsorbent dosage

In order to evaluate the effect of cork dose on MO
removal, various amounts of cork ranging from 1.0 to
5 g l−1 were taken, and adsorption of MO was
achieved at 298 K. The initial concentration of the dye
in solution was 100 mg l−1, pH 2. Fig. 6 shows the per-
centage of MO removal by cork. The results demon-
strate that the removal percentage is positively
correlated with the amount of cork added. A rapid
removal rate increases with the addition of cork when
the dosage is less than 2 g l−1 and then the percentage
removal increases slowly. When the amount of

2 4 6 8 10

0

10

20

30

40

50

%
 re

m
ov

al

pH

Fig. 4. Effect of pH on the adsorption of MO onto cork
(C0 = 100 mg l−1, m = 1 g, d < 0.08 mm, T = 25˚C, and con-
tact time = 240 min).
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Fig. 5. Effect of particle size (C0 = 100 mg/l, m = 1 g, pH = 2,
T = 25˚C, and contact time = 240 min).
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Fig. 6. Effect of adsorbent dosage on MO removal by cork
(C0 = 100 mg l−1, d < 0.08 mm, pH= 2, T = 25˚C, and contact
time = 240 min).
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adsorbent added is 5 g l−1, the highest removal is
almost reached (71.04%). An increase in adsorption
may be concluded due to the increase in the adsorbent
surface and, therefore, more active functional groups
result in the availability of more adsorption sites [40].
Consequently, 5 g l−1 was used as optimal amount for
further experiments.

3.5. Effect of initial concentration, contact time, and
temperature on MO adsorption

The effect of initial concentration and contact on
MO adsorption was examined at three concentration
levels (20, 50, and 100 mg l−1). Fig. 7 shows results
performed at ambient temperature using 5 g l−1 of
adsorbent, pH 2, and with a contact time of 240 min.
As can be seen from Fig. 7, the amount of the dye
adsorbed onto cork increased from 2.45 to 9.35 mg g−1

with increase in the initial dye concentration from 20 to
100 mg l−1. It is because a higher initial concentration
provides an important driving force to overcome all
resistances of the dye between the aqueous and solid
phases, thus increasing the uptake. In addition, increas-
ing the initial dye concentration increases the number
of collisions between dye ions and the surface area of
cork, which enhances the adsorption process [41].

The influence of temperature (298, 308, and 318 K)
on the equilibrium adsorption capacity of absorbent is
displayed in Fig. 8. The adsorption of MO was
achieved at an adsorbent dose of 5 g l−1 initial dye
concentration of 50 mg l−1 and pH 2.0.

It can be observed that the adsorption capacity
was reduced with the increasing temperature, indicat-

ing that the adsorption process of MO onto cork is
exothermic in nature.

The decrease in adsorbed amounts with an
increase in temperature is probably due to the weak-
ening of adsorptive forces between the active sites on
cork and MO species, and also between adjacent MO
molecules on the adsorbed phase [42].

The adsorption capacities of cork were 5.02, 4.50,
and 3.76 mg g−1 at 298, 308, and 318 K, respectively.
The optimum temperature for MO adsorption on cork
was found to be 298 K within the temperature range
studied.

Equilibrium time is one of the most important
parameters in the design of economical wastewater
treatment systems [43]. The results show (Fig. 7) that
with increasing MO concentration, the time required
to reach equilibrium increased accordingly. For initial
dye concentrations of 20, 50, and 100 mg l−1, the times
reaching equilibrium were 30, 90, and 120 min, respec-
tively. At low initial concentrations, the MO adsorp-
tion by cork was very intense and reached
equilibrium very quickly. However, during the
adsorption process, the adsorbent surface was pro-
gressively blocked by dye molecules, becoming cov-
ered after some time. The hindrance enhanced with
increasing dye concentration, and thus the time for
adsorption equilibrium increased accordingly.

3.6. Effect of electrolyte (NaCl) concentration

It was important to discuss the effect of salt ionic
strength in the adsorption of MO onto cork because
dyeing wastewater usually contains high salt
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Fig. 7. Effect of initial dye concentration on dye removal
by cork (contact time = 240 min, pH 2, d < 0.08 mm, m =
5 g l−1, and T = 298 K).
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Fig. 8. Effect of temperature on dye removal by cork
(C0 = 50 mg l−1, m = 5 g l−1, contact time = 240 min, pH 2,
and d < 0.08mml).
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concentration. The effect of NaCl with different
concentrations ranging from 10 to 50 g l−1 on the dye
removal efficiencies of cork is demonstrated in Fig. 9.
A seen in Fig. 9, the presence of inorganic salt has sig-
nificantly influenced the adsorption capacity of cork. It
can be observed that adsorption of MO decreased
with increasing NaCl concentration. The presence of
electrolyte may cause the neutralization of surface
charge of adsorbent while competing with MO for
surface adsorption. With the increasing ionic strength,
the adsorption capacity decreases due to screening of
the surface charges.

3.7. Adsorption isotherms

A model isotherm graph for the adsorption of MO
at 298, 308, and 318 K is shown in Fig. 10 and the cor-
responding model parameters along with correlation
coefficients are given in Table 2.

Comparisons between the correlation coefficients
of two isotherm models that equilibrium data were
well represented by the Langmuir isotherm model
were observed.

The values of qm and b calculated from Langmuir
plots were found to be 16.66 mg g−1 and 0.026 l mg−1

for the experiments carried out at 298 K. The values of
both qm and b decreased with a rise in the solution
temperature. The values of qm decreased from 16.66 to
9.40 mg g−1, when the solution temperature increased
from 298 to 318 K. The decreasing trend was observed
for the values of b depending upon the temperature of
solution. The decrease in the values of qm and b with
temperature indicates that the MO are favorably

adsorbed by cork at lower temperatures, which shows
that the MO adsorption phenomenon is exothermic.

The maximum adsorption capacity is compared in
Table 3 with the data reported by other authors for
MO Adsorption. As can be seen, the maximum MO
adsorption value of cork is higher than those reported
in the literature. This comparison indicates the great
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Fig. 9. Effect of salt (NaCl) concentration for MO
adsorption on cork (C0 = 50 mg l−1, m = 5 g l−1, contact time
= 120 min, pH 2, and d < 0.08 mm).
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Fig. 10. Adsorption isotherms and the nonlinear fitted
curves of two isotherm models (a) 25˚C, (b) 35˚C, and (c)
45˚C at pH 2.
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potential of cork for the removal of MO from waste-
water.

In order to find out the feasibility of the isotherm,
the essential characteristics of the Langmuir isotherm
can be expressed in terms of dimensionless constant
separation factor RL by the Eq. (4) [52]:

RL
1

1þ bC0
(8)

RL> 1 Unfavorable adsorption
0 <RL < 1 Favorable adsorption
RL= 0 Irreversible adsorption
RL= 1 Linear adsorption

where b is the Langmuir constant (l mg−1) and C0

is the initial MO concentration (mg l−1). The RL values
between 0.087 and 0.65 indicate that the process is
favorable adsorption. These results demonstrate that it
is monolayer adsorption on the structurally homoge-
neous cork, where all the adsorption sites are identical
and energetically equivalent and where, the adsorp-
tion occurs at specific homogeneous sites within the
adsorbent

3.8. Adsorption kinetics

Kinetic studies the mechanism of adsorption that is
important for the efficiency of the process.

In order to evaluate the kinetic mechanism for the
adsorption of MO on cork biomass at different tem-
peratures (298, 308, and 318 K) and initial dye concen-
trations (298, 308, and 318 K), pseudo-first-order [53],
pseudo-second-order [54], and Elovich [55] models
were employed. A good correlation of the kinetic data
explains the adsorption mechanism of the dye ions on
the solid phase.

Pseudo-first-order model is generally expressed as
follows:

logðqe � qtÞ ¼ log qe � k1
2:303

t (9)

where qe is the amount of dye ions adsorbed per unit
weight of adsorbent at equilibrium, i.e. adsorption
capacity (mg g−1), qt is the amount of adsorbate
adsorbed (mg g−1) at any time t, and k1 is the rate con-
stant. By plotting log(qe − qt) vs. t at different tempera-
tures (298, 308, and 318) (Fig. 11) and different initial
concentrations of the solution (Fig. 12), the values of
qe and k1 were calculated from the slope and intercept,

Table 2
Langmuir and Freundlich constants for adsorption of MO by cork

Temperature (K)
Langmuir Freundlich

qm (mg g−1) b (l mg−1) R KF n R

298 16.66 0.026 0.996 1.29 2.17 0.880
308 15.62 0.011 0.995 0.93 2.03 0.861
318 9.40 0.008 0.993 0.54 1.91 0.839

Table 3
Maximum adsorption capacities of cadmium from aqueous
media using various adsorbents

Adsorbents qm (mg g−1) References

Algerian cork 16.66 This study
Bottom ash 3.6 [44]
Activated alumina 9.8 [45]
Skin almonds 20.2 [46]
Activated clay 15.85 [47]
Chitosan 9.9 [48]
De-oiled soya 3.62 [49]
Modified wheat straw 50.4 [50]
Carbon nanotubes 51.8 [51]
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Fig. 11. Pseudo-first-order kinetics for MO adsorption at dif-
ferent temperatures (C0 = 50 mg l−1, m = 5 g l−1, d < 0.08 mm,
and pH 2).
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and the correlation coefficient(R) was calculated and is
shown in Table 4. The values of the correlation coeffi-
cient R for the pseudo-first-order model changed in
the range of 0.93 to 0.98. Furthermore, the experimen-
tal values of qe,exp (mg g−1) are far from the calculated
qe,cal (mg g−1). This suggests that the adsorption of
MO onto cork did not follow the pseudo-first-order
kinetic model, and it is not a diffusion-controlled
phenomenon.

Pseudo-second-order rate model is given as
follows:

t

qt
¼ 1

k2 qe2
þ 1

qe
t (10)

where k2 is the rate constant. The qe and k2 values can
be obtained from the slopes and intercepts of plots of
t/qt vs. t which are illustrated in Figs. 13 and 14
(Table 5). The correlation coefficients (R) of linear plots

at different concentrations and temperatures are
higher than 0.999, which suggest that the adsorption
of MO onto cork follows the pseudo-second-order
kinetic model.

The simple Elovich model has been also success-
fully used to describe second-order kinetic assuming
that the actual solid surfaces are energetically hetero-
geneous, and the linear form of this equation is given
by:

qt ¼ aþ b ln t (11)

0 10 20 30 40 50 60

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8  20mg/l
 50mg/l
 100mg/l

lo
g(

q e-q
t)

t(min)

Fig. 12. Pseudo-first-order kinetics for MO adsorption at
different concentrations (T = 25˚C, m = 5 g l−1, d < 0.08 mm,
and pH 2).

Table 4
Kinetic parameters for pseudo-first-order kinetic model

Pseudo-first-order kinetic model
qe,exp(mg g−1)

T(K) k1 qe(mg g−1) R2

298 0.063 7.36 0.927 5.02
308 0.04 3.96 0.820 4.51
318 0.037 4.16 0,904 3.82

C0(mg l−1)
20 0.042 1.90 0.986 2.68
50 0.063 7.36 0.927 5.02
100 0.024 6.30 0.965 9.39
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Fig. 13. Pseudo-second-order kinetics for MO adsorption at
different temperatures (C0 = 50 mg l−1, m = 5 g l−1,
d < 0.08 mm, and pH 2).
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Fig. 14. Pseudo-second-order kinetics for MO adsorption at
different concentrations (T = 25˚C, m = 5 g l−1, d < 0.08 mm,
and pH 2).
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By plotting qt vs. ln t at different temperatures (298,
308, and 318) (Fig. 15) and different initial concentra-
tions (20, 50 and 100 mg l−1) (Fig. 16) the initial
adsorption rate a and the desorption constant b were
calculated from the intercept and the slope of the
straight line. The kinetic constants are collected in
Table 6. The values of R2 indicate that the correlation
of Elovich kinetics equation was more moderate than
that of pseudo-first-order model, but poorer than that
of pseudo-second-order model.

Based on the R2 values and a comparison between
the experimental and calculated qe values, it can be
seen that the kinetic of MO adsorption onto cork fol-
lowed a pseudo-second-order model with correlation
coefficient higher than 0.99. Besides, the equilibrium
adsorption capacity increased as the initial dye con-
centration increased. It was also found that the varia-
tions of the adsorption rate seemed to have a
decreasing trend with increasing initial dye concentra-
tion. Moreover, the adsorption rate decreased with

Table 5
Kinetic parameters for pseudo-second-order kinetic model

Pseudo-second-order kinetic model

qe,exp(mg g−1)T(K) k2 qe(mg g−1) R2

298 0.014 5.59 0.998 5.02
308 0.013 4.90 0.997 4.51
318 0.011 4.04 0.995 3.82

C0(mg l−1)
20 0.025 2.87 0.997 2.68
50 0.014 5.59 0.998 5.02
100 0.010 9.92 0.998 9.39
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Fig. 15. Elovich kinetics for MO at different temperatures
(C0 = 50 mg l−1, m = 5 g l−1, d < 0.08 mm, and pH 2).
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Fig. 16. Elovich kinetics for MO at different concentrations
(T = 25˚C, m = 5 g l−1, d < 0.08 mm, and pH 2).

Table 6
Kinetics parameters for Elovich kinetics model

Elovich kinetic model
qe,exp(mg g−1)

T(K) a b R2

298 0.817 0.829 0.966 5.02
308 0.022 0.880 0.973 4.51
318 −0.415 0.820 0.967 3.82

C0(mg l−1)
20 0.259 0.464 0.973 2.68
50 0.70 0.882 0.962 5.02
100 1.107 1.653 0.963 9.39
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Fig. 17. Plot of ln Kc vs. 1/T for MO adsorption on cork.
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increase in solution temperature. It is probably due to
change of mechanism of MO adsorption onto cork
upon changing the temperature.

3.9. Thermodynamics of the adsorption process

A plot of ln KC vs. 1/T gives a straight line (Fig. 17)
and the values of ΔH˚, ΔS˚, and ΔG˚ are summarized in
Table 7. The negative values of ΔH˚ for MO removal
confirm that the dye adsorption process was exother-
mic in nature. Negative value of change in standard
entropy (ΔS˚) reflects the decreased randomness at the
solid–solution interface during the adsorption of dye
on cork. The negative values of ΔG˚ indicate the feasi-
bility of the process and the spontaneous nature of the
adsorption. The change in free energy for physisorp-
tion is between −20 and 0 kJ/mol, but chemisorption is
in a range of −80 to −400 kJ/mol [56]. The values of
ΔG0 obtained in this study are within the ranges of −20
and 0 kJ/mol, indicating that the physisorption is the
dominating mechanism.

4. Conclusion

In this study, cork was considered as low-coast
adsorbent for the removal of MO from aqueous solu-
tion. The experimental parameters, including surface
chemistry, solution pH, particle size, adsorbent dos-
age, isotherm models, adsorption kinetics, and ther-
modynamics, were investigated to study the
adsorption process. FTIR spectroscopy studies showed
that the acidic groups, carboxyl and hydroxyl, were
predominant contributors in MO uptake.

The experimental results show that the optimum
conditions of adsorption were pH 2.0, absorbent dos-
age 5 g l−1 at 298 K for 120 min. The equilibrium data
were correlated reasonably well by Langmuir adsorp-
tion isotherm. The maximum adsorption capacity of
16.66 mg g−1 was exhibited by cork. Moreover, the
kinetic data suggest that the pseudo-second-order
model well fitted the experimental results. Equilibrium
adsorption capacity decreases with the increasing tem-
perature. The adsorption thermodynamics indicate
that the adsorption of MO onto cork is spontaneous
and exothermic.

As a low-cost natural abundant adsorbent material,
cork may be an alternative to more costly adsorbent
materials.
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