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ABSTRACT

Oxidized multiwalled carbon nanotubes (MWCNT) were used for the removal of methyl red
(MR) from aqueous solutions. The effects of variables, such as initial solution pH, initial dye
concentration, temperature, and sorption time, on MR removal were studied and optimized.
Fitting the experimental equilibrium data to various investigated isotherm models, such as
Langmuir, Freundlich, Tempkin, and Dubinin–Radushkevich (D–R) models, showed the suit-
ability of the Langmuir model with the highest correlation coefficients. The calculated ther-
modynamic parameters indicated that the removal of MR by MWCNT is an entropy-driven
and endothermic process. The experimental data were analyzed by different kinetic models,
such as pseudo-first order, pseudo-second order, and Elovich and intraparticle diffusion
models. It was found that the second-order equation and intraparticle diffusion models are
the rate-limiting factor and control the kinetic of the adsorption process.

Keywords: Adsorption; Methyl red (MR); Multiwalled carbon nanotube; Kinetics and thermo-
dynamics of adsorption

1. Introduction

Because of the large amount of wastewater pro-
duced by the textile industries, the removal of dyes
from these industrial effluents is an important applica-
tion to produce a safe and clean environment [1]. Azo
dyes, one of the synthetic applied dyes in many textiles
industries [2] with azo group (–N=N–), are low cost,
soluble, and stable. Azo dyes and their intermediate
products are toxic, carcinogenic, and mutagenic to
aquatic life [3–5]. Some of the applied techniques for
the treatment of dyes contaminated wastewaters are
flocculation, coagulation, precipitation, adsorption,
membrane filtration, electrochemical techniques, ozon-
ation, and fungal decolorization [6]. Among them the
adsorption based procedure is widely utilized due to

its high efficiency, capacity, and ability for large scale
dye removal application (with potential for adsorbent
regeneration) [7–17]. The nontoxic, low cost, and easy
available adsorbents are the best choice for wastewater
treatment. Multiwalled carbon nanotubes (MWCNTs)
are one of the most commonly used building blocks of
nanotechnology. MWCNTs are unique and one-dimen-
sional macromolecules that possess outstanding ther-
mal and chemical stability [18]. These nanomaterials
have been proven to possess great potential as adsor-
bents for removing many kinds of environmental pollu-
tants [19]. MWCNTs have been considered useful in
pollution prevention strategies and are known to have
widespread applications as environmental adsorbents
and high-flux membranes [20] and are also potentially
important for in situ environmental remediation due to
their unique properties and high reactivity [21,22].
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In this research, the MWCNT was oxidized and
used as an efficient adsorbent for the removal of
methyl red (MR) (Scheme 1). The equilibrium adsorp-
tion isotherms were investigated and the experimental
data were analyzed by common isotherm models such
as the Langmuir, Freundlich, Tempkin, and Dubinin–
Radushkevich (D–R) isotherm models.

2. Materials and methods

2.1. Instruments and reagents

The stock MR (CAS number: 493-52-7, formula
weight: 269.3 g/mol, and molecular formula:
C15H15N3O2) solution was prepared by dissolving
appropriate amount of solid dye in double distilled
water and the desired concentrations of test solutions
were prepared by diluting the stock solution. The pH
measurements were carried out using pH/Ion meter
model-686 and the MR concentration remained in the
dilute phase was determined using Jusco UV–vis
spectrophotometer model V-530 at a wavelength of
508 nm and the morphology of the MWCNTs nano-
needles was observed by field emission scanning elec-
tron microscopy (FE-SEM; Hitachi S-4160) under an
acceleration voltage of 15 kV and FT-IR: 460 Jusco. All
chemicals including NaOH, HCl, and KCl with the
highest purity available were purchased from Merck
(Darmstadt, Germany).

2.2. Measurements of dye uptake

The dye concentrations in the aqueous solution
were estimated quantitatively using the linear regres-
sion equations obtained at different MR concentra-
tions. The efficiency of MR removal was determined
at different time intervals (in the range of 5–25min)
and the equilibrium was established after 25min of
contact time. The effect of initial pH on the removal of
MR was evaluated in the pH range of 1–10, by con-
tacting 20mg/L of initial dye concentration with
0.4 g/L of oxidized-MWCNT for 25min of contact
time. The experiments were also performed in the ini-
tial MR concentration range of 5–60mg/L to obtain
adsorption isotherms.

The adsorbed MR amount (qemg/g) was calcu-
lated by the following mass balance relationship:

qe ¼ ðC0 � CeÞV=W ð1Þ

where C0 and Ce (mgL�1) are the initial and equilib-
rium dye concentrations in aqueous solution, respec-
tively, V (L) is the volume of the solution, and W (g)
is the mass of the adsorbent.

3. Results and discussion

3.1. Characterization of adsorbent

To enhance the efficiency of MWCNTs powder, it
was washed with 10% (v/v) hydrochloric acid solu-
tion while stirring the mixture for 2 h. The filtration,
washing, and other treatment processes for MWCNTs
were carried out according to our previous study [11].
The oxidation of MWCNT was studied by FTIR spec-
troscopy investigation as a powerful and acceptable
protocol. The FTIR spectrum of oxidized MWCNT
shows some important characteristic vibrational fre-
quencies at 2,500–3,400 (bw), 1,627(w), 1,155(s), 673(s),
and 592(s) (Fig. 1(a)) that may be assigned probably
due to the hydroxyl group, carbonyl group, and pres-
ence of stretching C–O and bending C–H of aromatic,
respectively, (Fig. 1(a)). The SEM image of the
MWCNT, as shown in Fig. 1(b), shows the homoge-
nous and small particles size MWCNT that is the suit-
able adsorbent with high surface area. The pH
corresponding to the point of zero charge (pHpzc), for
the oxidized MWCNT, was determined by the pH
drift method. The proposed sorbent was soaked in
HCl for 24 h in order to convert any remaining
sodium salt of the acid functional groups into their
acidic form. After filtration, the residual material was
washed several times with distilled water till neutral-
ity (AgNO3 negative test) and dried at 105˚C. The pH
drift was measured on 0.005M NaCl solutions (20mL)
placed in jacketed titration vessels, thermostated at
298K. Nitrogen was bubbled through the solutions to
stabilize the pH. The pH was then adjusted to succes-
sive initial values between 2 and 10 by adding HCl or
NaOH and MWCNT (0.06 g) was added to the solu-
tion. The final pH was measured after 48 h.

The pHpzc value of the MWCNT was found to be
2.4 ± 0.2. The surface of the MWCNT is neutral when
pH of the aqueous solution is equal to pHpzc. At
pH<pHpzc, the surface of the sorbent is positively
charged, because of the adsorption of H3O

+ ions by its
functional groups including hydroxyl group or donat-
ing nitrogen atom. Thus, a repulsion force occurs
between the dye molecules and the sorbent surface

Scheme 1. Chemical structure of MR.
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which causes a decrease in the adsorption percentage.
The reverse situation occurs at pH>pHpzc, the adsor-
bent surface is negatively charged due to deprotona-
tion of its functional group that favored the dye
removal.

3.2. Effect of initial pH

The initial pH of the aqueous solution affects both
the dye aqueous chemistry and the surface binding
sites of the adsorbents. The effect of initial pH on the
MR removal was studied in the pH range of 1–10
with initial dye concentration of 20mg/L and adsor-
bent dose of 0.4 g/L. The experiments were conducted
for 25min of contact time at room temperature and
the respective results are presented in Fig. 2. As can
be seen, the maximum uptake and removal of the MR
was obtained at pH 4.0. The initial pH significantly
affects the extent of adsorption of MR over the
MWCNT and the removal percentage significantly
decreased at higher pH values [12]. At initial pH

lower than 4.0, as a result of protonation of the func-
tional groups, the MWCNT surface get positively
charged and the strong repulsive forces between the
dye molecules and MWCNT surface lead to significant
decrease in the dye removal percentage. The increase
in the initial pH leads to deprotonation of the active
adsorption sites on the MWCNT surface such as OH
and COOH via electrostatic interaction and/or hydro-
gen bonding adsorb the MR molecule.

3.3. Effect of contact time

The equilibrium time is one of the most important
parameters to design on economical wastewater treat-
ment system. The adsorption of MR onto MWCNT
was studied in various contact time to determine the
adequate adsorption equilibrium time. The rapid
uptake and quick establishment of equilibrium show
the efficiency of particular adsorbent in terms of usage
in wastewater treatment and the respective results are
shown in Fig. 3. The results showed that the initial
adsorption rate is rapid and gradually decrease with
raising the time and reach equilibrium at about 25min
of contact time. At the initial contact time due to high
diffusion of dye molecule (high its concentration gra-
dient) into the availability of the high surface area and
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Fig. 2. Effect of pH on the removal of MR at room
temperature.
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Fig. 3. Effect of contact time on removal of MR.

Fig. 1. (a) FT-IR spectra of oxidized MWCNTs and
MWCNTs (b) SEM of oxidized MWCNTs and MWCNTs.
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vacant site of MWCNT, the rate of adsorption is fast.
At higher contact time due to slow rate of dye adsorp-
tion and pore diffusion of the solute into the bulk of
the adsorbent, the adsorption rate significantly
decreases [12]. It was found that more than 90% of
MR removal was occurred in the first 20min.

3.4. Effect of adsorbent dosage

One of the most critical parameter for rapid and
efficient dye removal is the size and amount of adsor-
bents which must be optimized. The MWCNT has
high tendency for adsorption of dye molecules due to
its high specific surface area and small particle size.
The adsorbent capacity at each dye concentration sig-
nificantly depends on the amount of adsorbent. The
effect of amount of MWCNTs on the MR removal per-
centage is shown in Fig. 4. As it is obvious, by
increasing the amount of MWCNT until 0.4 g/L the
MR removal percentage increased and at higher value
of MWCNT the removal percentage do not change
significantly. This fact can be attributed to the increase
in surface area and availability of more active adsorp-
tion sites with increasing the amount of adsorbent.
The dye adsorption density decreased significantly
and the adsorption capacity decreased by further
addition of MWCNT [11,12].

3.5. Effect of initial dye concentration on adsorption of MR

The effect of initial MR concentration on its
removal percentage and the amount of adsorbed MR
per unit mass of the adsorbent was investigated in the
initial concentration range of 5–60mg/L. It was seen
that the amount of MR adsorbed per unit mass of the
adsorbent increased with increasing the initial concen-
tration, while the removal percentage decreased sig-
nificantly probably due to saturation of the adsorbent
surface. These phenomena emerged from the fact that
initial dye concentration provides driving force to
overcome the mass transfer resistance of dye between

the aqueous and solid phases [23]. In the process, the
MR molecules have to first encounter the boundary
layer effect and then diffuse from the boundary layer
film onto adsorbent surface and finally diffuse into
the porous structure of the adsorbent that will take
relatively longer contact time (Fig. 5).

3.6. Effect of temperature

Various textile dye effluents are produced at rela-
tively high temperatures. Therefore, the temperature
influence on the removal percentage of MR onto
MWCNT was investigated as follows: a set of similar
experiments were performed at different temperatures
(in the range of 293–333K) by contacting 20mg/L of
initial MR concentration at pH of 4 with 0.4 g/L of
MWCNTs suspension for a contact time of 25min. It
was observed that the adsorption nature of MR onto
MWCNTs depends on temperature [12].

3.7. Adsorption equilibrium study

The investigation of the adsorption isotherms
required to attain some information about the adsorp-
tion mechanism, the surface properties, and the ten-
dency of adsorbent toward each dye [24–28]. Several
isotherm equations, such as Langmuir, Freundlich,
Tempkin, and Dubinin–Radushkevich (D–R) iso-
therms, based on known assumption pointed out in
our previous publication applied to interpret the
experimental data. Based on the linear form of Lang-
muir isotherm model [29] (according to Table 1), the
values of KL (the Langmuir adsorption constant (L/
mg)) and Qm (theoretical maximum adsorption capac-
ity (mg/g)) were obtained from the intercept and
slope of the plot of Ce/qe vs. Ce, respectively. The val-
ues of Qm and KL constants and the correlation coeffi-
cient for the Langmuir isotherm model are presented
in Table 1. The high correlation coefficient shows the
applicability of this model for interpretation of the
experimental data over the whole concentration range.
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Fig. 5. Effect of initial dye concentration on MR removal at
room temperature.
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The parameters of Freundlich isotherm model, such as
KF ((mg/g)/(mg/L)1/n) and n (intensity of the adsorp-
tion), were calculated from the intercept and slope of
the linear plot of ln qe vs. lnCe, respectively, and their
values are presented in Table 1. The value of 1/n for
Freundlich isotherm 0.379 shows the high tendency of
MR for the adsorption onto MWCNT, while lower R2

value shows its unsuitability for fitting the experimen-
tal data over the whole concentration range. The heat
of the adsorption and the adsorbent–adsorbate interac-
tion were evaluated by using Tempkin isotherm
model [30]. The linearized form of the model can be
given as follows:

qe ¼ BT lnKT þ BT lnCe ð2Þ

BT ¼ RT=bT ð3Þ

where B is the Tempkin constant related to heat of the
adsorption (Jmol�1), T is the absolute temperature
(K), R is the universal gas constant (8.314 J/molK),
and KT is the equilibrium binding constant (L/mg).
The constants obtained for Tempkin isotherm model
are given in Table 1.

Another equation used in the analysis of isotherms
was proposed by Dubinin–Radushkevich (D–R). The
D–R model was applied to estimate the porosity
apparent free energy and the characteristic of adsorp-
tion. The D–R isotherm does not assume a homoge-
neous surface or constant sorption potential and its
linear form can be shown in Eq. (4):

ln qe ¼ lnQm � Ke2 ð4Þ

where K is a constant related to the adsorption energy,
Qm is the theoretical saturation capacity, and e is the
Polanyi potential which can be calculated from Eq. (5):

e ¼ RT lnð1þ 1=CeÞ ð5Þ

The slope of the plot of ln qe vs. e2 gives K
(mol2 (kJ2)�1) and the intercept yields the Qm (mgg�1)
value.

The mean free energy of the adsorption (E), defined
as the free energy change when one mole of ion is trans-
ferred from the solution to the surface of the sorbent,
can be calculated by using the following equation:

E ¼ 1=
pð2KÞ ð6Þ

The calculated D–R isotherm model constants for
the adsorption of MR onto MWCNTs are given in
Table 1. The value of correlation coefficient obtained
from D–R model is much lower than other isotherms
values mentioned above. In this case, the D–R equa-
tion represents the poorer fit of the experimental data
than the other isotherm equations [11,12].

3.8. Kinetic study

The rate and mechanism of an adsorption process
can be elucidated via kinetic study. The adsorption
kinetic data were described by the Lagergren pseudo-
first-order model [31].

Table 1
Isotherm constant parameters and correlation coefficients calculated for the adsorption of MR onto MWCNT

Isotherm Equation Plot Parameters Acid red
(MR)

Langmuir-1 1/qe = 1/(KLQmCe) +
1/Qm

A plot Ce/qe vs. Ce should
indicate a straight line of slope
1/Qm and an intercept of 1/
(KLQm)

Qm (mg/g) 108.69

KL (L mg�1) 1.011

R2 0.981

Freundlich ln qe = lnKF + (1/n)
lnCe

The values of KF and 1/n were
determined from the intercept
and slope of linear plot of ln qe
vs. lnCe, respectively

1/n 0.3797

KF (L/mg) 45.102

R2 0.908

Tempkin qe =B1 lnKT +B1 lnCe Values of B1 and KT were
calculated from the plot of qe
against lnCe

B1 18.657

KT� 10+5 (L/mg) 20.36

R2 0.902

Dubinin and Radushkevich
(D–R)

ln qe = lnQs�Be2 The slope of the plot of ln qe
vs. e2 gives K (mol2 (kJ2) �1)
and the intercept yields the
adsorption capacity, Qm

(mgg�1)

Qs (mg/g) 81.288

B 5E�08

E (kJ/mol) = 1/
(2B)1/2

3.162

R2 0.853
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In the first-order kinetic model, according to the
equation listed in Table 2, by plotting the values of
log (qe�qt) vs. t may give a linear relationship that k1
and qe values can be determined from the slope and
intercept of the obtained line, respectively. If the inter-
cept does not equal to experimental qe value, it can be
considered that the reaction is not likely to be a first-
order reaction even this plot has a high correlation
coefficient [32,33].

The experimental data showed a high degree of
nonlinearity and poor correlation coefficient for the
pseudo-first-order model. In spite of first-order model,
the plot of t/qt vs. t for the pseudo-second-order
kinetic model gives a straight line with a high correla-
tion coefficient that k2 and equilibrium adsorption
capacity (qe) were calculated from the intercept and
slope of this line, respectively. The values of R2 and
closeness of experimental and theoretical adsorption
capacity (qe) value show the applicability of the sec-
ond-order model to explain and interpret the experi-
mental data (Table 2). The R2 value for pseudo-
second-order kinetic model was found to be higher
(0.95) and the calculated qe value is mainly close to
the experimental adsorption capacity value [20].

The Elovich equation as another rate equation
based on the adsorption capacity in linear form can be
given as follows:

qt ¼ 1=b lnðabÞ þ 1=b lnðtÞ ð7Þ

Plot of qt vs. ln (t) should yield a linear relationship
if the Elovich is applicable with a slope of (1/b) and
an intercept of (1/b) ln (ab). The Elovich constants
obtained from the slope and the intercept of the
straight line are reported in Table 2. The correlation

coefficient higher than 0.92 shows the suitability of the
model for evaluation of the adsorption process [11,12].

3.8.1. Intraparticle diffusion model

The dye sorption is governed by either the liquid
phase mass transport rate or through the intraparticle
mass transport rate. The later process possibility is
explored using the intraparticle diffusion model
[34,35] based on diffusive mass transfer that adsorp-
tion rate expressed in terms of the square root of time
(t) is given as follows [36]:

qt ¼ kidt
0:5 þ C ð8Þ

The values of Kdiff and C were calculated from the
slope and intercept of the plot of qt vs. t

1/2. C value
related to the thickness of the boundary layer and Kdiff

value the intraparticle diffusion rate constant (mg/
(gmin1/2)) are reported in Table 2. The values of qt were
found to give two lines part with values of t1/2 and the
rate constant Kdiff directly evaluated from the slope of
the second regression line. The first one of these lines
representing surface adsorption at the beginning of the
reaction and the second one is the intraparticle diffu-
sion at the end of the reaction [36,37]. The first line
shows a boundary layer effect at the initial stage of the
adsorption. The second line is the gradual adsorption
stage, where intraparticle diffusion is the rate limiting
step. In some cases, the last and third lines show the
final equilibrium stage (to slow down of intraparticle
diffusion). The values of kid and C were obtained from
the final linear portion and their values are presented in
Table 2. Since, the intraparticle curve did not pass
through the origin; one can notice that in addition to

Table 2
Kinetic parameters for the adsorption of acid red (MR) onto MWCNT

Model Equation Plot Parameters MR

First-order
kinetic

log (qe � qt) = log
(qe) � k1/2.303t

Plot the values of log (qe � qt) vs. t to give a linear relationship
from which k1 and qe can be determined from the slope and
intercept, respectively

k1� 10�3 0.46

qe (calc) 82.21

R2 0.772

Second-
order
kinetic

(t/qt) = 1/(k2q
2
e)

+1/qe(t)
Plot the values of (t/qt) vs. t to give a linear relationship from
which k1 and qe can be determined from the slope and intercept,
respectively

k2� 10�4 0.22

qe (calc) 66.67

R2 0.955

Intraparticle
diffusion

qt=Kdiff t
1/2 +C The values of Kdiff and C were calculated from the slope and

intercept of the plot of qt vs. t
1/2, respectively

Kdiff 1.1576

C 0.0818

R2 0.9718

Elovich qt= 1/b ln(ab) +
1/b ln(t)

Plot the values of (qt) vs. ln(t) to give a linear relationship from
which a and b can be determined from the slope and intercept,
respectively

b 0.0743

a 0.241

R2 0.9248

qe (exp) 95.0304
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the intraparticle diffusion model another model, such
as second-order kinetic model, can act to control the
adsorption process.

3.9. Thermodynamic study

The thermodynamic parameters including Gibbs
free energy, enthalpy, and entropy changes were cal-
culated to evaluate the thermodynamic feasibility and
the spontaneous nature of the adsorption process. The
increase in MR uptake with the increase in tempera-
ture indicated the endothermic nature of the adsorp-
tion process and the negative values of Gibbs free
energy suggested the feasibility of the process and
spontaneous nature of the adsorption of MR onto
MWCNTs. The thermodynamic constants were
obtained from the following equations:

DG� ¼ �RT lnKo ð9Þ

where DG˚ is the free energy change (kJmol�1), R is
the universal gas constant (8.314 J/molK), Ko is the
thermodynamic equilibrium constant, and T is the
absolute temperature (K). Increasing the negative
value of Gibbs free energy with the increase in tem-
perature showed the high tendency of MWCNT. Ko

values were calculated from the relation ln qe/Ce vs. qe
at different temperatures and extrapolating to zero
[38,39] and the calculated thermodynamic parameters
are listed in Table 3. The negative DG˚ values confirm
the spontaneous nature and feasibility of the adsorp-
tion process. The values of other parameters, such as
enthalpy (DH˚) and entropy (DS˚) changes, were deter-
mined from Van’t Hoff equation:

lnK
� ¼ ðDS�

=RÞ � ðDH�
=RTÞ ð10Þ

The DH˚ and DS˚ values can be calculated from the
slope and intercept of the Van’t Hoff plot (lnK˚ vs.
1/T), respectively. The positive value of DH˚ confirmed
the endothermic nature of the adsorption process, while
the positive DS˚ value suggested an increase in the ran-
domness at the solid/solution interface during the
adsorption of MR onto MWCNTs. To assertion that the
physical adsorption is the predominant mechanism, the
values of activation energy (Ea) and sticking probability
(S⁄) were estimated from the experimental data using a
modified Arrhenius type equation related to surface
coverage (h) as follows [40]:

S� ¼ ð1� hÞe�ðEa=RTÞ ð11Þ

The sticking probability, S⁄, is a function of the
adsorbate/adsorbent system under investigation, its
value lies in the range of 0 < S⁄< 1 and is dependent on
the temperature of the system. The parameter S⁄ indi-
cates the measure of the potential of an adsorbate to
remain on the adsorbent indefinite. The surface cover-
age (h) can be calculated from the following equation:

h ¼ ½1� Ce=C0� ð12Þ

The activation energy and sticking probability
were estimated from a plot of ln(1�h) vs. 1/T. The
activation energy, Ea, calculated from the slope of the
plot was found to be 22.9 kJ/mol for the adsorption of
MR onto MWCNT.

4. Conclusion

It was observed that the oxidized MWCNT is an
efficient adsorbent for the removal of MR. The influ-
ences of experimental parameters, such as initial MR
concentration, contact time, initial pH of the aqueous

Table 3
Thermodynamic parameters for the adsorption of MR onto MWCNT

Parameters C0 (mg/L) Temperature, K

293 303 313 323 333

MR kc 18.6 25.6 34.5 45.7 59.6

DG˚ (kJ/mol) �7.1 �8.2 �9.2 �10.3 �11.3

Parameters MR

DS˚ (J/molK) 105.0

DH˚ (kJ/mol) +23.7

Ea (kJ/mol) 22.9

S⁄ 4.2� 10�6
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solution, amount of MWCNT, and temperature on the
MR removal percentage, were investigated. The equi-
librium and kinetic studies were investigated for the
MR adsorption from aqueous solutions onto MWCNT.
The isotherm models, such as Langmuir, Freundlich,
Tempkin, and Dubinin–Radushkevich, were evaluated
and the equilibrium data were best described by the
Langmuir model. The process is endothermic in nat-
ure and its kinetics can be successfully fitted to the
pseudo-second-order kinetic model with involvement
of intraparticle diffusion model. Comparison of char-
acteristics performance of proposed method with
some previous MR removal reports (Table 4) shows
the priority of the method in terms of lower equilib-
rium time, higher adsorption capacity, etc.
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