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ABSTRACT

At present study, multi-walled carbon nanotubes were used as an adsorbent for Reactive
Black 5 (RB5) removal from aqueous solutions. The influence of important parameters
including initial pH, concentration of dye, contact time, adsorbent dosage, and temperature
has been investigated in order to find the optimum adsorption conditions. The results show
that all the parameters have a strong effect on the adsorption of RB5 onto adsorbent.
Adsorption kinetics was best described by the pseudo-second-order model. In addition,
equilibrium data were better represented by Freundlich isotherm among Langmuir, Freund-
lich, Temkin, and Dubinin–Radushkevich equilibrium isotherm models. The negative values
of free-energy change confirmed the feasibility of the process and the spontaneous nature of
adsorption. Furthermore, from the magnitude of ΔH, the process was found to be endother-
mic physisorption.
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1. Introduction

Dyes are one of the most hazardous chemical
compound classes found in industrial effluents and
among them, azo dyes represent an important por-
tion of the commercial synthetic dyes. Azo dyes are
synthetic organic compounds widely used in textile
dyeing, paper printing, and other industrial pro-
cesses, such as the manufacture of pharmaceutical
drugs, toys, and foods including candies. This chemi-
cal class of dyes, which is characterized by the pres-

ence of at least one azo bond (–N=N–) bearing
aromatic rings, dominates the worldwide market of
dyestuffs with a share of about 70% [1]. In addition,
most azo dyes are mutagenic and carcinogenic to liv-
ing organisms [2,3]. These dyes also cause serious
ecological problems; for example, they significantly
affect the photosynthetic activity of aquatic plants by
reducing light penetration, and they may be toxic to
some aquatic organisms [4].

In addition, azo dyes are highly recalcitrant to
conventional wastewater treatment processes. In fact,
as much as 90% of reactive azo dyes could remain
unaffected after activated sludge treatment [5].*Corresponding author.
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Unsuitable treatment and disposal of wastewaters
from textile, dyeing, printing, ink, and related indus-
tries have provoked strict environmental concerns all
over the world [6–8]. Currently, there are a number of
methods available for treatment of dye-containing
wastewater, such as membrane processes [6,9], photo-
chemical and sonochemical processes [10], coagulation
and flocculation [11], and biological processes [12].
However, some of these methods are limited due to
their high operational costs and problems.

The adsorption technique has been found not only
to be effective, but also practical in application for the
dye-containing wastewater treatment, due to its high
efficiency, simplicity, ease of operation, and the avail-
ability of a wide range of adsorbents [13,14].
Nevertheless, application of adsorption process is lim-
ited by the high price of some adsorbents and the
large amounts of wastewater normally involved. Acti-
vated carbon is the most popular and widely used
dye adsorbent but it suffers from several drawbacks,
such as its high cost of both manufacturing and regen-
eration, and it is ineffective against disperse and vat
dyes [15].

Carbon nanotubes (CNTs), ever since their discov-
ery, have attracted extensive attention due to their
unique physicochemical and electrical properties.
CNTs, divided into two groups of single-walled car-
bon nanotubes and multi-walled carbon nanotubes
(MWCNTs), are used as a new and small-sized adsor-
bent with a hollowed and stratified structure [16]. This
new type shows a higher capacity for adsorption com-
pared to the activated carbon, and it can remove dyes
and other pollutants from wastewater [17,18].

The aim of this study was to evaluate adsorption
of Reactive Black 5 (RB5) from aqueous solution using
MWCNTs. Batch experiments were performed to eval-
uate the effects of various operating parameters
including initial pH of solution, adsorbent dosage,
RB5 concentration, contact time, and temperature on
the adsorption capacity. Additionally, equilibrium iso-
therms and thermodynamic parameters were explored
to describe the experimental data.

2. Materials and methods

2.1. Chemicals and reagents

RB5 is an anionic dye with molecular weight of
991.82 g/mol and maximum absorption (λmax) 597 nm.
The RB5 (C26H21N5Na4O19S6) used in this work was of
analytical grade (Merck, Germany). The chemical for-
mula of RB5 is shown in Fig. 1. This dye is character-
ized as a diazo compound, which bears two
sulphonate and two sulphatoe-thylsulphon groups that

have negative charges in an aqueous solution. For
treatment experiments, the dye solutions with concen-
trations in the range of 10–200mg/L were prepared by
successive dilution of the stock solution (1,000mg/L)
with distilled water. All other chemicals used in this
study were of analytical grade.

2.2. Adsorbent preparation

MWCNTs (provided from Research Institute of
Petroleum Industry (RIPI), Tehran, Iran), were selected
as adsorbents to study the adsorption characteristics
of RB5 from aqueous solutions. On the basis of the
information provided by the manufacturer, the
MWCNTs were synthesized by catalytic chemical
vapor deposition method. The size and morphology of
MWCNTs were examined by scanning electron micro-
scope (SEM) (JEOL JSM-6700F) and transmission elec-
tron microscopy (TEM) (using a Philips XL 30 ESEM).
Figs. 2 and 3 show the SEM and TEM images of
MWCNTS. The size of the outer diameter for the
MWCNTs was 10–30 nm. The length of MWCNTs was
10 μm. Furthermore, specific surface area of MWCNTs
was more than 270m2g−1, and the mass ratio of the
amorphous carbon of MWCNTs was less than 5%.

Because CNTs had the amorphous carbon, the
adsorption rate is very low, therefore, carbon nano-
tubes should be purified. In order to functionalize
MWCNTs, 1.0 g of the as-received MWCNTs was dis-
persed in 60mL of nitric acid (65 wt.%) in a 100mL
round-bottom flask to get a homogeneous mixture and
then refluxed for 48 h at 90˚C. After that, the mixture
was filtered and washed with distilled water until the
pH of the filtrate was equal to seven. The resulting
functionalized MWCNTs were dried under vacuum
for 20 h at 45˚C. Fig. 4 shows an overview of the
obtained FT-IR for raw and acid-modified-MWCNTs
sample.

Fig. 1. Structure of RB5.
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2.3. Dye removal experiments

Experiments for RB5 dye removal with the
MWCNTs were carried out as batch tests in 250mL
flasks under magnetic stirring. Each test consisted of
preparing a 100mL of dye solution with a desired ini-
tial concentration (10–200mg/L) and pH (2–12) by
diluting the stock dye solution with distilled water,
and transferring it into the beaker on the magnetic
stirrer. The pH was adjusted with HCl or NaOH. The
final pH of the solution after adsorption equilibrium
was nearly the same as before. A known mass of
MWCNTs (adsorbent dosage) was then added to the
solution, and the obtained suspension was immedi-
ately stirred for a predefined time. After the desired
contact time, the samples were withdrawn from the
mixture using a micropipette and centrifuged for 5
min at 6,000 rpm. The final concentrations of the dye
which remained in the solution were determined by
spectrophotometric method (using UV–Vis spectro-
photometer (T80 PG Instruments Ltd)).

Absorbance measurements were made at the maxi-
mum wavelength of RB5 dye at 597 nm. The reproduc-
ibility during concentration measurements was
ensured by repeating the experiments thrice under
identical conditions and the average values were cal-
culated. Standard deviations of experiments were
found to be within ±3.0%. The amount of adsorbed
dye, qe (mg g−1), under different conditions was calcu-
lated as follows:

qe ¼ ðC0 � CeÞV
M

(1)

where C0 and Ce are the initial and equilibrium liquid-
phase concentration of RB5 (mg/g), respectively. V is
the volume of the solution (L) and M is the amount of
adsorbent used (g).

To express the percent of dye removal, the follow-
ing equation was used:

% ¼ ðC0 � CfÞ
C0

� 100 (2)

Fig. 3. TEM image of MWCNTs sample.

Fig. 2. SEM image of MWCNTs sample.

Fig. 4. FT-IR spectra of MWCNTs sample.
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where C0 and Cf represent the initial and final (after
adsorption) dye concentrations, respectively. All tests
were performed in duplicate to insure the reproduc-
ibility of the results; the mean of the two measure-
ments is reported. The plot of equilibrium adsorption
capacity against equilibrium concentration in the
liquid phase graphically depicts the equilibrium iso-
therm.

3. Results and discussion

3.1. Effect of initial pH on the RB5 adsorption

RB5 is an anionic dye, which exists in the aqueous
solution in the form of negatively charged ions. As a
charged species, the degree of its adsorption onto the
adsorbent surface is primarily influenced by the sur-
face charge on the adsorbent, which in turn is influ-
enced by the solution pH. Consequently, the solution
pH is an important parameter during the dye-adsorp-
tion process. For example, Ghaedi et al. reported that
adsorption of bromothymol blue dye on MWCNTs
adsorbent depends highly on pH [19].

To study the influence of solution pH on the
adsorption capacities of MWCNTs for RB5, experi-
ments were carried out using various initial pHs vary-
ing from 2 to 12, at constant initial dye concentration
of 50mg/g, adsorbent dose of 0.1 g/L, and contact
time of 60min. From Fig. 5, it is observed that the
adsorption was highly dependent on the pH of the
solution, and indicated that the RB5 dye-removal effi-
ciencies decreased with the increase of solution pH.

As can be seen from Fig. 5, the maximum adsorp-
tion capacity of the adsorbent was 373.9mg/g at pH 2
and initial concentration of 50mg/g, when 74.8% of
the dye was removed. In contrast, removal efficiency
at pH 12.0 was only 42.1% and adsorption capacity
was 210.6mg/g. Similar result was reported by

Dehghani et al. [20]. The dissolved RB5 dye is nega-
tively charged in aqueous solution, because it pos-
sesses two sulphonate groups (–SO�

3 ). Thereby, the
adsorption of this dye takes place when the adsor-
bents present a positive surface charge. On the other
hand at lower pHs, more protons would be available,
thereby a significantly high electrostatic attraction
existed between the positively charged adsorption
sites and negatively charged dye anions, which caused
the enhanced dye adsorption [21,22]. But as the pH of
solution increased, besides the decrease of negative
charge of reactive dyes, the positive charge of adsor-
bent surface also decreased due to the abundance of
OH−, which can weaken the reaction of dye and
adsorbent, and thereby causing a decrease in adsorp-
tion. In order to continue the adsorption studies, the
initial pH was fixed at 2.0.

3.2. Effect of adsorbent dose on the RB5 adsorption

The adsorbent dosage is an important parameter
because this determines the capacity of the adsorbent
(MWCNTs) for a given initial RB5 concentration.
Therefore to evaluate the effect of adsorbent dose on
the adsorption of BB5, 0.1–1.0 g/L MWCNTs were
used for adsorption experiments at fixed initial pH
(pH 2), initial dye concentration (50mg/g), and tem-
perature 20˚C for 60min. As it can be seen from
Fig. 6, the uptake of the dye increased rapidly with
increased amount of adsorbent from 0.1 to 0.4 g and
slowed down from 0.4 to 1.0 g. This result can be
explained by the fact that the sorption sites remain
unsaturated during the sorption; whereas the number
of sites available for sorption site increases by increas-
ing the adsorbent dose. A maximum of 97.88% (48.94
mg/g) removal of the dye was observed at adsorbent
concentration of 1.0 g/L.
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Fig. 5. Effect of initial pH on RB5 adsorption onto
MWCNTs.
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Fig. 6. Effect of adsorbent dosage on RB5 adsorption onto
MWCNTs.
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Obviously, the RB5 adsorbed per gram of adsor-
bent decreased rapidly with an increase in the amount
of adsorbent (maximum adsorption capacity equal
370.7mg/g was observed at minimal adsorbent dose
0.1 g/L). It can be related to the fact that fixed dye con-
centration (50mg/L) led to unsaturated active site on
adsorbent surface and increase in the adsorbent con-
centrations caused particle aggregation [23]. Similar
findings were reported by other researchers [24–26].

3.3. Effect of contact time and initial dye concentration

The adsorbate concentration and contact time
between adsorbent and adsorbate species play a sig-
nificant role in the process of removal of pollutants
from aqueous solutions by adsorption at a particular
temperature and pH. The effects of initial dye concen-
tration and contact time on the removal rate of RB5 by
the MWCNTs are shown in Figs. 7 and 8.

The effect of contact time on the RB5 adsorption
by the MWCNTs was investigated for 210min at dif-
ferent initial dye concentrations. It is clear from Fig. 7
that the removal of RB5 has increased with the
increase in contact time at all initial RB5 dye concen-
trations. For the first 20min, the adsorption uptake
was rapid (59–86%), then it proceeds at a slower
adsorption rate and finally it attains equilibrium at
120min. Also, it can be seen from the Fig. 7, that the
equilibrium period remains unaltered with the change
of initial concentration of the dye solution. This is
obvious from the fact that a large number of surface
sites are available for adsorption at the initial stages
and after a lapse of time, the remaining surface sites
are difficult to be occupied because of repulsion
between the solute molecules of the solid and bulk
phases. Furthermore, the obtained removal curves
were single, smooth, and continuous, indicating
monolayer coverage of dye on the surface of adsor-
bent [27].

As shown in Figs. 7 and 8, when the initial dye
concentration is increased, the percent of dye removal
decreased. In contrast when the initial dye
concentration is increased, the amounts of adsorbed
dye also increased (Fig. 8), so the removal of dye
depends on the concentration of the dye. For example,
when the initial RB5 concentration increases from 10 to
200mg/L (at contact time 5min), the equilibrium sorp-
tion capacity of MWCNTs increased from 59.91 to
959.2 mg/g. This increase in the proportion of removed
dye may be probably due to equilibrium shift during
sorption process. In fact, the initial dye concentrations
provide an important driving force to overcome the
mass-transfer resistance of the dye between the aque-
ous phases and the solid phases, so increasing initial
concentrations would enhance the adsorption capacity
of dye. Furthermore, the time taken to reach equilib-
rium was equal for all the initial dye concentrations
used, which was 120min. This finding is supported by
the study carried out by Osma et al. [28], who reported
that the initial concentration of dyes had only a small
influence on the time of contact necessary to reach
equilibrium in the adsorption study of RB5 by sun-
flower seed shells.

3.4. Effect of temperature on RB5 dye adsorption and
thermodynamic studies

The effect of temperature on RB5 dye adsorption
was investigated at (293–323 ˚K). As it can be seen
from Fig. 9, the removal efficiency of RB5 for all initial
dye concentrations were increased, when the tempera-
ture was increased from 293 to 323 ˚K. Increasing the
temperature is known to increase the rate of diffusion
of the adsorbate molecules across the external bound-
ary layer and in the internal pores of the adsorbent
particle, owing to the decrease in the viscosity of the
solution. In addition, change of temperature will
change the equilibrium capacity of the adsorbent for a
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particular adsorbate [29]. Similar findings were
reported by Khodaie et al. [30].

Thermodynamic considerations of an adsorption
process are necessary to conclude whether the process
is spontaneous or not. Gibb’s free energy change, ΔG˚,
is the fundamental criterion of spontaneity. Reactions
are spontaneous at a given temperature if ΔG˚ is a
negative value. The thermodynamic parameters of
Gibb’s free energy change, ΔG˚, enthalpy change, ΔH˚,
and entropy change, ΔS˚, for the adsorption processes
are calculated using the following equations:

�G� ¼ �RT ln Ka (3)

�G� ¼ �H� � T�S� (4)

where R is universal gas constant (8.314 J mol/K) and
T is the absolute temperature in K.

The thermodynamic parameter, Gibb’s free energy
change, ΔG˚, is calculated using Ka obtained from Fre-
undlich Eq. (8) and is shown in Table 1.

A plot of Gibb’s free energy change, ΔG˚, against
temperature, T, was found to be linear (Fig. 10). The
enthalpy change, ΔH˚, and the entropy change, ΔS˚, for
the adsorption process were obtained from the inter-
cept and slope of Eq. (4) and found to be 31.2 kJ/mol

and 0.156 kJ/mol/K, respectively. The negative values
of ΔG˚ confirm the feasibility of the process and also
the spontaneous nature of adsorption with a high pref-
erence of RB5 by MWCNTs. Furthermore, the decrease
in the negative value of ΔG˚ with an increase in tem-
perature indicates that the adsorption process of RB5
on MWCNTs becomes more favorable at higher tem-
peratures [31].

Adsorption process can be classified as physical
adsorption and chemisorption by the magnitude of
the enthalpy change. It is accepted that if magnitude
of enthalpy change is lesser than 84 kJ/mol, then the
adsorption is physical. However chemisorption takes
place in the range of 84–420 kJ/mol [32]. From these
results (Table 1) it is clear that physisorption is much
more favorable for the adsorption of RB5.

Also, the positive value of ΔH˚ indicates that the
adsorption reaction is endothermic. Entropy has been
defined as the degree of chaos of a system. The posi-
tive value of ΔS˚ suggests that some structural
changes occur on the adsorbent and the randomness
at the solid–liquid interface in the adsorption system
increases during the adsorption process [33].

3.5. Kinetics of the adsorption process

The reaction rate is described by adsorption kinet-
ics. Adsorption kinetics is important in characterizing
the efficiency of a sorbent for use in the adsorption
process. The kinetics of the removal of RB5 with
MWCNTs was investigated to understand the behav-
ior of the sorbent. Fig. 11 illustrates the adsorption
kinetics of RB5. The removal rate of RB5 was fast dur-
ing the initial stages of the adsorption processes,
especially for an initial dye concentration of 150 and
200mg/L. However, the adsorption equilibrium was
reached at 120min for all the five concentrations
tested. The kinetic data in Fig. 11 were treated with a
pseudo-second-order rate equation. The second-order
kinetic model [34,35] is expressed as:
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Table 1
Thermodynamics parameters for RB5 adsorption on
MWCNTs

Temperature
(˚K)

ΔG˚ (kJ/
mol)

ΔH˚ (kJ/
mol)

ΔS˚ (kJ/mol/
K)

293 −14.63
298 −15.2
303 −15.9 31.2 0.156
308 −16.8
313 −17.96
323 −19.08
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Fig. 10. Plot of Gibbs free energy change, ΔG˚, vs. tempera-
ture, T.
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t

qt
¼ 1

K2qe2
þ t

qe
(5)

where k2 is the pseudo-second-order rate constant
(g/mg/min); qe the quantity of dye adsorbed at equi-
librium (mg/g); qt the quantity of dye adsorbed at
time t (mg/g), and t is the time (min).

As it can be seen from Fig. 11, the data fitted well
with the second-order kinetics model (R2 > 0.99). Also,
the calculated qe values agree very well with the
experimental data (Table 2). Similar kinetic results
were reported in the biosorption of RB5 by powdered
active carbon and fly ash [34] and RB5 biosorption by
sunflower seed shells [28]. Investigations have shown
that most adsorption systems at different concentra-
tions of pollutants are consistent with this system.

3.6. Equilibrium adsorption isotherm

An important physiochemical aspect in terms of
the evaluation of sorption processes is the sorption
equilibrium. In fact, the isotherm provides a relation-
ship between the concentration of dye in solution and
the amount of dye adsorbed on the solid phase when

both phases are in equilibrium. In order to investigate
the adsorption isotherm, four equilibrium isotherms
were analyzed: the Langmuir, Freundlich, Temkin,
and Dubinin–Radushkevich isotherm.

3.6.1. Langmuir isotherm

The Langmuir isotherm model assumes monolayer
adsorption onto an adsorbent surface containing a
finite number of identical sorption sites and without
interaction between adsorbed molecules which is pre-
sented by the following equation:

qe ¼ qmKlCe

1þ KlCe
(6)

where qe is the amount of metal adsorbed per specific
amount of adsorbent (mg/g), Ce is equilibrium con-
centration of the solution (mg/L), and qm is the maxi-
mum amount of RB5 dye required to form a
monolayer (mg/g). The Langmuir equation can be
rearranged to linear form for the convenience of plot-
ting and determining the Langmuir constants (Kl) and
maximum monolayer adsorption capacity of
MWCNTs (qm). The values of qm and Kl can be deter-
mined from the linear plot of 1/qe vs. 1/Ce:

1

qe
¼ 1

qm
þ 1

qmKl

1

Ce
(7)

3.6.2. Freundlich isotherm

The Freundlich equation is purely empirical, based
on sorption on heterogeneous surface, which is com-
monly described by the following equation:

qe ¼ KfCe
1=n (8)

where Kf and 1/n are the Freundlich constants related
to adsorption capacity and adsorption intensity,
respectively. The Freundlich equilibrium constants
evaluated from the intercept and the slope, respec-
tively, of the linear plot of log qe vs. log Ce were based
on experimental data. The Freundlich equation can be
linearized in logarithmic form for the determination of
the Freundlich constants as shown below:

log qe ¼ logKf þ 1

n
logCe (9)

Table 2
Kinetic parameters for the adsorption of RB5 by MWCNTs
for different initial RB5 concentrations at pH 2

RB5 concentration (mg/L) K2 qe (mg/g) R2

10 0.0276 0.0098 0.9999
50 0.0123 0.0019 0.9995
100 0.0098 0.0009 0.9985
150 0.008 0.0006 0.9976
200 0.0063 0.0005 0.9975
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Fig. 11. Pseudo-second-order kinetic plots for RB5 adsorp-
tion on MWCNTs at different initial concentration of dye
(dose = 0.01 g, pH 2, time = 5–210min, and concentration =
10–200mg/L in 100mL of synthetic sample).
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3.6.3. Temkin isotherm

The Temkin isotherm, assumes that the fall in the
heat of sorption is linear and the distribution of bind-
ing energies is uniform (up to some maximum binding
energy). This model takes into account the presence of
indirect adsorbate/adsorbent interactions and suggests

that because of these interactions the heat of adsorp-
tion of all molecules in the layer would decrease
linearly with coverage [36,37]. The Temkin isotherm
has generally been applied in the following form:

qe ¼ B ln KT þ B ln Ce (10)

Table 3
Isotherm parameters for adsorption of RB5 onto MWCNTs at various temperatures

293 ˚K 298 ˚K 303 ˚K 308 ˚K 313 ˚K 323 ˚K

Langmuir isotherm
qm (mg/g) 1,054.05 1,082.07 1,043.22 994.18 959.17 980.84
kl (L/ mg) 1.73 2.02 3.51 11.16 116.35 56.72
R2 0.9885 0.9889 0.9858 0.9828 0.9799 0.9806

Freundlich isotherm
kf 406.51 460.83 548.63 707.17 994.03 1217.79
n 2.03 2.01 2.03 2.31 2.89 2.39
R2 0.9945 0.9892 0.996 0.9937 0.9743 0.9599

Temkin isotherm
KT 3.0578E–281 0.0 0.0 0.0 0.0 0.0
B 0.0032 0.0031 0.0031 0.0034 0.0033 0.0031
R2 0.8601 0.8656 0.8426 0.8308 0.7411 0.6991

Dubinin–Radushkevich isotherm
qm 7.157 7.211 7.231 7.256 7.278 7.424
β −0.00038 −0.00036 −0.00031 −0.00023 −0.00015 −0.00017
R2 0.9227 0.933 0.9244 0.9279 0.9178 0.9207

Table 4
Comparison of adsorption capacities for different adsorbents and dyes

Adsorbent Adsorbate qmax (mg/g) References

MWCNTS Acid Red 18 166.67 [39]
Activated carbon (poplar wood) Acid Red 18 3.9 [40]
Activated rice husk carbon Acid yellow 36 86.9 [41]
Penicillium restrictum biomass Reactive Black 5 98.33 [42]
Raw Kaolinite Acid Red 18 29 [43]
Montmorillonite Acid Red 18 19 [43]
Brazilian pine-fruit shell Reactive Red 194 20.8 [44]
Cumin herb wastes Reactive Red-120 47.88 [45]
Salvadora persica stems ash Methylene blue 22.78 [46]
Bone char Reactive Black 5 160 [47]
Cetyltrimethylammonium bromide modified zeolit Reactive Black 5 12.93 [48]
High lime fly ash Reactive Black 5 7.94 [49]
Active carbon F400 Reactive Black 5 176 [50]
Bone char Reactive Black 5 157 [50]
Peat Reactive Black 5 7 [50]
Bamboo carbon Reactive Black 5 447 [50]
Dried activated sludge Basic Red 29 224.72 [51]
Nickel nanoparticles loaded on activated carbon Arsenazo (III) dye 168 [52]
Zinc oxide nanoparticles loaded on activated carbon Bromophenol red 200 [53]
MWCNTS (at 293 ˚K) Reactive Black 5 1,054.05 Present study
MWCNTS (at 298 ˚K) Reactive Black 5 1,082.07 Present study
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The constant KT and B1 can be calculated using a lin-
ear plot of qe vs. ln Ce. KT is the equilibrium blinding
constant (L/mg) corresponding to maximum binding
energy and constant B1 is related to heat of adsorp-
tion. The values are presented in Table 3.

3.6.4. Dubinin–Radushkevich isotherm

The Dubinin–Radushkevich model is often used to
estimate the characteristic porosity and the apparent
free energy of adsorption. The linear form of Dubinin–
Radushkevich isotherm model is:

log qe ¼ ln qm � be2 (11)

where β is a constant connected with the mean free
energy of adsorption per mole of the adsorbate (mol2/
KJ2), qm is the theoretical saturation capacity (mg/g),
and ε is the Polanyi potential [38].

The isotherms based on the experimental data and
the parameters obtained from non-linear regression by
four models are presented in Table 3. According to
results of this table, the correlation coefficient of the
Freundlich model was higher than other models, indi-
cating that the Freundlich model is suitable for
describing the adsorption equilibrium of RB5 dye onto
MWCNTs. Maximum adsorption capacity of some
adsorbents for different dyes was presented in Table 4.

4. Conclusions

In this study, the adsorption of RB5 onto
MWCNTs has been investigated. The influence of the
important operating parameters, such as pH, contact
time, adsorbent dose, initial dye concentration, and
temperature on the adsorption of RB5 was investi-
gated. The results show that all the parameters have a
strong effect on the adsorption of RB5 onto the adsor-
bent.

The results demonstrated that adsorption capacity
of RB5 on MWCNTs was higher in lower pHs due to
significantly high electrostatic attraction that exists
between the positively charged surface of the adsor-
bent and negatively charged anionic dye.

Furthermore, according to results of this study, the
MWCNTs were able to remove up to 98% of RB5 dye
from solutions whose initial concentration varied
between 10–200mg/L at contact time 60min. The
adsorption of RB5 dye on MWCNTs has been
described by the Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich isotherms. It was found that

the data fitted well to Freundlich isotherm (R2 > 0.99)
better than other isotherms. The removal of the dye
from aqueous solutions is induced by adsorption on
surface sites of the solid for low RB5 dye concentra-
tion, while both adsorption and internal exchange take
place for high concentrations.
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membrane properties on reactive dye removal from
dye/salt mixtures by asymmetric cellulose acetate and
composite polyamide nanofiltration membranes, J.
Membr. Sci. 350 (2010) 83–91.

[10] A. Maleki, A.H. Mahvi, R. Ebrahimi, Y. Zandsalimi,
Study of photochemical and sonochemical processes
efficiency for degradation of dyes in aqueous solution,
Korean J. Chem Eng. 27 (2010) 1805–1810.

[11] S. Sadri Moghaddam, M.R. Alavi Moghaddam, M.
Arami, Coagulation/flocculation process for dye
removal using sludge from water treatment plant:
Optimization through response surface methodology,
J. Hazard. Mater. 175 (2010) 651–657.

E. Bazrafshan et al. / Desalination and Water Treatment 54 (2015) 2241–2251 2249



[12] E. Hosseini Koupaie, M.R. Alavi Moghaddam, S.H.
Hashemi, Investigation of decolorization kinetics and
biodegradation of azo dye acid red 18 using sequen-
tial process of anaerobic sequencing batch reactor/
moving bed sequencing batch biofilm reactor, Int. Bio-
deter. Biodegr. 71 (2012) 43–49.

[13] S. Chatterjee, D.S. Lee, M.W. Lee, S.H. Woo, Enhanced
adsorption of congo red from aqueous solutions by
chitosan hydrogel beads impregnated with cetyl tri-
methyl ammonium bromide, Bioresour. Technol. 100
(2009) 2803–2809.

[14] M.R. Samarghandi, M. Zarrabi, M. Noori sepehr, A.
Amrane, G. Hossein Safari, S. Bashiri, Application of
acidic treated pumice as an adsorbent for the removal
of azo dye from aqueous solutions: Kinetic, equilib-
rium and thermodynamic studies, Iran J. Environ.
Health. Sci. Eng. 9 (2012) 101–108.

[15] K.C.L.N. Rao, K.K. Ashutosh, Color removal from a
dye stuff industry effluent using activated carbon,
Indian. J. Chem. Tech. 1 (1994) 13–19.

[16] J. Hu, Ch Chen, X. Zhu, X. Wang, Removal of chro-
mium from aqueous solution by using oxidized multi-
walled carbon nanotubes, J. Hazard. Mater. 162 (2009)
1542–1550.

[17] T. Madrakian, A. Afkhami, M. Ahmadi, H. Bagheri,
Removal of some cationic dyes from aqueous solu-
tions using magnetic-modified multi-walled carbon
nanotubes, J. Hazard. Mater. 196 (2011) 109–114.

[18] R. Long, R. Yang, Carbon nanotubes as superior sor-
bent for dioxin removal, J. Am. Chem. Soc. 123 (2001)
2058–2059.

[19] M. Ghaedi, N. Taghavimoghadam, S. Naderi, R. Sah-
raei, A. Daneshfar, Comparison of removal of bro-
mothymol blue from aqueous solution by multiwalled
carbon nanotube and Zn(OH)2 nanoparticles loaded
on activated carbon: A thermodynamic study, J. Ind.
Eng. Chem. 19(5) (2013) 1493–1500.

[20] M.H. Dehghani, A. Naghizadeh, A. Rashidi, E. Dera-
khshani, Adsorption of reactive blue 29 dye from
aqueous solution by multiwall carbon nanotubes, Des.
Wat. Treat. (2013) 1–8.
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