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ABSTRACT

The modification of multi-walled carbon nanotube (MWCNT) with a cationic surfactant, cetyl
trimethyl ammonium bromide (CTAB) and its application for removal of two direct dyes,
direct red 80 (DR80) and direct red 23 (DR23) were investigated. The raw and functionalized
samples were characterized by Fourier transform infrared (FTIR) spectroscopy and scanning
electron microscopy (SEM). The influence of operational parameters was studied through
batch adsorption experiments. For understanding the mechanisms of adsorption, Langmuir,
Freundlich, Tempkin and Dubinin–Radushkevich isotherm models were used. Intraparticle
diffusion, pseudo-first-order and second-order models were adopted to evaluate data and
elucidate the kinetic of the adsorption process. The presence of functional groups: O–H, N–
H, C–H and C–N were detected by FTIR spectroscopy. The results showed that CTAB were
efficiently immobilized on the surface of the MWCNT. The Langmuir adsorption capacities
of surfactant-functionalized carbon nanotubes (SF-CNT) for DR23 and DR80 were established
as 188.68 and 120.48mg/g, respectively. The sorption kinetic of SF-CNT followed pseudo-
second-order kinetic model. The experiments indicated that the adsorption capacity of SF-
CNT is more significant than raw-CNT; thus, it could be used as an effective adsorbent for
removing of anionic dyes from waste waters.
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1. Introduction

Many industries including not only textiles and
paints but also inks, varnishes, pulp mills, paper, plas-
tics, cosmetics and tanning release dye containing
effluents into water resources [1,2]. A large variety of
different dyes could be found in industrial slops. It has
been estimated that about 9% (or 40,000 tones) of dye
stuffs produced in the world are discharged in textile
wastewaters [3,4]. Water contamination by dye stuffs

has become a controversial issue for the environment
due to its appearance and toxicity [5,6]. Nowadays by
development of synthetic fibers, the use of direct dyes
has continuously increased in different industries such
as textile and finishing [7]. In order to decrease the risk
of pollution problems from such effluents, treating
these contaminated waters before discharging into the
environment is necessary [8]. Numerous physical,
chemical and biological methods such as adsor-
ption [9–14], ozonation [15], photodegradation [16],
electrochemical process [17,18], biosorption [19] and*Corresponding author.
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biodegradation [20] have been used to decolorize dye
bearing effluents. But, often exerting as one single
treatment may not be sufficient to remove certain clas-
ses of synthetic dyes [21].

Adsorption is a common effective separation met-
hod, because of simplicity of regeneration, recovery
and recycling of adsorbing materials in many cases
[22]. Different adsorbents such as algal [23], hen
features [24], waste materials [25–28], deoiled mustard
[29], industrial effluents [30], wheat husk [31], coir
pith [32], wheat shell [33], bentonite [34], compost
[35], biogas residual slurry [21], almond shells [36],
orange peel [37], soy meal hulls [38] and Fe(III)/Cr
(III) hydroxide [39] have been used to different dyes
from wastewaters.

Carbon nanotubes (CNTs) are highly popular due
to their novel properties like high aspect ratio, high
thermal, electrical and mechanical properties. Large
surface area, high porosity and layered structure of
CNT make it a possible candidate for adsorption of
harmful spices such as cationic, anionic and other
organic and inorganic impurities including 1,2-dich-
lorebenzene [40], trihalomethanes [41], microcystins
[42], fluoride [43], lead [44], nickel [45] and arsenate
[46] that are presented in natural water resources
[47,48].

The surface of CNT provides evenly distributed
hydrophobic sites for organic pollutants. Different
studies suggested that hydrophobic interactions could
not generally explain the interaction between organic
chemicals and CNT. Other mechanisms include p–p
interactions between bulk p systems on CNT surface
and organic molecules with C=C double bonds or
benzene rings, hydrogen bonds and electrostatic inter-
actions [49,50]. Surface modifications of CNT have
been extensively explored with the expectation that
preventing bundling would promote dispersion
stability and improve the miscibility of CNT with
matrices by enhancing interfacial interactions through
chemical bonding or physical/mechanical entangle-
ments between the surface modified CNT and
matrices [51–55].

A literature review showed that carbon molecules
has been modified by different methods such as oxi-
dation with HNO3 [56,57], magnetize with (NH4)2Fe
(SO4)2 and FeNH4(SO4)2 [58,59] and also surfactant
treatment [60], but the applicability of surfactant func-
tionalized CNT for removal ability has not been inves-
tigated. Table 1 lists a comparison between maximum
adsorption capacities of raw and surfactant modified
CNT which have been developed in this study with
low-cost adsorbents. In this paper, preparation and
characterization of surfactant-functionalized carbon
nanotube (SF-CNT) has been investigated and its

application in adsorption of two direct dyes is studied
in detail.

The effect of operating factors such as adsorbent
dosage, dye concentration, pH and ionic strength on
adsorption of two direct dyes was evaluated. In addi-
tion, Langmuir, Freundlich, Tempkin and Dubinin–
Radushkevich (D–R) equations were used to fit the
equilibrium data. The kinetic of the adsorption has
been determined quantitatively by using the intrapar-
ticle diffusion, pseudo-first-order and second-order
models. For evaluating the interactions between direct
dye molecules and the adsorbents, characterization
studies such as scanning electron microscopy (SEM)
and Fourier transform infrared (FTIR) spectroscopy
were performed.

2. Materials and methods

2.1. Chemicals and reagents

The CNT used in this study were multi-wall car-
bon nanotube (MWCNT, purity 95%, the length is 10–
30 lm and the diameter is 30–50nm) purchased from
PlasmaChem GmbH (Germany). Two direct dyes,
direct red 23 (DR23) and direct red 80 (DR80), were
marketed from Ciba Ltd. (Iran) and were used as they
were. Their chemical structures and characteristics are
shown in Fig. 1 and Table 2. The cationic surfactant
used in this study was cetyl trimethyl ammonium bro-
mide (CTAB) (Sigma, USA). Moreover chemical struc-
ture of cationic surfactant is shown in Fig. 2. All other
chemicals were of analytical reagent grade and pur-
chased from M/s Merck.

2.2. Preparation of SF-CNT

The preparation of functionalized CNT with CTAB
was carried out as follows.

CNT (0.5 g) was mixed with 250mL acetone. After-
wards, the desired amount of CTAB solution was
added to the CNT-acetone mixture from a stock solu-
tion of CTAB (0.05M) in distilled water. The obtained
mixture was sonificated for about 5min. Ultrasonic
irradiation was carried out using a sonifier (Dr Hie-
scher, UP200S) operated at a frequency of 24 kHz. The
suspension was centrifuged at a speed of 5,500 rpm
for 10min. Finally, the precipitate was washed several
times with distilled water to remove untreated com-
pounds and dried in an oven at 70˚C (Fig. 3).

2.3. Batch adsorption study

All batch experiments were carried out in 25mL
glass pyramid bottle in a jar test (FC65-VELP) at room
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temperature (25 ± 1˚C) for 60min. The pH values at
initial solutions were adjusted with dilute HCl or
NaOH solution and for pH value measurements, the
Metrohm, Switzerland pH meter was used. An opti-
mized amount of adsorbent dosage was added into

each flask and was intermittently agitated. The per-
centage of dye adsorption by the adsorbents was com-
puted using Eq. (1):

% dye removal ¼ ððCo � CeÞ=CoÞ � 100 ð1Þ

where Co and Ce represent the initial and equilibrium
concentration of dyes (mg/g) in the solutions, respec-
tively. All tests were carried out in duplicate to insure
the reproducibility of the results, and the mean of the
two measurements is reported.

For investigating the effect of operational parame-
ters on the dye removal by SF-CNT, range of the
experimental variables was chosen as follows: adsor-
bent dosage (0.01–0.06 g), dye concentration (20–
80mg/L), pH values (2–10) and salts (Blank, NaCl,
NaHCO3, Na2SO4 and Na2CO3). For comparative
studies, the effect of adsorbent dosage (0.01–0.06 g)
was studied for both raw and SF-CNT.

For investigating the effect of adsorbent dosage on
removal ability of adsorbents, 250mL of dye solution
(20mg/L) at pH 7.5 was prepared. Different amounts
of raw and SF-CNT (0.01–0.06 g) were applied and the
mixtures were agitated for 60min using jar test at
room temperature (25˚C). In this step, optimum
amount of adsorbents for each dye was determined.

For investigating the effect of initial dye concentra-
tion on the percentage of dye removal, 250mL of dye
solutions with different concentrations (20, 40, 60 and
80mg/L) at pH 7.5 were prepared. The optimum
amount of SF-CNT (0.03 g for DR23 and 0.04 g for
DR80) was added to above-mentioned mixtures at
room temperature.

Table 1
Maximum adsorption capacities of low-cost adsorbents, raw and surfactant functionalized CNT

Adsorbent Dye Q0 (mg/g) Sources (Ref.)

Blast furnace sludge Acid Blue 25 2.1 [61]

Red mud Direct Red 28 4.1 [62]

Banana pith Direct Red 5.9 [63]

Coir pith Direct Red 28 6.7 [32]

De-oiled soya Acid Orange 7 8.8 [27]

Rubber tire activated carbon Acid Blue 113 9.2 [10]

Bottom ash Acid Orange 7 12.5 [27]

Peat Acid Blue 25 12.7 [64]

Hen feathers Acid Red 51 15.8 [24]

Orange peel Acid Violet 17 19.9 [65]

Raw CNT Direct Red 80 17.4 Present study

Raw CNT Direct Red 23 44.8 Present study

SF-CNT Direct Red 80 120.5 Present study

SF-CNT Direct Red 23 188.7 Present study

(a)

(b)

Fig. 1. Chemical structure of dyes, (a) DR23 and (b) DR80.

Table 2
Structure and characteristics of DR23 and DR80

Characteristic Direct Red 23 Direct Red 80

Chemical
formula

C35H25N7Na2O10S2 C45H26N10Na6O21S6

Class Azo Azo

CI number 29,160 35,780

kmax (nm) 501 528

Fig. 2. Chemical structure of cationic surfactant.
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The effect of pH on dye removal was studied by
analysing 250mL of dye solution (20mg/L) at different
pH values (2, 4, 6, 7.5 and 10) and optimum amount of
SF-CNT, using jar test at room temperature.

For studying the effect of inorganic ions on the
percentage of dye removal, 250mL of dye solution
(20mg/L) at pH 7.5 was prepared and optimum
amount of SF-CNT for each dye was added. These
solutions were agitated in jar test with 0.02M of dif-
ferent salts (NaCl, NaHCO3, Na2SO4 and Na2CO3).

At different time intervals, the reaction mixtures
were collected, centrifuged and analysed for the resid-
ual dye concentration using spectrophotometer spec-
trum one beam, Perkin-Elmer, USA.

2.4. Adsorption isotherms

Adsorption isotherms indicate the distribution of
adsorbate molecules between the liquid and solid
phase when the adsorption procedure attains equilib-
rium. For describing the adsorption isotherms, differ-
ent amounts of raw and SF-CNT (0.01–0.06 g) were
added to 250mL of a 20mg/L solution at pH 7.5. The
solutions were stirred for 60min at constant room
temperature (25˚C). After the equilibrium time
reached, the samples were centrifuged and the con-
centration of dye in the residual solutions was ana-
lysed. The amount of dye adsorbed onto adsorbents,
qe (mg/g), was calculated by the mass balance rela-
tionship as follows (Eq. (2)):

qe ¼ VðCo � CeÞ=m ð2Þ

where Co and Ce are initial and equilibrium dye con-
centration (mg/L), V is the volume of solution (L) and
m is the mass of dry adsorbent (g).

For optimizing the process, isotherm data should
be fitted to an appropriate model. Several isotherm
models such as Langmuir, Freundlich, Tempkin and
D–R, as the most common models, were tested in this
work.

The Langmuir isotherm has been widely used to
describe single-solute systems. The linearized form of
the Langmuir equation which indicates the monolayer
coverage of the dye molecules on the outer surface of
the adsorbent is expressed as follows [66]:

Ce=qe ¼ ð1=KLQmaxÞ þ ðCe=QmaxÞ ð3Þ

where Ce is the equilibrium concentration of dye
(mg/L), qe is the equilibrium dye concentration on the
adsorbent (mg/g), Qmax is the maximum surface con-
centration at monolayer coverage (mg/g) and KL is
the Langmuir adsorption constant (L/mg) which is
related to the energy of adsorption and increases with
increasing strength of the adsorption bond.

The Freundlich model can be applied for non-ideal
adsorption on multi-layer adsorption. The Freundlich
equation is expressed as Eq. (4) in its linearized form
[67]:

Log qe ¼ LogKF þ ð1=nÞLogCe ð4Þ

where KF is Freundlich equilibrium constant which
represents the capacity of the adsorbent for the adsor-
bate and (1/n) quantifies the favourability of adsorp-
tion and degree of heterogeneity on the surface of
adsorbents. If (1/n) is less than unity, new adsorption
sites form and the adsorption capacity increases.

Tempkin assumed the effects of some indirect
adsorbate–adsorbate interactions on adsorption iso-
therm. These parameters cause the linear decrease in
the heat of adsorption with coverage. The Tempkin
isotherm has generally been applied in the following
form [68]:

qe ¼ B1 Ln ðKT CeÞ ð5Þ

where

B1 ¼ RT=b ð6Þ

KT is the equilibrium binding constant (L/mole) corre-
lating to the maximum binding energy and B1 is pro-
portional to the heat of adsorption. In addition, R, T
and b are the universal gas constant (8.314 J/molK),
absolute temperature (K) and a constant, respectively.

The D–R isotherm has been widely used for
describing the adsorption of gases and vapors on a
single uniform pore. The D–R isotherm can be
described as Eq. (7) [69]:

Fig. 3. The preparation method of SF-CNT.

J. Ghobadi et al. / Desalination and Water Treatment 52 (2014) 4356–4368 4359



LnðqeÞ ¼ LnðX0
mÞ � K0e2 ð7Þ

e ¼ RT Ln ð1þ 1=CeÞ ð8Þ

where X0
m is the ultimate capacity per unit area in

adsorbent micro pores (mg/g), K0 is a constant relates
to the mean free energy of adsorption, e is the Polany
potential, R is the gas constant (8.314 J/molK) and T
is the absolute temperature (K).

The mean adsorption energy (E, kJ/mole) can be
calculated from the K0values of the D–R isotherms
using the Eq. (9):

E ¼ ð2K0Þ1=2 ð9Þ

2.5. Adsorption kinetics

For investigating the mechanism of adsorption and
potential rate-controlling steps, different kinetic mod-
els such as intraparticle diffusion, pseudo-first-order
and second-order models have been used.

The pseudo-first-order [70] and second-order [71]
adsorption rate equations have the following linear-
ized forms.

Pseudo-first-order equation:

Lnðqe � qtÞ ¼ Lnqe � k1t ð10Þ

Pseudo-second-order equation:

t=qt ¼ 1=ðk2q2eÞ þ t=qe ð11Þ

where qe (mg/g) and qt (mg/g) are the amount of dye
adsorbed at equilibrium and at time t, respectively. k1
and k2 are the constants of adsorption rate.The
intraparticle diffusion model has been utilized to
determine the rate-limiting step of the adsorption pro-
cess. Kinetic data of adsorption procedure were also
tested according to intraparticle diffusion model
which can be written by Eq. (12) [72]:

qt ¼ kpt
1=2 þ 1 ð12Þ

where qt is the amount of dye adsorbed (mg/g), kp is
the intraparticle diffusion rate constant (mg/gmin1/2)
and I is the intercept (mg/g).

2.6. Analysis

FTIR spectra (Perkin-Elmer Spectrophotometer
Spectrum One) were used to identify the functional
groups and chemical bonds of the materials. Solid

morphological characteristics of samples were ana-
lysed using the SEM (LEO 1455VP scanning micro-
scope).

3. Results and discussion

3.1. Characterization

The FTIR spectra of raw and SF-CNT were
recorded in the wave length ranging of 4,000–
500 cm�1 (Fig. 4). The important adsorption bands that
justify the existence of the corresponding functional
groups are: O–H and N–H stretch vibration at
3,434 cm�1 in Fig. 4(a) and 3,428 cm�1 in Fig. 4(b),
C=C stretch vibration aromatics at 1,570–1,630 cm�1

and C–N stretch (alkyl) vibration at 1,165 cm�1. A pair
of strong bands at 2,850 and 2,920 cm�1 which is
observed for raw and SF-CNT can be assigned to the
symmetric and asymmetric stretching vibrations of the
methylene groups (–CH2–). After surfactant function-
alization, an increase in the intensity of peaks at 2,850
and 2,920 cm�1 suggests that more C–H functional
groups were introduced to the surface of raw-CNT. In
addition, the sharply increase at peak of 1,165 cm�1 is
mainly attributed to the formation of more C–N func-
tional groups on the SF-CNT surface [73].

The surface morphologies of raw and SF-CNT is
shown in Fig. 5. From Fig. 5(a) and (b), it can be seen
that the morphological structure of raw CNT changed
after functionalization and CTAB molecules success-
fully settled down on the CNT surface.

These observations indicate that the surface of
CNT is functionalized with this cationic surfactant.

3.2. Dye adsorption studies

Comparing the efficiency of raw and SF-CNT for
removal of two direct dyes (DR23 and DR80) from
aqueous media has been investigated. Different

T%

(a)

(b)

Fig. 4. FTIR spectrum (a) raw-CNT and (b) SF-CNT.
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experiments under various conditions were performed.
Results are presented in the following sections.

3.2.1. Effect of adsorbent dosage

Studying the effect of adsorbent dosage is crucial
in order to determine the optimum amount of adsor-
bent for reaching to maximum adsorption. The effect
of raw and SF-CNT dose on removal of DR23 and
DR80 by varying the amounts of adsorbents in the
range of 0.01–0.06 g was considered. The experiments
were carried out in jars containing 250mL of dye solu-
tion with initial concentration of 20mg/L for 60min
at a fixed pH of 7.5 and temperature of 25˚C. The dye
removal results are represented in Figs. 6 and 7.

Generally, it is observed that the dye removal effi-
ciency of raw-CNT was pretty low, while applying
SF-CNT would result a significant increase in adsorp-
tion capacity. On the whole, the anionic dyes could be
adsorbed on CNT due to hydrophobic interactions. In
addition by treating CNT with CTAB, some positive
sites (R–N+) would produce on its surface, which due
to electrostatic interactions, adsorption capacity of SF-
CNT increases [74].

Figs. 6 and 7 reveal that an increase in the amount
of the adsorbents leads to an increase in the amount
of the dye removal percentage, in both cases. This evi-
dence can be attributed that at greater adsorbent dos-
ages, more adsorption sites were made available for
adsorbent molecules. Hence, this phenomenon makes
the driving forces stronger and the surface area larger
[72,75,76]. As it can be extracted from Figs. 6 and 7,
the optimum amount of SF-CNT for DR23 and DR80
is 0.03 and 0.04 g, respectively. By comparing the opti-
mum amounts of Figs. 6 and 7, it can be concluded
that after modification of CNT with CTAB, the
removal percentage of dyes increased from 36.33 to
97.30% and 27.22 to 95.02% for DR23 and DR80,
respectively.

3.2.2. Effect of initial dye concentration

The effect of initial dye concentration is another
important operational parameter. Hence, the adsorp-
tion process of these anionic dyes was investigated
through varying dye concentration from 20 to 80mg/
L at a fixed pH (7.5) and optimum amount of adsor-
bent for each dye.

Fig. 6. The effect of adsorbent dosage on dye removal of
DR23 (initial concentration: 20mg/L, pH: 7.5 and
temperature: 25˚C), (a) raw-CNT and (b) SF-CNT.

Fig. 5. SEM images (a) raw-CNT and (b) SF-CNT.
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Based on Fig. 8, the adsorption efficiency
decreased from 96.80 to 33.10% and 95.00 to 30.20%
for DR23 and DR80, respectively, when dye concen-
tration increases from 20 to 80mg/L. This trend is
justified based on the larger number of vacant sur-
face sites and simplicity of occupation of these sites
during the initial stages. After certain time, occupy-
ing the remaining sites due to repulsive forces
between dye molecules on surface of SF-CNT and
bulk phase becomes more difficult [7]. However, as
it is shown in Table 3 by keeping the adsorbent
dosage constant and increasing the dye concentra-
tion, the amount of dye adsorbed per unit mass of
adsorbent increased. This progression is expected
based on the increase in driving force of the concen-
tration gradient with higher initial dye concentration
[77].

3.2.3. Effect of initial pH

The influence of pH on removal efficiency of two
direct dyes was assessed to gain further insight into
the adsorption process. The experiments were carried

out at jars containing 250mL of dye solutions with
20mg/L initial concentration and optimum dosage of
adsorbent. Fig. 9 clearly reveals that, in the case of
using SF-CNT for removing both dyes, with decrease
in pH form 10 to 2, a slight increase in dye removal
percentage of adsorbent occurs, which is due to
increase in positively charges sites in acidic solutions
(lower pH) and therefore, the electrostatic interactions
between this positive sites and negatively charged dye
molecules are strengthened [26]. However, the adsorp-
tion capacity of SF-CNT was found to be almost con-
stant over the pH range of 2–10.

As it was reported in previous sections for
removal ability of SF-CNT, the electrostatic interac-
tions are the major force between adsorbent and
adsorbate; hence, the R–N+ groups on the SF-CNT
surface are the main adsorption sites. It looks that
varying the pH values does not have significant effect
on R–N+ groups; therefore, the removal ability of SF-
CNT is independent due to change in pH of solution.
Thus, pH 7.5 was considered as optimum pH for
adsorption of dyes for further studies.

Fig. 8. The effect of dye concentration on dye removal by
SF-CNT (adsorbent dosage: 0.03 g for DR23 and 0.04 g for
DR80, pH: 7.5 and temperature: 25˚C), (a) DR23 and (b)
DR80.

Fig. 7. The effect of adsorbent dosage on dye removal of
DR80 (initial concentration: 20mg/L, pH: 7.5 and
temperature: 25˚C), (a) raw-CNT and (b) SF-CNT.
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3.2.4. Effect of inorganic ions

Since presence of different salts in dye containing
wastewaters is a common factor, it is necessary to
study the effect of ionic strength on the adsorption
process. The influence of inorganic salts on dye
removal ability of SF-CNT was studied by adding
0.02M of NaCl, NaHCO3, Na2CO3 and Na2SO4 into
250mL dye solution of 20mg/L initial concentration,
optimum amount of adsorbent dosage and at constant
pH value of 7.5. Fig. 10 shows the effect of ionic

Fig. 10. The effect of ionic strength on dye removal by SF-
CNT (adsorbent dosage: 0.03 g for DR23 and 0.04 g for
DR80, initial concentration: 20mg/L, pH: 7.5 and
temperature: 25˚C), (a) DR23 and (b) DR80.

Table 4
Isotherm constants for the adsorption of DR23 and DR80 onto raw and SF-CNT at various adsorbent dosage

Adsorbent Dye Langmuir Freundlich Tempkin D–R

Qmax KL R2 1/n KF R2 B1 KT R2 Xm E R2

Raw-CNT DR23 44.843 0.044 0.925 2.132 3.878 0.974 109.780 7.436 0.960 152.505 129.099 0.960

DR80 17.422 0.173 0.965 0.609 148.250 0.849 17.314 78.112 0.863 21.321 223.607 0.792

SF-CNT DR23 188.679 3.786 0.990 0.282 141.316 0.639 35.729 58.742 0.673 193.350 288.675 0.860

DR80 120.482 20.750 0.999 0.112 150.604 0.682 11.471 11,139.815 0.693 124.350 408.248 0.942

Fig. 9. The effect of pH on dye removal by SF-CNT
(adsorbent dosage: 0.03 g for DR23 and 0.04 g for DR80,
initial concentration: 20mg/L and temperature: 25˚C), (a)
DR23 and (b) DR80.

Table 3
Equilibrium dye concentration on SF-CNT at various dye
concentrations (adsorbent dosage: 0.03 g for DR23 and
0.04 g for DR80

Dye concentration (mg/L) 20 40 60 80

qe (mg/g) for DR23 161.21 170.59 175.86 222.99

qe (mg/g) for DR80 118.63 126.00 134.95 152.47
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strength on the adsorption process of DR23 and DR80.
No sound effect is observed for presence of inorganic
salts on the adsorption process. Fig. 10 reveals that
presence of inorganic ions in the solutions caused a

decreased in the rate of reaching to equilibrium. This
effect can be explained based on the competitive effect
between these anions and anionic dye molecules for
adsorbing to sorption sites of SF-CNT.

3.3. Isotherm modelling

For proper analysis of adsorption processes, evalu-
ating adsorption equilibrium data as one of the vital
information is necessary. For better understanding the
mechanism of adsorption, surface properties and sor-
bent affinity different mathematical models such as
Langmuir, Freundlich, Tempkin and D–R have been
applied. Table 4 illustrates the isotherm parameters
and the determination coefficients by fitting the exper-
imental data to different models. The adequacy of the
isotherm equations is realized by comparing the corre-
lation coefficients (R2) for each isotherm model.
According to the values of R2, it can be said that in
the case of applying raw-CNT appropriate model for
DR23 is Freundlich and DR80 is Langmuir. However,
in the condition of investigating the removal ability of
SF-CNT, Langmuir model can better describe the
adsorption equilibrium data than the other investi-
gated models. According to Langmuir model, adsorp-
tion can only occur at a fixed number of definite
identical and equivalent sites of SF-CNT with no
interaction between the adsorbent molecules [78]. In
addition, all sites poses equal affinity for dye mole-
cules and there is not any migration of the adsorbate
on the surface of the SF-CNT, so this model is known
as homogeneous adsorption, too [79]. Fig. 11 shows
the linear plot of Ce/qe against Ce in Langmuir model

Fig. 11. Langmuir adsorption isotherms at different SF-
CNT dosage, (a) DR23 and (b) DR80.

Table 5
Maximum adsorption capacities of raw and functionalized CNTs

Adsorbent Dye Qo (mg/g) Sources (Ref.)

Raw-CNT Direct Yellow 86 54.9 [7]

Raw-CNT Direct Red 224 52.1 [7]

Raw-CNT Methylene Blue 46.2 [15]

Raw-CNT Procion-Red MX-5B 39.8 [52]

Raw-CNT Direct Red 23 44.8 Present study

Raw-CNT Direct Red 80 17.4 Present study

Oxidized-CNT (HNO3) Direct Congo Red 124.7 [41]

Oxidized-CNT (HNO3) Reactive Green HE4BD 124.8 [41]

Oxidized-CNT (HNO3) Golden Yellow MR 122.7 [41]

Magnetic-modified CNT Crystal Violet 166.7 [44]

Magnetic-modified CNT Thionine 163.9 [44]

Magnetic-modified CNT Janus Green 76.9 [44]

Magnetic-modified CNT Methylene Blue 56.5 [44]

Surfactant-functionalized CNT Direct Red 23 188.7 Present study

Surfactant-functionalized CNT Direct Red 80 120.5 Present study
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for adsorption of DR23 and DR80 onto SF-CNT sur-
face. Values of Qo, which is defined as the maximum
capacity of sorbent, have been calculated from the
Langmuir plots. Qo is dependent on a series of prop-
erties such as pore and particle size distribution, spe-
cific surface area, pH, surface functional groups and
temperature. Table 4 compares the maximum
adsorption capacities of raw and SF-CNT for DR23
and DR80. As shown in Table 4, the Qo quantity for
raw-CNT is 44.84 and 17.42mg/g and for SF-CNT is
188.68 and 120.48mg/g in the adsorption process
of DR23 and DR80, respectively. Furthermore, a com-
parison is made between the maximum adsorption

capacities of different raw and functionalized CNTs
(Table 5). From Table 5, it is obvious that surfactant
functionalized CNT has an appropriate adsorption
capacity in compared with other modified MWCNTs.
This explains that by functionalizing CNT with a cat-
ionic surfactant (CTAB), the maximum capacity of
adsorption would rise significantly.

3.4. Kinetic modelling

For better simulation of dye dynamic adsorption,
three common kinetic models such as intraparticle
diffusion, pseudo-first-order and second-order have

Table 6
Kinetic parameters for the adsorption of DR23 and DR80 onto raw and SF-CNT at various adsorbent dosage

Adsorbent Adsorbent dosage (g) (qe)Exp Pseudo-first-order Pseudo-second-order Intraparticle diffusion

(qe)Cal k1 R2 (qe)Cal k2 R2 kp I R2

Raw-CNT DR23

0.01 112.069 75.110 0.050 0.957 113.636 0.002 0.988 9.398 41.366 0.979

0.02 68.103 28.933 0.059 0.658 65.789 0.008 0.990 2.040 49.506 0.802

0.025 66.552 39.537 0.044 0.838 63.694 0.004 0.983 4.216 31.252 0.945

0.03 58.908 21.145 0.028 0.594 53.191 0.013 0.998 1.687 40.685 0.906

0.04 51.078 19.427 0.045 0.784 49.505 0.011 0.997 2.008 34.618 0.947

0.05 43.448 15.056 0.041 0.739 41.667 0.015 0.998 1.518 30.619 0.946

0.06 39.655 12.612 0.040 0.624 37.879 0.020 0.999 1.457 27.886 0.773

DR80

0.01 41.401 38.922 0.062 0.984 49.020 0.002 0.963 5.417 3.717 0.957

0.02 19.506 7.984 0.054 0.761 19.157 0.024 0.989 0.736 13.435 0.729

0.03 25.478 17.701 0.058 0.969 26.954 0.006 0.989 2.432 8.459 0.955

0.035 27.753 20.198 0.057 0.974 29.326 0.005 0.988 2.703 8.547 0.976

0.04 28.662 25.165 0.057 0.961 32.787 0.003 0.960 3.580 3.399 0.949

0.05 30.732 30.381 0.074 0.890 33.670 0.003 0.947 3.113 7.724 0.945

0.06 30.786 17.227 0.041 0.870 29.586 0.009 0.997 2.381 12.665 0.915

SF-CNT DR23

0.01 217.241 117.544 0.056 0.806 212.766 0.002 0.990 12.111 122.490 0.926

0.02 144.828 93.713 0.053 0.911 144.928 0.001 0.984 10.463 36.408 0.954

0.025 172.069 141.971 0.062 0.955 188.679 0.001 0.959 17.915 43.594 0.937

0.03 162.069 21.330 0.095 0.797 163.934 0.019 1.000 2.228 148.330 0.784

0.04 121.983 6.133 0.071 0.435 121.951 0.067 1.000 0.642 117.650 0.561

0.05 98.103 10.924 0.084 0.735 98.039 0.035 1.000 0.798 92.552 0.966

0.06 82.184 7.374 0.068 0.608 81.967 0.050 1.000 0.484 78.418 0.979

DR80

0.01 162.420 90.136 0.036 0.873 151.515 0.002 0.992 10.392 74.174 0.974

0.02 114.650 64.210 0.049 0.921 114.943 0.002 0.995 8.238 53.311 0.955

0.03 117.569 72.845 0.052 0.948 119.048 0.002 0.990 8.898 50.794 0.988

0.035 124.204 89.516 0.068 0.979 133.333 0.001 0.991 11.365 45.949 0.969

0.04 118.631 44.525 0.129 0.856 125.000 0.004 0.996 9.465 65.453 0.546

0.05 98.089 16.199 0.080 0.786 98.039 0.021 1.000 1.780 86.677 0.801

0.06 82.139 8.806 0.084 0.716 81.967 0.045 1.000 1.031 75.772 0.673
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been employed. To understand the applicability of
the intra-particle diffusion, pseudo-first-order and
second-order models for adsorption of dyes onto
raw and SF-CNT at different adsorbent dosage, lin-
ear plots of qt against t1/2, log(qe� qt) vs. contact
time (t) and t/qt vs. contact time (t) are plotted. The
values of kp, I, k1, k2, R2 (correlation coefficient val-
ues of all kinetics models) and the calculated qe
((qe)Cal) are shown in Table 6. Furthermore, linear
plot of pseudo-second-order model for adsorption of
DR23 and DR80 onto SF-MWCNT surface is shown
in Fig. 12.

The linearity of the plots (R2) demonstrates that
intraparticle diffusion and pseudo-first-order kinetic
models do not play a significant role in uptake of dyes
by adsorbents (Table 6). The linear fit between t/qt vs.
contact time (t) and also calculated correlation coeffi-
cients (R2) for this kinetics model show that pseudo-
second-order model with a good correlation coefficient
(R2 = 0.99) is more reliable model for this experiment.
A similar phenomenon has been observed in the
adsorption of Procion Red MX-5B onto CNT [67], Acid
Red 57 by surfactant-modified sepiolite [80], Crystal
Violet by bottom ash and also Cristal Violet-de-oiled
soya system [26].

4. Conclusion

The presented study was focused on surface func-
tionalization of MWCNTs with a cationic surfactant
(CTAB) and its application for removal of direct red
23 and direct red 80. The surfaces of raw and SF-CNT
were tested by using FTIR and SEM analysis. The
optimum adsorbent dosage, dye concentration and
pH were obtained. In batch mode adsorption studies,
by increasing adsorbent dosage and decreasing the
dye concentration, the removal efficiency increased.
The dye uptake was not affected by pH and salts.
Four isotherm models were evaluated. According to
the Langmuir model, which provides the best fit to
the equilibrium data, the maximum adsorption capac-
ity of SF-CNT was 188.68 and 120.48mg/g for DR23
and DR80, respectively. The functionalization of raw-
CNT with CTAB produces positive charges on the
CNT surface which will provide a strong attraction to
negatively charged dye ions. The results of kinetic
studies revealed that adsorption of DR23 and DR80
onto SF-CNT involved pseudo-second-order model. It
is also observed that the adsorption process reaches to
the equilibrium in relatively short time period. The
results of this study show an appropriate and cost-
effective method for functionalization of raw-CNT.
Furthermore, this SF-CNT can be considered as a
potential adsorbent for removal of direct dyes from
aqueous solutions.
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