
Introduction

Synthetic dyes are one of the major pollutants 
found in the effluents of textile, leather, paper, plastic, 

food, cosmetics, and other industries. Many dyes are 
highly toxic, and potentially carcinogenic, mutagenic, 
teratogenic, and allergenic on exposed organisms. Dyes 
are extremely stable due to their complex aromatic 
molecular structure, and are thus difficult to biodegrade. 
Additionally, their presence in water restricts light 
penetration, thereby reducing photosynthesis of the 
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Abstract

In this research we studied the adsorption process of Basic Red 46 (BR46) cationic dye onto as-grown 
(MWCNTs) and modified multi-walled carbon nanotubes (MWCNTs-MOD). MWCNTs were synthesized 
by the chemical vapor deposition method using ethylene as a carbon source and nanocrystalline iron 
as catalyst, and oxidized by concentrated nitric acid to give MWCNTs-MOD. The adsorbents were 
characterized by XRD, TGA, HRTEM, FTIR, BET, and zeta potential measurements. The effects of initial 
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and Freundlich equations. The equilibrium data fit well the Langmuir isotherm for both MWCNTs and 
MWCNTs-MOD. The maximum adsorption capacities of BR46 onto MWCNTs and MWCNTs-MOD 
were 19.5 and 51.8 mg g-1, respectively. The pseudo first-order and pseudo second-order kinetic models 
and the intraparticle diffusion model were used to describe the kinetic data. Kinetic studies showed 
that the kinetic data were well described by the pseudo second-order kinetic model. The experimental 
results indicated that the maximum BR46 removal could be attained at a solution pH of 11.5 and the 
adsorption capacity obtained was 23.5 and 57.2 mg g-1 for MWCNTs and MWCNTs-MOD, respectively. 
Thermodynamic parameters (ΔGO, ΔHO, ΔSO) were obtained and it was found that the adsorption of BR46 
onto MWCNTs and MWCNTs-MOD was an endothermic and spontaneous process.
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aqueous flora. Thus, it is imperative to remove dyes from 
wastewater to an acceptable level before discharging 
them into the environment. Dyes are broadly classified 
as anionic, cationic, non-ionic, and zwitterionic, 
depending on the ionic charge on the dye molecules. 
Among them, cationic dyes are more toxic than anionic 
dyes. Cationic dyes can easily interact with negatively 
charged cell membrane surfaces and can enter into 
cells and concentrate in the cytoplasma [1]. Therefore, 
for our studies, we selected as adsorbate cationic dye 
Basic Red 46 (BR46), which is widely used in dyeing 
wool, silk, acrylic/cellulosic fiber blends, and polyester. 
Additionally, BR46 is very toxic to aquatic life with long-
lasting effects.

Various methods such as coagulation/flocculation 
[2], biodegradation [3], adsorption [4-6], membrane 
separation [7], photocatalysis [8-10], and ozonation 
[11] have been used for removal of synthetic dyes from 
waters and wastewaters. Among all these methods, 
adsorption has been found to be one of the most 
common techniques for dye removal because of its 
easy operation and effectiveness. As a result, various 
adsorbents such as activated carbon [12], chitosan [13], 
carbon nanotubes (CNTs) [14], graphene and graphene 
oxide [15], zeolites [16], clays [17], cotton [18], orange 
peel [19], nanocrystalline magnetic composites [20], and 
fly ash [21] have been investigated for removal of dyes 
from aqueous solutions. Among the various adsorbents, 
carbon nanotubes are an attractive alternative for 
removing organic contaminants such as dyes from 
water and wastewater, because of their small sizes, large 
surface areas, unique hollow structures, high mechanical 
strength, and thermal stability. Qu et al. have synthesized 
multi-walled carbon nanotubes filled with Fe2O3 particles 
for removal of Methylene Blue and Neutral Red from 
water [22]. Gong et al. have prepared magnetic multi-
wall carbon nanotube nanocomposite as adsorbent for 
removal of three cationic dyes: Methylene Blue, Neutral 
Red, and Brilliant Cresyl Blue from aqueous solutions 
[23]. Gao et al. have studied the adsorption of anionic 
azo dyes Orange II, Sunset Yellow FCF, and Amaranth 
onto magnetic polymer multi-wall carbon nanotube 
nanocomposite [24]. Kuo et al. have investigated the 
adsorption of direct dyes Direct Yellow 86 and Direct 
Red 224 onto carbon nanotubes [25]. Yao et al. have 
studied the adsorption of Methylene Blue [26] and Methyl 
Orange [27] from an aqueous solution by multi-walled 
carbon nanotubes. Wang et al. used multi-walled carbon 
nanotubes as an adsorbent for removing Methylene Blue 
and Acid Red 183 from aqueous solution in single and 
binary dye systems [28].

Surface chemistry of CNTs is critical to their physical 
and chemical properties and applications. The presence 
and concentration of surface functional groups play an 
important role in the adsorption process. Therefore, 
surface modification of CNTs is performed, because the 
introduction of various oxygen functional groups can 
provide new adsorption sites for synthetic dyes. One 
of the most commonly employed methods of surface 

modification is the creation of oxygen-containing 
functional groups by partial oxidation. This aim may 
be achieved using wet chemical oxidation, usually with 
aqueous solution of HNO3, H2SO4, or their mixtures, 
oxidation in ozone, oxygen, and oxygen plasma. On 
the other hand, liquid-phase oxidation is effective in 
removing both amorphous carbon and metallic catalyst 
particles remaining in the as-grown CNTs. However, 
until now little study has been done on adsorption of dyes 
onto modified CNTs. Ghaedi et al. have investigated the 
adsorption of Methyl Red [29] and Bromothymol Blue 
[30] on oxidized multi-walled carbon nanotubes. Mishra 
et al. have prepared functionalized multi-walled carbon 
nanotubes by acid treatment (HNO3) for removal of 
Direct Congo Red, Reactive Green HE4BD, and Golden 
Yellow MR from aqueous solutions [31]. Sheibani et al. 
have studied the removal of Congo Red from an aqueous 
solution by multi-walled carbon nanotubes oxidized and 
treated with HNO3 [32]. Duman et al. have synthesized 
magnetic oxidized multi-walled carbon nanotubes 
(HNO3) and magnetic oxidized multi-walled carbon 
nanotubes-κ-carrageenan and used them as adsorbents 
for the removal of Methylene Blue from aqueous solution 
[33].

Hence, our current study was devoted to the 
adsorption process of the cationic dye Basic Red 46 onto 
as-grown and modified by a simple oxidation method 
multi-walled carbon nanotubes. The effects of initial 
dye concentration, solution pH, and temperature on 
BR46 adsorption were investigated. The experimental 
data were analyzed using the pseudo first-order, pseudo 
second-order, and intraparticle diffusion kinetic models. 
Langmuir and Freundlich isotherms were employed to 
quantify the adsorption equilibrium. The thermodynamic 
parameters of the process, such as enthalpy, entropy, and 
the Gibbs free energy, were also determined.

Materials and Methods

Materials

As-grown multi-walled carbon nanotubes (MWCNTs) 
were prepared by chemical vapor deposition CVD method 
using ethylene as a carbon source and nanocrystalline 
iron as catalyst. Details of the nanocrystalline iron 
and MWCNTs preparation are given at work [34]. 
The synthesis of MWCNTs was conducted in a high-
temperature furnace (Carbolite STF 16/800) at 700ºC. 
Afterward, the sample was cooled to room temperature 
under argon atmosphere.

Surface modification of MWCNTs was performed 
through oxidation. MWCNTs (8 g) were oxidized in 
an aqueous solution of HNO3 (65%, 200 ml) at 25ºC 
with 24 h of continuous agitation. After that, the 
modified MWCNTs (MWCNTs-MOD) were washed 
with deionized water to neutral pH and filtered using 
a polycarbonate membrane (Whatman, 0.2 µm pores). 
Finally, MWCNTs-MOD were dried at 100ºC for 24 h.
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Cationic dye Basic Red 46 (BR46) (C18H21N6O4S, 
molar mass 417.51) was purchased from Zachem 
Barwniki. The chemical structure of BR46 is shown in 
Fig. 1. All solutions were prepared using deionized water.

Characterization Methods

The phase composition of MWCNTs and MWCNTs-
MOD was determined using the x-ray diffraction  
method (X’Pert PRO Philips diffractometer, CuKα 
radiation). The amount of iron in both adsorbents 
was determined using thermogravimetric analysis 
TGA, which was performed on DTA-Q600 SDT TA 
Instruments with the heating rate of 10ºC min-1 from 
room temperature to 900°C in air. The morphology 
of the adsorbents was investigated by high-resolution 
transmission electron microscopy HRTEM using a 
FEI Tecnai F20 operating at 200 kV. The BET-specific 
surface area, total pore volume, and average pore radius 
of MWCNTs and MWCNTs-MOD were determined 
from adsorption isotherms using a Quadrasorb SI 
Quantachrome analyzer. The functional groups onto the 
surface of both adsorbents were determined using the 
Fourier transform infrared FTIR method (Nicolet iS5  
FT-IR Spectrometric, Thermo Scientific) and recorded 
in the range of 4000-400 cm-1. Zeta potentials of 
synthesized materials were determined by a Malvern 
Instrument Zetasizer 2000 at room temperature. The 
concentration of BR46 in each aqueous solution was 
measured on a Genesys 10S UV-Vis spectrophotometer 
(Thermo Scientific) at 530 nm.

Adsorption Experiments

Adsorption experiments were carried out in an 
Erlenmeyer flask, where the dye solution (200 mL) 
with initial dye concentration was placed. Initial 
concentrations of dye varied from 5 to 40 mg L-1. 
The experiments were conducted individually for 
MWCNTs and MWCNTs-MOD. The flask with  
dye solution was sealed and placed in a temperature-
controlled shaking water bath (Grant OLS26 Aqua 
Pro, Grant Instruments Ltd.) and agitated at a constant 
speed of 160 rpm. To observe the effect of temperature 
the experiments were carried out at three different 
temperatures, i.e., 20, 40, and 60ºC. Before mixing with 
the adsorbent, various pH levels of the dye solution  

were adjusted by adding a few drops of diluted 
hydrochloric acid (0.1N HCl) or sodium hydroxide  
(0.1N NaOH). When the desired temperature was 
reached, about 40 mg of adsorbent was added into 
flask. At predetermined moments, 1 ml of aqueous 
sample was taken from the solution, and the liquid 
was separated from the adsorbent by centrifugation at  
6000 rpm for 5 min. The concentration of BR46 in  
solution was determined spectrophotometrically. 
The amount of dye adsorbed at time t qt (mg g-1) was 
calculated by the following equation:

                    (1)

…where CO (mg L-1) is the initial dye concentration, 
Ct (mg L-1) the dye concentration at any time t, V (L) 
the volume of the solution, and m (g) the mass of the 
adsorbent. Each experiment was carried out in duplicate 
and the average results are presented. The kinetic and 
isotherm models were evaluated by the linear correlation 
coefficient (R2).

Results and Discussion

Characterizing the Adsorbent

Fig. 2 shows the XRD patterns of MWCNTs 
and MWCNTs-MOD. Both patterns exhibit a single 
characteristic strong and sharp peak at 26.2°. This 
peak is assigned to the diffraction of (002) planes of 
the hexagonal graphite structure corresponding to the 
multi-walled carbon nanotubes. The other unmarked 
peaks are attributed to nanocrystaline iron carbide Fe3C 
(JCPDS35-0772). In comparison with the pattern of 
MWCNT, the pattern of MWCNTs-MOD showed a small 
amount of Fe3C.

Fig. 1. Chemical structure of BR46.
Fig. 2. X-ray diffraction patterns of MWCNTs and MWCNTs-
MOD.
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Fig. 3 shows TGA curves of MWCNTs and 
MWCNTs-MOD. Based on the obtained curves from 
thermogravimetric analysis content of iron in the 
MWCNTs and MWCNTs-MOD was calculated and 
equaled 17 and 1.4%, respectively.

HRTEM images of MWCNTs and MWCNTs-MOD 
are presented in Fig. 4. Fig. 4a) shows a representative 
HRTEM image of MWCNTs with a large agglomeration 
of the long carbon nanotubes. The inset in Fig. 4a) shows 
that the Fe3C particles were located at the top and inside 
the carbon nanotubes. From Fig. 4b) we observed that 
after oxidation of MWCNTs, a large amount of Fe3C 
particles were removed.

Fig. 5 presents the FTIR spectra of MWCNTs  
and MWCNTs-MOD. The FTIR spectra for both  
samples show peaks at 1578, 1630, 2852, 2926, and  
3430 cm-1. Additionally, the FTIR spectrum of 
MWCNTs-MOD exhibits four peaks at 1051, 1118, 1384, 
and 1410 cm-1. The peak at 1578 cm-1 can be ascribed 
to the stretching vibration of aromatic rings in the surface 
of MWCNTs and MWCNTs-MOD [35]. The peaks at 
1630 and 3438 cm-1 are due to -OH bending and stretching 
vibrations respectively of adsorber water molecules [36]. 
The peaks at 2852 cm-1 and 2926 cm-1 are attributed 

Fig. 3. TGA profiles of MWCNTs and MWCNTs-MOD.

Fig. 4. HRTEM images of MWCNTs a) and MWCNTs-MOD b).
Fig. 6. Effect of pH on zeta potential of MWCNTs and MWCNTs-
MOD.

Fig. 5. FTIR spectra of MWCNTs and MWCNTs-MOD.
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to the symmetric and asymmetric C-H stretching  
vibrations in methylene groups, respectively [37]. The 
peaks at 1051 and 1118 cm-1 are due to the stretching 
vibrations of C-O in ethers [38]. The peak at 1384 cm-1 
might be attributed to the O-H bending deformation 
mode in carboxyl groups [39]. The peak at 1410 cm-1 
indicates the existence of symmetric stretching vibration 
of C=O groups [40].

Fig. 6 shows the effect of initial pH on zeta potential 
of MWCNTs and MWCNTs-MOD. It is observed 
that zeta potential values of the MWCNTs-MOD are 
more negative than MWCNTs. When the initial pH 
was increased from 3.1 to 11.6 for MWCNTs, the zeta 
potentials decreased from 12.1 to -9.2 mV. The zeta 
potentials of MWCNTs-MOD were measured at pH in 
the range 2.8-10.8, and decreased from 2.1 to -48.9 mV 
with increasing pH. The point of zero charge (pHpzc) 
is defined as the solution pH at which the net surface 
charge of the adsorbent particle is zero. If solution  
pH > pHpzc, then the adsorbent surface will be 
predominantly negatively charged, while solution  
pH < pHpzc resulted in a predominantly positively 
charged surface. The values of pHpzc were 10.3 and 
2.9 for MWCNTs and MWCNTs-MOD, respectively. 
Liquid oxidation with HNO3 increases the concentration 
of oxygen-containing functional groups, as carboxyl 
(-COOH) and hydroxyl (-OH) groups, on the carbon 
surface. These acidic groups are responsible for the 
high acidity and the lower pHpzc value obtained for 
MWCNTs-MOD.

The textural parameters of the MWCNTs and 
MWCNTs-MOD are shown in Table 1. According to 
the data listed in Table 1, BET specific surface area of 
the MWCNTs increased after modification from 38 to 
51 m2 g-1. Simultaneously, the total pore volume of the 
MWCNTs increased from 0.139 to 0.200 cm3 g-1. Average 
pore radius for both adsorbents was 1.76 nm.

Effect of Initial Dye Concentration

Fig. 7 shows the effects of initial dye concentration 
on the amount of BR46 adsorbed by MWCNTs and 
MWCNTs-MOD at pH 7.0 and 20ºC. As shown, the 
adsorption increases with increasing initial BR46 
concentration, from 10.5 to 33.0 mg g-1 and from 24.6 
to 51.5 mg g-1 for MWCNTs and MWCNTs-MOD, 
respectively.

In order to examine the mechanism and rate-
controlling step in the overall adsorption process, 

pseudo first-order, pseudo second-order, and intraparticle 
diffusion models were adopted to investigate the 
adsorption process. The pseudo first-order kinetic model 
(Eq. 2) and pseudo second-order kinetic model (Eq. 3) 
are given by the following equations [41]:

              (2)

                    (3)

…where k1 (min-1) is the pseudo first-order rate 
constant adsorption, t (min) time, k2 (g mg-1 min-1) is 
the pseudo second-order rate constant adsorption.  
Values of k1 and qe were calculated from the linear plots 
of ln(qe-qt) versus t. Values of k2 and qe were calculated 
from the slope and intercept of the linear plots obtained 
by graphical representation of t/qt versus t (Fig. 8). 
As can be seen from the results given in Table 2, 
correlation coefficients (R2 ≥ 0.998) for the pseudo 
second-order kinetic model are higher in comparison  
with the pseudo first-order kinetic model, and the 
calculated values of qe,cal from the pseudo second-order 
kinetic model are very close to the experimental values 
(qe,exp) for both adsorbents. These results mentioned above 
indicate that the adsorption process follows the pseudo 

Adsorbent
Specific

surface area
(m2 g-1)

Total pore 
volume 
(cm3 g-1)

Average pore 
radius 
(nm)

MWCNTs 38 0.139 1.76

MWCNTs-MOD 51 0.200 1.76

Table 1. Physical properties of MWCNTs and MWCNTs-MOD.

Fig. 7. Effect of initial dye concentration on adsorption 
capacity of BR46 onto MWCNTs a), and MWCNTs-MOD b) 
(experimental conditions: T = 20ºC, pH = 7).
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second-order model rather than pseudo first-order kinetic 
model.

The kinetic data were also treated with the following 
intraparticle diffusion rate equation [42]:

                      (4)

…where kp (mg g−1 min−0.5) is the intraparticle diffusion 
rate constant and C (mg g-1) is a constant related to the 
thickness of the boundary layer. According to this model, 
if the plot of qt versus t0.5 is linear and passes through the 
origin, then intraparticle diffusion is the sole rate-limiting 
step. The plots of qt versus t0.5 (Fig. 9) were multi-linear 
and there were two different portions, indicating the 
different stages in adsorption. The first, sharper portion 
represents the external mass transfer. The second portion 
is the gradual adsorption stage, where intraparticle 
diffusion is rate-limiting. The lines do not pass through 
the origin (C≠0), which indicates that the intraparticle 
diffusion is involved in the adsorption process but not 
the only rate-controlling step.

The values of kp and C were determined from 
the slopes of the second linear portion, and the constants 
of intraparticle diffusion model are given in Table 2.  
The values of C were helpful in determining the boundary 
thickness: a larger C value corresponded to a greater 
boundary layer diffusion effect. The C values for both 

Fig. 8. Pseudo second-order kinetics of adsorption BR46 onto 
MWCNTs a), and MWCNTs-MOD b) (experimental conditions: 
T = 20ºC, pH = 7).
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adsorbents increased with the initial dye concentration. 
The results of this study demonstrated that increasing 
the concentration promoted the boundary layer diffusion 
effect.

Adsorption Isotherms

Equilibrium adsorption isotherm data were analyzed 
according to the Langmuir and Freundlich models. The 
linearized form of the Langmuir equation is given by the 
following equation [43]:

                      (5)

…where QO (mg g-1) is the monolayer adsorption 
capacity and b (L mg-1) is a constant related to energy of 
adsorption. The values of QO and b were calculated from 
the slope and intercept of the linear plot Ce/qe versus Ce 
(Fig. 10a). The essential characteristics of the Langmuir 
isotherm can be expressed in terms of dimensionless 
equilibrium parameter (RL), which is defined by the 
following equation:

                   (6)

…where b (L mg-1) is the Langmuir constant and CO 
(mg L-1) is the highest initial concentration of 
the adsorbate. The value of RL indicates the type of 
the isotherm to be either unfavorable (RL > 1), linear 
(RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0).

The linear form of the Freundlich equation can be 
described as [44]:

         (7)

…where KF (mg g-1(L mg-1)1/n) and n are Freundlich 
constants, which represent adsorption capacity and 
adsorption strength, respectively. The values of KF and n 
were calculated from the slope and intercept of the linear 
plot ln qe versus ln Ce (Fig. 10b). The value of n ranging 
from 1 to 10 indicated that the adsorption process is 
favourable.

The calculated parameters for Langmuir and 
Freundlich isotherms and the correlation coefficients 
R2 are listed in Table 3. From Table 3, the Langmuir 
isotherm model yielded better fit with higher R2 
values compared to the Freundlich model. Additionally, 
the calculated values of RL were found between 
0 and 1. This implies that the adsorption of BR46  
onto MWCNTs and MWCNTs-MOD from aqueous 
solutions is favorable under the conditions used in  

Fig. 9. Intraparticle diffusion model of adsorption BR46 onto 
MWCNTs a), and MWCNTs-MOD b) (experimental conditions: 
T = 20°C, pH = 7).

Fig. 10. Langmuir a) and Freundlich b) isotherms for BR46 
adsorption onto MWCNTs and MWCNTs-MOD at T = 20ºC.
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this study. The maximum monolayer adsorption  
capacities of the adsorbents were 19.5 and 51.8 mg 
g-1 for MWCNTs and MWCNTs-MOD, respectively. 
Table 4 summarizes the adsorption capacity of BR46 
onto various absorbents.

Effect of Initial pH

The pH of the aqueous solution is an important 
factor controlling dye adsorption. Therefore, the effect 
of initial pH on adsorption of BR46 onto MWCNTs  
and MWCNTs-MOD was studied in the pH range of  
4.0 to 11.5 at 20°C and initial dye concentration of  
20 mg L-1 (Fig. 11). As can be observed in Fig. 11, when 
the initial pH of the dye solution was increased from 4.0 
to 11.5, the adsorption capacity increased from 14.8 to 
23.5 mg g-1 and from 31.4 to 57.2 mg g-1 for MWCNTs 

and MWCNTs-MOD, respectively.
The effect of pH on adsorption of BR46 onto both 

adsorbents can be explained on the basis of the point of 
zero charge pHpzc. The pHpzc of MWCNTs was found to 
be 10.3 (Fig. 6). The adsorbent surface has a net positive 
charge at pH < pHpzc, while it has net negative charge at 
pH > pHpzc. At lower pH values, due to the protonation 
of electron π rich regions on the surface of multi-
walled carbon nanotubes, the positive surface charge 
can be formed [49]. Under these conditions, positively 
charged surface sites on MWCNTs generate electrostatic 
repulsion force with cationic dyes. When the pH of the 
dye solution increases, the number of negatively charged 
sites on MWCNTs increases and favors the adsorption of 
BR46 by electrostatic attraction.

The zeta potential values of the MWCNTs-MOD 
are more negative in comparison to MWCNTs. Results 
showed that the zeta potentials of MWCNTs-MOD 

Fig. 11. Effect of initial pH of dye solution on adsorption 
capacity of the BR46 onto MWCNTs a), and MWCNTs-MOD 
b) (experimental conditions: CO

BR46 = 20 mg L-1, T = 20ºC).

Fig. 12. Effect of temperature on adsorption capacity of BR46 
onto MWCNTs a), and MWCNTs-MOD b) (experimental 
conditions: CO

BR46 = 10 mg L-1, pH = 7).

 
Langmuir isotherm Freundlich isotherm

QO
(mg g-1)

b
(L mg-1) RL R2 KF

[(mg g-1)(L mg-1)1/n] n R2

MWCNTs 19.5 0.359 0.07 0.998 8.85 4.77 0.948

MWCNTs-MOD 51.8 0.781 0.03 0.992 32.5 8.32 0.979

Table 3. Langmuir and Freundlich parameters for the adsorption of BR46 onto MWCNTs and MWCNTs-MOD.

Adsorbent QO (mg g-1) Ref.

MWCNTs 19.5 This study

Princess tree leaf 43.1 [45]

MWCNTs-MOD 51.8 This study

Moroccan crude clay 54.0 [46]

Graphene oxide 76.9 [47]

Activated carbon 714.28 [48]

Table 4. Comparison of the maximum monolayer adsorption of 
BR46 onto various adsorbents.
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decreased from 2.1 to -48.9 mV with the increase of pH 
value from 2.8 to 10.8. The pHpzc of MWCNTs-MOD 
was found to be 2.9, at which the adsorbent is neutral. 
The surface of MWCNTs-MOD is negatively charged due 
to the presence of a large amount of oxygen-containing 
functional groups, as carboxyl (-COOH) and hydroxyl 
(-OH) groups, on the surface. At acidic pH, these groups 
are protonated to the cationic form (-COOH+

2 and –OH+
2) 

and generate electrostatic repulsion force with BR46 
cations. When the pH of the dye solution increases, 
carboxylic and hydroxylic groups dissociate to anionic 
form (-COO- and -O-), and the number of negatively 
charged sites increases, which favors the adsorption of 
positively charged BR46 ions because of the electrostatic 
force of attraction. Therefore, adsorption of BR46 onto 
the MWCNTs-MOD surface is much higher at basic pH.

Effect of Temperature

The effect of temperature on adsorption capacity 
of BR46 onto MWCNTs and MWCNTs-MOD was 
investigated at 20, 40, and 60ºC, and the results are 
presented in Fig. 12. The experimental results show 
that the adsorption capacity increased with increase 
in the solution temperature for both adsorbents. This 
indicated that the adsorption of BR46 onto MWCNTs 
and MWCNTs-MOD is endothermic in nature.

Thermodynamic parameters such as a change in free 
energy (ΔGO), enthalpy (ΔHO), and entropy (ΔSO), were 
determined using the following equations [50]:

                 (8)

                           (9)

              (10)

…where T (K) is the solution temperature and Ka is 
the adsorption equilibrium constant. Enthalpy (∆HO) 
and entropy (∆SO) were calculated from the slope and 
intercept from the plot of ln qe/Ce versus 1/T (Fig. 13). 
The value of Gibbs free energy (∆GO) was calculated 
using Eq. 10. Table 5 shows the thermodynamic 
parameters for BR46 adsorption onto MWCNTs and 
MWCNTs-MOD. The positive values of ∆HO indicate the 
endothermic nature of the adsorption process, while the 
positive values of ΔSO suggest the increased randomness 
at solid/liquid interface during the adsorption process of 
BR46 onto MWCNTs and MWCNTs-MOD. It has been 
reported that the ∆HO of physisorption is smaller than 
40 kJ mol-1 [51]. In this study the values of ∆HO were 
4.2 and 7.8 kJ mol-1 for MWCNTs and MWCNTs-MOD, 
respectively. The values of ∆GO decreased from -1.74 to 
-2.55 kJ mol-1 for MWCNTs and from -6.02 to -7.92 kJ 
mol-1 for MWCNTs-MOD, indicating that the adsorption 
process is spontaneous and thermodynamically 
favorable. Generally, the change in free energy (∆GO) for 
physisorption is in the range of -20 and 0 kJ mol-1, but 
chemisorption is between -80 to -400 kJ mol-1 [52]. The 
values of ∆GO are within the range of -20 to 0 kJ mol-1, 
indicating physisorption as the predominant mechanism 
of the adsorption process.

Conclusions

In this work, as-grown (MWCNTs) and modified 
multi-walled carbon nanotubes (MWCNTs-MOD) have 
been used as adsorbents for the removal of the cationic 
dye Basic Red 46 (BR46) from aqueous solution. Batch 
adsorption experiments were investigated by various 
parameters such as initial dye concentration, pH, 
and temperature. The adsorption of BR46 onto both 
adsorbents followed the pseudo second-order kinetic 
model and intraparticle diffusion model, indicating that 

Fig. 13. Van’t Hoff plot for the adsorption of BR46 onto 
MWCNTs and MWCNTs-MOD.

∆HO

(kJ mol-1)
∆SO

(J mol-1 K-1)
∆GO at temperature (°C)

(kJ mol-1) R2

MWCNTs 4.2 20.5
20 40 60

0.999
-1.74 -2.14 -2.55

MWCNTs-MOD 7.8 47.2
20 40 60

0.998
-6.02 -6.93 -7.92

Table 5. Thermodynamic parameters for the adsorption of BR46 onto MWCNTs and MWCNTs-MOD.
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intraparticle diffusion was not the rate-limiting step.  
The equilibrium adsorption behavior of BR46 onto 
MWCNTs and MWCNTs-MOD followed the Langmuir 
adsorption isotherm with a maximum adsorption capacity 
of 19.5 and 51.8 mg g-1, respectively. The thermodynamic 
parameters showed that the adsorption of BR46 onto 
MWCNTs and MWCNTs-MOD was a spontaneous 
and endothermic process. Thermodynamic studies also 
indicated that adsorption is mainly a physisorption 
process.
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