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ABSTRACT: An alkali-acitvated method was explored to synthesize activated carbon
nanotubes (CNTs-A) with a high specific surface area (SSA), and a large number of
mesopores. The resulting CNTs-A were used as an adsorbent material for removal of anionic
and cationic dyes in aqueous solutions. Experimental results indicated that CNTs-A have
excellent adsorption capacity for methyl orange (149 mg/g) and methylene blue (399 mg/g).
Alkali-activation treatment of CNTs increased the SSA and pore volume (PV), and introduced
oxygen-containing functional groups on the surface of CNTs-A, which would be beneficial to
improving the adsorption affinity of CNTs-A for removal of dyes. Kinetic regression results
shown that the adsorption kinetic was more accurately represented by a pseudo second-order
model. The overall adsorption process was jointly controlled by external mass transfer and
intra-particle diffusion, and intra-particle diffusion played a dominant role. Freundlich isotherm
model showed a better fit with adsorption data than Langmuir isotherm model. Adsorption
interactions of dyes onto CNTs-A from aqueous solutions were investigated using Fourier
transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), and Brunauer−
Emmett−Teller (BET) method. The remarkable adsorption capacity of dye onto CNTs-A can be attributed to the multiple
adsorption interaction mechanisms (hydrogen bonding, π−π electron−donor−acceptor interactions, electrostatic interactions,
mesopore filling) on the CNTs-A. Results of this work are of great significance for environmental applications of activated CNTs
as a promising adsorbent nanomaterial for organic pollutants from aqueous solutions.
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1. INTRODUCTION

Color wastewater has been produced ever since the dye
technique was invented, with various synthetic dyes used in a
wide range of industries such as textile, leather, paper, printing,
and other industries.1 It is rather difficult to treat dye
wastewater because their synthetic origins and mainly aromatic
structure are biologically non-degradable. Among many
chemical, physical, and biological treatment methods, adsorp-
tion technology is one of the most effective methods for dye
removal because of its low cost, high efficiency, simplicity, and
insensitivity to toxic substances.2−5 Methyl orange (MO) and
methylene blue (MB) are well-known anionic and cationic
dyes, which have been widely used in textile, printing, and
research laboratories. Hence, MO and MB were selected as
representative target pollutants in this study.
High-capacity adsorbent for removal of dyes from solution is

still under development to reduce the adsorbent price and to
resolve disposal problems. Multi-walled carbon nanotubes
(CNTs) have been attracting increasing research interest

recently because of their novel properties like high aspect
ratio and excellent thermal, electrical, and mechanical proper-
ties.6 Structurally, their large specific surface areas, hollow and
layered structures make them an ideal adsorption material.7

More importantly, the excellent adsorption ability of CNTs
relative to other adsorbents may be due to strong interactions
between CNTs and target compounds through π−π electron
coupling,8,9 which result from the delocalized electrons in
hexagonal arrays of carbon atoms on the surface of CNTs. As
adsorbent materials, CNTs are required to possess a high SSA
and PV, which could provide enough adsorption sites for
hazardous pollutants in wastewater treatment and make them a
possible candidate for water purification.10 Nevertheless,
compared with activated carbon, most CNTs currently
reported in the literature generally have a relatively lower
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SSA in the range of 100-300 m2/g. Therefore, activated carbon
is still the dominant adsorbent widely used for removal of dyes
from the aqueous solution.11−13 However, activated carbon also
presents significant disadvantages. It is flammable and difficult
to regenerate. In addition, activated carbon have weak
hydrophilic properties, resulting in the weak affinity for the
adsorption of cationic or anionic dyes from aqueous
solutions.14

CNTs are currently produced in large quantities at a low
cost. Therefore, CNTs are more likely to find affordable
appliacations as commercial sorbents. However, CNTs’
relatively lower SSA than activated carbon has hindered their
potential applications as promising adsorbents for organic
contaminants. Moreover, unlike the fixed pore structure of
activated carbon, the mesoporous interstices and grooves
formed by nano-aggregation of CNTs are flexible and thus
susceptible to structural alterations induced by strong
adsorptive interactions. To improve the adsorption properties
of CNTs, researchers have applied various synthesis techniques
and post-treatment approaches. Among these methods,
modification via alkali-activation appears to be an effective
route to improve the SSA and PV.15,16 For instance, activated
CNTs have been perspective candidates for hydrogen
adsorption storage17 and supercapacitors.18 Similarly, it is
reasonable to hypothesize that activated CNTs would be
superb adsorbents for dyes; however, no relevant studies have
been performed thus far.
In this paper, we report on an alkali-activation method to

synthesisize activated CNTs (CNTs-A) with higher SSA and
PV through producing large quantities of meso-PV. And then
CNTs-A was first used as an adsorbent material for removal of
anionic and cationic dyes in aqueous solutions. Excellent
adsorption properties have been realized for anionic dye (MO)
and cationic dye (MB) on CNTs-A. Comparisons of adsorption
properties for one type of dye on CNTs before and after
activated treatment and two different dyes on one adsorbent
were further investigated. These results indicate that alkali-
activation is a useful method to improve the adsorption affinity
of dye contaminants on CNTs. Therefore, CNTs-A may be a
promising adsorbent nanomaterial for organic pollutants from
aqueous solutions.

2. MATERIALS AND METHODS
2.1. Material and Chemicals. All chemicals were purchased from

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) in analytical
purity and used in the experiments directly without any further
purification. All solutions were prepared using deionized water. The
main characteristics and structures of MO and MB are shown in Table
S1 in the Supporting Information. The present CNTs were prepared
by the catalytic chemical vapor deposition method19 and purified using
a nondestructive approach.20 CNT sample contained >95% carbon
nanotubes, with the outer diameter of CNTs ranging from 20 to 30
nm and the number of walls in CNTs ranging from 10 to 20. A
mixture of purified CNTs and KOH powder was performed in a
stainless steel vessel in an inert gas atmosphere. The weight ratio of
KOH to CNTs was 6:1. The mixing time was 10 min to obtain a
uniform powder mixture. The mixture was then heated to 1023 K for 1
h under flowing argon in a horizontal tube furnace, washed in
concentrated hydrochloric acid and the deionized water, and then
dried.
2.2. Batch Adsorption Experiments. Dye concentration was

determined colorimeterically by measuring at maximum absorbance of
the two dyes (λmax = 463 nm for MO and λmax = 631 nm for MB). A
calibration curve was plotted between absorbance and concentration of
the dye to obtain the absorbance-concentration profile of the dye

based on Beer-Lambert’s law. For high concentration dyes, dye
samples were diluted before absorbance measurements. The
concentration of the dye in the solution was determined by the
Beer-Lambert’s law expression.21 Batch adsorption experiments were
conducted in 50 ml glass bottles with 30 mg CNTs or CNTs-A and 40
mL of dye solution of different initial concentrations of 80−150 mg/L
for MO and 200−270 mg/L for MB, and the pH of the solution was
adjusted to ∼7.0 (nearly in neutral solution to avoid the unpredictable
influence) with HCl or NaOH solutions. Timing of the sorption
period started as soon as the solution was poured into the bottle.
Sample bottles were shaken on a shaker (TS-2102C, Shanghai
Tensuclab Instruments Manufacturing Co., Ltd., China) and operated
at a constant temperature of 25 °C and 150 rpm for 3 h. Preliminary
experiments indicated that the adsorption of MO or MB reached
equilibrium in ∼1.5 h. Thus, the contact time of 3 h was selected in the
batch experiments. All adsorption experiments were conducted in
duplicate, and only the mean values were reported. The maximum
deviation for the duplicates was usually less than 5%. The blank
experiments without the addition of CNTs or CNTs-A were
conducted to ensure that the decrease in the concentration was
actually due to the adsorption of CNTs or CNTs-A, rather than by the
adsorption on glass bottle wall. After adsorption equilibrium has been
achieved, the MO or MB concentrations of the solutions were
measured using a spectrophotometer (UV759UV-VIS, Shanghai
Precision &Scientific Instrument Co. Ltd.). Kinetic studies were
performed at a constant temperature of 25 °C and 150 rpm with
150(MO) and 500(MB) mg/L initial concentration of dye solutions.
The ionic strength experiments were conducted in 150 mg/L MO and
350 mg/L MB solution also at pH 7, with varying concentrations
(0.05, 0.1, 0.2, 0.4 mol/L) of NaCl solution. The effect of solution pH
on dye removal was studied in the range of 2−10 with 150 mg/L
(MO) and 500 mg/L (MB) initial concentrations of dye solutions.
The initial pH values of all the solutions were adjusted using 0.1 mol
L−1 HCl or 0.1 mol L−1 NaOH solution with desired concentrations.

The amount of adsorbed dye on adsorbents (qt, mg/g) was
calculated as follows

= −q C C
V
m

( )t t0 (1)

where c0 and ct are the dye concentrations at the beginning and after a
period of time (mg/L), V is the initial solution volume (L); and m is
the adsorbent weight (g).

2.3. Characterization Methods. The microstructure and
morphology of the CNTs, CNTs-A, and MO/MB adsorbed CNTs-
A were analyzed by high-resolution transmission electron microscopy
(HRTEM, JEOL 2100F, Japan) and scanning electron microscopy-
(SEM,JSM-6400F). X-ray diffraction (XRD) experiments were
conducted on specimens using a X-ray diffractometer (Bruker D8
Advance, Bruker AXS, Germany) operating at 40 KV and 40 mA.
Nickel-filtered Cu Ka radiation was used in the incident beam. The SSA
and pore size distribution of adsorbents were calculated from the
adsorption/desorption isotherms of N2 at 77K by multi-point BET
and Barrett-Joyner-Halenda (BJH) method using a BELSORP
instrument (BEL, Japan, Inc.). X-ray photoelectron spectroscopy
(XPS) analysis was carried out in a Kratos Axis Ultra DLD
spectrometer, using monochromated Al Ka X-rays, at a base pressure
of 1×10−9 Torr. Survey scans determined between 1100 and 0 eV
revealed the overall elemental compositions of the sample and regional
scans for specific elements were performed. The peak energies were
calibrated by placing the major C1s peak at 284.6 eV. Samples were
prepared identically to those of the batch experiments. Fourier
transform infrared (FTIR) spectra of powder samples were recorded
on a Tensor 27 FTIR spectrometer (Bruker Optics, Inc.). The zeta
potential of adsorbents were measured by Zetasizer apparatus (Nano
Z, Malvern Instruments Ltd., UK.). The procedure used to calculate
the pHzpc (zero point of charge) of all samples was potentiometric
titration based on the acid-base reaction,22,23 0.1 M HCl and NaOH
aqueous solutions were used during the potentiometric tritation. TA
Instruments Q600 SDT thermal analyzer was used for high resolution
thermogravimetric analysis (TGA) and differential thermal analysis
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(DTA). TGA and DTA curves were obtained by heating
approximately 10 mg of finely samples from 50 to 900 °C at a
heating rate of 10 °C/min in air.
2.4. Data Analysis. 2.4.1. Isotherm Model. Langmuir Model. The

form of the Langmuir isotherm can be represented by the following
equation:

=
+

q q
K C

K C1e m
L

L (2)

where qe is the amount of dye adsorbed per gram of adsorbent (mg/
g), C denotes the equilibrium concentration of dye in solution (mg/
L); KL represents the Langmuir constant (L/mg) that relates to the
affinity of binding sites, and qm is a theoretical limit of adsorption
capacity when the monolayer surface is fully covered with dye
molecules to assist in the comparison of adsorption performance (mg/
g). Furthermore, the effect of the isotherm shape was studied to
understantwhether an adsorption system is favorable or not. Another
important parameter, RL, called the separation factor or equilibrium
parameter, which can be used to determine the feasibility of adsorption
in a given concentration range over adsorbent, was also evaluated from
the relation24

=
+

R
K C
1

1L
L 0 (3)

where KL is the Langmuir adsorption constant (l/mg) and C0 is the
initial dye concentration (20 mg/L). Ho and McKay25 established that
(1) 0 < RL < 1 for favorable adsorption; (2) RL > 1 for unfavorable
adsorption; (3) RL = 1 for linear adsorption; and (4) RL = 0 for
irreversible adsorption.
Freundlich Model. The Freundlich isotherm model has the

following form

=q K C n
e F

1/
(4)

where qe is the amount of dye adsorbed per gram of adsorbent (mg/
g); C is the equilibrium dye concentration in solution (mg/L); KF and
n are the Freundlich constants, which represent the adsorption
capacity and the adsorption strength, respectively. The magnitude of

1/n quantifies the favorability of adsorption and the degree of
heterogeneity of the adsorbent surface.

Dubinin−Radushkevich (D-R) Model. The D-R isotherm model
has the following form:

ε= −q q Bln lne m
2

(5)

where B is a constant related to the mean free energy of adsorption
(mol2/kJ2), qm is the theoretical saturation capacity, and ε is the
Polanyi potential, which is equal to

ε = +⎜ ⎟⎛
⎝

⎞
⎠RT

C
ln 1

1
(6)

where R (J mol−1 K−1) is the gas constant and T (K) is the absolute
temperature. For D-R isotherm model, from B values the mean energy
of adsorption. E can be calculated using the relation26

=
−

E
B

1
2 (7)

On the basis of eqs 5, 6, and 7, the isotherm constants, E and
determination coefficients were calculated. The mean energy of
adsorption (E) is the free energy change when one mole of the ion is
transferred from infinity in the solution to the surface of the solid.

2.4.2. Kinetic Model. Pseudo-First- and Pseudo-Second-Order
Model. The linear form of pseudo-first-order rate equation is

− = −q q q
K

tln( ) ln
2.303te e

1
(8)

where qe and qt are the amounts of MO adsorbed (mg/g) at
equilibrium and time t (min), respectively; K1 is the rate constant of
the pseudo first-order kinetic model (min−1).25

A linear form of pseudo second-order kinetic model is express by eq
9

= +t
q k q

t
q

1

2 e
2

e (9)

where k2 is the rate constant(g mg−1 min−1) of pseudo second-order
kinetic model for adsorption.25

Figure 1. HRTEM images of (a, c) CNTs and (b, d, e) CNTs-A.
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Weber−Morris Kinetics Model. Intra-particle mass transfer diffusion
model proposed by Weber and Morris can be written as follows27

= +q k t Ct i
1/2

(10)

where C (mg/g) is the intercept and ki is the intra-particle diffusion
rate constant (g mg−1 min−0.5) for adsorption.
Boyd Model. Boyd model28 has the following form

= − − −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟Bt

q

q
ln 1 0.4977t

e (11)

where qt and qe are the amounts of dyes adsorbed on the adsorbent
(mg g−1) at time t (min) and at equilibrium time (minute),
respectively; B = π2Di/r

2 (Di is the effective diffusion coefficient of
the adsorbate and r is the radius of adsorbent particles assumed to be
spherical).

3. RESULTS AND DISCUSSION
3.1. Characterization of the Adsorbent. Figure 1a

displays the HRTEM image of CNTs. It can be seen that
CNT diameter is 20−30 nm and the CNT length is several
hundred nanometers to one micrometer. The crystal structure
was studied by XRD, which indicate a well graphite nature
(Figure 2a). The HRTEM of CNTs (Figure 1c) shows the
CNTs have a good tubular structure and smooth shell with few
defects. However, after activated treatment, the CNT
experienced an obvious structural change. CNTs-A’s length is
obviously shortened to about 300−500 nm compared with
CNTs. Furthermore, part of the hollow tubular structure is
destroyed, and a large number of defects are produced (the
arrow in Figure 1). The tips of tube are mainly opened (the
circle in Figure 1), and many flaky apertures are generated on
the surface. Peaks of C with relatively high intensity and
symmetry are clearly observed in Figure 2a. This observation
suggests that the graphite structure remained even after strong
activation reactions.

In Figure 2b, the TGA curves of CNTs and CNTs-A exhibit
two main weight loss regions. CNTs are considerably stable
and show a little weight loss close to 5% below 200 °C in the
first region, which can be attributed to the evaporation of
adsorbed water and the elimination of oxygen-containing
functional groups on the surface of CNTs. The rapid weight
loss region can be attributed to the decomposition of carbon in
the CNTs. Comparing CNTs with CNTs-A, it is clearly seen
that the main thermal events temperature (Tm) decreased from
∼650 to ∼530 °C, as shown in Figure 2b, which may be
attributed to the CNTs structure defects and more oxygen-
containing functional groups produced by activated treatment,
but the Tm is so high that CNTs-A could meet the application
needs of adsorbent in water treatment. The composition of
CNTs and CNTs-A was determined by XPS as shown in
Figure3a. The asymmetric nature and intensity of the C1s peak
remain almost unchanged after activated treatment. The
observed asymmetric tailing is a result of the presence of
some surface functionality of both kinds of CNTs. The CNTs
show a small O1s signal with an atomic content of 1.63 %, in
comparison with 3.31 % for CNTs-A. This observation reveals
minimal introduction of new oxygen-containing functional
groups on the surface of CNTs.
The N2 adsorption/desorption isotherms of CNTs and

CNTs-A are presented in Figure 3b. In comparison, the N2
adsorption/desorption amount of CNTs-A is considerably
higher than that of CNTs at low or high pressure. The detailed
features of meso-pore analyzed by the BJH method are
presented in Table 1. The SSA and PV of CNTs-A drastically
increased by about ∼4.3 and ∼2.8 times than CNTs,
respectively. Such increases correspond to a decrease in mean
pore diameter from ∼18.3 to ∼12 nm. Moreover, the meso-
SSA and meso-PV of CNTs-A are improved by ∼6.3 and ∼2.8
times compared to that of CNTs. Despites the decrease in
micro-SSA and micro-PV, the considerable amount of meso-

Figure 2. (a) XRD data and (b) thermal analysis curve of the CNTs and CNTs-A.

Figure 3. (a) XPS survey scans and O1s deconvolution and (b) N2 adsorption/desorption isotherms and pore size distribution of CNTs and CNTs-
A.
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pore obviously takes a dominant role (Table 1). The mesopore
distribution of the CNTs-A is similar to that of the pristine
CNTs in the region of tens of nanometers. The stronger peak is
located at dp = 2.5 nm approximately. The difference lies in the
abrupt increase in the volume distribution (dVp/dp) of CNTs-A,
especially near the micropore region, whereas the volume
distribution of CNTs remains within a very low level. This
indicates the presence of plenty of mesopores after alkali-
activation treatment.
The above-mentioned results indicated that alkali-activation

is a high-efficiency technique for producing a large scale of
porous structures. The activation mechanism is normally
suggested to include independent hydroxide and redox
processes during the reaction. With the activation treatment,
KOH powder can react with carbon as follows29,30

+ → + +C6KOH 2K 3H 2K CO2 2 3 (12)

When the temperature is higher than 700 °C, the reaction
proceeds as follows

+ ↔ +K CO C K O 2CO2 3 2 (13)

↔ +K CO K O CO2 3 2 2 (14)

+ ↔ +2K CO K O CO2 2 (15)

When the temperature is higher than 800 °C, the reaction
proceeds as follows

+ ↔ +K O C 2K CO2 (16)

The entanglement of long CNTs also will reduce the useful
surface area. After alkali-activated treatment, the entangled
CNTs can be shortened and the dispersion is strongly
improved. Most importantly, some of the graphitic structure
will be destroyed. Not only the tube tip are opened, but also

large quantities of new micro-pores and meso-pores even with
open apertures are produced. This implies that the CNTs after
the present activation treatment possess more micropores and
mesopores, and could give rise to an obvious improvement in
total SSA.

3.2. Adsorption Isotherms. Figure 4 shows the equili-
brium isotherms for adsorption of dyes onto CNTs and CNTs-
A, and the equilibrium adsorption characteristics were analyzed
by using the Langmuir31 and Freundlich32 isotherm models.
The isotherms based on the experimental data and the
parameters obtained from nonlinear regression by both models
are shown in Figure 4. Table 2 summarizes the determination
coefficients (R2) of the Langmuir and Freundlich isotherms of
CNTs and CNTs-A. Based on the determination coefficient
shown in Table 2, Freundlich isotherm model showed a better
fit with adsorption data than Langmuir isotherm model. The
applicability of Freundlich isotherm suggests that different sites
with several adsorption energies are involved, and in some
cases, the intermolecular interactions occur between dyes and
CNTs.
Figure S1 in the Supporting Information shows that the

computed maximum monolayer capacities are 46 mg/g for MO
and 118 mg/g for MB on CNTs, and 149 mg/g for MO and
400 mg/g for MB on CNTs-A. Comparing adsorption
properties of CNTs with CNTs-A adsorbents, two marked
results should be mentioned: First, the adsorption capacity of
MO or MB increased obviously almost by ∼3.2 times for MO
and ∼3.4 times for MB after alkali-activated treatment; second,
the adsorption capacity of MB dye is larger than the MO dye
on CNTs or CNTs-A. As we know that only part of the total
SSA is accessible for molecules to be adsorbed. Hence,
adsorbents with a higher meso-porosity area are desirable.
For CNTs-A, the micro-SSA and micro-PV decrease after the
activated treatment, and meso-SSA and meso-PV are improved
almost by ∼6.3 and ∼2.8 times. The considerable amount of
meso-pore obviously takes a dominant role (as shown in Table
1). The molecule size of MO and MB is about ∼2 nm (as
shown in Table S1 in the Supporting Information), which is
smaller than the average pore size (∼12 nm). So meso-SSA and
meso-PV would provide more adsorption sites for MO and
MB. Hence, the above results might be caused by the significant
differences of SSA and PV between CNTs (123.5 m2/g and
0.587 cm3/g) and CNTs-A (534.6 m2/g and 1.61 cm3/g).
From the composition analysis of adsorbents, the oxygen
atomic content of CNTS increased from 1.63 to 3.31 % after
the activated treatment (as shown in Figure 3a). This result
indicates that the surface of CNTs-A was modified by more
oxygen-containing functional groups. Here, the surface oxygen
content may affect the dispersibility of CNTs-A and the water

Table 1. Physical Properties of CNTs, CNTs-A, and MO/
MB Adsorbed CNTs-Aa

adsorbents SSA ISA ESA APD PV O% SSA/O%

CNTs 123.5 38.9 84.5 18.3 0.59 1.63 75.8
CNTs-A 534.6 0 534.6 12 1.61 3.31 161.5
CNTs-A-
MO

582.5 0 582.5 8.6 1.50

CNTs-A-
MB

729.3 0 729.3 7.9 1.71

aSSA= specific surface area (m2/g); ISA = internal surface area (m2/
g); ESA = external surface area (m2/g); PV = pore volume (cm3/g);
APD = average pore diameter (nm); O%: surface oxide (at. %) by
XPS; SSA/O% means specific surface area normalized surface oxides
values.

Figure 4. Equilibrium adsorption isotherms of (a) MO and (b) MB on CNTs and CNTs-A.
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cluster formation in aqueous solution, which consequently can
be favorable for the aqueous phase adsorption. With the
increasing of oxygen content, maximum adsorption capacity is
significantly enhanced. Similar results have been reported for
toluene, ethylbenzene and xylene (TEX) adsorption on CNTs-
NaClO.33 Because MO and MB have good solubility, the main
purpose of the surface functionalization of CNTs is to improve
their hydrophilicity and dispersibility in aqueous solutions. A
better dispersion of the CNTs-A in water will increase the
available adsorption sites, which may be favorable for the
aqueous phase adsorption. MO and MB have the same
molecules size as shown in Table S1 in the Supporting
Information, the qm of MB is much greater than that of MO,
which can be attributed to the more adsorption of cationic dye
molecules on the negatively-charged surface of CNTs via a
specific interaction like electrostatic interaction and ion
exchange.34

The adsorption capacity of MO and MB onto CNTs-A is
also higher than that of many other reported adsorbents.35−45 A
comparison of the adsorption capacities of MO and MB onto
various adsorbents are shown in Tables 3 and 4, which suggests

that the CNTs-A adsorbents hold great potential for dye
removal from aqueous solutions. The RL value of CNTs-A is
0.016 for MB and 0.02 for MO; the RL value of CNTs is 0.04
for MB and 0.03 for MO, indicating that the adsorption of dyes
onto CNTs and CNTs-A are favorable, and the CNTs-A is an
excellent adsorbent material for dye removal from aqueous
solution.
To deepen the understanding of adsorption mechanism, D-R

isotherm model was chosen to describe adsorption on both
homogenous and heterogeneous surfaces.46 The D-R isotherm

model was also applied to distinguish between physical and
chemical adsorption of dyes on CNTs and CNTs-A. The
isotherm constants, E and determination coefficients are
calculated and presented in Table 2. The values of E are
below 5 kJ mol−1 for the entire range of investigated dye
concentration. The value of this parameter can give important
information about adsorption mechanism. When one mole of
ions is transferred, its value in the range of 1-8 kJ mol−1

correspond to physical adsorption;47 the value of E is between
8 and 16 kJ mol−1, when the adsorption process follows by ion-
exchange, whereas its value in the range of 20−40 kJ mol−1 is
indicative of chemisorption.48 The mean energy of dye
adsorption is below 5 kJ/mol calculated by D-R isotherm
model, which suggests that physical adsorption is dominating in
the adsorption process between the MO/MB dyes and
adsorbents.
The thermodynamic parameters can provide in-depth

information regarding the inherent energetic changes associated
with the adsorption. Free energy of adsorption(ΔGo) can be
calculated from the variation of the thermodynamic equilibrium
constant K0 with the change in temperature. For adsorption
reactions, K0 is defined as follows

= =K
a
a

v
v

q

C0
s

e

s

e

e

e (17)

where as is the activity of adsorbed dye, ae is the activity of dye
in solution at equilibrium, qe is the amount of dye adsorbed by
per unit mass of CNTs-A(mg/g), vs is the activity coefficient of
the adsorbed dye and ve is the activity coefficient of dye in
solution. As dye concentration in the solution decreases and
approaches zero, K0 can be obtained by plotting ln (qe/Ce) vs qe
and extrapolating qe to zero, as shown in Figure 5. A linear
regression analysis finds that the straight line fits the data well,
and the values of K0 are obtained from the straight line
intercept with the vertical axis. The calculated values of K0 are
10.8 for MO and 13.5 for MB at 298 K, respectively.

Table 2. Langmuir, Freundlich, and Dubinin−Radushkevich Isotherm Parameters of CNTs and CNTs-A

Langmuir model Freundlich model Dubinin-Radushkevich model

adsorbent adsorbate KL (l/mg) qm (mg/g) RL R2 KF l/n R2 B (mol/kJ2) Qm (mg/g) E (kJ/mol) R2

CNTs MO 1.47 46 0.03 0.908 32.5 0.1 0.988 0.2 44.3 1.58 0.8427
CNTs-A MO 2.45 149 0.02 0.837 106.4 0.12 0.996 0.06 130.7 2.88 0.8445
CNTs MB 1.12 117.9 0.04 0.926 91.81 0.06 0.958 0.5 112.2 1 0.9281
CNTs-A MB 3.05 399 0.016 0.911 310.8 0.09 0.900 0.06 376.2 2.88 0.9041

Table 3. Comparison of the Adsorption Capacities of MO
onto Various Adsorbents

adsorbents
adsorption capacity

(mg/g) ref

CNTs-A 149 this work
CNTs 51.7 35
hyper-cross-linked polymeric
adsorbent

70 37

silkworm exuviae 87 38
chitosan/Fe2O3/CNTs 66 39

Table 4. Comparison of the Adsorption Capacities of MB
onto Various Adsorbents

adsorbents adsorption capacity (mg/g) ref

CNTs-A 400 this work
CNTs 35.4−64.7 41
iron terephthalate (MOF-235) 187 36
graphene/magnetite composite 43.08 42
anaerobic granular sludge 212 44
activated Carbon 123 45

Figure 5. Plots of ln qe/Ce vs. qe for calculation of thermodynamic
parameters.
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Free energy of adsorption(ΔGo) can be calculated to predict
the process of adsorption, using the following equations

Δ ° = −G RT Kln o (18)

The ΔG° values are −5.9 kJ/mol (MO) and −6.4 kJ/mol
(MB) at pH 7 and 298 K, respectively, confirming that the
adsorption of MO and MB onto CNTs-A was spontaneous and
thermodynamically favorable. Generally ΔG° for physisorption
is less than that for chemisorption. The former is between −20
and 0 kJ/mol and the latter is between −80 and −400 kJ/mol.
Therefore, the ΔG° results implied that physisorption might
dominate the adsorption of MO and MB onto CNTs-A.
3.3. Adsorption Kinetics. Adsorption is a physicochemical

process that involves mass transfer of a solute from liquid phase
to the adsorbent surface. The transient behavior of the dye
adsorption process was analyzed by using different kinetic
models. Pseudo-first-order (PF) and pseudo-second-order (PS)
kinetic models are adsorption reaction models, which originate
from chemical reaction kinetics. To study the adsorption
kinetics of MO and MB on CNTs-A, 150 mg/L (MO) and 500
mg/L (MB) initial concentrations of corresponding dye
solutions were used. The adsorption removal of dyes on
CNTs-A was found to be rapid at the initial period (∼15 min)
and then became slow and stagnate with the increase in contact
time (∼15 to ∼60 min), and nearly reached a plateau after
approximately 60 min of the experiment as shown in Figure 6a.
Generally the removal rate of pollutants is rapid initially, but it

gradually decreases with time until it reaches equilibrium. This
phenomenon is attributed to the fact that a large number of
vacant adsorption sites are available for adsorption at the initial
stage, and after a lapse of time, the remaining vacant adsorption
sites are difficult to occupy because of repulsive forces between
the solute molecules on the solid and bulk phases.10,49 Contact
time is one of the most important parameters for practical
applications. It was found that the CNTs-A showed a much
higher adsorption rate than that of a commercial activated
carbon50 and other adsorbents,51 because of its desirable
mesoporous structure, electrostatic attraction34 or π−π stacking
interaction effect,53 particularly for adsorption of the large
molecule anionic dye with aromatic ring.
To understand the characteristics of the adsorption process,

the PF and PS kinetic models were applied to fit experimental
data obtained from batch experiments. The kinetic parameters
and the determination coefficients (R2) were determined by
nonlinear regression and are given in Table 5. The R2 values of
the PS kinetic model are much higher than those of PF, the
calculated qe values (qe,cal) of PS models are close to the
experimental ones (qe,exp). Hence, the PS kinetic model is more
appropriate to describe the adsorption behavior of MO or MB
onto CNTs-A.
If the movement of adsorbate from the bulk liquid to the

liquid film surrounding the adsorbent is ignored, the adsorption
process in porous solids can be separated into three stages as
follows: (1) external mass transfer of adsorbate across the liquid

Figure 6. (a) Kinetic curves, (b) pseudo-second-order model, (c) Weber−Morris model, and (d) Boyd model of CNTs-A.

Table 5. Kinetic Parameters of Pseudo First-Order and Second-Order Adsorption Kinetic Models and Weber−Morris Model for
MO and MB on CNTs-A (MO dye concentration = 150 mg/L, MB dye concentration = 500 mg/L, CNTs-A = 0.75 g/L)

pseudo-first-order model pseudo-second-order model Weber−Morris model

dye initial conc. (mg/L)
qe,exp

(mg/g) k1(min)
−1 qe,cal (mg/g) R2 k2(min)

−1 qe,cal (mg/g) R2 Ki(g mg−1 min−0.5) C (mg/g) R2

MO 150 160.9 0.046 5.35 0.368 0.002 161.3 0.999 1.933 136.5 0.892
MB 500 448.1 0.070 16.3 0.730 0.0007 454.5 0.999 5.674 376.6 0.902
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film to the adsorbent exterior surface, which is also called film
diffusion (or boundary layer diffusion or outer diffusion); (2)
transport of adsorbate from the adsorbent exterior surface to
the pores or capillaries of the adsorbent internal structure,
which is called intraparticle diffusion (or inner diffusion); (3)
the adsorbate is adsorbed onto the active sites in inner and
outer surfaces of adsorbent.52 The third step is considered to be
very fast and thus cannot be treated as rate limiting step.
Generally, the adsorption rate is controlled by outer diffusion
or inner diffusion or both. To determine the actual rate-
controlling step involved in the MO and MB sorption process,
we applied the Weber−Morris equation. Plots of qt against t

1/2

are shown in Figure 6c, and the corresponding kinetic
parameters are listed in Table 5. It was also observed that the
regression of qt versus t

1/2 was linear and the plots do not pass
through the origin, suggesting that the intra-particle diffusion is
not the sole rate-controlling step53 and the external mass
transfer maybe also significant in the rate-controlling step
because of the large intercepts of linear portion of the plots.54

So the overall adsorption process may be jointly controlled by
external mass transfer and intraparticle diffusion, and intra-
particle diffusion played a predominant role in controlling the
adsorption process.
The adsorption kinetic data was further analyzed by Boyd

model.28 The calculated Bt values were plotted against time t as
shown in Figure 6d. The linearity of the plots provides useful
information to distinguish between external mass transfer and
intraparticle diffusion controlled mechanism of adsorption.55

The plots in Figure 6d do not pass through the origin,
confirming the involvement of external mass transfer in the
entire adsorption process.5 However, the plots are not straight
lines, indicating that external mass transfer shows a relatively
weak rate control for dye adsorption onto CNTs-A. These
results again confirm the rate-controlling mechanism of
adsorption stated in Weber−Morris kinetic model studies.
3.4. Effect of Ionic Strength. Since sodium chloride is

often used as a stimulator in dying processes, we tested the
effect of ionic strength (NaCl) on adsorption of MO and MB
onto CNTs-A, as shown in Figure 7. The increasing ionic
strength in the solution causes an increase in the adsorption of
MO and MB dye onto CNTs-A at pH 7, however, this increase
reached a plateau at a salt concentration of 0.2 M. Ionic
strength affects the activity coefficients of OH−, H3O

+ and
specifically the adsorbable dye ions. Theoretically, when the
electrostatic forces between the adsorbent surface and

adsorbate ions are attractive, an increase in ionic strength will
decrease the adsorption capacity. Conversely, when the
electrostatic attraction is repulsive, an increase in ionic strength
will increase adsorption.56 Figure 8b shows that CNTs-A and
MO were negatively charged, and MO was positively charge at
pH 7 (pHpzc 2 of CNTs-A). The results of MO can be
explained for the electrostatic repulsion force decrease with the
NaCl addition, but the experimental results of MB did not
follow this convention, as the adsorption of positively charged
MB dye molecules on negatively charged CNTs-A increased
with the NaCl addition. The significant increase in MB removal
after NaCl addition can be attributed to an increase in
dimerization of MB dye in solution. The effect of NaCl on the
dimerization of dye has also been investigated.57 Various
mechanisms have been suggested to explain this aggregation.
These forces can be attributed to van der Waals forces, ion−
dipole forces, dipole−dipole forces, and dispersion forces
arising from delocalized π electrons, which occur between dye
molecules in the solution. Accordingly, the higher adsorption
capacity of MB under these conditions can be attributed to the
aggregation of MB dye molecules induced by the action of salt
ions, i.e., salt ions force dye molecules to aggregate, increasing
the extent of sorption on the CNTs-A surface. Some similar
study have reported an increase in dye (brilliant blue, reactive
red and reactive yellow) adsorption after adding salt to the
solution.57,58

3.5. Effect of pH. The solution pH can affect the surface
charge of the adsorbent, the degree of ionization of different
pollutants, the dissociation of functional groups on the active
sites of the adsorbent as well as the structure of the dye. So the
influence of pH on the removal of MO and MB by CNTs-A
was studied to investigate further the adsorption process. Figure
8a shows the effect of initial pH on the removal of MO and MB
onto CNTs-A. The results indicate that removal of MO is less
sensitive to the initial pH variation of the dye solution and
remains almost a constant over the pH range of 2−10. It agrees
with the previous results,59 which showed no influence of pH
on the removal of MO dyes onto CNTs-A. MO has two
different chemical structures, whose chromophores are
anthraquinone or azo bond depending on the pH of the
solution.60 The pH of the system exerts a profound influence
on the adsorptive uptake of adsorbate molecules presumably
due to its influence on the surface properties of the adsorbate
molecule. After alkali-activation treatment, hydrophilic oxygen-
containing functional groups, including hydroxyl, carboxylic,
and carbonyl groups, were introduced into the outmost surface
and defects sites of CNTs-A. The pH value for a zero charge of
the CNTs-A was found to be 2. Figure 8b shows that the charge
sign on the surface of CNTs-A adsorbent is negative in a wide
pH range (i.e., 2−11) and the charge increases with increasing
pH values. Minute change of adsorption capacity for MO, with
pH variation of the dye solution suggests that the electrostatic
interaction is not the primary adsorption mechanism between
anionic dyes and the partially negative charged CNTs-A
surface. So the adsorption of MO may not be attributed to
the electrostatic interaction, therefore, other mechanisms like
π−π interactions between bulk π systems on CNTs-A surfaces
and organic molecules with CC or benzene rings of MO,
hydrogen bonds61,62 can be beneficial to the adsorption. Thus a
more detailed study is necessary to clearly understand the
mechanism of MO adsorption on CNTs-A.
It was observed that removal of MB remains almost constant

over the pH range of 4-8, and the adsorption capacity of CNTs-

Figure 7. Effect of ionic strength on adsorption capacity of MO and
MB on CNTs-A (MO concentration = 150 mg/L, MB concentration
= 350 mg/L, CNTs-A = 0.75 g/L).
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A increased when pH <4 and pH >8, similar to previously
reported results.63 The increasing adsorption capacity of MB
with the change of pH values is also due to the competition
between cationic dyes and excess OH−/H+ ions in the solution.
With the increasing of OH‑ addition, more MB+ was adsorbed
on the CNTs-A by electrostatic interaction. When the pH
increasing, the MB and CNTs-A are negatively charged (pHpzc
2.0 of CNTs-A), so the electrostatic interaction did not explain
accurately the experimental results of MB adsorption. There-
fore, other mechanism like π−π electron-donor-acceptor
(EDA) interaction and pore-filling61,62 can be beneficial to
the adsorption.
3.6. Adsorption Mechanism. In this study, SEM was used

to assess the morphological feature and surface characteristic
changes of CNTs-A before and after adsorpiton of dyes.
Typical SEM photographs of CNTs-A, MO adsorbed CNTs-A
and MB adsorbed CNTs-A are shown in Figure 9. The
morphology of the loaded adsorbent showed some important
characteristics: the surface of the CNTs-A turned to light color
(Figure 9b,c) with the formation of a white layer after dye
adsorption, which can be attribute to the accumulation of dye
molecules over the adsorbent surface. The diameter of CNTs-

A-MB was more than that of CNTs-A, as shown in Figure 9c.
SEM studies visualized the formation of the molecular cloud of
the dye over the surface. The above observation was further
confirmed well with the batch adsorption experimental studies.
Adsorption reaction may lead to change in molecular and

crystalline structures of the adsorbent and hence an under-
standing of the molecular structure and crystalline structures of
the adsorbent and the resulting changes thereof would provide
valuable information regarding adsorption reaction.64,65 The
XRD patterns taken before and after the adsorption are shown
in Figure S2 in the Supporting Information, which does not
show any appreciable changes in the spectra, and no other
peaks corresponding to impurities were detected. The result
suggests that the MO/MB dye adsorbed CNTs-A did not alter
the chemical structure of adsorbent, i.e., the adsorption is
physical in nature.
Qm is the monolayer adsorption capacity (mg/g), which can

be calculated by SSA/(SdyeN)Mdye1000,
61 where N is the

Avogadro constant(6.02 × 1023), Mdye is the molecular weight
(g/mol), and Sdye is the projecting area of a single adsorbate
molecule (m2). And the the Qm of MO and MB is 1037 and
516 mg/g, respectively, which are higher than the computed

Figure 8. Adsorption capacity (a) of MO and MB on CNTs-A at different pH values (MO concentration = 150 mg/L, MB concentration = 500 mg/
L, CNTs-A = 0.75g/L) and the zeta potential (b) of CNTs and CNTs-A.

Figure 9. SEM of CNTs-A, MO adsorbed CNTs-A, MB adsorbed CNTs-A.

Figure 10. (a) N2 adsorption/desorption isotherms and (b) pore size distribution of CNTs-A before and after adsorption of MO and MB.
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maximum monolayer capacities(149 mg/g for MO and 400
mg/g for MB). The results indicate that MO and MB were
adsorbed on the heterogeneous adsorption surface of CNTs-A
with sites having different adsorption energies and not equally
available according to the Freundlich model fitting results.
When the pore diameter is below 5 nm, the mesopore volume
of dye adsorbed CNTs-A decreased after adsorption, as shown
in Figure 10 and Table 1, which can be explained as that
mesopores may favor the adsorbate-adsorbate interaction via
mesopore filling mechanism. However, the mesopore volume
increased dramatically when the pore diameter is larger than 5
nm, which indicates that large quantities of new pores have
been produced after adsorption. Dye ions have a tendency to
self-associate (or aggregate) in aqueous solution.66,67 At low
dye concentrations, dyes form dimers with dimerization
essentially complete before further aggregation coccurs.
Subsequent aggregation will take place initially between dimeric
units.68 Hence, the adsorption space may accommodate more
than one layer of molecules and not all adsorbed molecules are
in contact with the surface layer of the adsorbent. So the SSA
and PV may be increased after adsorption for multilayer
adsorption and aggregation of dyes on the surface of CNTs-A,
as schematically illustrated in Figure 11.

FTIR spectra analysis was performed to gain insights into the
adsorption mechanism. FTIR spectra analyses of CNTs-A,
MO/MB dyes, and MO/MB adsorbed CNTs-A are shown in
Figure 12. FTIR study of CNTs-A confirms the defective sites
at the surface of CNTs-A and the presence of −OH (3409
cm−1), >CC (1686 cm−1), −CO (1548 cm−1) and >C−O
(1066 cm−1) functional groups at the surface of CNTs-A, which
leads to the hydrophilic nature of CNTs-A. These functional
groups may also act as anchoring sites for dye molecules. In the
case of MO, peaks at 1013, 1185, and 1,355 cm−1 correspond to
−SO, CH3−, C−N of MO dyes, respectively, whereas the
peak at 1590 cm−1 corresponds to NN group. FTIR spectra
of MO adsorbed CNTs-A show new peaks at 798 and 895
cm−1, which are all located in the finger print region. The

intensities of peaks at 1548 and 1687 cm−1 increased due to
−NN− group attached to the aromatic ring of MO dyes,
which indicates that MO has been anchored on the surface of
CNTs-A during the adsorption. After the MO adsorption, the
intensity of peak at 3409 cm−1 increased, which indicates that
hydrogen bonding interaction may be an important process for
MO adsorption onto CNTs-A. After KOH-activation treat-
ment, more oxygen-containing functional group have been
modifed on the surface of CNTs-A, and the hydrophilic
properties of CNTs-A have been improved. More importantly,
the oxygen atom of the SO group can be used as the
hydrogen-bonding acceptor and from intramolecular hydrogen
bonding with the hydrogen atom of the hydroxyl group of
CNTs-A, as schematically illustrated in Figure 11a. In the case
of MB, peaks at 1088, 1312 and 1590 cm−1 correspond to
CH3−, C−N, CS, respectively, as shown in Figure 10b. After
adsorption of MB, a shift in the 1522 cm−1 peak (now at 1540
cm−1) was observed, and the peak sharpen and showed a
significant increase in intensity which may correspond to the
attachment of MB on the surface of CNTs-A (Figure 10b). It
should be noted that the peaks associated with the VC−O (1066
cm−1) and VCH (681 cm−1) for the CNTs-A seem to be
broadened and showed a significant decrease in intensity. MB is
a type of cationic dye which can be adsorbed easily by
electrostatic forces on negatively charged surfaces, as schemati-
cally illustrated in Figure 11c. Therefore, the change in VC−O
after adsorption may be ascribed to the electrostatic attraction
between CNTs-A and MB. The increase of adsorbed MB with
increasing pH is shown in Figure 8a. Similar to previously
reported results, this result might be due to the fact that the
concentration of negative charges of the adsorbent increases
with increasing pH. As we all known that MB is also an ideal
planar molecule; therefore, a mechanism of π−π EDA
interaction between MB (π-electron-acceptors) and the π
electron-rich regions on the graphene surface of CNTs-A is
plausible, which may lead to the weakening intensity of VCH

for CNTs-A. The FTIR spectra analysis indicated that MB
might be easily adsorbed through CNTs-A by π−π stacking
interactions and electrostatic attractions, as schematically
illustrated in Figure 11

Figure 11. Adsorption schematic diagrams of MO or MB on CNTs-A
though (a) hydrogen bonding, (b) π−π EDA interactions, (c)
electrostatic interactions, (d) mesopore filling.

Figure 12. FTIR spectra of pure MO or MB, and CNTs-A before and
after adsorption of (a) MO or (b) MB.
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4. CONCLUSION

We have developed an alkali-activation method for the
synthesis of activated CNTs (CNTs-A) with higher SSA and
PV. The resulting CNTs-A were demonstrated as an efficient
adsorbent material for removal of anionic and cationic dyes in
aqueous solutions. As suggested by our experimental data,
CNTs-A showed excellent adsorption capacity of 149 mg/g for
MO and 400 mg/g for MB, which can be attributed to multiple
adsorption interaction mechanisms (e.g., hydrogen bonding,
π−π EDA interactions, electrostatic interactions, mesopore-
filling) between dyes and adsorbent. This finding indicates that
alkali-activation is a useful method to improve the adsorption
affinity of dye contaminants on CNTs-A. Therefore, the
activated CNTs may be a promising adsorbent nanomaterial for
organic pollutants in aqueous solutions.
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