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a b s t r a c t

To enhance adsorption property of multi-walled carbon nanotubes (MWCNTs), the surface was 
modified by oxidation with sodium hypochlorite solution and mCNTs was obtained. Characteriza-
tion of mCNTs was performed by FTIR, XRD, XPS, RS and TEM and there were more carbonyl group 
and hydroxyl group on surface of mCNTs. The adsorption property toward cationic dye methylene 
blue (MB) from solution was presented. The results showed that the adsorption capacity of mCNTs 
was significantly higher than that MWCNTs. The adsorption capacity from experiment was up to 
120.1 mg·g–1 at 293 K. Equilibrium data of MB adsorption can be better predicted by Koble-Corrigan 
model while kinetic data can be predicted by pseudo-first-order kinetic model. Thermodynamics 
study indicated the exothermic, spontaneous and physicochemical process. MB-loaded mCNTs was 
secondly used as adsorbent to remove anionic dye, Congo red (CR). It was proved that MB-loaded 
mCNTs had good adsorption capacity for CR. It was implied that mCNTs can be promising to remove 
dyes from solution.
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1. Introduction

With the rapid development of Chinese dye industry, 
the wastewater produced has become the main source of 
water pollution. The dye wastewater has deep color, high 
COD and BOD values, complex and variable composition, 
so how to effectively remove dyes from solution is a still 
problem [1]. At present, the most commonly used methods 
for removing dye wastewater include chemical coagulation, 
ozone oxidation, ion exchange, Fenton reagent, electro-
chemical photocatalytic degradation, and adsorption [2–5]. 
As a result of low cost, high efficiency and simple opera-
tion, adsorption method is widely used in actual wastewa-
ter treatment [6–8].

In 1991, carbon nanotubes (CNTs) were synthesized 
by Iijima of the Basic Research Laboratory of NEC Cor-
poration in Japan [9], which had a high specific surface 
area as a one-dimensional nanomaterial and a rich void 

structure to make carbon nanotubes more widely appli-
cation [10]. CNTs mainly include single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs). However, since the nanomaterials have a large 
van der Waals force, the carbon nanotubes had been easily 
agglomerated together, which greatly limited their appli-
cation. Therefore, it is necessary to modify the surface of 
carbon nanotubes to obtain greater dispersion in solvents. 
A commonly used surface modification method is to intro-
duce an amino group or a carboxyl group on the surface 
to improve the dispersibility. In the method of introducing 
a carboxyl group, HNO3, H2SO4, H2SO4-H2O2 and KMnO4 
are mostly used [11–14], but these strong oxidation methods 
have destroyed the structure of carbon nanotubes. So mild 
oxidant can be selected like sodium hypochlorite (NaClO). 
Although there are some reports about the modification of 
multi-walled carbon nanotubes with sodium hypochlorite 
[15–17], but there was seldom about dye adsorption on this 
modified multi-walled carbon nanotubes (mCNTs).
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The aim of the present study was to prepare mCNTs 
nanocomposite with carboxylic group for removal of meth-
ylene blue (MB, cationic dye) from solution. The effect of pH 
and salt concentration on the adsorption quantity were per-
formed and MB-loaded mCNTs was reused after desorption. 
The mechanism of adsorption was discussed. Furthermore, 
MB-loaded mCNTs was recycled in second adsorption to 
remove anionic Congo red (CR) from solution.

2. Experimental section

2.1. Experimental instruments and materials

721 spectrophotometer (Shanghai Third Instrument Co., 
Ltd.); muffle furnace SX-4-10 (Shanghai Electric Furnace 
Factory); pH meter (Shanghai Third Analytical Instrument 
Factory); SHZ-82 constant temperature water bath oscilla-
tor Jiangsu Taicang Medical Machinery Factory); epichloro-
hydrin (ECH, Tianjin Kemiou, China); Multi-walled carbon 
nanotubes (MWCNTs, ID: 3–5 nm, OD: 8–15 nm, length: 50 
μm, Macklin, China); sodium hypochlorite solution (NaClO, 
Macklin, China); Congo red; hydrochloric acid; hydrogen 
sodium oxide, etc. (all of which are of analytical grade).

2.2. Preparation of carboxylic multi-walled carbon nanotubes

Purification: Multi-walled carbon nanotubes (MWCNTs) 
were calcined in a muffle furnace at 460°C for 30 min to 
remove amorphous carbon.

Preparation: 0.5 g of purified MWCNTs and 300 mL of 
30% NaClO solution were added to a 500 mL conical flask. 
Then kept the mixture at room temperature for 12 h with 
continuous and centrifuge to adjust pH = 7, and dried the 
product at 60°C in the vacuum drying oven. Carboxylic 
multi-walled carbon nanotubes (mCNTs) were obtained 
after 12 h.

2.3. Characterization of MWCNTs and mCNTs

The characterizations were performed by several ana-
lytical techniques, such as TEM (TECNAIG2F20-S-TWIN, 
American), FTIR (Nicolet iS50, American) and Raman spec-
troscopy (Raman, LabRAM HR Evolution, France). X-ray 
diffraction (XRD) analysis was performed by a PAN alyti-
cal X’Pert PRO instrument (The Netherlands). The binding 
energy of mCNTs before and after MB adsorption was ana-
lyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 
250Xi, England). The pH of zero point charge (pHzpc) about 
mCNTs and MWCNTs was measured.

2.4. MB adsorption onto mCNTs in batch mode

The test was carried out in batch mode. 10 ml MB solu-
tion and a certain amount of mCNTs or MWCNTs were 
added into a 50 mL conical flask, shaking the mixture in 
a shaker for a certain time, then taking it up, centrifuging 
and diluting it to determine the residual concentration of 
methylene blue. Finally calculated the adsorption capacity 
and removal efficiency of carbon nanotubes to MB (MB was 
analyzed by visible spectrophotometry, maximum absorp-
tion wavelength 665 nm).
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where qe - unit adsorption amount (mg·g–1), C0 - concentration 
of solution before adsorption (mg·L–1), Ce - concentration of 
solution after adsorption equilibrium (mg·L–1), V - volume 
of solution (L), m - adsorbent weight (g).

2.5. Desorption study

The best method (75% ethanol) was used for multi-
ple desorption and regeneration. MB-loaded mCNTs was 
obtained for MB adsorption at initial concentration 150 
mg·L–1 (pH = 7.5) at 303 K and the first-time adsorption 
quantity qe was calculated. Then, MB-loaded mCNTs was 
washed with distilled water to remove unabsorbed MB and 
was dried at 60°C. Next step the desorption would be done. 
MB-loaded mCNTs (solid solution volume, 0.8 g/L) and 
75% ethanol were mixed into a conical flask, and oscillated 
with 303 K to obtain equilibrium, then the concentration of 
supernatant was measured. The adsorbent after desorption 
was cleaned and dried, and then re-adsorbed under the 
same experimental conditions as the first adsorption. The 
unit adsorption amount of the regenerated adsorbent was 
calculated as qr. The desorption efficiency d and regenera-
tion efficiency r were calculated into Eqs. (3) and (4). Multi-
ple desorption and regeneration were the same as the above 
primary desorption and regeneration. 
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where md was the mass (mg) of the adsorbed substance 
desorbed in the desorption process, and m0 was the mass 
(mg) of the adsorbate on the adsorbent before desorption.

2.6. Congo red adsorption onto surface of MB-loaded mCNTs  
in batch mode

A certain amount absorbent of MB-loaded mCNTs (solid 
solution volume, 0.8 g/L) and 10 ml C0 = 500 mg·L–1 CR (pH 
= 6.5, T = 303 K) were added to a 50 mL conical flask, shak-
ing the mixture in a shaker for a certain time, then taking it 
up, centrifuging and diluting it to determine the residual 
concentration of CR. CR was analyzed by visible spectro-
photometry at the maximum wavelength (499 nm). The 
calculation of unit adsorption amount was the same as MB 
adsorption on mCNTs.

3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. pHzpc of mCNTs and MWCNTs

pHzpc can predict the charge on the surface of the 
adsorbent at a certain pH value, so it is necessary to dis-
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cuss the effect of solution pH on adsorption quantity. The 
results for measurement of pHzpc are shown in Fig. 1. 
It was seen that the pHzpc of MWCNTs was 7.0, while 
mCNTs became 6.8. The pHzpc of mCNTs moved toward 
the acidic direction, which indicated that the acidic group 
had been successfully introduced into the surface of multi-
wall carbon nanotubes.

3.1.2. Infrared spectrum

FTIR can offer information of some functional group 
before and after modification. The FTIR of MWCNs and 
mCNTs are shown in Fig. 2. It was observed from the mCNTs 
that a strong absorption peak appeared at 1712 cm–1, which 
indicated the presence of C=O on the surface of mCNTs. 
The absorption peak in the range of 3600–3300 cm–1 (rang-
ing from 3440 cm–1 to 3439 cm–1 after oxidation) indicated 
the presence of carbon nanotube surface hydroxyl. And 
MWCNTs basically had no obvious absorption peak, which 
was similar to Zhao [18]. Thus, it could be seen that the sur-
face of multi-walled carbon nanotubes modified by sodium 
hypochlorite was oxidized so that the surface of mCNTs 
had carboxyl and hydroxyl groups. The FTIR of MB-loaded 
mCNTs had two major changes. One was the addition of 
two peaks at 1118 cm–1 and 1034 cm–1, where the peaks were 
the stretching vibration of C-S on MB. The absorption peak 
at 1596 cm–1 was strengthened, which was due to the skele-
ton vibration of benzene ring, indicating that MB had been 
successfully loaded onto mCNTs.

3.1.3. Transmission electron microscope

In order to study the surface morphology of carbon 
nanotubes, it is necessary to do the experiment of TEM. 
The TEM images of MWCNTs and mCNTs are illustrated 
in Fig. 3. It was seen that the average external diameter of 
the two kinds of carbon nanotubes was about 30 nm, whose 
internal diameter was about 10 nm and the medium hol-
low tubular structure obviously. The MWCNTs (Fig. 3a) was 
thicker, and the end of the tube was mostly closed. There 
were black particles in the tube as impurity such as cata-
lyst particles and amorphous carbon on the original carbon 
nanotube. The mCNTs (Fig. 3b) had few impurities and there 
was obvious fracture trace at the end of the pipe body. This 
was due to the sodium hypochlorite oxidation treatment not 
only to remove the impurities in the carbon nanotubes, but 
also to make the defect part of the carbon nanotubes (such 
as bending and end cap) eroded and disconnected, which 
was similar to other experimental result [16].

3.1.4 Scanning electron microscope

In order to explore the surface characteristic changes of 
carbon nanotubes before and after modification, the adsor-
bent is analyzed by SEM (Fig. 4). The tubular structures 
of MWCNTs were wound together, some of which were 
in the form of aggregates, with a length of 50 microns, an 
inner diameter of 3–5 nm and an outer diameter of 8–15 
nm. Compared with MWCNTs, mCNTs had lower degree 
of entanglement, shorter length and basically unchanged 
inner and outer diameter. The lower degree of aggregation 

in mCNTs was not only related to the carboxyl group, but 
also to the shortening of the nanotube lengths.

3.1.5. Raman analysis

The Raman spectra (RS) could also offer some useful 
information and RS of MWCNTs and mCNTs are shown in 
Fig. 5. Two peaks of 1350 cm–1 and 1580 cm–1 are seen from 
Fig. 5. Peak at 1350 cm–1 was so-called D-band, which was 
related to the carbon atoms of the disordered SP3 hybridized 
carbon nanotubes. Another peak at 1580 cm–1 was so-called 
G-band that was related to the symmetry of the interlayer 
mode of graphite E2G.

The ID/IG value of MWCNTs was 0.99, which became 
1.02 after modification. This indicated that the surface prop-
erties of MWCNTs were greatly improved after 30% sodium 
hypochlorite solution purification [19].

3.1.6. XPS analysis

In order to further determine the carboxyl and the 
introduction of MB on mCNTs, the surface elements of 
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Fig. 1. The isoelectric point of mCNTs and MWCNTs (T = 303 K, 
CNaCl = 0.01 mol·L–1).
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mCNTs and MB-loaded mCNTs were analyzed by XPS, 
and the results are shown in Fig. 6. It is known from Fig. 
6a that there were C and O elements in mCNTs while there 
were N and S element from Fig. 6b after MB adsorption, 

which S and N were from MB (S2p peak at 168 eV, N1s 
peak at 345 eV), indicating that methylene blue has been 
successfully adsorbed onto surface of mCNTs. Fig. 7 shows 
the peaks of O1s before and after MB adsorption. From 
O1s peak, the molar ratio of O/C before and after adsorp-
tion of MB was 59.6% and 51.9%, respectively, indicating 
that the oxygen content decreased after adsorption of MB, 
which may be the combination of carboxyl oxygen and 
MB on mCNTs. The peaks of –OH and H2O increased from 
533.78 eV and 536.40 eV to 533.87eV and 537.35 eV after 
MB adsorption. These differences indicated that there was 
electrostatic attraction between the carboxyl or hydroxyl 
groups on the adsorbed surface and the positive groups 
on the dye molecules.

3.1.7. BET analysis

The specific surface area of adsorbents was specified 
by the BET method. The BET surface areas of carbon nano-
tubes before and after modification were 159.3, 79.81 m2/g, 
respectively. This may be due to the formation of functional 
groups on the surface of carbon nanotubes oxidized by 
sodium hypochlorite. After one cycle (first adsorption sat-
uration, then desorption), the BET surface area of mCNTs 

 

Fig. 3. Transmission electron microscopy (TEM) images of MWCNTs (left) and mCNTs (right). 

 

Fig. 4. Scanning electron microscopy (SEM) images of MWCNTs (a) and mCNTs (b).
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was 95.51 m2/g, which indicated that 75% ethanol had suc-
cessfully desorbed part of methylene blue adsorbed on car-
boxyl carbon nanotubes, making the specific surface area of 
mCNTs larger.

3.1.8. XRD analysis

X-ray diffraction is an effective method to study 
the structure of carbon materials. The XRD patterns of 
MWCNTs and mCNTs are displayed in Fig. 8. There were 
two diffraction peak appears in the same position, namely 
the two characteristic peaks of carbon nanotubes (002) dif-
fraction peak (2θ = 26°) and (100) (2θ = 43°), respectively 
[20]. The position of the two peaks did not change, indi-
cating that carboxylation did not destroy the crystalline 
structure of carbon nanotubes. However, after one cycle of 
mCNTs the intensity of (002) peaks became stronger than 
the mCNTs, indicating a higher degree of crystallinity. The 
two peak positions did not change basically, indicating that 
the mCNTs material prepared was still stable. 

3.2. Adsorption of methylene blue

3.2.1. Effect of adsorbent dose on the adsorption  
of methylene blue by mCNTs

In order to study the effect of mCNTs dosage on the 
adsorption of MB, the mCNTs with different mass were 
taken and put into conical flask respectively. The results are 
shown in Fig. 9. It was known that values of qe decreased 

with the increase of adsorbent dose (solid-liquid ratio), 
while the removal efficiency gradually increased. The rea-
son was that as the solid-liquid ratio increased, the number 
of active sites was more with higher adsorbent dose, so the 
removal efficiency increased; However, the surface sites of 
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adsorbents may not be saturated or the adsorption mass 
assigned to each adsorbent becomes less, resulting in a 
decrease in the unit adsorption amount [21,22]. The concen-
tration of mCNTs in subsequent experiments was 0.8 g·L–1.

3.2.2. Effect of pH on adsorption

The pH value of the solution is an important fac-
tor affecting the adsorption effect. The existence form of 
the adsorbate and the surface charge of adsorbent are all 
affected by solution pH. The effect of solution pH on values 
of qe is shown in Fig. 10.

It was observed that the adsorption capacity of MB was 
dependent of solution pH and the trend was similar about 
mCNTs and MWCNTs. There was smallest of adsorption 
quantity at pH = 2. At lower pH, the positively charged 
surface of the mCNTs would be electrostatic repelled with 
the cationic dye MB, and H+ in solution would also com-
pete with MB for adsorption sites. Conversely, as solution 
pH increased, the positive charge on the surface of the 
adsorbent decreased, the surface functional group –COOH 
became –COO–, which was susceptible to MB adsorp-
tion [23]. In conclusion, values of qe about MB on mCNTs 
or MWCNTs became larger, and the former was higher. 
This showed that there was higher adsorption capacity of 
mCNTs. Comprehensive analysis, the subsequent experi-
ments were not adjusting solution pH (near pH 7.5).

3.2.3. Effect of salt ion on adsorption of MB

In practice, salt ions are often contained in wastewater, 
so it is necessary to discuss the effect of salinity on adsorp-
tion. The result is presented in Fig. 11.

 For mCNTs, the presence of coexisting ions in the solu-
tion was not conducive to the adsorption, which indicated 
that the main force between the adsorbent and the adsor-
bent was electrostatic attraction. It is also seen from Fig. 11 
that the effect of Ca2+ on adsorption is more detrimen-
tal than that of Na+. Because Na+ and Ca2+ in the solution 
could compete with the positively charged MB molecules 
on the surface, value of qe decreased with the increase of 
salt ions concentration. At the same time, the charge of Ca2+ 

was greater than Na+, and the contribution to ionic strength 
was also larger from CaCl2 at same concentration. The vol-
ume of Ca2+ was larger than that of Na+, and the larger Ca2+ 
blocked some adsorption sites on mCNTs when adsorbing 
MB, so CaCl2 coexistence had a greater negative effect on 
MB adsorption. So there are electrostatic attraction between 
mCNTs and MB.

It was also observed that there was still some adsorption 
capacity at higher salt concentration (48 mg·g–1 for CaCl2 and 
86 mg·g–1 for NaCl). This result implied that other actions, 
which were not affected by ionic strength (such as hydro-
gen bond and Van der Waals’ force), were existed during 
adsorption process. Similar result was observed about LG 
adsorption onto PEI-modified CNTS [24]. So mCNTs can be 
efficiently to remove toxic dyes from wastewater.

3.2.4. The effect of contact time on adsorption

The initial concentration of MB in the solution was 
C0 = 100 mg·L–1, and the effect of kinetic time on adsorp-
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tion quantity at various temperatures is shown in Fig. 12. 
According to Fig. 12, the adsorption of MB on mCNTs 
was basically balanced in 30 min, which meant the time 
of adsorption was very short, and the adsorption of 
MB on mCNTs was significantly higher than that of the 
MWCNTs. This result also showed that the modification 
was valuable. As the temperature increased, the adsorp-
tion amount decreased, indicating that the adsorption 
process of MB on mCNTs was exothermic, which was con-
sistent with the results of other studies on MB adsorption 
of mCNTs [25].

Kinetic models can be used to predict the kinetic pro-
cess. Two models, pseudo-first-order kinetic model and 
pseudo-second-order kinetic model, are selected.

The expression of pseudo-first-order kinetic model [26]: 

q q e k t
t e= − −( )1 1 �  (5)

The expression of pseudo-second-order model [27]:

q
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e
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2
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where qt (mg·g–1) is the adsorption capacity at time (t) and qe 
(mg·g–1) is the adsorption capacity at equilibrium; k1 (min–1) 
and k2 (g·mg–1·min–1) are the rate constant.

The kinetic data were fitted by nonlinear regressive 
analysis and the parameters of kinetic models, determined 
coefficients (R2) and errors (SSE) are listed in Table 1. The 
fitted curves are also illustrated in Fig. 12.

It is seen from Table 1 that the kinetic process of MB 
adsorption onto mCNTs was better fitted by the pseu-
do-first-order kinetic model (R2 > 0.95). In the meantime, 
the SSE was relatively smaller. The difference between 
values of qe with experiments was smaller at same con-
dition. This showed that pseudo-first-order kinetic model 
can be used to describe the kinetic process and predicted 
the adsorption quantity, while the adsorption process was 
mainly physical adsorption. At the same time, the pseu-
do-second-order kinetic model was also to fit the experi-
mental results according the fitted results, indicating that 
the adsorption process had chemical adsorption. There-

fore, the adsorption of MB on mCNTs had both physical 
and chemical adsorption.

3.2.5. The effect of dye concentration and temperature on 
adsorption

Dye concentration can affect adsorption quantity. Fig. 13 
presents the effect of MB concentration on adsorption quan-
tity at various temperatures.

It is seen from Fig. 13 that the adsorption quantity 
gradually decreased with the increase of temperature. This 
meant that the process was exothermic; when the tempera-
ture was constant, values of qe can be increased rapidly with 
the increase of the equilibrium concentration. Then it grad-
ually stabilized until the adsorption was saturated. At 293 
K, values of qe were up to 121.0, 115.1, 112.0 mg·g–1 at 293, 
303, 313 K, respectively.

In order to further study the thermodynamic behavior 
of the adsorption process, four isotherm models of nonlin-
ear expression were selected.

(1) Langmuir model

In 1916, Langmuir first proposed a monolayer adsorp-
tion model [28,29]. The formula is:

q
q K C

K Ce
m L e

L e
=

+1
� (7)

where qm (mg·g–1) is the adsorption amount when the sur-
face of the adsorbent is covered with a monolayer, that 
is, the saturated adsorption amount; KL (L·mg·g–1) is the 
adsorption coefficient, which is related to temperature and 
heat of adsorption.

It can be seen from Eq. (7) that when the adsorption 
amount is small, that is, KL·Ce << 1, qe= qmCeKL, which mean 
qe is proportional to Ce, and the isotherm is approximately 
in a straight line.

When the amount of adsorption is large, that is, when 
KL·Ce >> 1, qe = qm, which mean the equilibrium adsorption 
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Fig. 12. Effect of contact time on MB adsorption (C0 = 100 mg·L–1).

Table 1 
Parameters of kinetic models for MB adsorption

Pseudo-first-order equation

T/K qm(exp)  
(mg·g–1)

qm(theo)  
(mg·g–1)

k1 × 10–2  

(min–1)
R2 SSE

293 110.6 110.6±0.5 26.6±0.9 0.975 16.5 
303 110.6 109.1±0.6 25.2±1.1 0.969 24.0 
313 108.6 105.8±0.8 24.1±1.3 0.955 38.1 

Pseudo-second-order equation

T/K qm(exp)  
(mg·g–1)

qm(theo) 

(mg·g–1)
k2 × 10–4  

(g·mg–1·min–1)
R2 SSE

293 110.6 114.1±1.0 53.0±5.9 0.940 40.7 
303 110.6 112.9±1.1 48.3±5.4 0.941 45.0 
313 108. 6 109.8±1.2 45.5±5.7 0.931 57.1 

Note: SSE= ( )q qc−∑ 2 , q and qc are the experimental value and 
calculated value according the model, respectively.
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amount is close to a fixed value, and the isotherm tend to 
be horizontal. 

(2) Freundlich model

The Freundlich adsorption equation [29] was a nonlin-
ear mode, which was derived by Freundlich in 1907. This is 
an empirical formula whose equation is as follows:

q K Ce F e
n= 1/ � (8)

where KF and n are Freundlich constants. For the fitted 
parameter n value, 0.1 < 1/n < 0.5 is generally considered to 
be preferential adsorption, which mean it is easy to adsorb; 
and 1/n > 2 is difficult to adsorb. Using the two constants 
KF and 1/n, the properties of different adsorbents could be 
compared.

(3) Temkin model

The Temkin adsorption isotherm form is [29]:

q A B Ce e= + ln � (9) 

where A and B are the two constants of the equation, respec-
tively. 

The above three adsorption equations have a very 
simple form, and could be transformed into a straight-
line equation for drawing fitting, so it is convenient to 
use. However, according to the energy-related assump-
tions in the adsorption model, the three adsorption 
equations reflect different energy relationships in the 
adsorption process. The energy relationship represented 
by the Langmuir equation is that the heat of adsorption 
did not change with adsorption, and the energy of each 
adsorption point is constant, which is obviously an ideal 
adsorption. The energy relationship described by the 
Temkin equation is that the heat of adsorption decreased 
linearly with the amount of adsorption. The energy rela-
tionship represented by the equation of Freundlich is that 

the heat of adsorption decreased logarithmically with the 
amount of adsorption. Therefore, the Temkin equation 
and the Freundlich equation are suitable for uneven sur-
face adsorption.

(4) Koble-Corrigan model

The general form is [29]:

q
AC

BC
e

e
n

e
n=

+1
�  (10)

It is a combination of the Langmuir and Freundlich 
models. Where A, B and n are parameters of model.

The fitted results according to nonlinear regressive anal-
ysis are listed in Table 2 and the fitted curves are also pre-
sented in Fig. 13.

It was found from the Table 2 that there were low-
est value of R2 and highest values of SSE from Langmuir 
model. This indicated that Langmuir model was not used 
to describe the equilibrium process and the adsorption pro-
cess was not single-molecule adsorption.

There were highest values of R2 with lowest values of 
SSE about Koble-Corrigan model according to Table 2. 
Furthermore, the fitted curves were very close to experi-
mental points. These showed that Koble-Corrigan model 
was best to fit the experimental data and could describe 
the equilibrium process. For Freundlich model and Tem-
kin model, there were also higher values of R2 and lower 
values of SSE, which meant that both models also can 
predict the adsorption process. Parameter 1/n from Fre-
undlich model was within 0.1–0.5, which showed that 
the process easily occurred. Therefore, the adsorption 
process of MB on mCNTs was uneven multi-molecular 
layer adsorption.

3.2.6. Thermodynamic parameters of adsorption

(1) The thermodynamic parameters of the adsorption 
process could be used to infer the adsorption mechanism and 
understand the adsorption process more clearly at the micro 
level. The change Gibbs free energy ΔG (J·mol–1), enthalpy 
change ΔH (J·mol–1) and entropy change ΔS (J·mol–1·K–1) val-
ues in the adsorption process were calculated. Value of ΔG 
can be calculated by Eq. (12).

ΔG = –RT ln Kc� (11)

ΔG = ΔH – TΔS� (12)

where R (8.314 J·mol–1·K–1) is the universal gas constant, 
T (K) is an adsorption reaction temperature, and Kc is an 
apparent adsorption equilibrium constant. By using con-
centration instead of activity, Kc can be calculated by Eq. 
(13) [30–32]:

Kc = Cad/Ce � (13)

where Cad is the concentration of MB on mCNTs at equilib-
rium, and Ce is the concentration of MB in solution at the 
first concentration in isotherm at adsorption equilibrium.
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Fig. 13. Adsorption isotherms and fitted curves of MB adsorp-
tion onto mCNTs.
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(2) Apparent activation energy Ea

The value of Ea reflects the difficulty of the adsorption 
reaction. Generally, the lower the activation energy, the easier 
the adsorption reaction occurs, and the faster the adsorption 
reaction rate is at a certain temperature. The apparent acti-
vation energy can be obtained from Arrhenius’ formula [32].

ln lnk
E
RT

A= − +a � (14)

where k is the adsorption rate constant obtained from the 
model most consistent with the adsorption kinetic curve, Ea 
(J·mol–1) is the apparent activation energy of the adsorption 
process; R and T are the ideal gas constant and the adsorp-
tion reaction temperature, respectively. A is the pre-factor.

Relative parameters are calculated and the results are 
listed in Table 3. It was implied from the Table 3 that there be 
a spontaneous, endothermic, and entropic donor adsorption 
process (ΔG < 0, ΔH < 0, ΔS > 0). Value of ΔG was negative 
and the absolute was within 0–20 kJ·mol–1, which meant its 
physical process; the absolute value of ΔH was also within 
0–20 kJ·mol–1, which also indicated its physical process. The 
positive ΔS0 value illustrated the increased randomness at the 
solid-solution interface during adsorption of MB on mCNTs 
[33]. The value of Ea was 21.9 kJ·mol–1 (less than 40 kJ·mol–1) 
and there was physical action during adsorption process.

3.2.7. Desorption and regeneration

Recycle of adsorbent and recovery of adsorbate will 
make the treatment process economical and it is essential to 
recover the adsorbent after adsorption [34–36]. In order to 

make full use of the mCNTs, the reproducibility of mCNTs 
was performed. 75% ethanol solution was selected to regen-
erate the MB-loaded mCNTs. Five times of desorption and 
regeneration were operated and the results are shown in 
Fig. 14. As the number of cycles increased, the desorption 
efficiency became lower and lower, which may be due to 
the strong combination of MB on mCNTs. The regeneration 
rate remained high after five times of desorption, which 
may be that mCNTs did not reach adsorption saturation, so 
there were still empty adsorption sites on mCNTs.

3.2.8. The second adsorption of Congo red on MB-loaded 
mCNTs

The secondary adsorption of adsorbent can be used 
to determine the quality of adsorbent and found whether 
it can be used for further use. So, it is necessary to study 
the second adsorption and the effect of salt on adsorption 
[37,38]. The results in second adsorption were shown in 
Table 4. It was clearly seen that there was good adsorption 
quantity toward CR about MB-loaded-mCNTs, which was 
much higher than mCNTs. Value of qe about mCNTs for 
CR was 23.93 mg·L–1, while value of qe about MB-loaded 

Table 2
Parameters of adsorption isotherm models for MB adsorption

Langmuir

T/K qm (theo)/(mg·g–1) KL (L·mg–1) SSE R2

293 116.8±3.6 0.529±0.100 174.7 0.896 
303 112.6±2.5 0.550±0.078 77.06 0.941 
313 109.6±3.2 0.543±0.110 140.7 0.884 

Freundlich 　 　 　 　 　

T/K KF 1/n SSE R2

293 66.2±2.0 0.136±0.009 39.6 0.977 
303 67.4±2.5 0.120±0.011 64.9 0.950 
313 65.2±2.3 0.122±0.010 45.6 0.962 

Temkin

T/K A B SSE R2

293 60.8±1.9 13.4±0.6 21.5 0.987 

303 62.6±2.3 11.8±0.7 36.5 0.972 

313 60.4±2.5 11.5±0.8 32.6 0.973 

Koble-Corrigan 　 　 　 　 　

T/K A B n SSE R2

293 93.8±6.2 0.555±0.140 0.333±0.100 20.0 0.985 
303 98.5±7.0 0.740±0.055 0.466±0.100 14.8 0.986 
313 96.5±8.8 0.632±0.210 0.327±0.150 30.0 0.969 

Table 3
Thermodynamic parameters of MB adsorption onto mCNTs

Ea  
(kJ·mol–1)

ΔH0  
(kJ·mol–1)

ΔS0  
(J·mol–1·K–1)

ΔG0 (KJ·mol–1)

293 K 303 K 313 K

21.9 –8.88 5.00 –7.41 –7.38 –7.31
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mCNTs was 289.5 mg·L–1, and the adsorption capacity of 
the latter was 10 times as much as that of the former. This 
showed that the mCNTs produced had good reusability 
and was friendly to environment.

The surface of mCNTs is negatively charged and repels 
anions and the amounts of anionic species adsorbed by 
mCNTs are often low, so it appears that CR adsorption is 
enhanced by the surface structure alterations after MB 
adsorption. The surface property of MB-loaded mCNTs 
must be significantly different from that of mCNTs. MB 
bound on mCNTs can act with CR through Van der Waals’ 
forces  and hydrogen bonding. This result is similar to 
found in other studies using biomaterials modified by cat-
ionic surfactants to enhance anionic adsorption [39,40] and 
second adsorption using positive dye-loaded materials as 
adsorbent to bind anionic dye [41,42].

It was also observed that there was positive to CR 
adsorption onto mCNTs with coexisted salt because CR was 
anionic, and the addition of salt reduced the double elec-
trode layer to make CR more accessible to the adsorption 
surface. If there was electrostatic attraction between anionic 
CR and MB-loaded mCNTs, the addition of salt may com-
pete with CR and this lead to reduce adsorption quan-
tity. But from the results, electrostatic attraction between 
MB-loaded mCNTs and CR was not major role.

3.2.8. Mechanism of MB adsorption

The mCNTs had a large number of hydroxyl groups and 
carboxyl groups, which can interact with dye molecules. 

Under acidic conditions, –COOH or –OH on the adsorbent 
surface can form hydrogen bonds with the positive nitro-
gen charge on MB. With the increase of pH, –COOH became 
–COO– and the electrostatic attraction between –COO– and 
MB with positive charge increased, resulting in the increase 
of the adsorption capacity. In addition, mCNTs and MB had 
both a large number of benzene rings, which can be line 
into a π-π conjugate. Fig. 15 shows the interaction between 
mCNTs and MB. 

4. Conclusion

In this paper, the mCNTs was prepared by modified 
multi-walled carbon nanotubes with a simple and read-
ily available sodium hypochlorite solution. The effects of 
adsorbent dosage, salt, temperature and time were studied. 
The results showed that salt coexisted in solution was dis-
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Fig. 14. The desorption/regeneration performance of prepared 
mCNTs.
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Table 4
Second adsorption of CR (C0 = 500 mg·L–1) on MB-loaded mCNTs 
(solid solution volume, 0.8 g·L–1).

Adsorbent No salt CNaCl = 0.1 mol·L–1

qe (mg·g–1) qe (mg·g–1)

mCNTs 23.93 73.39
MB-loaded mCNTs 289.5 162.4
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advantage of adsorption and it was fast to reach adsorption 
equilibrium. The pseudo-first order kinetic model and the 
pseudo-second order model were both well to fit kinetic 
process while Koble-Corrigan model was best to predict the 
equilibrium process. The thermodynamic parameters indi-
cated that the process was spontaneous and exothermic. 
Furthermore, there was high adsorption quantity of CR on 
MB-loaded mCNTs in second adsorption. It was implied 
that mCNTs be promising as adsorbent to remove dyes 
from solution.
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