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a b s t r a c t
Polyethyleneimine (PEI)-functionalized carboxylated multi-walled carbon nanotubes (MWCNTs) 
were used as an adsorbent (PEI-CNTs) to adsorb light green (LG) dyes (anionic dye) from solution. 
The structure and morphology of PEI-CNTs was characterized by transmission electron microscope, 
Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, and X-ray photoelectron 
spectroscopy (XPS). FTIR and XPS results showed that PEI was successfully loaded on MWCNTs. 
Raman analysis showed that the basic structure of MWCNTs did not change after the modification of 
PEI. The effects of pH and coexisting ions on the adsorption properties were studied. Batch adsorption 
and kinetic studies showed that the PEI-CNTs nanocomposite materials were efficient to remove LG 
from solution. The optimum condition for adsorption was pH 3. The adsorption of LG solution reached 
equilibrium within 5 h of contact time with a removal of 97%. Adsorption quantity was 469 mg·g–1 
at 293 K. Adsorption equilibrium data can be predicted by Langmuir model and Koble–Corrigan 
model, while the kinetic adsorption data followed pseudo-second-order model. The thermodynamic 
results showed that the adsorption was a spontaneous process with endothermic reaction and entropy 
increasing. LG-loaded adsorbent can be regenerated using 0.010 mol·L–1 of NaOH solution.
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1. Introduction

The wastewater containing dyes not only has obvious 
chromaticity, but also affects the senses, and the organic mat-
ter in water will consume dissolved oxygen and deteriorate 
the environment [1]. Dyes have great biological toxicity and 
threaten human health seriously, as there is aromatic structure 
[2]. Dyes can be discharged into water by the production and 
application of industries such as textile, coating, plastic, food, 
paper, leather, rubber, ink, and printing industries. The com-
position of dye’s wastewater is complex, and it is difficult to 
be biodegraded. There are high chromaticity, high toxicity, and 
high chemical oxygen demand value. So, dye wastewater is 
difficult to be disposed of. Therefore, it is urgent to purify the 
dye before the discharge of dye solution into environment [3,4].

The traditional treatment methods of dye wastewater 
include chemical oxidation, photocatalytic oxidation, 
electrochemical method, membrane separation technology, 
ion-exchange method, adsorption method, and 
biodegradation [5]. In these methods, the adsorption method 
is considered to be one of the most attractive methods. The 
adsorption method has the following advantages: low energy 
consumption, friendly environment, simple and fast, easy 
operation, high efficiency, and lack of secondary pollution 
[6,7]. It is one of the most applied wastewater treatment 
methods.

In recent decades, carbon nanotubes (CNTs) have 
attracted the attention of scholars worldwide. CNTs were 
first discovered by Iijim [8] in 1991. CNTs, including 
single-walled carbon nanotubes (SWCNTs) and multi-walled 
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carbon nanotubes (MWCNTs), are cylindrical nanostruc-
tures composed essentially of carbon atoms in sp2 hybrid-
ization [9]. As one type of carbonaceous material, CNTs 
have abundant pore structure and large specific surface 
area, which provide a wide range of adsorption sites [10,11]. 
Because of their surface functional groups and hydrophobic 
surfaces, CNTs show strong interactions with both organic 
compounds and heavy metal ions. However, because CNTs 
are easily reunited in solutions and are difficult to disperse 
in different solvents, the application of CNTs in many fields 
is limited. Therefore, the modification of CNTs to improve 
their dispersibility and adsorption properties has been 
widely studied.

Functionalization of CNTs is mainly carried out 
through chemical methods, including pure chemical 
methods (chemical oxidation and deposition) and 
extended chemical processes (i.e., electrochemistry, 
sol-gel, microemulsion, and hydrothermal method) [12]. 
Peng et al. [13] studied the removal of lead and copper 
ions in aqueous solution by CNT/magnetic iron oxide 
composite. Hadavifar et al. [14] reported the adsorp-
tion of Hg(II) from wastewater by amino-functional-
ized MWCNTs and thiol-functionalized MWCNTs. 
Adsorption isotherm and kinetic data were fitted by 
Langmuir and pseudo-second-order models, respectively 
[14]. Huang and Chen [15] studied the removal of Cr(VI) 
from the wastewater by magnetic MWCNTs. The pseu-
do-second-order model best explained the kinetic behav-
ior of the adsorption process. The calculated value of the 
Gibbs free energy demonstrated a spontaneous and endo-
thermic adsorption process [15].

Polyethyleneimine (PEI) with a large number of primary, 
secondary, and tertiary amines is easily protonated in aque-
ous solution and has a greater adsorption capacity for the 
anionic dye. Because of the water solubility of PEI, it is dif-
ficult to be directly used as adsorbent in the adsorption of 
anionic dye. PEI has been grafted onto the surface of various 
materials via chemically robust covalent bonds to improve 
the removal capacity of contaminants [16–18].

In this paper, through the cross-linking effect of epi-
chlorohydrin (ECH), PEI was grafted to MWCNTs, and 
PEI-CNTs were obtained with large amounts of amino 
groups. PEI-CNTs can be applied to adsorb acidic anionic 
dyes or heavy metal ions. The aim of this study was to 
prepare PEI-CNTs nanocomposite for the removal of light 
green (LG) dyes (anionic dye) from solution. The effect 
of pH and salt concentration on the adsorption quantity 
was performed, and the mechanism of adsorption was 
presented.

2. Materials and methods

2.1. Materials

Carboxylated MWCNTs (Macklin, Shanghai, China), 
PEI (molecular weight 10,000 g mol–1, Aladdin, Shanghai, 
China), absolute ethanol (Fuchen Chemical Reagent, Tianjin, 
China), and ECH (Kermel, Tianjin, China) were used. LG 
was purchased from Shanghai LanJi Science and Technology 
Development Co., Ltd. All of the chemical agents were of 
analytical grade.

2.2. Preparation of PEI-CNTs and LG solution

MWCNTs, NaOH, H2O, ethanol, and ECH were added 
into a conical bottle. The mixtures were placed in a thermo-
stat oscillator and shaken at 30°C for 6 h, then centrifuged 
and ethanol was added to wash away the excess ECH solu-
tion. Next PEI was added and shaken at a constant tem-
perature (30°C) for 4 h, then centrifuged and washed with 
distilled water to the neutral. Finally, functional MWCNTs 
can be obtained at the end of the drying process. Compared 
with MWCNTs, PEI-CNTs was easily dispersed in solution 
and separated by centrifugation.

Carboxylated MWCNTs with an inner diameter of 
2–5 nm, an outer diameter of less than 8 nm, a length of 
10–30 μm, and a specific surface area of 500 m2·g–1 were used 
in this experiment. LG formula is C37H34N2Na2O9S3, and its 
molecular weight is 792.88 g·mol–1. Dissolve LG in distilled 
water to prepare the reserve solution (400 mg·L–1). The 
preparation of all working solutions should be diluted with 
distilled water to the required concentration.

2.3. Characterization of CNTs and PEI-CNTs

Several analytical techniques were used to characterize 
the synthesized products. The microstructure and morphol-
ogy of MWCNTs and PEI-CNTs were imaged by transmission 
electron microscope (TEM, TECNAIG2F20-S-TWIN, USA). 
The characteristic functional groups were determined by 
Fourier-transform infrared spectroscopy (FTIR Spectrometer, 
Nicolet iS50, USA). Raman spectroscopy (Raman, LabRAM 
HR Evolution, France) was used to determine the structure 
of MWCNTs and PEI-CNTs. The binding energy of PEI-
CNTs before and after the adsorption of LG was analyzed 
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
England).

2.4. Adsorption experiments

The removal of LG from aqueous solution by PEI-CNTs 
was studied in batch mode. A certain amount of adsorbent 
(solid mass/solution volume, 0.80 g·L–1) was added to a 50 mL 
conical flask, and then 10 mL of LG solution was added at 
an initial concentration of 400 mg·L–1. Then the conical flasks 
were placed in thermostatic shaker (Guohua enterprise 
SHZ-82, China) at 120 rpm. After adsorption, PEI-CNTs were 
separated from solution by centrifugation at 5,000 rpm·min–1 
and LG concentration can be measured. Referring to the stan-
dard curve of LG at the maximum wavelength (633 nm), the 
concentration of LG in the supernatant was measured and 
calculated by spectrophotometer. (752, Shanghai Shun Yu 
Hengping Science Instrument Co., Ltd, China).

The effect factors included the following: (1) effect of pH: 
the pH value of the solution was adjusted in the range of 
3–10 by 0.1 mol·L–1 NaOH and 0.1 mol·L–1 HCl solution, at a 
constant temperature of 303 K, PEI-CNTs; (2) effect of salt con-
centration: within the range of 0–0.20 mol·L–1 in the solution 
of NaCl and Na2SO4 at a constant temperature of 303 K with 
pH 3, PEI-CNTs; (3) effect of contact time and temperature: 
the solution concentration is 400 mg·L–1 (50–360 min) at tem-
peratures 293, 303, and 313 K with pH 3; and (4) effect of LG 
concentration with solution: pH 3.0 at temperatures 293, 303, 
and 313 K, respectively.
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The adsorption quantity of LG loaded onto unit weight of 
PEI-CNTs was calculated using the following equation:

q
V c c
me

e=
−( )0  (1)

where V is the LG solution volume (L), c0 is the initial LG 
concentration (mg·L–1), ce is the LG concentration at any time 
t or equilibrium (mg·L–1), and m is the mass of PEI-CNTs (g).

2.5. Desorption study

The LG-loaded PEI-CNTs were obtained for LG adsorp-
tion at an initial concentration of 400 mg·L–1 (pH 3) and 
a temperature of 303 K. Then, they were washed with dis-
tilled water to remove unadsorbed dye and dried at 333 K. 
The exhausted adsorbent was regenerated by 0.010 mol·L–1 
NaOH solution. The regenerated adsorbent was reused at 
the same experimental conditions. The regeneration yield 
was obtained as the ratio of values of qe before and after 
regeneration.

3. Results and discussion

3.1. Characterization of MWCNTs and PEI-MWCNTs

3.1.1. TEM analysis

The TEM images of MWCNTs and PEI-CNTs are recorded 
in Fig. 1. It is observed from Fig. 1(a) that it was well dispers-
ible, there were no impurities on the surface of MWCNTs, 

and its structure was relatively complete and smooth. The 
surface of PEI-CNTs became rough and the diameter of 
the tube became thick, and there was a substance covering 
the surface from Fig. 1(b), which was a molecular coating of 
PEI after the graft reaction.

3.1.2. FTIR analysis

To confirm the type of functional groups on the CNTs 
before and after modification, FTIR spectra were performed 
and shown in Fig. 2. In the wave number 3,400 cm–1, there 
was a relatively wide strong peak, which was the stretching 
vibration of the –OH and –NH. The strong peak at 2,921 cm–1 
was the vibration peak of –CH3 and –CH2. The absorption 
peak at 1,710 cm–1 was due to the stretching vibration of C=O 
[19]. The absorption peak at 1,622 cm–1 was the characteristic 
absorption peak of the C–N vibration. Absorption at 1,000–
1,200 cm–1 was from vibration of C–O existed in MWCNTs. 
The main difference between the infrared spectra of PEI-CNTs 
and MWCNTs in the Fig. 2 was that the peak at 1,710 cm–1 
from vibration of C=O became very weak and the peak at 
3,440 cm–1 was enhanced from N–H stretching vibration, 
which indicated that a large number of amino groups were 
introduced on the MWCNTs surface. Therefore, it can be con-
cluded that PEI was successfully grafted onto MWCNTs.

3.1.3. Raman analysis

The Raman spectra of CNTs were also generally 
performed. The Raman characterization results of MWCNTs 
and PEI-CNTs are shown in Fig. 3. Peak on the left is the D 
band (disturbance band), which is caused by the lattice defect 
of the curved layer. The peak of the G band on the right is 
the scatting peak of tubular graphite structure caused by 
C=C and C–C [20]. The area ratio of the two absorption peaks 
(ID/IG) represents the order degree of the surface of the CNTs 
(disturbance degree) [21].

It can be seen from Fig. 3 that the position of D and G 
peaks in the modified MWCNTs shifted from 1,345.12 and 
1,581.47 cm–1 to 1,349.88 and 1,584.55 cm–1. This may be the 
interaction between PEI and MWCNTs resulting in a shift in 
the peak position. ID/IG of the MWCNTs was 1.09. After the 

(a)

(b)

Fig. 1. TEM images of (a) MWCNTs and (b) PEI-CNTs.
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Fig. 2. FTIR spectra of (a) MWCNTs and (b) PEI-CNTs.
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modification of PEI, ID/IG was 1.01. The location of D and G 
bands of CNTs did not change much before and after mod-
ification, and there was no significant difference in the ratio 
of their area. Thus, it was referred that the basic structure 
of MWCNTs after PEI modification does not change sig-
nificantly. As there was no change in symmetric vibration 
of C=C and C–C existed in CNTs and a very small change 
in asymmetric vibration of dipole moment, there were no 
obvious peaks near 1,583 cm–1 in FTIR. However, the change 
of electronic cloud was significant during vibration of C=C 
and C–C, and there was strong Raman scattering peak at this 
location.

3.1.4. XPS analysis

The surface chemical composition of raw and chemically 
modified granule was investigated using XPS (Figs. 4(a) and 
(b)). It is seen from Fig. 4(a) that PEI-CNTs mainly contained 
C, O, and N elements, where the N element mainly came 
from PEI. The element content was 87.58%, 4.77%, and 7.65%, 
respectively. Broadly speaking, the XPS analysis provided 
further evidences for the successful preparation of PEI-CNTs. 
It is seen from Fig. 4(b) that the S2p peak appeared at the 
binding energy of 168.31eV after adsorption of LG on PEI-
CNTs, which indicated that LG could be adsorbed onto the 
surface of PEI-CNTs.

Figs. 4(c)–(f) show the peak diagram of N1s and O1s 
before and after adsorption of LG by PEI-CNTs. It was 
observed that the fitted N1s peak can be assigned to –NH, 
=N–, –NH2, and –NH3

+ [22–24]. The XPS spectrum of O1s 
can be deconvoluted into two different peaks at 531.73 and 
533.40 eV [25]. After adsorption of LG, N1s were mainly 
divided into two peaks of 399.88 and 402.27 eV, and the 
corresponding proportions of –NH2 and –NH3

+ were 37.3% 
and 62.6% in Fig. 4(d), respectively, which was significantly 
higher than the proportions of –NH2 (28.6%) and –NH3

+ 
(58.1%) in Fig. 4(c). The position of –NH2 and –NH3

+ shifted 
from 399.45 and 400.16 eV to 399.88 and 402.27 eV. Comparing 
the O1s peaks before and after adsorption, the proportion of 
–OH increased from 64.1% to 78.3%, while the peaks of –OH 
and H2O shifted from 531.73 and 533.40 eV to 531.81 and 
533.30 eV. These differences indicated that the electrostatic 
attraction should occur between amino groups on adsorbent 
surface and the negative group (–SO3

–) on the dye molecule.

3.2. Batch adsorption studies

3.2.1. The effect of pH on adsorption

The pH of the solution affects the charge on the surface 
of the adsorbent and the chemical structure and stability of 
the dye surface. The effect of solution pH on LG adsorption 
is showed in Fig. 5. There was beneficial to the adsorption 
at solution pH 3. But, the adsorption capacity decreased sig-
nificantly when the pH value was more than 3, so the pH 
of the working solution was adjusted to 3 in the following 
experiments. There was positive charge on the surface of PEI-
CNTs when the solution pH was lower. LG was anionic dye 
with negative charge. The adsorption force was mainly elec-
trostatic attraction at lower solution pH. With the increase 
of solution pH, the electrostatic force was weakened and 
the adsorption capacity decreased. The similar results about 
effect of pH were also observed in the study of Methyl Orange 
adsorption onto cationic surfactant-modified wheat straw 
[26] and LG adsorption onto Salvadora persica powder [27].

At same conditions (adsorbent dose = 0.80 g·L–1, 
c0 = 400 mg·L–1, pH = 3, t = 360 min, and T = 303 K), values of qe 
were 487 mg·g–1 for PEI-CNTs and 109 mg·g–1 for MWCNTs, 
respectively. This confirmed that adsorption ability was 
significantly enhanced after PEI modification.

3.2.2. The effect of salt concentration on adsorption

In the actual process of wastewater treatment, the 
wastewater often contains other co-existing inorganic salt 
ions, and these inorganic salt ions may have an effect on the 
adsorption quantity. The effect of ionic strength is compli-
cated, and the presence of salts in solution might screen the 
electrostatic interaction between opposite charges at the sur-
face of adsorbents and adsorbates, resulting in low uptake 
during adsorption. Therefore, it is necessary to ascertain the 
effect of ionic strength on removal of dye from solution. The 
results are illustrated in Fig. 6. It was seen that the increase 
in the salt concentration resulted in a decrease of LG adsorp-
tion. The main reason was that electrostatic attraction was 
the main process of adsorption. A large number of Cl– and 
SO4

2– in salt solution could bind with functional groups on 
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adsorbent surface, which compete with LG for adsorption 
sites on PEI-CNTs, resulting in the decrease of adsorption 
capacity [28].

However, even in the salt of 0.20 mol·L–1, PEI-CNTs still 
had a higher adsorption capacity for LG. Therefore, other 
actions such as hydrogen bond and Van der Waals force 
were existed during adsorption process. So PEI-CNTs can be 
used to efficiently remove toxic dyes from textile wastewater. 
Similar result was observed about LG adsorption onto cat-
ionic surfactant-modified wheat straw [29].

3.2.3. The effect of contact time on adsorption

The effect of contact time on LG adsorption onto PEI-
CNTs at temperatures 293, 303, and 313 K is illustrated in 
Fig. 7. It is shown in Fig. 7 that there was a higher adsorption 
rate for LG adsorption in the initial phase of adsorption (less 
than 75 min). With the increase of contact time, the adsorption 
quantity increased and the adsorption tended to dynamic 
equilibrium at last. Adsorption nearly reached equilibrium 
at 300 min. According to the results of the experiment, the 

agitation time was fixed at 5 h for equilibrium study. It was 
also seen that there was higher adsorption capacity and faster 
rate of adsorption at higher temperature.

The study of surface dynamic is related to three 
parameters: the concentration, time, and temperature 
of the reaction matter. This paper mainly studied the 
nonlinear fitting of two kinetic models: pseudo-first-order 
equation and pseudo-second-order equation. The relative 
kinetic parameters obtained from two models are given in 
Table 1.

The pseudo-first-order kinetic model is as follows [30]:

q q et e
k t= − −( )1 1  (2)

The pseudo-second-order equation can be expressed as 
follows [30,31]:

q
k q t
k q tt
e

e

=
+
2

2

21  (3)

where qt and qe (mg·g–1) are the adsorption capacities at time (t) 
and equilibrium, respectively; k1 (min–1) and k2 (g·mg–1·min–1) 
are the rate constants.

The kinetic data were fitted by nonlinear regressive 
analysis, and the fitted curves are also shown in Fig. 7. The 
parameters of kinetic models and determined coefficients 
(R2) and errors (sum of the squares of the errors [SSE]) are 
listed in Table 1. From Fig. 7 and Table 1, it is clear that the 
pseudo-second-order equation is better to fit the experimen-
tal data of LG onto PEI-CNTs. The value of R2 was around 
0.95, and the error SSE was smaller. This showed that this 
model could provide a more comprehensive reflection of 
the adsorption mechanism of LG onto PEI-CNTs when com-
pared with the pseudo-first-order model, and the well-fit 
pseudo-second-order model implied that the rate-limiting 
step is chemical adsorption, and the adsorption rate simul-
taneously depends on the concentration of adsorbents and 
adsorbates [32,33]. However, the fitting results from the 
pseudo-first-order equation were relatively poor (with lower 
values of R2 and higher values of SSE), and this showed that 
this model was not suitable for describing the kinetic process.
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Fig. 5. Effect of solution pH on LG adsorption (T = 303 K, 
c0 = 400 mg·L–1, PEI-CNTs dosage = 0.80 g·L–1, and contact 
time = 300 min).
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3.2.4. The effect of concentration on adsorption

The effect of the equilibrium concentration of LG in the 
solutions on adsorption is shown in Fig. 8. The adsorption 
quantity increased with the increase of LG equilibrium 
concentration. This was mainly due to the increase of the 
concentration gradient on the surface of PEI-CNTs as the con-
centration of the solution increases, and more adsorbate was 
bound to the surface of the adsorbent. After the concentration 
of LG solution reached a certain level, the adsorption site of 
PEI-CNTs was fully occupied and the adsorption reached 
saturation, so the adsorption capacity no longer changes. It 
is also seen from Fig. 8 that the rising temperature was favor-
able of LG adsorption, indicating that the adsorption process 
was an endothermic reaction.

Adsorption isotherms can describe how the molecules 
or ions of adsorbate interact with the surface of adsorbents. 
Hence, the correlation of equilibrium data using either a the-
oretical or empirical equation is essential to explain or predict 
adsorption process. Three common isothermal adsorption 
equations were used in this paper: Langmuir, Freundlich, and 
Koble–Corrigan models. The experimental data of LG adsorp-
tion onto PEI-CNTs were analyzed by nonlinear fitting. The 
relative parameters of each model were shown in Table 2.

The Langmuir adsorption isotherm describes monolayer 
adsorption, which has always been the most widely used 
adsorption isotherm for solute adsorption in solution [30,34]. 
The Langmuir isotherm can be expressed as follows:

q
q K c
K ce

m e

e

=
+

L

L1  (4)

where qe (mg·g–1) is the amount adsorbed per unit mass of 
adsorbent, qm (mg·g–1) is the saturated adsorption amount, 
ce (mg·L–1) is the equilibrium concentration, and KL (L·mg–1) is 
a constant that is related to the binding energy.

The Freundlich isotherm expresses adsorption onto a 
heterogeneous surface [35,36]. The Freundlich isotherm is 
commonly presented as follows:

q K ce e
n= F

1/
 (5)

where KF and n are the Freundlich constants characteristic of 
the system, which are related to the adsorption capacity and 
adsorption intensity of the sorbent, respectively.

The three-parameter Koble–Corrigan equation is a 
combination of the Langmuir and Freundlich isotherm-type 
models [37,38]. It is given by Eq (6).

q
AC
BCe
e
n

e
n=

+1  (6)

where A, B, and n are the Koble–Corrigan parameters.
The isotherm model parameters were obtained by 

nonlinear regressive method, and the results are presented in 
Table 2 while the fitted curves are presented in Fig. 8. From 
Table 2, the value of KL was greater than 1 and this indicated 
the binding force was weak. Compared with values of R2 

and SSE listed in table, it was seen that there were higher 
values of R2 and lower values of SSE from Langmuir model. 
Furthermore, the fitted curves from Langmuir model were 
closer to experimental data. So Langmuir model can be used 

Table 1
Parameters of kinetic models for LG adsorption onto PEI-CNTs

Pseudo-first-order equation
T (K) qm(exp) (mg·g–1) qm(theo) (mg·g–1) k1 × 10–2 R2 SSE × 102

293 469 456 ± 4.5 5.80 ± 0.58 0.721 16.7
303 487 473 ± 4.8 5.34 ± 0.51 0.767 18.9
313 497 489 ± 2.8 8.47 ± 0.81 0.588 7.12

Pseudo-second-order equation
T (K) qm(exp) (mg·g–1) qm(theo) (mg·g–1) k2 × 10–4 R2 SSE × 102

293 469 476 ± 2.4 2.77 ± 0.21 0.965 2.10
303 487 497 ± 2.6 2.30 ± 0.16 0.971 2.32
313 497 500 ± 1.6 5.94 ± 0.52 0.942 1.01

Note: SSE = Σ(q–qc)2, where q and qc are the experimental value and calculated value according to the model, respectively.
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Fig. 8. Adsorption isotherms of LG adsorption onto PEI-CNTs at 
various temperatures.
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to predict the equilibrium process, indicating that the adsorp-
tion of LG onto adsorbents can be presumably considered as 
a monolayer adsorption process.

In the Freundlich isothermal equation, value of KF 
increased with the increase of temperature, indicating that 
the adsorption was an endothermic reaction. The R2 value 
of the Freundlich model was smaller and the SSE value was 
higher. Therefore, this model was not suitable for describing 
the adsorption of LG by PEI-CNTs.

For Koble–Corrigan model, the values of n were close 
to 1, and this indicated the isotherms were approach-
ing the Langmuir form. The values of R2 were above 0.95 
and the values of SSE were lower. The fitted curves from 
Koble–Corrigan model were closest to the experimental 
data. These results implied that the Koble–Corrigan model 
could best be used to describe the adsorption equilibrium 
behavior.

The values of qm from Langmuir isotherm of LG adsorp-
tion by various adsorbents were compared. At the tempera-
ture of 303 K, the adsorption capacity of PEI-CNTs to LG 
was 487 mg·g–1 in this experiment. The adsorption of LG by 
cationic surfactant-modified peanut husk and wheat straw 
was 146 and 70.0 mg·g–1 [26,29]. As a new biosorbent, S. 
persica (Miswak) powder had an adsorption capacity of 252 
mg·g–1 for LG [27]. An agricultural industry waste, de-oiled 
soya, and a waste of thermal power plants, bottom ash, had 
been tested for their adsorption ability to remove of LG dye 
from wastewater, and the adsorption capacities were 12.9 
and 12.3 mg·g–1, respectively [39]. Generally, the adsorp-
tion capacity of PEI-CNTs to LG was higher than other 
adsorbents.

3.3. Thermodynamic parameters of adsorption

In order to estimate the effect of temperature on the 
adsorption of LG onto PEI-CNTs, the free energy change 
(ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) 

were calculated. The apparent equilibrium constant (Kc′) of 
the adsorption is defined as follows [40]:

K c cc e
' /= ad,e  (7)

where cad,e (mg·L–1) is the concentration of LG on the adsor-
bent at equilibrium. The value of kc can be obtained with the 
lowest experimental LG concentration. The value of kc was 
used in the following equation to determine the Gibbs free 
energy of adsorption (ΔG°).

∆G RT Kc
0 = − ln '  (8)

The enthalpy (ΔH°) and entropy (ΔS°) can be obtained 
from the slope and intercept of van’t Hoff equation of ΔG° 

vs. T:

∆ ∆ ∆G H T S° = ° − °  (9)

where ΔG° (J) is standard Gibbs free energy change, R is uni-
versal gas constant, 8.314 J·mol–1·K–1, and T (K) is absolute 
temperature.

The activation energy (Ea) is a physical quantity related 
to the rate of reaction, and its value can be used to infer the 
speed of the adsorption process. The activation energy for LG 
adsorption was calculated by the Arrhenius equation, the lin-
ear form is as follows:

ln lnk k E RTa2 0= − /  (10)

where k0 (g·mg–1·min–1) is the temperature-independent fac-
tor, Ea (kJ·mol–1) is the apparent activation energy of the reac-
tion of adsorption, R is the gas constant, 8.314 J·mol–1·K–1, and 
T (K) is the adsorption absolute temperature. When ln k2 is 
plotted vs. 1/T, a straight line with slope −Ea/R is obtained.

Table 2
Parameters of adsorption isotherm models for LG adsorption onto PEI-CNTs at different temperatures

Langmuir

T (K) qm(theo) (mg·g–1) KL R2 SSE × 102

293 461 ± 7.6 3.98 ± 0.67 0.912 20.3
303 484 ± 5.6 8.46 ± 0.87 0.964 10.8
313 536 ± 9.1 6.45 ± 0.75 0.953 21.6

Freundlich
T (K) KF 1/n (×10–2) R2 SSE × 102

293 353 ± 15 6.15 ± 1.0 0.851 34.5
303 382 ± 16 5.64 ± 1.1 0.813 56.6
313 422 ± 23 5.59 ± 1.6 0.625 172.7

Koble–Corrigan
T (K) A B n R2 SSE × 102

293 1,241 ± 76 2.56 ± 0.19 0.524 ± 0.053 0.991 1.68
303 2,344 ± 485 4.74 ± 1.1 0.629 ± 0.13 0.975 6.19
313 4,673 ± 1,767 8.81 ± 3.4 1.25 ± 0.29 0.951 18.8
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Thermodynamic parameters were calculated and listed 
in Table 3. At the temperature of the experiment, the neg-
ative ΔG° values of LG adsorption onto PEI-CNTs signi-
fied the spontaneous nature of the process. In addition, the 
larger absolute value of ΔG° at high temperature indicated 
that the amount of LG adsorption increased with the rise 
in temperature. The positive value of ΔH° showed that the 
reaction was an endothermic reaction, and also showed 
that the higher temperature was beneficial to the reaction. 
This may be due to adsorbent swelling, superior dye diffu-
sion rate, and low solution viscosity. The positive ΔS° val-
ues illustrated that the reaction was the process of entropy 
increase, and it suggested the increased randomness at the 
solid–solution interface during adsorption of LG on PEI-
CNTs, reflecting principally the extra translational entropy 
gained by the solvent molecules [41]. The value of Ea was 
28.6 kJ·mol–1, which was less than 40 kJ·mol–1, and it was 
generally believed that there was physical adsorption in the 
adsorption process.

3.4. Desorption and regeneration experiments

Recycle of adsorbent and recovery of adsorbate will 
make the treatment process economical [42–44]. The regen-
eration of LG-loaded PEI-CNTs was performed by chemical 
treatment using 0.010 mol·L–1 NaOH as an elution solution. 
The desorption efficiency was 71.9%, 43.8%, and 31.7%, 
respectively. The regeneration rate of three cycles was over 
80%. It could be considered that NaOH destroys the inter-
action between adsorbent and LG and releases the occupied 
active sites. The adsorption capacity of PEI-CNTs for LG was 
higher than MWCNTs after three desorption and regenera-
tion experiments. In general, PEI-CNTs can be used as practi-
cal and renewable adsorbents.

3.5. Mechanism of LG adsorption

The functional group of PEI contains a large number of 
amino groups and can interact with dye molecules. In acidic 
conditions, the amine –NH2

 of the PEI molecule on the sur-
face of the adsorbent was protonated to –NH3

+, the sulfonate 
group of the reactive dye was dissociated and converted to 
anionic ions, and the electrostatic interaction between these 
two counter ions and forms an ion pair. As the pH of the solu-
tion increases, the electrostatic attraction between the dye 
molecules and the adsorbent decreases or the electrostatic 
repulsion force increases, which result in the decrease of 
adsorption capacity. Therefore, the predominant adsorption 
mechanism was electrostatic interactions between the anionic 
groups of dye and the cationic groups of PEI under acidic 
conditions [45]. However, there was still a certain adsorption 
capacity at higher pH values, thus, in addition to ionic bonds, 
N, S, and O on LG molecules may form hydrogen bond with 
–COOH groups or –NH2 groups on the surface of adsorbent. 
Fig. 9 represents the possible interactions between PEI-CNTs 
and LG.

4. Conclusion

PEI-CNTs was successfully prepared and used to adsorb 
LG from solution in batch mode. The lower pH value of the 
solution was beneficial to the adsorption, and the existence 
of salts was negative to adsorption. The Langmuir model 
and Koble–Corrigan model fitted the equilibrium data 
well, and the pseudo-second-order kinetic model can bet-
ter describe the process of LG adsorption, which indicated 
that the adsorption was single molecular layer and chemical 
adsorption process. The adsorption was spontaneous and 
endothermic. The regeneration of LG-loaded PEI-CNTs was 
effective by NaOH solution and the exhausted PEI-CNTs can 
be reused. Therefore, it may be concluded that the PEI-CNTs 
could be an efficient viable alternative for removal of anionic 
dye from wastewater.
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