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a b s t r a c t
A commercial multi-walled carbon nanotube (MWCNT) was selected as an adsorbent to remove 
triazophos, which is a representative insecticide. The MWCNT was characterized by transmission 
electron microscopy, Fourier transform infrared spectroscopy and Raman spectroscopy. The effect of 
initial pH value, ionic strength and adsorbent dosage on the adsorption capacity of triazophos was 
optimized. The adsorption behaviors of triazophos on MWCNT including adsorption kinetics, iso-
therms and thermodynamics were investigated. The results demonstrated that the adsorption kinet-
ics belonged to the pseudo-second-order and the adsorption rate constant was up to 1.7586 g/min; 
correlation coefficient was above 0.997. The Freundlich model fits better than Langmuir model, and 
the maximum adsorption capacity was 42.02 mg/g. The adsorption of triazophos onto MWCNT was 
thermodynamically feasible and spontaneous.
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1. Introduction

Triazophos is a universal insecticide, which shows an 
obvious effective control against a variety of crop pests [1]. 
However, the triazophos residue will cause water pollu-
tion when it enters water environment, and then ultimately 
cause detrimental environmental and health effects to wild 
animals and human beings [2–4]. Therefore, it is necessary 
and meaningful to remove triazophos residue from aquatic 
environment. To date, the wastewater treatment methods 

mainly are physical methods including physical adsorp-
tion and membrane separation method, biodegradation 
and chemical methods [5]. Among them, physical adsorp-
tion is generally regarded as efficient and promising way 
to remove this type of pollutants because of low cost, easy 
operation and no producing secondary harmful substances. 
Carbon nanotubes including multi-walled carbon nano-
tubes (MWCNT) and single-walled carbon nanotubes have 
been extensively studied as highly efficient adsorbents for 
dyes because it has excellent mechanical properties, high 
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specific surface area and high hydrophobic nature [6–11]. 
However, there is no report about adsorption of triazophos 
on MWCNT, it is necessary to investigate the adsorption of 
triazophos onto MWCNT.

In this work, MWCNT was selected as an adsorbent to 
remove triazophos in aqueous solution, the effect factors 
(adsorbent dosage, adsorption time, pH value and ionic 
strength) were optimized, and adsorption behaviors of tri-
azophos on MWCNT including adsorption kinetics, iso-
therms and thermodynamics were investigated.

2. Materials and methods

2.1. Chemicals and materials

The standard triazophos pesticide (96.5%) was provided 
by the ministry of agriculture pesticide quality supervision 
and testing center; Acetonitrile, acetone, toluene, hexane and 
methanol were HPLC-grade; MWCNT (labeled as GYM001) 
were purchased from Chengdu Organic Chemicals Co. Ltd., 
Chinese Academy of Sciences (Chengdu, China), its physical 
parameters were shown in Table 1, which was activated at 
105°C for 1 h before usage.

2.2. Characterization

Morphology of MWCNT was observed on transmission 
electron microscope (TEM; JEM-2100-200 kV). Raman spec-
trum was collected by a Renishaw inVia Raman microscope 
(UK) with excitation laser beam wavelength of 514.5  nm, 
measuring range was 100–3,200  cm–1; Fourier transform 
infrared spectra (FT-IR) were conducted on a Nicolet iS10 
FT-IR Spectrometer (Thermo Fisher Scientific, Germany) 
using KBr pellet technique over the wave number range of 
400–4,000 cm–1 with a resolution of 2 cm–1.

2.3. Adsorption experiment

Batch experiments were designed to investigate the kinet-
ics, isotherms and thermodynamics of triazophos adsorption 
onto MWCNT.

2.3.1. Adsorption experiment

The adsorption experiment process was as follows: 
5.00–50.00  mg MWCNT was added into 100  mL conical 
flask containing 50.00  mL of triazophos aqueous solution 
(8.00  mg/L), the pH values were adjusted from 2.00 to 
12.00 using 1.00 mol/L HCl or 1.00 mol/L NaOH. The ionic 
strength was adjusted by NaCl. The suspension was shook 

for 60  min at 200  rpm, then centrifuged at 3,000  rpm for 
5  min. 20.00  mL transparent solution was withdrawn and 
added into the solid phase extraction column, then 5.00 mL 
acetonitrile–toluene mixture solution (3:1) was added to 
elute the solution. The extracted solution was evaporated 
by water bath rotary evaporation at 35°C, then its volume 
was kept to 2.00 mL by adding acetone. Finally, the resultant 
solution was analyzed by GC-FPD.

2.3.2. Adsorption kinetics and thermodynamics experiment

12.00 mg of MWCNT were added to 100 mL flask con-
taining 50.00 mL of different concentrations triazophos aque-
ous solution (1.00, 4.00 and 8.00 mg/L). The temperature of 
suspension was set at 298, 308 and 318 K.

2.3.3. Adsorption isotherm experiment

Adsorption isotherm experiments were carried out by 
mixing 12.00 mg of MWCNT with 50.00 mL triazophos solu-
tion in a 100  mL conical flask. The initial concentration of 
triazophos solution varied from 1.00 mg/L to 90.00 mg/L. To 
reach adsorption equilibrium, the sample solution was shook 
continuously at 200 rpm and 298 K for 1 h.

2.4. Analytical method

The concentration of triazophos was analyzed quantita-
tively by gas chromatography (GC), the parameters of GC 
was followed: the chromatographic column was DB1701 
(30 m × 250 μm × 0.25 μm), the temperatures of inlet and 
analyzer were 220°C and 250°C, the initial column tem-
perature was 100°C, kept for 6 min and then increased to 
230°C at the rate of 20°C/min, further increased to 260°C 
at the rate of 15°C/min and kept for 8 min. The injection 
volume was 1  μL, nitrogen (1.81  mL/min) and hydrogen 
(75 mL/min) gases were used as carrier gases, the air flow 
rate was 100  mL/min. The standard curve of triazophos 
was y = 11,928x + 55.104 (y and x represented peak area 
and concentration of the triazophos, respectively), linear 
range was 0.005–1 mg/L and the linear correlation coeffi-
cient R2 = 0.9997.

The removal rate and adsorption capacity of triazophos 
on the MWCNT were calculated according to the following 
equations:

(1)	 Removal rate (%)

R (100%) = (C0 – Ct)/C0 × 100%� (1)

where R represents removal rate of triazophos onto MWCNT 
(%), C0 is initial concentration of triazophos in aqueous solu-
tion before adsorption (mg/L), Ct is residual concentration of 
triazophos in aqueous solution at t time.

(2)	 Adsorption quantity (mg/g)

Q = (C0 – Ct)/m*V� (2)

where Q is adsorption capacity of triazophos onto MWCNT 
(mg/g), m is mass of MWCNT (mg), V is volume of aqueous 
solution of triazophos (mL).

Table 1
Physical parameters of MWCNT

Parameter GYM001

Diameter, nm 10~30
Length, μm 5~20
Pure, wt% >90
Ash impurities, wt% <3.5
Specific area, m2/g >300
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3. Results and discussion

3.1. Characterization of MWCNT

3.1.1. TEM analysis

In order to observe the surface morphology and particle 
size of MWCNT, the microstructure of GYM001 was ana-
lyzed by TEM and is shown in Fig. 1. It shows that the surface 
of the tube wall of GYM001 was relatively smooth, tubular 
structure, irregular, not dispersed and attached fewer impu-
rities. The MWCNT (GYM001) were aggregated because 
of the existence of Van der Waals force and the presence of 
impurities affected the dispersion of GYM001.

3.1.2. Fourier transform infrared spectra analysis

In order to obtain the accurate molecular structure 
information, the FT-IR spectrum of GYM001 was recorded 
and is shown in Fig. 2. It shows the strong absorption peak 
at 3,441.18  cm–1 belonged to the stretching vibrations of 
–OH and intermolecular hydrogen bonding, which may 
be ascribed to the adsorbed H2O on the surface of carbon 
nanotubes. The strong absorption peak at 1,062.41  cm–1 

was the stretching vibration of C=C of carbon nanotubes 
skeleton. The absorption peaks at 1,441 and 1,639  cm–1 
were the stretching vibration of C–C. The absorption peak 
below 1,000 cm–1 may be the absorption of impurities on 
MWCNT [12].

3.1.3. Raman spectra analysis

The information of molecular vibration energy level 
(lattice vibration energy level) and rotational energy level 
structure can be obtained from Raman spectra. Fig. 3 shows 
the Raman spectrum of GYM001. There was the charac-
teristic Raman peak for MWCNT at 2,600  cm–1. The peaks 
at 1,352 and 1,582 cm–1 were the peaks of D and G peak. D 
peak reflects the degree of chaos of the structure of carbon 
nanotubes and G peak reaction reflects the degree of carbon 
nanotubes. It showed that it had defects in carbon nanotubes 
and the structure was disordered when the ratio (ID/IG) of the 
intensity of the two peaks was larger [13].

3.2. Effect factors on adsorption capacity of triazophos on 
MWCNT

3.2.1. Effect of contact time on the adsorption capacity

In order to investigate the adsorption capacity of triazo-
phos and determine the adsorption equilibrium time, the 
adsorption capacity of triazophos on MWCNT (GYM001) as 
a function of contact time is presented in Fig. 4. The results 
indicated that the adsorption capacity of triazophos over 

(a)

(b)

Fig. 1. TEM images of MWCNT 60000 (a) and 600000 (b).
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Fig. 2. FT-IR spectrum of MWCNT.

Fig. 3. Raman spectrum of MWCNT.
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carbon nanotubes increased fast with the increasing of time 
from 0 to 20  min, and reached adsorption equilibrium less 
than 60  min. It maybe that the MWCNT had much more 
unoccupied adsorption sites in the early stages of adsorption 
process, and with the increasing of contact time, the more 
and more adsorption sites were occupied, which led to the 
slow adsorption rate. Therefore, the adsorption equilibrium 
time was selected at 60 min.

3.2.2. Effect of pH value on adsorption capacity

In order to obtain the optimal pH value, the exper-
iment was carried out at pH 2–12 and the results are 
shown in Fig. 5, the adsorption capacity nearly kept 
unchanged (25–30  mg/g) when the pH value varied from 
2 to 8. However, the adsorption capacity decreased when 
pH value was more than 10. The main reason maybe that 
triazophos is a kind of nonionic organic compound [14], pH 
value has a little influence on the adsorption capacity [15]. 
Secondary, the isoelectric point of MWCNT is 5.0, the sur-
face of MWCNT is positively charged when the pH is less 
than the isoelectric point and negatively charged at high 

pH [16]. The functional groups of hydroxyl and carbonyl 
on the surface of MWCNT can combine with triazophos, 
then release H+, so that the measured pH value of aqueous 
solution was higher than the actual value under acid con-
dition. Moreover, the hydrolysis of triazophos occurs eas-
ily in strong alkaline environment and it is stable in acidic 
environment [17]. Therefore, the adsorption value was not 
affected in acidic environment and it is caused by hydroly-
sis in alkaline environment. Therefore, pH value of triazo-
phos was not adjusted because the pH value of triazophos 
aqueous solution was between 6 and 8.

3.2.3. Effect of adsorbent dosage on adsorption capacity

In order to obtain the optimal adsorbent dosage, the 
effect of adsorbent dosage on adsorption capacity was inves-
tigated and is illustrated in Fig. 6. It shows that the capacity 
of triazophos increased with the increase of the dosage from 
0.00 to 12.00 mg, the maximum adsorption capacity reached 
was 29.93 mg/g. Further increasing the adsorbent dosage, the 
capacity decreased fast and its value reached 7.99 mg/g when 
the adsorbent amount was 50.00 mg. The reason was that the 
adsorption sites of GYM001 increased with the increasing of 
adsorbent dosage from 0 to 12.00, however, further increas-
ing adsorbent dosage over 12.00  mg, there were no more 
adsorbate need to be adsorbed. Therefore, the adsorbent dos-
age was selected as 12.00 mg.

3.2.4. Effect of ionic strength on adsorption capacity 

Different ionic strength may change nanoparticles 
agglomeration state in the process of adsorption and then 
affect the adsorption capacity [18]. Effect of ionic strength 
on adsorption capacity on MWCNT was performed and is 
shown in Fig. 7. The result suggested that ionic strength was 
not the main factor affecting the adsorption of triazophos 
because the adsorption capacity almost remained a constant 
(27 mg/g). Therefore, ionic strength was not adjusted in the 
following experiments.

Fig. 5. Effect of pH value on adsorption capacity on MWCNT.

Fig. 4. Effect of contact time on adsorption capacity on MWCNT.

Fig. 6. Effect of adsorbent dosage on adsorption capacity on 
MWCNT.
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3.3. Adsorption kinetic study

The adsorption rate was an important parameter of the 
adsorption experiment. The pseudo-first-order rate equation 
assumes that the adsorption rate was determined by the num-
ber of free adsorption sites on the adsorbent surface; the pseudo- 
second-order kinetics model assumes that the adsorption 
rate was determined by the square value of the number of 
vacancies on the surface of the adsorbent [19]. To investigate 
adsorption characteristics of triazophos, adsorption processes 
were described by pseudo-first-order kinetic (Eq. (3)) and 
pseudo-second-order kinetics model (Eq. (4)) in this work:

ln
( )qe qt
qe

t
−

= −κ1 � (3)

t
qt qe

qe
t= +

1 1

2
2κ � (4)

where qe and qt (mg/g) represent the adsorption amount of tri-
azophos adsorbed at equilibrium and at time t, respectively. 
κ1 (min–1) and κ2 (g/(mg min)) are the pseudo-first-order and 
pseudo-second-order constants.

As shown in Fig. 8, at different temperatures (298, 308 
and 318  K), the adsorption quantity of triazophos on car-
bon nanotubes were 28.25, 28.17 and 29.15  mg/g. With the 
increase of temperature, adsorption capacities varied from 
28.17 to 29.15 mg/g. Fig. 9 presents the kinetic curves at differ-
ent concentrations (1.00, 4.00 and 8.00 mg/L), the adsorption 
capacities were 4.02, 16.50 and 28.25 mg/g. With the increase 
of concentrations, adsorption capacities increased from 4.02 
to 28.25 mg/g.

The above-mentioned experimental data were fitted 
with the pseudo-first-order and pseudo-second-order 
kinetics equations, and the obtained kinetic parameters 
are summarized in Table 2. The best-fit model was selected 
according to linear regression correlation coefficient (R2) 

and theoretical Qe (cal) value. The pseudo-second-order 
model for triazophos adsorption onto MWCNT can 
describe better than the pseudo-first-order model, because 
the correlation coefficients at different concentration (1.00–
8.00  mg/L) and temperature (298–318  K) were above 0.99 
(from 0.9972 to 1.000), the initial adsorption rate consant 
(h) was 28.41 mg/(g/min), adsorption rate constant was 
1.7586 mg/(g/min), whereas the correlation coefficients of 
pseudo-first-order model were below 0.98 (from 0.1786 to 
0.9785), adsorption rate constant was 0.0478  mg/(g/min). 
The qe (cal) values obtained from pseudo-second-order 
model were closer to the experimental qe (exp) value than 
those obtained from pseudo-first-order model. Therefore, 
the adsorption behavior of triazophos adsorption onto 
MWCNT belonged to the pseudo-second-order kinetic 
model. This result implied that the adsorption process may 
be controlled by chemical adsorption between MWCNT.

Fig. 7. Effect of ionic strength on adsorption capacity on 
MWCNT.

Fig. 8. The kinetic curves at different temperatures.

Fig. 9. The kinetic curves at different concentrations.
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3.4. Adsorption isotherm study

To understand the adsorbate–adsorbent interactions, 
we investigated the adsorption isotherms of triazophos 
on MWCNT. The commonly used two equilibrium adsorp-
tion models are Langmuir adsorption model and Freundlich 
model. The Langmuir model was an ideal adsorption 
model and suitable for single component gas or liquid 
adsorption [20]. The Freundlich model was the empirical 
formula and was mainly used to describe the non-uniform 
surface adsorption [21]. In this work, the experimental 
data was fitted by Langmuir isothermal adsorption equa-
tion (Eq. (5)) and Freundlich isothermal adsorption equa-
tion (Eq. (6)):

1 1 1 1
Q K Q C Qe L m e m

= +⋅ � (5)

where Qm is saturated adsorption capacity (mg/g); KL 
is Langmuir adsorption equilibrium constant related to 
the temperature (L/mg), Ce is equilibrium concentration 
(mg/L).

ln ln lnQ
n

C Ke e f= +
1 � (6)

where Qe is the equilibrium adsorption capacity (mg/g), 
n is the empirical constant related to temperature, Kf is the 
Freundlich adsorption equilibrium constant that could reflect 
the size of the adsorbent–adsorption affinity. It could show 
that the adsorption reaction was probable to happen easily 
when 1/n is between 0.1 and 0.5, the reaction was difficult 
when the 1/n was more than 0.5 [22].

The adsorption isotherm parameters calculated from 
Langmuir model and Freundlich model are listed in Table 3. 
The best-fit model was selected according to linear regres-
sion correlation coefficient (R2). The Freundlich model for tri-
azophos adsorption onto MWCNT can describe better than 
the Langmuir model, because the correlation coefficients 
at different temperature (298–318  K) for Freundlich model 
were above 0.95 (from 0.9597 to 0.9728), whereas the correla-
tion coefficients of Langmuir model were below 0.89 (from 
0.8555 to 0.8893). Adsorption of triazophos onto MWCNT 
belonged to multi-molecular layer adsorption and was much 
more likely because 1/n was greater than 0.1 and less than 0.5 
(between 0.1437 and 0.1834).

3.5. Adsorption thermodynamics study

Thermodynamics function included the variable of Gibbs 
free energy (ΔG), enthalpy (ΔH), entropy change (ΔS), which 
can describe the adsorption process of direction and degree. 
ΔG can be used to judge the type of adsorption, the range of 
value of ΔG can define physical adsorption (–20 to –0 kJ/mol) 
or chemical adsorption (–400 to –80 kJ/mol) according to ΔG 
value.

ΔG = –RTlnKc� (7)

K
C
Cc
s

e

= � (8)

ΔG = ΔH – TΔS� (9)

where T is the temperature of adsorption (K), R is gas equilib-
rium constant (8.314 J/(mol K)), Kc is equilibrium constant, Cs 
is solid concentration (mg/L), Ce is liquid phase equilibrium 
concentration (mg/L).

Thermodynamic function parameters were calculated. 
They are summarized in Table 4. ΔH and ΔS were found 
to be 8.17–38.44  kJ/mol and 0.11–0.35  kJ/(mol∙K), which 
indicated that the adsorption process was endothermic 
and increasing disorder degree. ΔG values calculated 
at different concentration of triazophos were all below 
–24.50  kJ/mol (–24.50 to –34.76  kJ/mol), which indicated 
that adsorption process was thermodynamically feasible 
and spontaneous when the temperature varied from 298 to 
318 K. Moreover, ΔG values below –24.50 kJ/mol indicated 
that adsorption process was chemical adsorption, and it 
was beneficial to the occurrence of adsorption reaction rais-
ing the temperature.

Table 2
The obtained kinetic parameters

Variable Actual value 
Qe (mg/g)

First-order kinetics equation Second-order kinetics equation
Qe (mg/g) κl/min–1 R2 Qe (mg/g) h (mg/g/min) κ2 mg/(g/min) R2

C0 (mg/L) 1 4.15 8.44 0.0125 0.1786 4.02 28.41 1.7586 0.9990
4 16.42 1.40 0.0276 0.8799 16.50 24.21 0.0889 1.0000
8 27.50 6.27 0.0309 0.9422 28.25 7.33 0.0092 0.9995

Temperature (K) 298 27.50 27.20 0.0420 0.9785 28.25 7.33 0.0092 0.9995
308 26.25 25.41 0.0478 0.9127 28.17 3.18 0.0040 0.9972
318 28.69 10.58 0.0278 0.9512 29.15 12.38 0.0146 0.9998

Table 3
Adsorption isotherm model and related fitting parameters

T (K) Langmuir equation Freundlich equation
Qmax 
(mg/g)

KL  
(L/mg)

R2 1/n Kf R2

298 39.68 7.20 0.8893 0.1437 26.23 0.9742
308 42.02 1.00 0.8555 0.1652 26.47 0.9597
318 39.37 1.00 0.8883 0.1834 22.54 0.9823
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4. Conclusion

In conclusion, the structural characteristic of a commer-
cial MWCNT and its adsorption property for triazophos 
were investigated. The adsorption behaviors (adsorption 
kinetics, isotherms and thermodynamics) of triazophos over 
MWCNT were investigated in detail, and the operation fac-
tors on adsorption capacity of triazophos on MWCNT were 
also optimized. The results indicated adsorption of triazo-
phos on MWCNT belonged to the pseudo-second-order 
model and the Freundlich model, and adsorption process 
was thermodynamically feasible and spontaneous. It was fea-
sible and meaningful to use MWCNT to remove hazardous 
insecticides such as triazophos.
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Table 4
Thermodynamic parameters

C0 (mg/L) T (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol)

1 298 –27.73 38.44 0.35
308 –34.76
318 –34.48

4 298 –28.26 6.95 0.12
308 –29.89
318 –30.62

8 298 –24.50 8.17 0.11
308 –25.14
318 –26.71


