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ABSTRACT

The removal of diazinon using low-cost sorbent Chitosan/Carbon Nanotube (CHN-CNT) from aque-
ous solutions has been investigated in the present study. A protected cross linking method was used
to synthesis of CHN-CNT with 2.5% of MWCNT. MWCNT is a promising candidate for improving
chitosan mechanical properties. Scanning electron microscopy (SEM), infrared spectroscopy (FI-IR)
and Thermogravimetric analyzer (TGA) were used to characterize the prepared adsorbent. Tests
were done to evaluate the effects of solution pH, the amount of CHN-CNT, diazinon concentration,
contact time and solution temperature on adsorption of diazinon onto CHN-CNT. Results showed
that CHN-CNT at a low amount of 0.5 g/L, in contact time 60 min and pH 5.5, could remove 82.5%
of the diazinon at initial concentration 5 mg/L. The Langmuir, Freundlich and Sips isotherm mod-
els were used to analyze the equilibrium experimental data. Equilibrium adsorption isotherm data
exhibited better fit to the Sips isotherm model, where the heterogeneity factor (n = 0.66) indicated
heterogeneous adsorption characteristics, with a maximum adsorption capacity of 222.86mg/g. Also
the experimental adsorption data was fitted well to the pseudo-second-order model. Overall, the
use of CHN-CNT due to the easier to prepare, high performance in adsorption, simple and effective
regeneration make CHN-CNT as a promising adsorbent to eliminate the pesticide from contami-

nated streams.
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1. Introduction

Organophosphate pesticides are a major class of pesti-
cides to control a variety of insects in agriculture. Diazinon
is a member of the organophosphate insecticides classified
by the World Health Organization (WHO) as “moderately
hazardous” Class II [1]. It is effective against adult and juve-
nile forms of flying insects, crawling insects, acarians and
spiders [2]. This compound is nerve poisons, highly toxic
to animals and humans. Specifically, neurotoxicity effects
of diazinon are attributed to its inhibition of the enzyme
acetylcholinesterase [3]. Residues of diazinon has been
detected in the surface and ground water due to its high
usage frequency in agriculture [4].

*Corresponding author.

Several techniques have been used for the elimination
of pesticides from aqueous solution including adsorption,
advanced oxidation processes, coagulation, membrane fil-
tration and biodegradation [5-13]. Adsorption has been
found to be superior to other techniques for water and
waste water treatment because of initial cost, flexibility, and
simplicity of design, ease of operation, and elimination of
toxic organic contaminants. Adsorption also does not result
in the formation of harmful substances [14]. This process is
a surface phenomenon that depends on the number of sites
available, porosity and specific surface area of adsorbent as
well as various types of interactions.

Various adsorbents have been used to remove differ-
ent types of pesticides. Chitosan is a glucosamine bipoly-
mer that is a good adsorbent to remove various kinds of
organic pollutant. Chitosan is a naturally abundant muco-
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polysaccharide that synthesized from the deacetylation of
chitin. It can be extracted from crustacean shell such as
fungi, insects and other crustaceans [15]. Because of its
unique properties, such as non-toxicity, biodegradability,
and biocompatibility, chitosan has a wide range of appli-
cations in various fields. Chitosan can be used as an excel-
lent natural adsorbent with powerful adsorptive capacity
due to peresence hydroxyl (-OH) and amino (-NH,) func-
tional groups of chitosan [16]. Amino groups of chitosan
can be cationized in the acidic media and adsorb anionic
organic compound strongly by electrostatic attraction [17].
Despite excellent performance of chitosan as an adsorbent,
poor mechanical properties of CS hydrogel beads limits
their commercial application as an adsorbent [18,19]. Var-
ious chemical methods, including poly amination, chem-
ical cross-linking and carboxy alkyl substitution, have
been performed to increase the mechanical strength of CS
hydrogel beads. But these processes may not satisfactorily
improve mechanical stability [20].

An effective method for improving the physico/chem-
ical properties of chitosan is incorporation with inorganic
fillers including silica and clay nanoparticles, Hydroxyap-
atite and calcium phosphate cements that are often used to
reinforce the chitosan matrix [19,21,22]. Carbon nanotubes
(CNTs) have been consider as favorable reinforcing fillers
for chitosan to achieve high performance and multi func-
tions, because of its excellent mechanical, electrical and
thermal properties. The incorporation of CNTs in chitosan
has been shown to improve the improvement of mechan-
ical and thermal properties compared with those of neat
chitosan, which may broaden the applications of chitosan
[18-20,23,24].

The aim of the present study is to explore the perfor-
mance of CS/CNT to remove diazinon from aqueous
solution. Some characterization studies, such as scanning
electron microscopy (SEM), infrared spectroscopy (FI-IR)
and Thermogravimetric analyzer (TGA) were used. The
effect of various factors such as temperature, contact time
and concentration and pH were investigated. The adsorp-
tion data were fitted to the Freundlich, Langmuir and Sips
isotherm equations. The adsorption kinetics of diazinon in
water on adsorbent was also analyzed by using pseudo first
order and pseudo-second-order kinetic models.

2. Materials and methods
2.1. Materials

Diazinon for the experiment was supplied by Sig-
ma-Aldrich. The properties of diazinon are presented in
Table 1 [11]. A stock solution (1,000 mg/L diazinon) was
prepared by dissolving appropriate amount of the diazi-
non in deionized water and kept in a refrigerator at 4°C
until use. Pristine multi-wall CNTs were purchased from
Nanosav Company (Tehran Province, Iran). According to
the data obtained from the company, the length of multi-
wall carbon nanotube (MWCNT) was <10 pm, the amount
of amorphous carbon was <5%, and the outer diameter
ranged from 10 to 30 nm which was synthesized by the
special chemical vapor deposition (CVD) method using
iron, cobalt, and molybdenum as the catalyst. Medium
molecular weight chitosan (MMWC) powder was pur-

Table 1
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Characteristics of diazinon insecticide used in this study [11]

Parameter Character/value
Molecular structure CH;
CH ,—037 Sy /O CH.—CH
=

N>\_)—o 0—CH,—CH,
CH,

CAS number 333-41-5

Chemical formula C,H,N,0,PS

Molecular weight 304.35 g/mol

Solubility in water 40 mg/L at 25°C

Octanol-water 3.40

partition coefficient

(log K,,)

Dissociation constant 2.6 at 25 °C

(pKa)

chased Sigma-Aldrich. All of the other reagents nitric acid
(Synth, 65%), acetic acid (Synth, 99%), Glutaraldehyde
(Synth, 25%), methanol (Synth, 99.9%) were purchased
from Merck.

2.2. Adsorption experiments

Adsorption studies were performed in the closed batch
system prepared in 100 mL flasks, closed with a cap. For
each adsorption experiment, 25 mL of the diazinon solu-
tion was transferred to the flask, the solution pH level was
adjusted to the desired value; the given amount of CHN-
CNT was added to the solution, and the suspension was put
on the magnetic device and stirred at 150 rpm for the pre-
ferred time. Cellulose acetate filter with 0.20 um pore size
was used to prepare solutions before injection to HPLC.The
selected variables and their limits were as follows; solution
pH (3-8), the amount of CHN-CNT (0.4-0.6 g/L), diazinon
concentration (5-50 mg/L), contact time (10-300 min), solu-
tion temperature (15-45°C). The suspensions were carried
to the desired pH by the addition of 0.1 M NaOH and 0.1
M HCI. All the experiments were performed in duplicate to
ensure data reproducibility

2.3. Analysis

Scanning electron microscopy (DSM-960A, Zeiss) was
used to study the morphology of CHN and CHN-CNT.
Fourier Transform Infrared Spectrophotometer (Tensor
27, Equinox 55, Bruker) was used to detect any functional
groups of CHN and CHN-CNT. Thermogravimetric analy-
sis was performed using TG analyser (STA504 from BAHR
Co., Germany). The runs were carried out in the tempera-
ture range of 22-600°C with a heating rate of 10°C min™ in
air. The concentration of diazinon was determined using a
HPLC (Agilent 1100 Series) with C18 column (250 x 4.6 x 5)
and a UV detector at a wavelength of 248 nm. The mobile
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phase was a mixture of acetonitrile and water with a volu-
metric ratio of 65/35 with an injection flow rate of 1 mL/
min. The pH was measured using a pH meter (Sense Ion
378, Hack). Temperatures of solutions were determined
with a thermometer. Ultrasound bath (HWASHIN, Power
Sonic 420, 50HZ, 700 W, Seoul, Korea) was used for solution
dispersion. Calculations of amounts of adsorption of diaz-
inon onto CHN-CNT were based on removal efficiency (R)
and adsorption capacity (g,) as follows:

(CO_Ce)
V(G -C,)
==

R= x 100 1)

9. @)
where g, is the amount of diazinon adsorbed by CHN-
CNT (mg/g), C, and C, are the initial and equilibrium lig-
uid-phase concentrations of diazinon (mg/L), respectively,
V is the solution volume (L), and M is the weight of CHN-
CNT used in the adsorption tests (gr).

2.4. Preparation of the CHN-CNT adsorbent
2.4.1. CNT oxidized

For polymer composites applications, CNT function-
alization is needed to improve dispersion as well as to
improve the interfacial strength and composite mechanical
performance [19,25]. Since chitosan contains amino groups,
hydrogen-bonding between the functionalized MWNTs and
chitosan is formed. Various impurities such as amorphous
carbon, graphitic plates, and metal catalysts can reduce the
adsorption effects of MWCNT thus chemical oxidation is
recognized as an efficient method for CNT purification,
promoting dispersion and surface activation and the solu-
bility in polar media at the same time [25-27].

Acidic oxidation methods have been widely reported
as an effective method to purify and functionalize the sur-
face of carbon nanotubes (CNTs) [25]. Nitric acide is effec-
tive and strong acid for oxidation of CNTs that introduced
functional groups such as carboxyl, carbonyl, and hydroxyl
on CNTs [25,26,28]. Since temperature and contact time are
important factors in oxidation and solubility of CNTs, dif-
ferent conditions were studied. The optimum condition for
oxidation was observed at 140°C for 5 h due to best dis-
persibility of CNTs in deionized water [29]. For oxidation of
CNTs, 4 g of pristine MWCNT was dispersed in 150 ml of
HNO, (Synth, 65%) for periods of time (5 h) and at tempera-
tures (140°C). Then, it was centrifuged for 10 min at 5,000
rpm. The solid residue was washed with deionized water
to remove the excess nitric acid. Finally, it was dried under
vacuum for 72 h.

2.4.2. Synthesis of the CHN-CNT adsorbent

To make MWCNT suspension, 60 mg of MWCNT was
first suspended in 40 mL deionized water. MWCNT sus-
pension was homogenized in ultrasonic bath for 90 min at
35°C. CS solution was separately made by dissolving 2.5
g of CS into 100 mL deionized water and 1.5 ml 1% acetic
acid. Using a magnetic stirrer, CS solution was completely

mixed for 24 h. In two stages MWCNT suspension was
added to CS solution and homogenized in ultrasonic bath
for 60 min at 35°C to achieve a final CS concentration of
2.5%. The final weight ratio of CNTs to CS in all of the
experiments was 2.5%. Then the prepared dispersed solu-
tion was injected through a 0.2-mm-diameter syringe at
a 1 rpm flow rate into a coagulation solution bath (H,0/
MeOH/NaOH 4 : 5 : 1 w/w/w) at room temperature for
24 h with continuous stirring. The coagulated granules
were then washed several times with deionized water.
Then a protected-cross linking method with glutaralde-
hyde was used. Cross-linking agents do not only stabilize
chitosan in acid solutions so it improves its mechanical
properties [30]. The aminogroups of chitosan causes that
chitosan can easily dissolve in various dilute acid solu-
tions to yield a hydrogel in water. Thus, it is necessary in
solubilization method such as cross linking treatment for
applying chitosan to an adsorbent gel [31]. The cross link-
ing was performed though C=N bond formation between
the amine groups of CHN and the aldehyde terminals of
the glutaraldehyde. The related reaction was carried out
by the immersion of granular adsorbent in 25% glutaral-
dehyde (at the mass ratio of 2:1) at room temperature for
24 h. Then granular adsorbent was washed several times
with deionized water. Finally, it was dried under vacuum
for 72 h [32-34].

3. Results and discussion
3.1. Characterization of adsorbent
3.1.1. Morphological study

The SEM images shown in Fig. 1(A) and (B) correspond
to CHN, oxidized MWCNT and Fig. 1(C) and (D) corre-
spond to CHN-CNT, respectively. According to Fig. 1(D),
surface of CHN-CNT illustrates a non-uniform coating of
MWCNTs on chitosan including of CNT fibers that is differ-
ent from the surface of the pristine chitosan. An electrostatic
interaction between the positively charged polycation of CS
and the negatively charged CNTs is induced and it would
decrease the van der Waals forces among CNT bundles by
wrapping the CNTs in polymerchains [33].

3.1.2. Fourier transform infrared (FTIR) analysis

The infrared spectra of CHN and CHN-CNT are shown
in Fig. 2. The FTIR spectra of pure chitosan (a spectrum)
exhibit bands at 3545 cm™ and 3379 cm™ due to the stretch-
ing vibration mode of O-H and N-H groups. The peaks
at 2936 cm™ is typical of C—H stretch vibration, while the
band at 1652 cm™ is due to the amide group (C=0 stretch-
ing of N-acetyl groups), 1378 cm™ peak is due to the COO-
group in carboxylic acid salt, 1035 cm™ stretching vibration
of C—O-Cin glucose circle [30]. The cross linking reaction
for CHN-CNT was confirmed by observation of a peak at
1587 cm™ which corresponds to imine C=N bond [34,35].
The stretching at 1720 cm™ is due to free-aldehydic bonds
[36]. Also due to the presence of oxidized CNTs in CHN-
CNT, the stretching vibration of functional groups C-H,
COO- and C-0O at 2936 cm™, 1378 cm™ and 1035 cm™ peak,
respectively, increased.
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Fig. 2. FTIR spectra of CHN and CHN-CNT.

3.1.3. Thermogravimetric analyzer (TGA)

The thermal behavior of CHN and CHN-CNT by ther-
mogravimetric analysis (TGA) are presented in Fig. 3.
According to Fig. 3, for CHN and CHN-CNT, there are two
main weight loss stages in the range of 220-350°C and 400-
500°C which are attributed to decomposition of saccharide
rings of chitosan chain [37] and imine bond between glutar-

Weight (%)

20 T T T T
50 150 250 350 450 550 650

Temperature (°C))

Fig. 3. Thermogravimetric analysis of CHN and CHN-CNT.

aldehyde and the glucosamine nitrogen of chitosan [38,39],
respectively. The presence of carbon nanotubes in the chi-
tosan enhanced the thermal stability in chitosan so that
the percentage of decomposition decreased from 66.62%
to 63.22% for the CHN and CHN-CNT, respectively. Ther-
mal stability of chitosan-carbon nanotube composites was
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investigated by some researchers [23,40,41]. In all instances,
the results showed that the thermal stability of composites
improved by addition of carbon nanotube.

3.1.4. Determination of pHpzc

The point zero charge (pHpzc), is the pH at which a
particle carries no net electrical charge in the statistical
mean. At pH values higher than the pHpzc, the surface of
the CHN-CNT has negative charges and pH values below
the pHpzc, there is a net positive charges on the CHN-
CNT surface. In this study, the pHpzc were determined
though measurment of pH changes of 0.1 M NaCl aqueous
solutions containing CHN-CNT (0.5 mg/1) with initial pH
in the range of 3-9 (adjusted by NaOH or HCI). The pHpzc
of the CHN-CNT was about 5.9. The pHzpc of CHN-CNT
indicated that its surface has positive charges at pH < 5.9

that can be due to presence of amine groups on surface of
CHN-CNT.

3.2. Influence of solution pH

The effect of pH on the adsorption of diazinon by CHN-
CNT is illustrated in Fig. 4. The pH was monitored in the
range of 3 to 8 at 0.5 g/L CHN-CNT, 5 mg/L diazinon con-
centration and contact time of 60 min. As shown in Fig. 4,
the adsorption of diazinon on CHN-CNT decreases with
an increase in the pH. This behavior can be explained as
follows; the surface of CHN-CNT is positively charged at
a solution pH value below 5.9 (pHpzc). Also at low pH, dia-
zinon molecules dissociate and convert into to anionic spe-
cies (pKa = 2.6) [11,42]. The adsorption process is performed
due to electrostatic attractions between the anionic species
of diazinon and positively charged CHN-CNT particles at
low pH. Also, due to presence of oxidized CNT fibers on the
surface of CHN-CNT, several kinds of interactions contrib-
ute to diazinon attachment to oxidized CNT. At a low pH,
oxidized CNT has hydrophobic surface due to the hydro-
gen bonding of COOH groups, leading to aggregated CNT
[43,44]. Diazinon is a hydrophobic insecticide (Kow = 3.81),
therefore it is thought that Hydrophobic attraction occur
between diazinon and CNT with decreasing pH. Also, n-nt
interactions might also have contributed to the aromatic
fragments (m acceptors) of diazinon and the graphene sheets

85
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Fig. 4. Effect of solution pH on adsorption of diazinon onto
CHN-CNT.
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(m donors) of carbon nanotubes [45,46]. The maximum diaz-
inon adsorption on CHN-CNT (8.32 mg/g) occurred at pH
3. The result showed that pH plays an important role in the
adsorption of diazinon by CHN-CNT.

3.3. Effect of amount of CHN-CNT and contact time

The influence of amount of CHN-CNT and contact
time on diazinon removal constant concentration of diaz-
inon 5 mg/L is presented in Fig. 5. According to Fig. 5, the
adsorption of diazinon onto CHN-CNT has a fast stage at
first which is followed by a slow stage until reaching equi-
librium. In initial fast stage the available adsorption sites
of CHN-CNT is high as time passes due to these sites are
occupied the adsorption rate decreased. It can be seen the
equilibrium time occur in 60 min for CHN-CNT. Also the
removal of diazinon increased with an increased contact
time for all three doses of CHN-CNT. In a short contact
time of 10 min, 49.4%, 56.9%, and 70.2% of diazinon was
removed with 0.4, 0.5, and 0.6 g CHN-CNT, respectively.
The removal efficiency of diazinon increased to 62.3%,
80.8%, and 85.8% for 0.4, 0.5, and 0.6 g CHN-CNT, respec-
tively, when the contact time was increased to 60 min. It
can be explained,the greater CHN-CNT mass in a solution,
the greater the number of adsorption sites available, con-
sequently more diazinon molecules is able to interact with
the available adsorption sites so improve diazinon removal
[11]. The result showed that the CHN-CNT have a good
potential in diazinon removal.

3.4. Adsorption isotherms

Adsorption isotherms are used to determine to quantify
the interaction between solute and the adsorbents, critical
in optimizing the purification process. Three equilibrium
adsorption isotherms, namely Freundlich, Langmuir and
Sips, have been studied. The Freundlich isotherm, which is
an empirical equation for multi-layer adsorption of adsor-
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Fig. 5. Effect of amount of CHN-CNT on adsorption of diazinon
onto CHN-CNT as a function of contact time (diazinon concentra-
tion: 5 mg/L; solution pH: 5.5; the amount of CHN-CNT : 0.4-0.6
g/L; contact time: 10-240 min; solution temperature: 25°C).
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bate onto heterogeneous surfaces with a non-uniform dis-
tribution, can be expressed as follows: [47].

q.= Kfce“/n) (3)
Eq. (3) can be rearranged to obtain a linear form:
logg, =logK, + (lj logC, 4)
n

where g, (mg/g) is the amount of diazinon adsorbed onto
CHN-CNT, C, (mg/L) is the equilibrium concentration of
diazinon in the liquid phase, n and K ((mg/g) (L/mg)?/™ are
Freundlich constants that represent the adsorption intensity
and adsorption capacity, respectively.

The Langmuir isotherm model describes mono-layer
adsorption on homogeneous surface with no interaction
between adjacent adsorbed solutes. The Langmuir isotherm
is written as follows:

_ bQC,
9= 1+bC, ©)
The linear form of Eq. (5) is:

C_c 1 ©)
9. 4. bq,

where b (L/mg) and Q (mg/g) is the Langmuir constant
indicating mono-layer capacity and energy of adsorption,
respectively. The Based on Langmuir isotherm, the separa-
tion factor R, was estimated in the diazinon concentration
range 5-50 mg/L using the relationship:

1
R = (1+bc,) @

The computed values of R, are in the ranges of 0.17-0.68
for diazinon, respectively. This indicates that sorption is
favorable in nature [48].

Meanwhile the Sips isotherm model can be considered
as a combination of Langmuir and Freundlich equations
and expressed as follows [49]:

B qm (bCS)l/n

- 1+(bce)l/n (8)

e

Eq. (8) can be linearized as:

1 1 b" 1 1
log[———leog[—J+—log[—] )
qf q”’ qm n CE

where g, (mg/g) is maximum adsorption capacity, b (L/
mg) is the affinity constant for adsorption and 1/ is the

Table 2
Information of diazinon adsorption isotherm onto CHN-CNT
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heterogeneity factor. If the value for 1/n is less than one, it
indicates that it is heterogeneous adsorbents, while values
closer to or even one indicates that the adsorbent has rela-
tively more homogeneous binding sites.

The equilibrium data fit well with non-linear and linear
form of models. The obtained data from fitting the exper-
imental equilibrium adsorption are presented in Table 2.
According to Table 2, the non-linear form of models could
estimate the experimental data slightly better than the lin-
ear forms. Equilibrium adsorption data could be better fit-
ted with the Sips isotherm (Fig. 6). According to Table 2, the
obtained data for the maximum adsorption capacity (g, )and
heterogeneity factor (1/n) are 222.86 mg/g and 0.66, respec-
tively. The calculated values for 1/n (0.66) showed that
CHN-CNT beads are heterogeneous adsorbents. According
to SEM images, surface of CHN-CNT illustrated a non-uni-
form distribution of MWCNTs incomposite that causes a
heterogeneity surface of CHN-CNT. Also some researcher
showed that the cross-linked chitosan beads using glutaral-
dehyde have more heterogeneity on the surface compared
to the chitosan beads [32,50].

3.5. Adsorption kinetics

In order to investigate the adsorption processes of
diazinon on CHN-CNT, two well-known models, pseu-
do-first-order and pseudo-second-order kinetic model were
employed to describe the adsorption process. The pseu-
do-first-order kinetic model is given as [12]:

Kt
2303

b _ log
de =4

log (10)

70

60 -

50

a0 H

¢ Experimental data

qe(mg/'g)

o4 ¥ a-- Langmuir model

— Sipgmodel

20 .
------- Freundlich model

10 -

10 15 20 25
Ce (mg/1)

Fig. 6. Non-linear Freundlich (a), Langmuir (b) and Sips (c)
model for the adsorption of diazinon onto CHN-CNT.

Parameter ~ Freundlich isotherm Langmuir isotherm Sips isotherm

n R? b R, R? b 1/n R?
Linear 9.77 1.69 0.988 77.51 0.118 0.14-0.62  0.965 222.86 0.01 0.67 0.992
Non-linear  10.62 179 0.998 8522  0.091 0.17-0.68  0.996 222.86 0.0096  0.66 0.999
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Eq. (10) can be rearranged to obtain a linear form:

Kt
2.303

log(q. —q,) =loga, (11)

The values of g, and K, are determined from the slope
and intercept of the straight line. The pseudo-second-order
kinetic model is presented as:

q[iqe =%+K2t (12)
Eq. (12) can be linearized as:

t 1 1

IR AN 4

The value of g, and K, are determined from the slope
and intercept of the straight line. Where, g, and g, refer
to the amount of diazinon adsorbed (mg/g) at equilib-
rium and at any time, t (min), respectively. K, and K, are
the equilibrium rate constants of the pseudo-first-or-
der adsorption (1/min) and the pseudo-second-order
adsorption (g/mg min), respectively. Fig. 7 shows the
pseudo-first-order and pseudo-second-order kinetic
model fitting to the experimental data for CHN-CNT at
initial diazinon concentration 5 mg/L. The experimen-
tal amount of adsorption equilibrium(qg,, ), the rate con-
stants of pseudo-first-order and pseudo-second- order
kinetic (K, and K,), the calculated amount of adsorption
equilibrium (g, ) and the correlation coefficients (R?) are
shown in Table 3.

A lower normalized standard deviation was obtained
as follow[11]:

8.5

8

7.5
I / .
T / ¢ Experimental data
g 7 !
T 65 pseudo-first-order

6

------- pseudo-gecond-order
5.5
5
0 100 200 300 400

Time (min)

Fig. 7. Kinetic models for diazinon adsorption onto CHN-CNT
at initial concentration 5 mg/L.

Table 3

a \/ 5[ (Geep = o)/ G ”

n-1

The best model is based a higher determination coeffi-
cient (R?) and lower normalized standard deviation (Ag). As
observed in Table 3, the calculated amount of adsorption
equilibrium (g, ) from pseudo-first-order and pseudo-sec-
ond-order kinetic model for linear and non-linear methods
are relatively close to the experimental amount of adsorp-
tion equilibrium (q,,, ). The pseudo-second-order kinetic
model, as shown clearly in Fig .7, appeared to be the bet-
ter fitting model because it has higher R?and lower Aq than
of the pseudo-first-order kinetic model. Several researches
investigated the removal of pollutants by chitosan and
carbon nanotube sorbents either individual or composite
[20,24,29,32,51-54]. In many cases, the experimental data
for adsorption could be well fitted by second-order kinetic
model. The better fit of the pseudo-second-order model
with the experimental data of diazinon adsorption onto
CHN-CNT indicates that both adsorbate and adsorbent
affected the adsorption [55,56]. Also as observed in Table 4,
the non-linear forms of pseudo-first-order and models were
more suitable than the linear forms for fitting the experi-
mental data and estimating the kinetic parameters. Similar
findings were reported in previous research [57].

3.6. Adsorption thermodynamic

The effect of temperature on the sorption of diazinon
onto CHN-CNT was studied in the range of 288-318 K at
initial concentration 5 mg/L and optimum conditions. The
plot of InK_verses 1/K gives a straight line with a coefficient
of determination (R?), 0.97 for diazinon as shown in Fig.
7. Thermodynamic parameters such as Gibbs free energy
change AG®° (KJ/mol), standard enthalpy change AH® (KJ/
mol), and standard entropy change AS® (J/mol K) were esti-
mated by the following equations [48]:

AG'= RT Ln K. (15)
AHT _AST 1k (16)
RT R

where K is the thermodynamic equilibrium constant of
adsorption (L/gr), R is the gas constant (8.314 J/(k-mol)),
and T is the absolute temperature (K). The values of AH®
and AS° are computed from the slope and intercept of plot
(Fig. 8).

gThermodynamic information is summarized in Table 4.
The negative values of AG® in all temperatures indicate that
the adsorption is a fairly favorable and spontaneous pro-

Adsorption kinetic model rate constants for diazinon adsorption onto CHN-CNT

Methods Pseudo-first-order Pseudo-second-order

C, Experimental K, R? K, R?
Linear 5 8.2 0.025 0.739 691 0.155 0.034 0.999 8.33 0.0379
Non-linear 5 8.2 0.25 0.9993 8.088 0.0323 0.026 0.9996 843 0.0207
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Fig. 8. Plot of In k, vs. 1/T for estimation of thermodynamic pa-
rameters for adsorption of diazinon on CHN-CNT.

Table 4
Thermodynamic parameters for diazinon adsorption onto
CHN-CNT

Adsorbent Thermodynamic Temperature R?
parameters 318 308 298 288

CHN-CNT AG’ (K]J/mol) —2.88 -4.35 -5.39 -6.21 0.976
(KJ/mol) 289

AS°(j/(mol-K)) 111

cess. Also, the decrease in AG® by the increase in tempera-
tures confirmed that high temperatures would make more
spontaneous and faster for the adsorption of diazinon onto
CHN-CNT. In other words, high temperatures are favorable
[11]. The positive value of AH® (28.9 k]J/mol) indicates that
the adsorption of diazinon onto CHN-CNT is endothermic
in nature. The values of standard entropy change AS° (111
J/mol K) suggest the increasing randomness at the solid/
liquid interface [29].

3.7. Regeneration of new adsorbent

The regeneration studies will determine the reusability
of the CHN-CNT which contributes to the cost-effective-
ness of as an adsorbent. Regeneration could be done using
several common eluents reported in literatures such as
EDTA, hydrochloric acid, nitric acid, sodium chloride solu-
tion, and sodium hydroxide [15]. The adsorbent recovery is
defined as the percentage ratio of the adsorption capacity of
the regenerated adsorbents to that of the initial adsorbent.
In this study, the regeneration was done by 0.1 M of NaOH
solution, which was known to be efficient in recovery pro-
cess. In alkaline medium the diazinon adsorption decrease
due to protonation of amine groups of chitosan does not
occur and the electrostatic repulsion between the surface of
diazinon and the surface of CHN-CNT induce. The value of
pH was adjusted to 13 and the regeneration time was eval-
uated to be in the range of 10-30 min. The effect of regen-
eration cycles of the CHN-CNT on the diazinon adsorption
capacity for initial concentration 5 mg/L was examined and
the results are shown in Table 5. According to the obtained
data, the adsorption capacity before regeneration was about

Table 5
Regeneration of CHN-CNT for diazinon

Cycle Adsorption capacity of diazinon (mg/g) Regeneration

Before regeneration After regeneration efficiency (%)
1 8.25 8.01 97.2
2 8.25 79 959
3 8.25 7.87 954
4 8.25 7.82 949

8.25 mg/g. It decreased to 8.01 mg/g after the first cycle
of regeneration, and in the fourth cycle of regeneration, it
was about 7.82 mg/g. Decrease in adsorption capacity after
regeneration may be due to incomplete desorption of the
diazinon from the surface of CHN-CNT [29]. The results
demonstrated that the CHN-CNT could be effectively
regenerated furthermore its regeneration process is simple
and cost-effective.

4. Conclusions

In this work CHN-CNT was prepared by a protected
cross linking method with 2.5% of MWCNT. The results of
SEM, FT-IR and TGA tests confirm the bonding of the carbon
nanotubes and the chitosan. Diazinon adsorption on CHN-
CNT, was examined under different operational parame-
ters. It was found that the adsorption rate of diazinon onto
CHN-CNT depended on solution pH value, the amount of
CHN-CNT, contact time and solution temperature. The fit-
ting of the equilibrium isotherm data of the CHN-CNT into
different isotherm models showed the best fit to the Sips
model. The maximum adsorption capacity of the CHN-
CNT obtained from the Sips model was 222.86 mg/g. The
adsorption kinetics were more appropriately described by
the pseudo-second-order model rather than pseudo-first-or-
der model. Also the non-linear forms of pseudo-first-order
and pseudo-second-order models were more suitable than
the linear forms for fitting the experimental data. Further,
the thermodynamic data illustrate that the adsorption
process is spontaneous, endothermic. The regeneration of
the CHN-CNT could be effectively performed by 0.1 M of
NaOH solution, and reused without decreasing its adsorp-
tion capacity significantly. Overall, the CHN-CNT exhibited
a high regeneration efficiency and excellent removal effi-
ciency in adsorption of diazinon. Therefore, more studies
on the removal of other environmental pollutants by CHN-
CNT are strongly recommended.
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