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ABSTRACT

Chitosan–montmorillonite bionanocomposite (CTS–MMT) was prepared for removing the
herbicide quinclorac (QC) from aqueous solution. The resulting nanocomposites were
characterized by X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), Brunauer–Emmett–Teller (BET) surface area
and Barrett–Joyner–Halenda (BJH) pore size distribution analysis. The adsorption of QC
onto CTS–MMT as a function of adsorbent dosage, pH, temperature, ionic strength, contact
time, and initial QC concentration was investigated by conducting batch adsorption experi-
ments. The results showed that CTS–MMT exhibited higher adsorption affinity and higher
adsorption capacity towards QC than the unmodified montmorillonite. The adsorption
kinetics data of QC onto CTS–MMT were well described by the pseudo-second-order kinet-
ics model. Adsorption isotherms fitted well with the Freundlich isotherm model in the
heterogeneous adsorption process. Adsorption thermodynamics study indicated that the
adsorption of QC onto CTS–MMT was a spontaneous and endothermic process. The QC
molecules on CTS–MMT could hardly be desorbed by water, but could be desorbed by
0.1 mol/L NaOH solution. QC adsorption on CTS–MMT may involve electrostatic attrac-
tion, cation–dipole, hydrogen bonding, and van der Waals interactions. The findings of this
study suggest that CTS–MMT is a potential adsorbent for quinclorac pollution remediation.
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1. Introduction

Quinclorac (3,7-dichloroquinoline-8-carboxylic
acid) is a highly selective herbicide which is widely
used in rice crops in many countries, such as in Brazil,
United States, Uruguay, China, etc. [1,2]. However, it

has been reported that quinclorac has adverse effects
on aquatic animals and hydrophytes. Besides, it is
considered to be a hepatic and renal toxicant because
of its characteristics of persistence, high toxicity, and
bioaccumulation [3,4]. Furthermore, its residues in soil
may cause potential hazards to rotate crops and
ecological environment [5,6]. It is reported that due to
its high mobility, quinclorac contamination spreads*Corresponding author.
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from rice production areas to nearby aquatic systems
through various pathways [7–10]. In recent years,
many studies reveal that quinclorac is a common agro-
chemical residue in the waters near paddy fields, and
it has been the most frequently detected agrochemical
residue in some countries [11,12]. Therefore, it is very
important to explore viable remediation methods for
quinclorac-polluted waters.

Some methods for removing quinclorac have been
proposed, including photolytic and photocatalytic
degradation [2,12], biodegradation [13], and adsorp-
tion [10,14]. Among these methodologies, adsorption
has been found to be one of the most popular, effi-
cient, and cheapest methods for removing quinclorac
from aqueous solution [14]. In recent years, new prac-
tices have been focused on the use of clay minerals as
an alternative to the conventional adsorbents, based
on their advantages of low cost and nontoxicity [15].
Among many kinds of clay minerals, montmorillonite
is the most commonly used adsorbent for removing
heavy metal ions [16] and organic contaminants
[17–20], due to its large specific surface area and
cation-exchange capacity. However, the montmoril-
lonite clay has low affinity to negatively charged or
neutral contaminants because of the hydrophilic nat-
ure of its surfaces, resulting from the hydration of
exchangeable cations and the isomorphic substitutions
[21]. In order to improve its adsorption capacity for
neutral or negatively charged contaminants, montmo-
rillonites have been treated with some organic
reagents, such as ammonium acetate [22], stearyl
dimethylbenzyl ammonium cations [23], octade-
cyltrimetylammonium bromide [24], hexadecylpyri-
dinium, dihexadecyldimetylammonium [25], poly
(4-vinylpyridine-co-styrene), and polydiallyldimethy-
lammonium chloride [26–28]. However, these organic
modifiers may cause secondary pollution.

In order to reduce such secondary pollution, some
natural organic cations have also been used as modi-
fiers [29]. Natural polymeric materials have attracted
wide attention for application as adsorbents in
wastewater treatment due to their characteristics of
nontoxic, biodegradable nature, and biocompatibility
[30]. Chitosan is a natural polyaminosaccharide poly-
mer synthesized from the deacetylation of chitin,
which is the second most plentiful natural polymer
after cellulose [31]. As a well-known adsorbent, chi-
tosan has been widely used for the removal of transi-
tion metal ions and organic contaminants due to the
presence of amino (–NH2) and hydroxyl (–OH)
groups, which can serve as active adsorption sites
[32–35]. Nevertheless, the application of chitosan
sometimes has been limited due to its low specific
gravity, weak mechanical strength and solubility in

acidic solutions [36,37]. Moreover, pure chitosan tends
to agglomerate and form a gel in aqueous solution,
making most of the active groups inaccessible for
metal ions and organic contaminants binding [38].
Coating chitosan as a thin layer onto montmorillonite
will increase the accessibility of its binding sites and
improve its mechanical performance and adsorption
capacity [39–41]. Darder et al., firstly prepared and
characterized chitosan-clay nanocomposites [42]. Celis
et al., found that chitosan–montmorillonite can be use-
ful as adsorbents for the removal of anionic clopyralid
herbicide [43]. Nevertheless, no study has been hith-
erto conducted to investigate the removal of quinclo-
rac using the montmorillonite modified by chitosan.

In this study, the natural montmorillonite (MMT)
was firstly treated with 1.0 mol/L NaCl, and then the
Na+-treated montmorillonite (named as NaMMT) was
modified by chitosan at different loadings. The
adsorption capacities of quinclorac onto the as-made
CTS–MMTS were compared and the optimum adsor-
bent (CTS–MMT) was applied to removing quinclorac
from water. The materials were characterized by XRD,
FTIR, SEM, BET, and BJH analysis. The effects of vari-
ous parameters on quinclorac adsorption were investi-
gated to verify the actual results of modification.
Batch experiments were carried out to determine the
adsorption kinetics and isotherms of quinclorac, and
the adsorption mechanisms of quinclorac onto CTS–
MMT were also proposed.

2. Materials and methods

2.1. Materials

The natural montmorillonite (the cation-exchange
capacity is 87 mmol/100 g) was obtained from Zhe-
jiang Anji Rongjian Mineral Refining Factory, Zhejiang
of China. Chitosan (molecular weight,
MW = 1,000,000 g/mol, degree of deacetylation,
DD = 80%) was purchased from Aladdin Industrial
Inc., Shanghai, China. Quinclorac (with purity 98.1%,
MW = 242.06) was supplied by Institute for the Con-
trol of Agrochemicals, Pekin, China. Quinclorac’s solu-
bility in water is 49 mg/L, and the value of pKa for
quinclorac is 4.3 [44]. The structure of quinclorac is
shown in Fig. 1. All other inorganic chemicals of ana-
lytical grade were purchased from Sinopharm Group
Chemical Reagent Limited Company, China.

2.2. Modification of MMT with different mass ratios of
chitosan

The NaMMT was prepared by treating natural
montmorillonite with 1.0 mol/L NaCl. The natural
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montmorillonite (6 g) was mixed with 200 mL of
1.0 mol/L NaCl and the mixture was stirred magneti-
cally for 24 h [42,45]. The resultant suspension was fil-
trated and then washed with distilled water until no
precipitate was observed in the filtrate, confirmed by
the AgNO3 test. Finally, the obtained NaMMT was
dried at 100˚C for 24 h.

CTS–MMT was prepared using the following
method. CTS of corresponding amounts (0, 0.2, 0.4,
0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 g, respectively.) was
dissolved in 200 mL 0.05% HCl solution, and the
mixed solution was stirred for 4 h, with its pH
adjusted to 5.0 with 0.1 M NaOH. Then, 1.0 g NaMMT
was added to the dissolved CTS solution, and the
resultant mixture was stirred for 5 h. The suspension
was filtrated, and washed with distilled water to
remove chloride ions, sodium ions, and excess chi-
tosan. The composite was dried at 60˚C for 24 h. After
drying up, the materials were ground to powder.

2.3. Materials characterization

Fourier transform infrared (FTIR) spectra of the
samples were characterized on an IRAffinity-1 FTIR
spectrometer (SHIMADZU, Japan) using KBr pressing
method. X-ray diffraction (XRD) analyses of the pow-
der samples were performed on an XRD-6000 X-ray
diffractometer (SHIMADZU, Japan) with Cu Kα radia-
tion (λ = 0.15406 nm), running at 40 kV and 30 mA,
scanning from 2˚ to 30˚ at 2˚/min. The micrographs of
the samples were obtained using JSM-6380LV scan-
ning electron microscopy (SEM) (JEOL, Japan). The
surface area and pore size of the samples were deter-
mined by nitrogen adsorption–desorption using a
Quadrasorb SI analyzer (Quantachrome, USA). The
pH zero point of charge (pHpzc) of CTS–MMT was
determinated according to the method used by Zhou
et al. [46]. Elemental analyses were performed in a
CE-440 elemental analyzer (EAI, USA).

2.4. Adsorption experiments

2.4.1. Comparison of adsorption percentage of QC onto
the CTS–MMTs

The influence of the mass ratio difference of chi-
tosan and NaMMT on QC adsorption was studied at
about pH 5.2 using 40-mL centrifuge tubes lined with
screw caps. The initial concentration of QC was set at
10 mg/L, the volume of QC solution was 10.0 mL,
and the adsorbent dosage was 50 mg. The optimum
adsorbent (CTS–MMT) was used in the following
experiments.

2.4.2. Batch adsorption studies

The batch adsorption experiments were carried out
to evaluate QC adsorption equilibrium time and
adsorption kinetics onto CTS-MMT. 50 mg of CTS–
MMT was added into 10 mL QC solution with an ini-
tial concentration of 10 mg/L. The centrifuge tubes
were placed in a constant temperature shaker with
150 rpm at 25˚C. The suspensions were sampled at
different time intervals, centrifuged (4,000 rpm,
10 min), and then analyzed using high-performance
liquid chromatography (HPLC). The amount of
adsorbed QC (qt, mg/g) can be calculated according to
Eq. (1):

qt¼
ðC0�CtÞV

m
(1)

where C0 and Ct are the initial and final aqueous
phase concentrations of the QC, respectively (mg/L).
V is the volume of the QC solution (L), and m is the
dosage of the adsorbent (g). The adsorption percent-
age of QC was calculated according to Eq. (2):

Adsorption percentage ð%Þ ¼ C0�Ct

C0
� 100 (2)

For the adsorption isotherm test, 50 mg of CTS–MMT
was added into 10 mL of QC solution with initial con-
centrations varying from 1 to 30 mg/L. The tempera-
ture was set at 298, 308, and 318 K, respectively.

The effect of pH on QC adsorption was investi-
gated in a pH range from 2.90 to 10.32, which was
adjusted by adding 0.1 mol/L NaOH or 0.1 mol/L
HCl solutions. A series of tubes containing 50 mg of
CTS–MMT and 10 mL of 10 mg/L QC solution with
different pHs were shaken for 24 h. The influence of
adsorbent dosage on QC adsorption was observed
when the dosage of CTS–MMT varied from 10 to

N

Cl

Cl

COOH

Fig. 1. Molecular structure of quinclorac.

24972 C. Ding et al. / Desalination and Water Treatment 57 (2016) 24970–24981



200 mg. Ionic strength test was conducted by adding
50 mg of CTS–MMT into 10 mL of NaCl (0–0.1 mol/L)
solution containing 10 mg/L QC.

2.5. Desorption experiments

Desorption experiments were conducted immedi-
ately after adsorption equilibrium. About 5.0 mL of
supernatant solution removed for the adsorption anal-
ysis was replaced with 5.0 mL of either water or 0.1 M
NaOH. After shaking at 25˚C for 24 h, the mixture
was centrifuged, and then 5.0 mL of supernatant were
removed, filtered, and analyzed by HPLC. This des-
orption procedure was repeated three times.

2.6. Quinclorac analysis

QC was analyzed by HPLC using an Agilent 1260
chromatogaph coupled with an Agilent UV detector.
The analytical conditions used were as follows: Agi-
lent TC-C18 column (5 μm,4.6 mm internal diame-
ter × 250 mm length), Methanol: 1% acetid acid = 60:40
(v:v) eluent mixture at a flow rate of 1.0 mL/min,
20 μL injection volume, and UV detection at 240 nm.
External calibration curves with standard QC solutions
between 0.5 and 30 mg/L were used in the analyses.

3. Results and discussion

3.1. Effect of dosage of CTS in CTS–MMTS on the
adsorption percentage of QC onto CTS–MMTS

Fig. 2 shows the effect of different dosage of
chitosan used to prepare the composites on the

adsorption percentage of QC. With the increase in
dosage of chitosan (from 0 to 1.2 g), the adsorption
percentage of QC significantly increases correspond-
ingly (from 4.80 to 77.39%), since the dosage increase
of CTS is helpful for balancing the initial negative
charges of NaMMT and improving its adsorption
capacity for anion QC [47]. However, when the dosage
of CTS increased from 1.2 to 1.8 g, it resulted in only a
slight increase in adsorption percentage from 77.39 to
82.81%, which has no statistical significance (p > 0.05).
Moreover, results of the elemental analysis of the
CTS–MMTS bionanocomposites in Table 1 indicated
that when the dosage ratio of CTS to MMT exceeds
1.2:1, the amount of CTS loaded on the NaMMT is sat-
urated. Based on the cost saving consideration, a
dosage of 1.2 g of CTS was suitable for preparing the
composite. Thereafter, the composite prepared with
1.2 g CTS and 1.0 g NaMMT (named as CTS–MMT) is
used for the following experiments.

3.2. Materials characterization

The XRD patterns of NaMMT and CTS–MMT are
shown in Fig. 3. From the characteristic (0 0 1) diffrac-
tion, structural changes in the NaMMT are clearly
observed. The diffraction peak (0 0 1) of NaMMT
appears at 2θ of 7.14˚, corresponding to the basal spac-
ing d(0 0 1) of 1.24 nm, consistent with the presence of
interlayer Na+ retaining one layer of hydration water
[43,48]. However, the d(0 0 1) basal spacing of CTS–
MMT is increased from 1.24 to 1.52 nm (2θ = 5.82˚),
indicating that one monolayer of chitosan has interca-
lated into the interlayers of NaMMT [43,49,50].

The nitrogen adsorption–desorption isotherms and
pore diameter distributions (inset) of NaMMT and
CTS–MMT are shown in Fig. 4. It can be seen in this
figure that both of the two samples show a type-IV
sorption isotherm with a type-H3 hysteresis loop, indi-
cating the mesoporous structure of the materials [51].
The average pore diameters of NaMMT and CTS-
MMT are 6.4 and 9.2 nm, respectively, belonging to
mesopores. The specific BET surface areas of NaMMT
and CTS–MMT were 69.6 and 22.8 m2/g, respectively.
The larger pore diameter and lower BET surface area
of CTS–MMT are due to the packing of the CTS mole-
cules in the internal and external surface of NaMMT,
resulting in pore blocking, which impedes the passage
of nitrogen [52].

The FTIR spectra of NaMMT, CTS, and CTS–MMT
are shown in Fig. 5. The spectrum of CTS shows peaks
at 3,433 cm−1 due to the overlapping of O–H and N–H
stretching bands, 2,922 and 2,867 cm−1 for aliphatic
C–H stretching vibrations, 1,657 and 1,594 cm−1 for
N–H deformation vibrations. In the spectrum of
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Fig. 2. Effect of dosage of CTS in CTS-MMTS on the QC
adsorption.
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NaMMT, the absorption bands at 3,629, 3,425,
1,640 cm−1, corresponding to –OH stretching vibration
of structural hydroxyls, –OH stretching, and bending
vibrations of hydration water, are respectively identi-
fied. The spectrum of CTS–MMT shows the combina-
tion of characteristic bands of CTS and NaMMT, and
these absorption bands are in agreement with the
results reported for CTS–MMT composites [15,53].
Compared with the spectrum of NaMMT, the main
changes of CTS–MMT spectrum are as follows: reach-
ing peaks at 3,629, while becoming weaker at
3,425 cm−1, indicating a relatively low water content,
due to the replacement of the interlayer inorganic
cations of NaMMT and their hydration water with
CTS [43]. In addition, new peaks at about 2,930, 2,875,
and 1,526 cm−1 represent the bending vibrations of ali-
phatic C–H stretching vibrations and the deformation
vibration of the protonated amine group (–NHþ

3 ) [51].
It indicates that CTS has been successfully immobi-
lized onto the NaMMT through electrostatic attraction
between the –NHþ

3 of CTS and the negatively charged
sites of NaMMT [43]. These results are in agreement
with the results from XRD and BET analyses, reveal-
ing the interaction between CTS and NaMMT.

Fig. 6 shows the morphologies of NaMMT (a) and
CTS–MMT (b). The distinct appearance may be
seen from the figure. Compared with NaMMT, the
CTS–MMT has larger particles and coarse porous
surface. The NaMMT particles appears to be envel-
oped in CTS network, probably due to the presence of
CTS at both internal and external NaMMT surfaces
[43]. Similar morphological images were described in
previous literatures on chitosan clay composites
[47,54].

Table 1
Results of the elemental analysis of chitosan–montmorillonite bionanocomposites

CTS:MMT (m:m) (%) 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

C (%) 0.2 6.92 12.6 14.9 17.9 20.2 23.5 24.1 23.9 24.7 23.8
N (%) – 1.33 2.25 3.01 3.73 4.12 4.58 4.57 4.59 4.56 4.57
Chitosana (%) – 15.3 25.9 34.6 42.9 47.4 52.7 52.6 52.8 52.4 52.6

aCalculated from the N content of the samples.
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Fig. 3. X-ray diffraction patterns of NaMMT (a) and CTS–
MMT (b).
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Fig. 4. Nitrogen adsorption–desorption isotherms and pore
diameter distributions of NaMMT (a) and CTS–MMT (b).
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3.3. Effect of pH on QC adsorption

The effect of initial solution pH on QC adsorption
onto CTS–MMT is shown in Fig. 7. In the pH range
from 2.9 to 10.3, QC adsorption percentage is rela-
tively high at around pH 5.0–6.3 with the maximum
adsorption percentage at about pH 5.0. When
pH < 5.0, there is a positive correlation between the
increase in adsorption of QC and the increase in pH;
while when pH > 5.0, the correlation is negative.
Changes in pH affected the dissociation of QC mole-
cule and the surface charge of the CTS–MMT. Accord-
ing to the dissociation constant of QC (pKa = 4.3),
more than 50% of the QC is expected to be neutral
molecular form at low pH levels (pH < pKa) and the
protonation degree of CTS is expected to be high,
which results in the lower adsorption of QC. Weak
hydrogen bonding and van der Waals interactions
may be responsible for QC adsorption onto CTS–MMT

at low pH. At high pH levels (e.g. pH 5.0), QC mainly
exists in an anion form because of the pH > pKa and
the protonation degree of CTS is above 90% [10,15],
resulting in the increase of electrostatic attraction
between QC and CTS–MMT. However, when adsorp-
tion occurs above pH 6.3 (pH > pKa), the anionic form
of QC is dominant in solution. The overall surface
charge on the CTS–MMT is negative when the solu-
tion pH is greater than pHpzc (6.8). In this case, the
adsorption percentage of CTS–MMT for QC is reduced
due to electrostatic repulsion between anionic QC and
the negatively charged CTS–MMT surface.

3.4. Effect of adsorbent dosage on QC adsorption

Fig. 8 shows the effect of CTS–MMT dosage (from
1 to 20 g/L) on the QC adsorption. An increase of the
amount of CTS–MMT from 1 to 10 g/L results in the
rapid increase in adsorption percentage from 56.1 to
93.0%. A further increase in the CTS–MMT dosage
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Fig. 5. FTIR spectra of NaMMT (a), CTS–MMT (b), and
CTS (c).

Fig. 6. SEM images of NaMMT (a) and CTS–MMT (b).
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from 10 to 20 g/L does not lead to dramatical increase
in adsorption percentage as before (only from 93.0 to
94.8%). The increase in adsorption percentage with
increasing CTS–MMT dosage is attributed to the
increase of adsorption active sites available for QC
[32,55]. However, the QC adsorption capacity decreas-
ing with the increasing dosage of CTS–MMT is due to
adsorption active sites remaining unsaturated [32], and
the concentration gradient between the QC concentra-
tion in the solution and the QC concentration in the
CTS–MMT surface [55]. Based on an overall considera-
tion, the dosage of 10 g/L is enough for the QC
removal.

The effect of ionic strength on QC adsorption onto
CTS–MMT at solution pH 5.1 is shown in Fig. 9. The
adsorption percentage of QC reduces gradually from
79.40 to 19.07% with the increase in NaCl concentra-
tion from 0 to 0.1 mol/L, indicating that the ionic
strength has a significant negative effect on the QC
adsorption. The phenomenon implies that electrostatic
attraction should be the main driving force between
QC and CTS–MMT. The decrease in adsorption per-
centage in the presence of NaCl could be due to the
electrostatical screening effect of salt [39,52].

3.5. Adsorption kinetics

In order to further investigate the adsorption mech-
anism of QC onto CTS–MMT, the pseudo-first-order
equation (Eq. (3)) and pseudo-second-order equation
(Eq. (4)) are used to analyze the kinetic data [56]:

lnðqe � qtÞ ¼ ln qe � k1t (3)

t

qt
¼ t

qe
þ 1

k2q2e
(4)

where qe and qt are the amount of adsorbate onto
adsorbent (mg/g) at equilibrium and at time t (h),
respectively. k1 (h−1) is the rate constant of pseudo-
first-order adsorption, the value of which is calculated
from the plot of ln(qe − qt) vs. t. k2 (g/(mg h)) is the
rate constant of pseudo-second-order adsorption, the
value of which is calculated from the plot of t/qt vs. t.

The adsorption kinetics data of QC onto CTS–
MMT are shown in Fig. 10. The adsorption of QC is
fast at the beginning of the experiment but thereafter
it takes about 18 h to reach equilibrium. The rate con-
stants and theory data calculated by the kinetics equa-
tions are summarized in Table 2. As shown in Table 2,
the small correlation coefficient R2 and the large dif-
ference of adsorption capacity between the calculation
and the experiment for the pseudo-first-order model
indicate that pseudo-first-order model is not suitable
to describe the adsorption kinetics and the adsorption
is not occurring exclusively on one site [56]. However,
there are very large correlation coefficient values
(R2 = 0.999) for the pseudo-second-order model, and
the adsorption capacities calculated by the pseudo-sec-
ond-order equation are in good agreement with the
experimental data. Thus, the adsorption kinetics of QC
onto CTS–MMT can be well described by the pseudo-
second-order model, suggesting that rate-limiting step
may be a chemical adsorption [22,33].

3.6. Adsorption isotherms

The adsorption isotherm of QC onto CTS–MMT is
shown in Fig. 11.
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It shows that the QC adsorption capacity increases
with the increase in QC equilibrium concentration and
temperature. In order to further understand the sorp-
tion mechanism, the two most common isotherm mod-
els—Langmuir and Freundlich isotherm models are
applied to fit the experimental data. The Langmuir
isotherm model assumes that the adsorbent surface is
homogeneous and there are no interaction forces
between adsorbates [52]. The Langmuir model in its
linear form can be written as follows [57]:

Ce

qe
¼ 1

qmb
þCe

qm
(5)

where Ce is the concentration of QC in aqueous solu-
tion at equilibrium (mg/L), qe is the amount of QC
adsorbed at equilibrium (mg/g), qm is the maximum
adsorption capacity (mg/g), and b is the Langmuir
constant (L/mg), the value of which reflects the bind-
ing strength between the adsorbate and adsorbent.
The values of qm and b can be obtained from the slope
and intercept by ploting Ce/qe vs. Ce.

The Freundlich model is an empirical equation
applicable to heterogeneous adsorption [58]. The lin-
earized form of the Freundlich equation can be written
as follows:

ln qe¼ ln KFþ 1

n
ln Ce (6)

where KF and 1/n are the Freundlich empirical con-
stants, which are related to the adsorption capacity
and adsorption intensity, respectively.

The fitting parameters for QC adsorption isotherms
by above two models are listed in Table 3. The fitting
results show that the correlation coefficient of
Freundlich equation is larger than that of Langmuir
equation, indicating that the adsorption of QC onto
CTS–MMT can be better fitted by Freundlich model
than by Langmuir model. The values of KF increases
as the temperature increases from 298 to 318 K,
suggesting stronger adsorption binding of QC onto
CTS–MMT at a higher temperature. Moreover, all of
the 1/n values are less than unity, which indicates the
adsorption of QC onto CTS-MMT is favorable [52].

3.7. Adsorption thermodynamics

The effect of temperature from 15 to 35˚C on the
QC adsorption is investigated, and the results are
shown in Fig. 11. The QC adsorption capacity
increases with the increase in temperature from 15 to
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Fig. 10. Adsorption kinetics of QC onto CTS–MMT.

Table 2
Fitting parameters of kinetic models of quinclorac adsorbed on CTS–MMT

qe,exp (mg/g)

Pseudo-first-order equation Pseudo-second-order equation

k1 (1/h) qe1,cal (mg/g) R2 k2 (g/mg h) qe2,cal (mg/g) R2

1.66 0.0990 0.69 0.900 0.636 1.70 0.999
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Fig. 11. Adsorption isotherm for QC adsorption onto
CTS–MMT.
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35˚C, indicating that the adsorption is an endothermic
process.

The thermodynamic parameters such as Gibbs free
energy (ΔG˚), entropy (ΔS˚), and enthalpy (ΔH˚) are
determined using the following equations [38,59]:

Kc¼ qe
Ce

(7)

DG
�¼ �RT lnð1000KcÞ (8)

DG
� ¼ DH

��TDS
�

(9)

lnð1000KcÞ ¼
DS

�

R
�DH

�

RT
(10)

where Kc is the distribution coefficient of adsorbent, qe
is the amount QC adsorbed at equilibrium (mg/g), Ce

is the QC concentration in the aqueous solution at
equilibrium (mg/L), R is the gas constant
(8.314 J/mol K), and T is the reaction temperature (K).
The values of ΔS˚ and ΔH˚ are obtained from the
intercept and slope of the line plotted by ln(1000Kc)
against 1/T, respectively. The obtained thermody-
namic parameters are listed in Table 4. The values of
ΔG˚ are all negative from 15 to 35˚C. Moreover, the
values of ΔG˚ become more negative as the tempera-
ture increases, indicating that the adsorption process
is spontaneous and higher temperatures are more
favorable for QC adsorption. The value of ΔH˚ is posi-
tive, implying the adsorption process is endothermic.
In general, the values of ΔH˚ fall within the range of
2.1–20.9 kJ/mol and 80–200 kJ/mol for physical and
chemical adsorption, respectively [52]. The ΔH˚ value
of QC adsorption onto CTS–MMT is not within the
range of either physical or chemical adsorption, imply-
ing that the adsorption may involve other forces such
as electrostatic interaction. The positive value of ΔS˚
(140.1 J/mol K) suggests that the adsorption reaction
is an entropy-increasing process, and there is an affin-
ity between QC molecules and CTS–MMT surface,
and that the degree of dispersion increases with the
increasing temperature. [54].

3.8. Desorption studies

Desorption studies are useful in elucidating the
adsorption mechanism. If the adsorbate adsorbed onto
the adsorbent can be desorbed by water, it indicates
that the interaction between the adsorbate and the
adsorbent is by weak bonds. However, if the adsor-
bate can only be desorbed by strong base or acid, it
suggests that the attachment of the adsorbate onto the
adsorbent is by electrostatic attraction or ion exchange
[31,32,60]. In this study, the desorption behavior of
QC from CTS–MMT is shown in Fig. 12. The amount
of desorbed QC is very small by distilled water and
the percentage of desorption is only 9.09%; while
in the case of 0.1 M NaOH, the high desorption

Table 3
Adsorption isotherm parameters for QC adsorption onto CTS–MMT

T (K)

Langmuir Freundlich

b (L/mg） qm (mg/g) R2 KF (mg1−1/n/g L1/n) 1/n R2

298 0.559 4.52 0.958 1.30 0.54 0.970
308 0.563 4.81 0.960 1.39 0.52 0.991
318 0.917 4.78 0.961 1.85 0.44 0.998

Table 4
Thermodynamic parameters for QC sorption onto
CTS–MMT

T (K) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/(mol K)) R2

298 −16.99
308 −18.39 24.76 140.1 0.901
318 −19.79

0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

a---H2O

b---0.1 M NaOH

Q
C

 a
ds

or
be

d(
m

g/
g)

Desorption times

a

b

Fig. 12. QC desorption from CTS–MMT using H2O and
0.1 M NaOH.
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percentage of 94.6% is obtained. This suggests that
adsorption of QC onto CTS–MMT occurs mainly via
electrostatic attraction [43], which is consistent with
the explanation of pH effect outlined in Section 3.3.

3.9. Adsorption mechanism

Fig. 13 shows the FTIR spectra of CTS–MMT
before and after adsorption of QC. Compared with the
spectrum of CTS–MMT before adsorption QC, the
absorption band at 1,526 cm−1 (the deformation vibra-
tion of –NHþ

3 ) disappears on the spectrum after
adsorption, which indicates there are mainly electro-
static attraction and cation–dipole interaction between
the –NHþ

3 and ionic QC. The peak at 1,642 cm−1 (–OH
and N–H stretching vibration) significantly weakens
and shifts to higher wavenumber after QC adsorption.
This implies that –OH and –NHþ

3 groups are involved

in the interaction between QC and CTS–MMT. The
possible main attractions between QC and CTS–MMT
are illustrated in Fig. 14.

4. Conclusion

In this study, CTS–MMT is synthesized and
applied for the removal of QC. Characterization
results show that CTS is successfully loaded on the
internal and external surfaces of NaMMT, and the
NaMMT modified by CTS possesses high adsorption
capacity for QC. QC adsorption is strongly dependent
on adsorbent dosage, pH, ionic strength, and tempera-
ture. The adsorption kinetics conform to a pseudo-sec-
ond-order model and the equilibrium adsorption data
fits better with the Freundlich isotherm model than
the Langmuir model.

The adsorption thermodynamics suggests that
higher temperatures are more favorable for QC sorp-
tion and the adsorption process is spontaneous and
endothermic. The QC adsorbed on CTS–MMT can be
mostly desorbed by 0.1 M NaOH but distilled water
can only desorb a little amount of QC. The mecha-
nisms for the QC adsorption may involve electrostatic
attraction, cation–dipole, hydrogen bonding, and van
der Waals interactions.

The results show that CTS–MMT is a promising
sorbent for removing QC from aqueous solution, as
previously observed for other anionic pesticides [43].
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