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Abstract

Clay minerals are effective adsorbents for the remediation of pesticides in wastewater due to their large superficial areas and excellent
cation-exchange capabilities. However, this adsorption effect can be reduced by the accumulation of adsorbents on clay minerals,
amongst other problems. Therefore, in this study, montmorillonite (Mnt) modified by layered double hydroxide (LDH) with different
loading amounts was successfully prepared using an in situ method. The results from X-ray diffraction, Fourier-transform infrared spec-
trometry, Brunauer–Emmet–Teller (BET) and scanning electron microscopy analyses revealed that LDH structures were successfully
combined with the Mnt layer and formed a porous structure. However, excess LDH still caused the aggregation and accumulation of
layers. The adsorption performance of LDH@Mnt for atrazine (ATZ) and paraquat (PQ) was investigated, and the removal efficiency
of the LDH@Mnt composite was higher than those of Mnt and LDH alone. The kinetic study revealed that the adsorption process fitted
the pseudo-second-order model and internal diffusion model, and 3-LDH@Mnt had the greatest absorbability efficiency for both ATZ
and PQ, indicating the adsorption process was controlled by the number of active sites of the adsorbent. The generalized Langmuir
model accurately characterized the adsorption process of ATZ and PQ elimination in the adsorption isotherm investigation, indicating
that the adsorption energies of the active sites on the adsorbents were different. 3-LDH@Mnt had better absorbability performance for
ATZ/PQ, and the sorption capacities were 7.03 and 91.9 mg g–1, respectively. According to site energy distribution theory, the amount of
sorption sites of the composite adsorbent was large and the average adsorption energy was high, both of which being beneficial for the
adsorption of ATZ and PQ. The effects of pH, coexisting anions and reuse experiments were also tested, indicating that the LDH@Mnt
composite possessed high adsorption stability. This excellent removal performance represents a promising strategy for the remediation
and elimination of pesticide contaminations from the environment.

Keywords: Adsorption; layered double hydroxide; montmorillonite; pesticides

(Received 30 October 2023; revised 1 February 2024; accepted 6 February 2024; Accepted Manuscript online: 19 February 2024; Associate
Editor: Chunhui Zhou)

Agriculture is vital to social stability and economic development.
In recent years, with the development of agriculture, the use of
pesticides has shown an increasing trend year after year (Ionel
et al., 2019; Centner, 2021; Vasseghian et al., 2022; Siddique
et al., 2023). The annual use of pesticides is close to 350 tons,
but only ∼1% of pesticides reduce the effects of diseases and
pests on crops, and most pesticides do not perform their intended
role (Glaberman et al., 2017; Valbuena et al., 2021). The continu-
ous exposure to residual pesticides in nature causes serious
problems for non-target organisms (Mandal et al., 2017).
Moreover, the biochemical degradation performance of pesticides
is poor, and pesticide residues in nature have negative impacts on
soil and water environments (Chen et al., 2019). In addition, pes-
ticides pollute groundwater and soil, thus impacting humans,

animals and ecosystems. Hence, it is of great importance to reduce
concentrations of pesticides in the environment (Durán et al.,
2019). Many studies have used adsorption methods to remove
pesticides with, for example, biochar, bentonite, zeolite and
diatomaceous earth (Tsai et al., 2005; Salvestrini et al., 2010;
Hernandes et al., 2022).

Layered double hydroxide (LDH) is a form of adsorbent mater-
ial with a special layered structure and physicochemical properties
(Chen et al., 2016; Liu et al., 2022; Zheng et al., 2022; Tian et al.,
2023). In this context, LDH, generally expressed as [M1–x

2+ Mx
3

+(OH)2Ax/n
n–⋅mH2O], belongs to the category of anionic clays.

Here, M2+ represents a metal ion, M3+ denotes the trivalent
metal cation and An– signifies the interlayer anion on the equilib-
rium layer(Tao et al., 2017, 2018; Huang et al., 2022). LDH has gar-
nered significant attention as a means of removing contaminants
from the environment due to its simple preparation, flexible struc-
ture, chemical durability and large surface area (Wu et al., 2023).
However, LDH still has the disadvantages of strong aggregation
and low porosity, which severely restrict the capacity of LDH to
adsorb and remove pollutants (Dabizha & Kersten, 2022).
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Clay minerals exhibit a considerable specific surface area and
ion exchange capacity, but the structure of clay minerals leads
to their easy accumulation, and other problems also affect their
adsorption capacity (Uygun et al., 2023). Montmorillonite
(Mnt) represents a typical 2:1 layered clay mineral, consisting of
two silica tetrahedral sheets surrounding one octahedral sheet
incorporating aluminium or magnesium (Semenkova et al.,
2018; Alexe-Ionescu et al., 2019). The negative charges on the
Mnt layer are created by isomorphic substitution mostly in the
octahedral layer (Al Kausor et al., 2022). Today, Mnt has been
widely used as an adsorbent due to its large specific surface
area, strong reuse ability, low cost and non-toxicity (la Cecilia &
Maggi, 2016; Buchanan & Hiltbold, 2017; Silva et al., 2020).
Inorganic pillaring and organic modification are the main modi-
fication methods used to improve the properties or functions of
Mnt. For inorganic modification to improve the adsorption ability
of Mnt for contaminants, cations (such as Al3+ and Ti4+) are
introduced into the interlayers of Mnt, which possess high surface
areas and large pore volumes. Organic surfactants are common
modifiers applied in organic modification, which enhance the
affinity of Mnt for organic contaminants (Ajala et al., 2018;
Boutaleb et al., 2021; Al Kausor et al., 2022). However, the utiliza-
tion of Mnt as an adsorbent still has several disadvantages of easy
layer stacking and poor porosity, significantly limiting its practical
applicability in water treatment (Liao et al., 2022; Mennas et al.,
2023). Based on the excellent physicochemical properties of
LDH and Mnt, the problems of particle aggregation and layer
stacking could be overcome via mutual benefits of LDH and
Mnt layers.

Hence, in this study, the in situ growth of LDH on Mnt layers
was achieved using the co-precipitation method, and the structure
was examined using X-ray diffraction (XRD), Fourier-transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM) and Brunauer–Emmet–Teller (BET) analyses. Here, due
to their wide usage and serious environmental impacts, the pesti-
cides paraquat (PQ) and atrazine (ATZ) were employed as tar-
geted contaminants. The adsorption efficiencies and adsorption
processes of PQ and ATZ were investigated via kinetic and iso-
thermal studies. The test data regarding isothermal adsorption
were further analysed using the theory of site energy distribution,
confirming their strong correlation with the generalized Langmuir
model. Furthermore, the impacts of pH, coexisting ions and reuse
tests of adsorption efficiency were investigated.

Materials and methods

Materials and apparatus

In the experiments, Mg(NO3)2⋅6H2O, Al(NO3)3⋅9H2O and
NaOH were all analytical grade and obtained from Aladdin
Chemicals Co. Ltd (Shanghai, China). Mnt was purchased from
Yihe Pharmaceutical Co. Ltd. ATZ and PQ were obtained from
Shandong Binnong Technology Co. Ltd. The half-life of ATZ is
60–150 days and the half-life of PQ is 84 h. The water solubilities
for ATZ and PQ are 70 mg L–1 and 620 g L–1, respectively.

Synthesis process of LDH@Mnt

0.4 g Mnt was mixed with 300 mL deionized water to obtain a
suspension, and the suspension was placed in a high-speed
mixer for 30 min. Mixed brine solution with n(Mg2+)/n(Al3+) =
2:1 was dissolved in 100 mL deionized water and added to the

Mnt suspension. Then, 0.5 M NaOH solution was added drop-
wise to the suspension whilst stirring until reaching pH 10. The
obtained suspension was left for 24 h, centrifuged at 8000 rpm
for 5 min, washed and then desiccated at 80°C. The Mg2+

molar amounts in mixed salt solution were 1, 2, 3, 4 and
5 mmol, and the produced specimens were recorded as
1-LDH@Mnt, 2-LDH@Mnt, 3-LDH@Mnt, 4-LDH@Mnt and
5-LDH@Mnt, respectively.

Adsorption experiments of ATZ and PQ

In the adsorption isotherm experiment, 100 mg of adsorbent was
combined with 25 mL of ATZ or PQ. The initial concentrations of
ATZ or PQ were 25–300 mg L–1 in the solution with a water:etha-
nol ratio of 9:1. The conical flask containing the absorbent was
shaken at 25°C in a constant-temperature oscillator for 5 h. The
mixed solution underwent centrifugation and the overflow solu-
tion was taken for examination. For the dynamic experiment,
solutions of ATZ and PQ with initial concentrations of 100 mg L–1

were prepared. Subsequently, 1 g of adsorbent was introduced
into a conical flask along with 250 mL of ATZ or PQ solution.
ATZ and PQ solutions were taken out at predetermined time
(10–300 min), and 5 mL of overflow solution was centrifuged
for testing using high-performance liquid chromatography
(HPLC). The concentration of ATZ and PQ was determined
using a HPLC device equipped with a C18 reverse chromato-
graphic column (250 mm × 4.6 mm inner diameter, 5 μm particle
size), and the mobile phase was a mixture of methanol and 0.1%
formic acid aqueous solution. The flow rate was 1 mL min–1 and
the oven temperature was 40°C.

The effects of pH, coexisting ions and reuse experiments

In the pH experiment, 100 mg of the 3-LDH@Mnt sample was
introduced into conical flasks containing 25 mL of ATZ/PQ solu-
tions with concentrations of 100 mg L–1. The initial pH of the ATZ
and PQ solutions was regulated to 3, 5, 7 or 9 using 0.1 M HCl and
NaOH solutions. The experimental procedure remained consistent
with the adsorption experiment. Additionally, to assess the impacts
of anions (Cl–, NO3

2–, SO4
2– CO3

2–) and cations (Na+, K+, Mg2+ and
Ca2+) on the adsorption of ATZ and PQ, solutions with concentra-
tions of 100 mg L–1 for each ion were added to the original
ATZ and PQ solutions. The reusability of 3-LDH@Mnt was also
studied. Sample 3-LDH@Mnt (100 mg) was added to conical flasks
containing 25 mL of ATZ/PQ solutions with concentrations of
100 mg L–1 and then desorbed in a 10 mL solution of NaOH
with a concentration of 0.1 M. After desorption, the sample under-
went a repeat of the above process (shown in Fig. S1). The adsorp-
tion experiments of 3-LDH@Mnt for ATZ and PQ were repeated
five times and the results recorded each time.

Characterization methods

XRD traces of all samples before and after adsorption were
obtained using powder XRD (Japan Rigaku D/MaxgA) with
Cu-Kα radiation. FTIR spectroscopy was used to characterize
the principal functional groups of the materials using the KBr pel-
let method collected in the range of 4000 to 500 cm–1. The BET
specific surface area and pore-size distribution were obtained
using N2 adsorption/desorption analysis with a Micromeritics
ASAP 2460. SEM images of the surface contours and of the
micro-mechanism that the samples underwent were acquired
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using a Hitachi H-8010 SEM device. HPLC was performed using
a 1260 Infinity II liquid chromatography system purchased from
Agilent.

Results and discussion

Characterization of the LDH@Mnt

XRD traces of Mnt, LDH, 1-LDH@Mnt, 3-LDH@Mnt and
5-LDH@Mnt are shown in Fig. 1a. In the XRD trace of LDH,
the characteristic peaks of (003), (006), (018) and (013) located
at 11.4, 23.1, 34.4 and 61.5°2θ, representing the LDH crystal struc-
ture, were observed. In the XRD trace of Mnt, the characteristic
peaks of (001), (002) and (010) are located at 7.8, 20.1 and
63.3°2θ. In the XRD traces of 1-LDH@Mnt, 3-LDH@Mnt and
5-LDH@Mnt, the characteristic peaks of Mnt and LDH were pre-
sent in all of compound samples, demonstrating the successful
combination of LDH and Mnt, and there was no phase transition
during the preparation process (Wu et al., 2023).

The samples of Mnt, LDH, 1-LDH@Mnt, 3-LDH@Mnt and
5-LDH@Mnt were tested using FTIR spectroscopy, and the results
are shown in Fig. 1b. The peaks at 3624, 3444 and 1631 cm–1 were
attributed to the hydroxyl stretching vibration (Wu et al., 2023),
the interlayer water stretching vibration and the bending vibration
of Mnt and LDH, respectively. The high-intensity absorption
band at 1029 cm–1 represent the characteristic Si–O peak in the
silico-oxygen tetrahedron of Mnt (Wu et al., 2023). The charac-
teristic peaks at ∼1369 and 800 cm–1 represent the N–O vibration
of nitrate in the interlayer and the metal oxide vibration of LDH,
respectively. In the results for 1-LDH@Mnt, 3-LDH@Mnt and
5-LDH@Mnt, the characteristic peaks of Mnt and LDH in all of
the composite samples were observed, indicating that the LDH
structure was loaded onto Mnt using in situ method and that
the composite samples were prepared successfully.

The specific surface and pore radius distribution of Mnt,
1-LDH@Mnt, 3-LDH@Mnt and 5-LDH@Mnt were analysed
using N2 adsorption/desorption experiments, and the results are
shown in Fig. S2 and Table 1. Compared with Mnt, the specific
surfaces of the LDH@Mnt samples were greater because the
mutual support of the LDH and Mnt layers improved the pore

structure, and the specific area of 3-LDH@Mnt was higher than
those of the other samples. In addition, from the pore-size distri-
bution results, 3-LDH@Mnt also possessed a greater micropore
structure than the other samples, indicating that the composite
sample had a favourable pore structure and was conducive to
the adsorption of pesticides.

The morphologies of samples 1-LDH@Mnt, 3-LDH@Mnt,
5-LDH@Mnt and Mnt were investigated using SEM, and the find-
ings are presented in Fig. 2. In Fig. 2a,b, both LDH and Mnt layers
are presented, revealing that the composite sample of LDH@Mnt
was synthesized successfully using the in situ method. Compared
with the morphology of Mnt, the presence of LDH loosened the
Mnt layers. However, on account of the low loading amount of
LDH, the structure of LDH with its small size was formed on
the surface of Mnt. The LDH and Mnt layers could not support
each other, resulting in the layers collapsing and becoming
stacked. As shown in Fig. 2c,d, with the increased LDH loading
amount and the growth of the formed LDH structure, LDH
and Mnt layers supported and interpenetrated each other to
form a porous structure, overcoming the problems of particle
aggregation and layer stacking. Hence, in the 3-LDH@Mnt sam-
ple, Mnt modified by the LDH layer demonstrated a significantly
enlarged specific surface area, increased structural stability and
greater numbers of exposed active sites. However, with further
increases of LDH loading (Fig. 2e,f), the amount of LDH became
excessive and accumulated on the surface of Mnt, and these could
not support Mnt layers and gradually stacked together, revealing
that excess LDH-modified Mnt still underwent aggregation and
the accumulation of layers.

Figure 1. (a) XRD traces and (b) FTIR spectra of Mnt, LDH, 1-LDH@Mnt, 3-LDH@Mnt and 5-LDH@Mnt.

Table 1. Structural characteristics of Mnt, 1-LDH@Mnt, 3-LDH@Mnt and
5-LDH@Mnt.

Sample Surface area (mg2 g–1) Pore diameter (nm)

Mnt 17.59 12.84
LDH 19.32 11.09
1-LDH@Mnt 23.46 12.08
3-LDH@Mnt 62.57 6.82
5-LDH@Mnt 48.32 9.27
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Adsorption kinetics

The adsorption kinetics of ATZ and PQ by Mnt, LDH and com-
posite samples over time were investigated, and the results are
shown in Fig. 3. During the sorption process, the removal of
ATZ and PQ was rapid in the first hour, and then the rate slowed
down until adsorption equilibrium was established at 3 h. During
the process of ATZ and PQ removal, the removal rate was one of
the means used to evaluate adsorbent properties because it had a
large effect on the removal efficiency and depended on the prop-
erties of the material. Therefore, we applied the quasi-first-order
kinetic model (Equation 1), quasi-second-order kinetic model
(Equation 2) and interdiffusion model (Equation 3) to analyse
the experimental data. The average relative error (ARE) was uti-
lized to assess the matching quality (Equation 4). A lesser ARE
value indicates a better fitting degree.

Qt = Qe(1− e−tk1 ) (1)

Qt = Qet
(1/k2Qe) + t

(2)

Qt = Kit
0.5 + C (3)

ARE = 100
n

∑n
i

Qi,model − Qi, exp

Qi,exp

∣∣∣∣
∣∣∣∣ (4)

where Qt and Qe (mg g–1) is the amount of adsorbed ATZ and PQ
at time t and equilibrium, respectively. k1 and k2 (mL mg–1 h–1)
represent the constants of the pseudo-first-order model and the
pseudo-second-order model, respectively. Ki (mg g–1 h–1/2) repre-
sents the rate constant of internal diffusion and C is the coefficient
of internal diffusion. Qi, model is each Q (mg g–1) value forecasted
by the predicting model, Qi,exp is each Q (mg g–1) measured
experimentally and n is the number of experimental points.

The fitted results of these models are displayed in Figs 3 & S3,
and the calculated kinetic equation parameters are listed in
Table 2. Based on the ARE and R2 values of the models, all of
the samples showed better-fitting results to the adsorption testing
data of ATZ and PQ according to the pseudo-second-order
kinetic model. Additionally, the equilibrium removal values of
ATZ and PQ, calculated using the pseudo-second-order model,
closely matched the experimental data. The superior fit provided
by the pseudo-second-order kinetic model suggests that the
adsorption of ATZ and PQ is primarily governed by the number
of adsorption sites on the adsorbent. Compared to Mnt and LDH,
the adsorption capacities of compound adsorbents for ATZ and
PQ were much larger, and 3-LDH@Mnt possessed the greatest
removal efficiency. These results indicated that in composite
adsorbents the mutually supported LDH and Mnt layers formed
a porous structure and provided more accessible adsorption
sites for ATZ and PQ removal. When the loading amount of
LDH was small, the adsorption sites for ATZ and PQ were insuf-
ficient. However, overloading LDH on the Mnt surface resulted in
excessive aggregation, which reduced the exposure of biosorption
sites and lowered the adsorption amount. These variations in
removal capabilities corresponded to changes in the shape ofFi
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the composite adsorbents as well as increases in their specific sur-
face area.

The internal diffusion model was also used to analyse the test
data, and the results of ATZ and PQ removal are shown in Fig. 3
and Table 3. From internal diffusion model results, at the begin-
ning ATZ/PQ was first adsorbed on the surface of the adsorbent.
Then, over time, ATZ/PQ molecules gradually diffused inside the
adsorbent. Finally, adsorption equilibrium was reached. As a
result, the adsorption process can be separated into three stages:
surface diffusion, interdiffusion and adsorption equilibrium, dem-
onstrating that interior biosorption sites are exposed and grad-
ually become occupied during the sorption process. In
composite sample, LDH and Mnt layers mutually supported
each other to generate a pore structure, which led to more ATZ
and PQ molecules diffusing into the interior of these samples
and increased the diffusion rate of ATZ and PQ molecules during
the adsorption process. The value of Kd2 represents the

adsorption rate of internal diffusion, and sample 3-LDH@Mnt
possessed the highest value of Kd2, revealing that this composite
adsorbent has the most beneficial internal structure that is condu-
cive to the removal of ATZ/PQ. Furthermore, from the linear fit-
ting of intraparticle diffusion results we can see that not all
samples’ fitted curves pass through the origin, indicating that
the adsorption of ATZ and PQ molecules was controlled by mul-
tiple steps.

Adsorption isotherms

The influence of the initial concentration on the removal of ATZ
and PQ by Mnt, LDH and composite adsorbents was investigated.
With increasing initial concentration, the adsorption amounts
of ATZ and PQ for all samples increased initially, and then
the adsorption amounts gradually reached equilibrium. To further
analyse the mechanism of the removal process, Langmuir

Figure 3. Kinetics of (a) ATZ and (b) PQ on Mnt, LDH, 1-LDH@Mnt, 2-LDH@Mnt, 3-LDH@Mnt, 4-LDH@Mnt and 5-LDH@Mnt fitted with pseudo-first-order,
pseudo-second-order and internal diffusion models.

Table 2. Pseudo-first-order model and pseudo-second-order model kinetic parameters of ATZ and PQ adsorbed by Mnt, LDH, 1-LDH@Mnt, 2-LDH@Mnt,
3-LDH@Mnt, 4-LDH@Mnt and 5-LDH@Mnt.

Contaminant Absorbent
Pseudo-first-order model Pseudo-second-order model

K1 (h
–1) Qe (mg g–1) R2 ARE K2 (g mg–1 h–1) Qe (mg g–1) R2 ARE

ATZ Mnt
LDH
1-LDH@Mnt
2-LDH@Mnt
3-LDH@Mnt
4-LDH@Mnt
5-LDH@Mnt

0.013 6.83 0.73 49.9 0.045 2.98 0.99 17.2
0.011 6.12 0.72 47.7 0.028 2.02 0.99 15.5
0.014 5.52 0.74 61.8 0.013 5.51 0.99 42.8
0.013 4.93 0.69 59.6 0.014 5.92 0.99 49.8
0.017
0.014
0.021

4.04
2.98
2.01

0.77
0.78
0.89

25.2
41.7
28.6

0.005
0.012
0.016

6.8
4.96
3.98

0.99
0.99
0.99

10.3
13.1
11.4

PQ Mnt
LDH
1-LDH@Mnt
2-LDH@Mnt
3-LDH@Mnt
4-LDH@Mnt
5-LDH@Mnt

0.014 26.2 0.73 28.4 0.002 27.3 0.99 15.5
0.014 39.5 0.89 29.1 0.001 41.8 0.99 16.8
0.015 66.3 0.75 23.9 0.001 68.5 0.99 17.3
0.017 71.1 0.74 31.2 0.001 73.5 0.99 23.4
0.015
0.017
0.013

83.2
61.2
56.1

0.69
0.78
0.70

17.3
33.9
29.3

0.001
0.001
0.002

85.5
63.7
57.8

0.99
0.99
0.99

10.9
21.3
18.6
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(Equation 5), Freundlich (Equation 6) and Henry (Equation 7)
isotherm models were employed to fit the experimental data.

Ce

Qe
= 1

KLQm
+ Qe

Qm
(5)

logQe = log KF + 1
n
logCe (6)

Qe = KdCe (7)

where Qm (mg g–1) is the sorption capacity or adsorption max-
imum of ATZ and PQ onto adsorbents, Qe (mg g–1) is the
equilibrium adsorption amount, KL (L mg–1) is the Langmuir coef-
ficient (representing the adsorption affinity), KF (mg(1–n)/L–n/g)
is the Freundlich constant, n is the coefficient related to the
adsorption intensity and Kd is the Henry coefficient.

The fitted curves and related parameters are shown in Fig. 4
and Table 4, respectively. For the removal of ATZ and PQ by
all adsorbents, the Langmuir isotherm model showed a much
higher correlation than the Freundlich model. Thus, the fitted
results suggested that the adsorption of ATZ and PQ was primar-
ily due to monolayer adsorption, and the adsorption could take
place at a finite number of localized sites. RL is the regular
parameter of Langmuir and the formula to calculate this is
RL = 1/(1 + KLC0), which reflects the essential characteristics of
the Langmuir model. The calculated RL values are shown in
Table 4. The RL results (0 < RL < 1) revealed that composite adsor-
bents have a favourable adsorption affinity for ATZ and PQ.
Furthermore, the sorption capacities of the various adsorbent
were compared, and the results are presented in Table 5.
The results revealed that, in comparison with other reported
adsorbents, the 3-LDH@Mnt composite exhibited a superior
adsorption capacity for ATZ and PQ.

Adsorption mechanism analysis

To delve deeper into the adsorption mechanism of PQ and ATZ,
we characterized the 3-LDH@Mnt samples after adsorption, as
depicted in Fig. 5. In the FTIR spectra results, after adsorption

of PQ the symmetric and asymmetric stretching vibration peaks
of C–H appeared at 2900 and 2780 cm–1, and after sorption of
ATZ the stretching vibration peak of C=N at 1500 cm–1 was
observed, indicating that PQ and ATZ were successfully adsorbed
by the composite sample. The XRD traces of 3-LDH@Mnt after
the adsorption of PQ and ATZ are shown in Fig. 5b. Compared
with the XRD trace of 3-LDH@Mnt itself, after adsorption of
PQ and ATZ no new peaks were produced, and the positions
of the (003) peak did not shift, indicating that the adsorption of
PQ and ATZ by LDH@Mnt was mainly via surface adsorption,
and the contaminant did not enter the interlayers of the LDH
and Mnt layers.

Although the test data regarding ATZ and PQ removal using
these samples could fit the Langmuir isothermal model well,
some deficiencies in understanding the sorption process
remained. The Langmuir model assumes adsorption on a single-
layer surface in which all adsorption sites are identical and
equivalent. In other words, each adsorption site possesses equal
adsorption activation energy and there is no migration between
adsorbed molecules. In the composite samples, both LDH and
Mnt provide adsorption sites for ATZ or PQ, but these adsorption
sites are not identical. This violates the hypothesis of the
Langmuir model and fails to precisely describe the sorption pro-
cess. The generalized Langmuir model, which evolved from the
Langmuir model, is a generalized isothermal model that considers
the non-uniformity of the adsorbent. Therefore, the generalized
Langmuir model was used to analyse the removal process, and
three more parameters of heterogeneity (m, n) and site adsorption
energy (E) were introduced. Here, the generalized Langmuir
model (Equation 8) can be written as follows:

Qe = Q0
g

(bgCe)
m

1 + (bgCe)
m

[ ]n
m

(8)

where Q0
g is the maximum adsorption capacity, m and n are het-

erogeneity parameters and b is the adsorption energy-related
Langmuir constant, which we defined to be <1. The fitted data
and calculated correlation parameters are also shown in Fig. 4
and Table 6.

The fitted results showed that, based on the correlation coeffi-
cient (R2) and ARE results, the generalized Langmuir model

Table 3. Parameters of the internal diffusion model of ATZ and PQ adsorbed by Mnt, LDH, 1-LDH@Mnt, 2-LDH@Mnt, 3-LDH@Mnt, 4-LDH@Mnt and 5-LDH@Mnt.

Contaminant Absorbent

Internal diffusion model

Surface diffusion Internal diffusion Adsorption equilibrium

Kd1 (mg g–1 h–1/2) C1 R2 Kd2 (mg g–1 h–1/2) C2 R2 Kd3 (mg g–1 h–1/2) C3 R2

ATZ Mnt
LDH
1-LDH@Mnt
2-LDH@Mnt
3-LDH@Mnt
4-LDH@Mnt
5-LDH@Mnt

0.73 0.81 0.97 0.122 22.4 0.98 0.0022 30.1 0.99
0.67 0.42 0.99 0.124 12.0 0.98 0.0021 19.8 0.99
1.91 1.32 0.99 0.316 32.1 0.94 0.0018 54.8 0.96
2.23 1.83 0.99 0.353 36.7 0.95 0.0015 59.9 0.98
1.77
1.43
1.62

3.46
2.21
1.13

0.96
0.99
0.99

0.505
0.251
0.242

28.6
30.7
23.1

0.98
0.98
0.99

0.0022
0.0031
0.0023

66.9
49.3
40.1

0.99
0.97
0.99

PQ Mnt
LDH
1-LDH@Mnt
2-LDH@Mnt
3-LDH@Mnt
4-LDH@Mnt
5-LDH@Mnt

0.70 1.65 0.99 0.196 12.5 0.98 0.0012 25.2 0.99
1.04 0.01 0.99 0.260 19.6 0.98 0.0105 35.4 0.97
2.08 7.98 0.99 0.414 35.9 0.99 0.0012 65.0 0.99
2.45 6.27 0.99 0.395 44.1 0.97 0.0009 70.4 0.98
2.96
1.84
1.98

7.41
5.71
2.31

0.99
0.99
0.98

0.475
0.351
0.247

51.1
34.1
36.3

0.98
0.96
0.97

0.0009
0.0012
0.0006

82.0
60.2
54.9

0.99
0.99
0.99
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Figure 4. Isotherm study of ATZ and PQ on Mnt, LDH, 1-LDH@Mnt, 2-LDH@Mnt, 3-LDH@Mnt, 4-LDH@Mnt and 5-LDH@Mnt fitted with (a,e) Langmuir, (b,f) Freundlich, (c,g) Henry and (d,h) generalized Langmuir models.
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provided a better fit of the data than the Langmuir model regard-
ing the sorption of ATZ and PQ by the compound adsorbents,
revealing that the generalized Langmuir model can better describe
the removal process. Therefore, adsorption of ATZ or PQ mole-
cules proceeded via monolayer adsorption, but the active sites
of the composite adsorbents were inhomogeneous. To further
investigate the differences between the adsorption-site distribu-
tions and active-site energies, we employed site energy distribu-
tion theory.

The non-uniform energy adsorption process of the adsorbent
can be studied theoretically using site energy distribution theory.
This enables the calculation of the distribution function and
energy of biosorption sites, indicating the binding strength of
the adsorbent and the adsorption site. The integral formula can
be improved to forecast the power distribution of active sites in
the theory of heterogeneous surface adsorption. It is considered
that the adsorption capacity Qe(Ce) of the adsorbent on a non-
uniform surface is equal to the integration of the adsorption iso-
therm Qh(E,Ce) multiplied by the energy distribution function F
(E) of the local adsorption site with uniform energy (Equation 9).

Qe(Ce) =
∫1

0

Qh(E, Ce)F(E)dE (9)

In this context, the generalized Langmuir model is employed to
investigate the site energy distribution during the adsorption pro-
cess. The deduction process involved was presented in previous
work (Xia et al., 2022), and the formula yields the following
results (Equations 10 & 11):

F(E∗) = nQ0
g(bgCs)

n

RT
exp

−nE∗

RT

( )
[1+ (bgCsexp(−E∗/RT))m]− 1+n

m( )

(10)

m(E∗) = RT
m

ln(1+ bgC
m
s ) (11)

where E* is the difference in sorption energy between the adsorb-
ent and the adsorbent at a certain sorption site, Cs is the max-
imum dissolubility of the sorbent in solution and R is the gas
constant.

Figure 6a,b depicts the relationship between each sample’s
adsorption capacity and the site energy E* at the PQ and ATZ
adsorption equilibrium point. The theory of site energy distribu-
tion explores the uneven adsorption energy process on the
adsorbent from an energy perspective, revealing the power levels
of the sorption sites and their distribution functions. The site
energy (E*) of LDH, Mnt and LDH@Mnt composites dropped
as the equilibrium adsorption capacity of ATZ and PQ increased,
indicating that ATZ and PQ first selected the high-energy sites of
the adsorbent in the initial stage of adsorption and preferentially
occupied these high-energy sites. As the adsorption capacity
increased, PQ/ATZ molecules occupied the low-energy sites on
the adsorbents until all accessible locations were occupied. In
the site energy distribution theory fitting results, the LDH@Mnt
composite curve covered both high- and low-energy site regions,
suggesting its ability to integrate the advantages of Mnt and LDH.
This composite exposed additional adsorption sites through the
mutual support of the LDH and Mnt layers, distinguishing it
from Mnt and LDH alone. In Fig. 6a,b, the qe–E* curves of theTa

b
le

4.
Fi
tt
in
g
pa

ra
m
et
er
s
of

th
e
Fr
eu

nd
lic
h,

La
ng

m
ui
r
an

d
H
en

ry
m
od

el
s
of

M
nt
,
LD

H
,
1-
LD

H
@
M
nt
,
2-
LD

H
@
M
nt
,
3-
LD

H
@
M
nt
,
4-
LD

H
@
M
nt

an
d
5-
LD

H
@
M
nt

fo
r
AT

Z
an

d
P
Q
.

La
ng

m
ui
r

Fr
eu

nd
lic
h

H
en

ry

Co
nt
am

in
an

t
Ab

so
rb
en

t
Q
m
(m

g
g-
)

K
L
(L

m
g–

1 )
R
2

AR
E

R
L

K
F
(m

g(
1−

n
) /
L−

n
/g
)

n
R
2

AR
E

K
d
(L

m
g–

1 )
R
2

AR
E

AT
Z

M
nt

LD
H

1-
LD

H
@
M
nt

2-
LD

H
@
M
nt

3-
LD

H
@
M
nt

4-
LD

H
@
M
nt

5-
LD

H
@
M
nt

2.
05

0.
11

0.
98

5.
2

0.
15

1.
20

2.
79

0.
97

14
.9

0.
03
12

0.
84
08

12
.9
85

1.
43

0.
05

0.
98

14
.5

0.
30

0.
26

1.
74

0.
97

21
.9

0.
03
20

0.
87
91

19
.8
60

6.
05

0.
09

0.
98

3.
6

0.
18

1.
04

1.
81

0.
94

16
.8

0.
10
25

0.
86
20

15
.0
81

6.
75

0.
13

0.
98

4.
8

0.
13

1.
31

2.
04

0.
95

11
.1

0.
10
47

0.
80
80

17
.2
20

7.
03

4.
14

3.
78

0.
16

0.
16

0.
13

0.
98

0.
98

0.
98

3.
8

2.
9

5.
2

0.
11

0.
11

0.
13

1.
48

1.
32

1.
07

2.
00

2.
57

2.
27

0.
91

0.
93

0.
88

14
.7

9.
8

21
.9

0.
10
49

0.
06
49

0.
05
38

0.
77
29

0.
82
88

0.
77
02

16
.4
97

13
.2
65

29
.9
67

P
Q

M
nt

LD
H

1-
LD

H
@
M
nt

2-
LD

H
@
M
nt

3-
LD

H
@
M
nt

4-
LD

H
@
M
nt

5-
LD

H
@
M
nt

30
.7

0.
02

0.
98

4.
1

0.
13

2.
86

2.
54

0.
97

4.
8

0.
06
53

0.
86
40

17
.4
93

49
.0

0.
01

0.
98

1.
8

0.
21

1.
36

1.
67

0.
96

6.
7

0.
10
85

0.
91
16

13
.4
38

71
.9

0.
06

0.
98

9.
6

0.
04

10
.6

2.
61

0.
97

12
.4

2.
49
70

0.
80
52

40
.8
30

85
.5

0.
04

0.
98

5.
2

0.
06

7.
04

1.
96

0.
96

15
.2

0.
32
49

0.
83
16

36
.6
89

91
.9

64
.5

62
.1

0.
08

0.
08

0.
04

0.
98

0.
98

0.
98

2.
4

8.
3

6.
1

0.
03

0.
03

0.
05

10
.7

11
.9

8.
35

2.
05

2.
95

2.
64

0.
92

0.
97

0.
97

22
.2

12
.3

11
.8

0.
37
18

0.
19
48

0.
20
10

0.
70
80

0.
74
97

0.
84
61

63
.7
48

59
.2
56

37
.6
00

Clay Minerals 33

https://doi.org/10.1180/clm.2024.4 Published online by Cambridge University Press

https://doi.org/10.1180/clm.2024.4


three composite samples show similar trends, and 3-LDH@Mnt
possessed more adsorption sites, in accordance with the results
from the structural and shape analysis.

The average site energies for the sorption of ATZ and PQ by
Mnt, LDH and LDH@Mnt samples were also calculated, and
the results are shown in Fig. 6c,d. LDH and Mnt have similar
average site energies, which are 5.55 and 5.93 kJ mol–1 for ATZ
and 8.63 and 8.76 kJ mol–1 for PQ, respectively. The calculated
site energies of 1-LDH@Mnt, 3-LDH@Mnt and 5-LDH@Mnt
are higher than those of LDH and Mnt, which were 7.46, 8.67
and 8.12 kJ mol–1 for ATZ and 11.69, 14.47 and 9.72 kJ mol–1

for PQ, respectively. The results demonstrate that the
LDH@Mnt composite adsorbents possessed numerous adsorp-
tion sites and exhibited high adsorption energy, which are condu-
cive to the removal of ATZ and PQ.

The effects of pH, coexistence of ions and reuse experiments

The impact of the initial pH on the adsorption effects of ATZ and
PQ was investigated. The adsorption capacity of 3-LDH@Mnt for
ATZ and PQ was determined at pH values ranging from 3 to 9, as
shown in Fig. 7a,b. The sorption capacities for ATZ and PQ at pH
3 and 5 were much greater than those at pH 7 and 9, revealing
that the adsorption effect under acidic conditions was better
than that under neutral or basic conditions. Under acidic condi-
tions, on account of the protonation reaction with ATZ/PQ

Table 5. Comparison of the adsorption capacities for ATZ and PQ of the various adsorbents.

Contaminant Adsorbent Qm (mg g–1) Reference

ATZ

Biochar from corn straw 1.94 Tan et al. (2016)
Biochar from Cedrella fissilis 5.71 Hernandes et al. (2022)
Cassava waste biochar 6.12 Li et al. (2018)
Alluvial soil 0.016 Yue et al. (2017)
Acid-activated zeolite-rich tuffs 1.10 Salvestrini et al. (2010)
Biochar from bamboo culm 2.70 Sbizzaro et al. (2021)
Modified Moringa oleifera Lam 4.30 Cusioli et al. (2019)
3-LDH@Mnt 7.03 This work

PQ

Graphene oxide with silica 29.15 Dehgani et al. (2020)
Activated carbon cloth 10.28 Tongur & Ayranci (2021)
Goethite 25.71 Iglesias et al. (2010)
Mesoporous silica with titania 15.42 Brigante & Schulz (2011)
Treated diatomaceous earth 18.00 Tsai et al. (2005)
3-LDH@Mnt 91.90 This work

Figure 5. (a) FTIR spectra and (b) XRD traces after adsorption of ATZ and PQ on 3-LDH@Mnt.

Table 6. Fitting parameters of the generalized Langmuir model of Mnt, LDH,
1-LDH@Mnt, 2-LDH@Mnt, 3-LDH@Mnt, 4-LDH@Mnt and 5-LDH@Mnt for ATZ
and PQ.

Contaminant Absorbent
Generalized Langmuir model

Q0 (mg g–1) B (L mg–1) m n R2 ARE

ATZ Mnt
LDH
1-LDH@Mnt
2-LDH@Mnt
3-LDH@Mnt
4-LDH@Mnt
5-LDH@Mnt

2.03 0.04 0.88 0.61 0.99 4.8
1.42 0.05 1.00 1.00 0.99 12.3
6.07 0.10 1.00 1.00 0.99 2.9
6.73 0.13 1.00 0.99 0.99 4.2
7.03
4.13
3.77

0.19
0.13
0.14

0.99
0.99
0.96

1.00
0.86
1.00

0.99
0.99
0.99

3.2
2.4
4.5

PQ Mnt
LDH
1-LDH@Mnt
2-LDH@Mnt
3-LDH@Mnt
4-LDH@Mnt
5-LDH@Mnt

30.6 0.01 0.90 0.71 0.99 3.6
42.6 0.01 0.87 1.00 0.99 1.2
71.9 0.02 0.90 0.65 0.99 8.2
85.4 0.02 0.92 0.81 0.99 4.5
91.9
64.5
62.2

0.07
0.02
0.01

0.99
0.90
0.81

0.91
0.54
0.69

0.99
0.99
0.99

1.8
7.6
5.5
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Figure 6. The distributions and site energies for (a,c) ATZ and (b,d) PQ adsorption on Mnt, LDH, 1-LDH@Mnt, 3-LDH@Mnt and 5-LDH@Mnt.
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Figure 7. Effect of (a,b) initial pH, (c–f) coexisting cations and anions and (g,h) reuse experiments on ATZ and PQ adsorption on 3-LDH@Mnt.
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molecules, ATZ/PQ in the form of cations was attracted to the
negatively charged layers of Mnt and reduced the electrostatic
repulsion with the LDH@Mnt composite, which was conducive
to the removal of ATZ and PQ. However, under alkaline
conditions, the concentration of H+ was decreased, and the
protonation reaction of ATZ/PQ molecules was weakened,
resulting in the adsorption amount for ATZ and PQ being
decreased slightly.

The effect of coexisting anions on the sorption of ATZ and PQ
by 3-LDH@Mnt was also assessed, and the results are shown in
Fig. 7c–f. The presence of Na+, K+, Mg2+ and Ca2+ cations and
Cl–, NO3–, SO4

2– and CO3
2– anions did not exert much influence

on the removal of ATZ and PQ, revealing that the LDH@Mnt
composite possessed high adsorption stability and was reliable
for the adsorption ATZ and PQ in various environmental sys-
tems. The reuse capability of 3-LDH@Mnt was also experimen-
tally explored, and the results are shown in Fig. 7g,h. After five
cycles, the adsorption amount was reduced to 6.32 mg g–1 for
ATZ and 70.8 mg g–1 for PQ; however, the removal rates of
ATZ and PQ still exceeded 70%, demonstrating the good reusabil-
ity and continuous effective adsorption performance of the
composite.

Conclusion

In this study, Mnt modified with varying amounts of LDH was
successfully synthesized using the in situ method. The XRD and
FTIR spectroscopy results revealed that the LDH structure was
successfully combined with Mnt. From the BET and SEM results,
LDH loaded on the surface of Mnt layers could form porous
structures and increase the specific surface area; however, excess
LDH caused the aggregation and accumulation on the layers.
The adsorption kinetic data revealed that the biosorption process
well fitted the quasi-second-order model and internal diffusion
model. The composite sample 3-LDH@Mnt possessed the best
adsorption efficiency for both ATZ and PQ, and the adsorption
capacities were 7.03 and 91.9 mg g–1, respectively. These adsorp-
tion amounts indicate that the biosorption process was influenced
by the number of active sites of the adsorbent. The XRD and
FTIR spectroscopy results after adsorption indicated that the
removal of PQ and ATZ by LDH@Mnt was mainly via surface
adsorption. In the study of the adsorption isotherm, the general-
ized Langmuir model accurately characterized the adsorption of
ATZ and PQ, revealing that the adsorbents had a certain number
of active sites but their energy levels differed. According to the
assumption of site energy distribution, the composite adsorbent
had a significant number of biosorption sites and the sorption
energy was high, both of which being beneficial for the removal
of ATZ and PQ. The influence of pH, coexisting ions and reuse
experiments demonstrated the high adsorption stability of the
LDH@Mnt composite, indicating that it represents a reliable
choice for ATZ and PQ adsorption in various environmental sys-
tems. The results also show that the adsorption effect of the com-
posite of Mnt and LDH is better than that of the two materials
alone. The composite adsorbent points the way towards the devel-
opment of a series of efficient adsorption materials and will help
future studies to improve the adsorption effects of clay minerals. It
also has crucial practical implications for environmental
protection.
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be found at https://doi.org/10.1180/clm.2024.4.
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