
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ymri20

Materials Research Innovations

ISSN: 1432-8917 (Print) 1433-075X (Online) Journal homepage: https://www.tandfonline.com/loi/ymri20

Adsolubilisation of thiacloprid pesticide into
the layered zinc hydroxide salt intercalated
with dodecyl sulphate, for controlled release
formulation

Zuhailimuna Muda, Norhayati Hashim, Illyas Md Isa, Suzaliza Mustafar,
Suriani Abu Bakar, Mazidah Mamat & Mohd Zobir Hussein

To cite this article: Zuhailimuna Muda, Norhayati Hashim, Illyas Md Isa, Suzaliza Mustafar, Suriani
Abu Bakar, Mazidah Mamat & Mohd Zobir Hussein (2019): Adsolubilisation of thiacloprid pesticide
into the layered zinc hydroxide salt intercalated with dodecyl sulphate, for controlled release
formulation, Materials Research Innovations, DOI: 10.1080/14328917.2019.1655620

To link to this article:  https://doi.org/10.1080/14328917.2019.1655620

Published online: 21 Aug 2019.

Submit your article to this journal 

Article views: 32

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ymri20
https://www.tandfonline.com/loi/ymri20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14328917.2019.1655620
https://doi.org/10.1080/14328917.2019.1655620
https://www.tandfonline.com/action/authorSubmission?journalCode=ymri20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ymri20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14328917.2019.1655620
https://www.tandfonline.com/doi/mlt/10.1080/14328917.2019.1655620
http://crossmark.crossref.org/dialog/?doi=10.1080/14328917.2019.1655620&domain=pdf&date_stamp=2019-08-21
http://crossmark.crossref.org/dialog/?doi=10.1080/14328917.2019.1655620&domain=pdf&date_stamp=2019-08-21


Adsolubilisation of thiacloprid pesticide into the layered zinc hydroxide salt
intercalated with dodecyl sulphate, for controlled release formulation
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ABSTRACT
Sodiumdodecyl sulphate surfactant was intercalated into the layered zinc hydroxide salt for the successful
adsolubilisation of poor water-soluble pesticide, thiacloprid. The intercalation of the dodecyl sulphate ion
was confirmed by PXRD analysis with basal spacing 30.1 Å. The presence of thiacloprid into the interlayer
gallery of zinc layered hydroxide also supported with Fourier transform infrared spectra and elemental
analysis. Based on the thermal study, thiacloprid was thermally stable after the adsolubilisation compared
to its solid form. The release of thiacloprid anions from the nanocomposite into an aqueous solution of
sodium phosphate was governed by first-order kinetics. Whereas the release of thiacloprid into sodium
sulphate and sodium chloride solution governed by parabolic diffusion kinetics model. In consideration of
the obvious breakthrough made in the nanocomposite characterisation and release study, this nanocom-
posite could be a promising candidate for the profitable improvement of an environment-friendly
pesticide formulation.
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Introduction

Layered material nanocomposite can be prepared by
inserting guest molecule into the interlayer of layered
host. Recently, layered material like layered hydroxide
salt (LHS) and layered double hydroxide (LDH) are often
used as a host or carrier for various guest species, for
example 3-(4-methoxyphenyl)propionate [1], graphene
[2], anticancer drug; raloxifene hydrochloride [3], mefe-
namic acid [4], amoxicillin trihydrate [5], diclofenac [6],
and chlorpyrifos [7].

Both LDH and LHS have anion exchange properties
in order to balance the positive charge of the layers
[8,9]. The capability of anionic exchange of these layered
materials may be merged to intercalate the surfactant
anions inside the interlayer gallery in an attempt to
create organo-layered materials [9,10]. Several attempts
have been made to intercalate surfactant like dodecyl
sulphate (DDS) and dodecylbenzenesulfonate ion into
the interlayer of LDH and LHS [7,9,11,12]. DDS can
act as a hydrophobic region for enhancing the water
dispersed of pesticide and in assistance for adsolubilisa-
tion into the interlayer gallery of layered material. The
presence of alkyl chain of surfactant is being able to
expand the layer thickness reflect on its large molecular
weight [9,13]. Therefore, it is easier to intercalate poor
water-soluble pesticide into the interlayer of LDH
or LHS.

Thiacloprid, (Z)-3-(6-chloro-3-pyridylmethyl)-1,3-thia-
zolidin-2-ylidenecyanamide belongs to a relatively new
class of insecticide [7]. Several studies of environmental
behaviour of thiacloprid showed that the molecule has

poor water interaction either at acidic, neutral or alkaline
medium [14]. It has a relatively low water solubility, which
is only 184 mg L−1 and excellent chemical stability in water
[15]. Due to this complication, thiacloprid insecticides enter
agricultural surface waters, where they may affect predator-
prey interactions, which are of central importance for eco-
systems as well as the functions these systems provide
[16,17]. Therefore, it is sensible to modify the zinc layered
hydroxide (ZLH) with intercalated sodium dodecyl sulphate
(SDS) anion in order to improve the adsolubilisation of
thiacloprid anion. The release of the thiacloprid was done
in aqueous medium of phosphate, sulphate and chloride,
and their release behaviour was studied. As far as the
authors are aware, there is no work carried out on adsolu-
bilisation of thiacloprid pesticide into the layered zinc
hydroxide salt intercalated with DDS, for controlled release
formulation. This work is expectant to reveal the potential
application of ZLH as the host for the insecticide by con-
centrating on its controlled release behaviour.

Method

Materials

Each chemical utilised in this synthesis was attained from
several chemical providers and used without additional
purification. All solutions were prepared using deionised
water. SDS and zinc nitrate (Zn(NO3)2 · 6H2O) were pur-
chased from Systerm, Malaysia. Sodium hydroxide (NaOH)
was purchased from HmbG Chemicals. Whereas thiacloprid
pesticide, C10H9ClN4S (THI) was purchased from Nanjing
Essence Fine-Chemical.
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Synthesis of ZLH-SDS-THI

The ZLH-SDS-THI nanocomposite was synthesised in two
steps. First, zinc layered hydroxide-sodium dodecyl sulphate
(ZLH-SDS) was synthesised beforehand by co-precipitation
method goes by a practice published elsewhere [7] with
a few modifications. Concisely, ZLH-SDS was synthesised
by the slow addition of 1.0 M NaOH and 40 mL of 0.5 M of
Zn(NO3)2 · 6H2O, into a solution containing 40 mL of
0.25 M SDS under magnetic stirring. The pH value was
adjusted to 6.5. The slurry was then centrifuged and dried
in an oven at 70°C.

The second step involves the preparation of thiacloprid
(THI) intercalated into the interlayer of ZLH-SDS (indicated
as ZLH−SDS-THI) that was achieved by an ion exchange
method. Various concentrations of thiacloprid solution
were prepared at 0.0005, 0.001 and 0.0025 M. 0.5 g of pre-
viously synthesised ZLH-SDS was dissociated in thiacloprid
solution and kept under magnetic stirrer for 2 ½ h. The slurry
was then aged for 24 h in an oil bath shaker at 70°C. Then, the
slurry was centrifuged and the final white solid was dried in
an oven for 24 h.

Characterisation

There are several instruments involved in the characterisation
of the ZLH-SDS-THI nanocomposites. The X-ray powder dif-
fraction patterns (PXRD) were obtained using a power diffrac-
tion Bruker AXS (model D8 Advance, wavelength of 1.5406 Å)
with CuKα radiation at 60 kV and a current of 60 mA. The
recorded region of 2θwas from 2� to 60� with a scanning rate of
2º min−1. The Fourier transform infrared (FTIR) spectra were
collected in a Thermo Nicolet 6700 Fourier Transform Infrared
Spectrometer in the range 400–4000 cm−1 with a resolution of
4 cm−1. The thermal analyses measurement (TGA/DTG) of the
sample was obtained with Perkin Elmer Pyris 1 TGA Thermo
Balance with a heating rate of 20°C min−1 (N2 flow rate is
50 mL/min, temperatures of 25–900°C at a rate of 10 K/min).
An inductive coupled plasma optical emission spectrometry
(ICP-OES), model Agilent, 720 Axial and (CHNO-S), model
Thermofinnigan, Flash EA 1112 was used to study the compo-
sition of the samples. The surface morphology of the sample
was observed by a field emission scanning electron
microscopeHitachi model SU 8020 UHR. Surface characterisa-
tion of the nanocomposites was carried out by the nitrogen gas
adsorption–desorption technique at 77 K using
a Quantachrome Autosorb-1and degassed in an evacuated
heated chamber at 120°C overnight.

Release study of nanocomposite

Na3PO4, Na2SO4 and NaCl solutions were prepared with
various concentrations which are 0.10, 0.20 and 0.30 M. The
releases of thiacloprid from the layered material nanocom-
posites were studied by adding a 0.6 mg sample into the
cuvette which is the optimum mass for ion exchange capa-
city as already be done in the previous study[18]. The
instrument of UV-vis was set up with correct data for
analyses. The quantity of pesticides released into the solu-
tion was measured at the preset time with λmax = 241.5 nm.

Results and discussion

PXRD analysis

Figure 1 shows the PXRD patterns for ZLH-SDS, pristine
thiacloprid anions and the resulting ZLH-SDS-THI nanocom-
posite. The diffraction peak of ZLH-SDS, at 9.8 Å correspond-
ing toNO3

−, which was characterised by amajor basal reflection
caused by the (200) plane of the monoclinic structure[19].
Whereas the peak at 33.0 Å has the same pattern with layered
double hydroxide-sodium dodecyl sulphate (LDH-SDS) that
previously reported elsewhere [12]. The resulted ZLH-SDS
was completely crystallised without impurities, for instance,
ZnO. Based on the equation present by Moezzi et al. [20]
(Equations (1) and (2)), the zinc species undergo hydrolysis
reactions as zinc nitrate hexahydrate dissolved in water. Liang
et al. [21], have represented the main reaction that zinc hydro-
xide species transform into ZnO nanoparticles (3). In the pre-
sence of DDS ions, these zinc hydroxide species could cause
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Figure 1. PXRD pattern for ZLH-SDS, thiacloprid anion and ZLH-SDS-THI nano-
composite with concentration of 0.0005, 0.001 and 0.0025 M of thiacloprid.
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charge-assemblies to form zinc hydroxide-dodecyl sulphate
layered nanosheets (4).

ZnðNO3Þ2ðsÞ ! Zn2þðaqÞ þ 2ðNO3Þ�ðaqÞ (1)

Zn2þðaqÞ þH2OðaqÞ Ð ZnOHþðaqÞ þHþðaqÞ (2)

ZnðOHÞ xþ
2�x þ x=4O2 ! ZnOþ ð1� 1=2xÞH2O (3)

ZnðOHÞ xþ
2�x þ xDS� ! ZðOHÞ2�xDSx (4)

The ZLH-SDS-THI diffraction peak in Figure 1 shows that
the nanocomposite presented a well-ordered nanolayered
structure with an expanded basal spacing of 30.1 Å for
0.0005, 0.001 and 0.0025 M of thiacloprid anion. After the
adsolubilisation of thiacloprid into the interlayer of ZLH,
the basal spacing showed a slightly decreased due to the
adoption of different orientation angle[22]. The adsolubili-
sation was apparently proved by the appearance of three
harmonic reflections (003, 006 and 009 planes) at the lower
2θ angle which was linked to the basal distance of the
nanolayer. The abnormal pattern around 30–40 Å corre-
sponded to the turbostratic effect generated by broadening
of basal reflections and the geometry of other diagonal
planes, that is in agreement with the prior study as reported
elsewhere [23]. As shown in the figure, the intensity of the
intercalation peak of ZLH-SDS-THI nanocomposite
increased as the concentration of thiacloprid
increased from 0.0005 to 0.0025 M which indicated the
increasing of crystallinity. This was due to the stronger
electrostatic interaction between thiacloprid and ZLH as
the concentration of thiacloprid increased which promoted
the formation of crystals [23]. As a result of the complete
exchange of the nitrate anion, ZLH-SDS-THI nanocompo-
site prepared using 0.0025 M anion produced sharp, sym-
metrical and intense peaks. This particular sample was then
chosen as the phase pure well-ordered nanocomposite
material and used for further characterisations.

FTIR analysis

The FTIR spectra for ZLH-SDS, pure thiacloprid and the
ZLH-SDS-THI nanocomposite are shown in Figure 2. All of
the bands assigned to thiacloprid, ZLH-SDS, and the ZLH-
SDS-THI nanocomposite are outlined in Table 1. As shown
in thiacloprid spectra, the peak appeared at 2211, 1098 and
606 cm−1 are due to stretching vibration of C ≡ N, C-N and
C-Cl, respectively. Whereas the peak appeared at 1385 cm−1

is assigned to bending vibration of aliphatic group.
The FTIR spectra of ZLH-SDS shows a strong and sharp

absorption band around 3500–3700 cm−1 corresponds to
the stretching vibrations of the OH group of the free
water molecule [24]. Whereas a strong and broad absorp-
tion band centred at 3461 cm−1 attributes to the OH vibra-
tion. This band has a broad base due to hydrogen bonds
established with the hydration water molecule [8]. Another
bending vibration at 1637 cm−1 is the H-O-H bending of
water molecule in the interlayer of ZLH-SDS. Two main
doublet absorption bands appear in the region of
2850–2950 cm−1 which is due to stretching vibration of
aliphatic group and another band at 1350–1480 cm−1 is
due to bending vibration of aliphatic group. While the

stretching vibration at 1210–1240 cm−1 is due to the pre-
sence of sulphate group from intercalated SDS anion [11].
A strong absorption band at 1364 cm−1 is due to the pre-
sence of nitrate as the salt used for the source of metal ions
which is zinc nitrate.

Also shown in Figure 2, the FTIR spectra of ZLH-SDS-
THI resemble the ZLH-SDS spectra. A strong and broad
band at 3473 cm−1 is attributing to the stretching vibra-
tion of the hydroxyl group of the water molecule. While
a peak at 1625 cm−1 reveals that there is a free water
molecule in the interlayer of nanocomposite. A sharp
doublet absorption of ZLH-SDS-THI nanocomposite
band resembles the peak in ZLH-SDS layer at 2913 and
2846 cm−1 which is due to stretching vibration of the
C-H group that presents in the nanocomposite. Whereas
the peak at 1460 cm−1 is due to bending vibration of the
aliphatic group, C-H. The bands appeared at 1183 and
1056 cm−1 are assigned to the asymmetric and symmetric
stretching vibration of S = O [12]. The stretching vibra-
tion of S = O for ZLH-SDS-THI particles is shifted to
lower frequencies, indicating the configuration variation
of the OSO3

− functional group [12]. Those down-shift
conforms to the losing of S = O bond strength, referring
the existence of a hydrogen bond within ZLH interlayer
and sulphate group (S = O H–O–Zn) as well as the
electrostatic attraction [12]. The typical absorption peak
of thiacloprid peaks that appear at 1001 and 719 cm−1 are
due to the stretching vibration of C-N and
C-Clrespectively, indicating that thiacloprid molecule
have been successfully loaded into the ZLH interlayer.
After the intercalation, the peak that represents
a cyanide group is disappearing due to nitrile hydrolysis
reaction. The electropositive nitrile accepts a nucleophile
for addition reaction and undergoes an intermolecular
rearrangement to form cyanide ion [25]. The FTIR spec-
tra also confirms the disappearance of nitrate absorption
peak at 1364 cm−1 which indicates the successful of ion
exchange between nitrate ion and thiacloprid anion.

Spatial orientation

A graphic orientation of DDS anion and thiacloprid anion in
the interlayer of zinc hydroxide of the product is shown in
Figure 3. The DDS anion adopts a monolayer structure com-
posed of interpenetrating alkyl chains with the oxygen atom of
SO3

− groups anchored to positively charged ZLH plane by
electrostatic interaction with the hydrocarbon tail expanding
outward [12,26]. The negatively charged thiacloprid anion is
arranged parallel to DDS anion and electrostatically attracted to
ZLH plane. The schemed spatial orientation of thiacloprid in
the ZLH interlayer gallery is referring to the basal spacing of the
PXRD analysis. Accordingly, the basal spacing of ZLH-SDS-
THI is 30.1 Å and the interlayer height of the nanocomposite is
estimated to be about 20.1 Å, obtained by subtracting the layer
thickness plus the height of a Zn2+moiety of the lattice from the
basal spacing[27]; i.e. 21.1 Å = 30.1 – (4.8 + 2.6 + 2.6) Å.

Elemental analysis

Table 2 shows the elemental analysis of ZLH-SDS and ZLH-
SDS-THI nanocomposite which contains 2.46% N, 24.80% C,
5.48% H and 3.38% S for ZLH-SDS whereas 19.88% nitrogen,
44.78% carbon, 3.62% hydrogen and 12.41% sulphur for ZLH-
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SDS-THI nanocomposite. Percentage N was used to calculate
the loading percentage of thiacloprid in the interlayer of ZLH
which was found to be 89.71%.

From ICP-OES analysis, the percentage of Zn in ZLH-SDS-
THI nanocomposite was estimated to be 35.63%, respectively.
From PXRD and FTIR analysis, the peak for nitrate does no
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Figure 2. The FTIR spectra for ZLH-SDS, thiacloprid anion and ZLH-SDS-THI nanocomposite.

Table 1. FTIR bands for ZLH-SDS, thiacloprid anion and ZLH-SDS-THI
nanocomposite.

Characteristic group
ZLH-SDS
(cm−1)

ZLH-SDS-THI
(cm−1)

Thiacloprid
(cm−1)

ν (O-H), H-bonded 3461 3473 -
ν (O-H) in the interlayer; H2O 3570 - -
ν (H-O-H) in the interlayer; H2O 1637 1625 -
ν (C ≡ N) - - 2211
ν (C-Cl) - 719 606
ν (C-N) - 1001 1098
ν (C-H),stretching 2846

2913
2846
2913

-

ν (C-H),bending 1458 1460 1385
ν (N-O) 1364 - -
νas (S = O) 1220 1183 -
νs (S = O) 1084 1056 -

4.8 Å 

20.1 Å 

2.6 Å 

2.6 Å 

Thiacloprid 

DDS 

ZLH 

S 
O 

C 
H 

N 

Cl 

Figure 3. The proposed orientation of thiacloprid and SDS anions intercalated
within the ZLH interlayer gallery resulting in ZLH-SDS-THI nanocomposite
estimated by Chemoffice software.
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longer exist in the nanocomposite spectra. Therefore, the per-
centage N in the ZLH-SDS-THI nanocomposite indicates the
successful adsolubilisation of thiacloprid into the interlayer of
ZLH. The results were also supported by the increasing percen-
tage of C and S. From the elemental analysis and TGA/DTG
analysis, the formula of ZLH-SDS-THI nanocomposite was
proposed as Zn2+(OH)1.48(CH3(CH2)11SO4)

−
0.52

(C10H9ClN4S)
−
0.65. 0.79 H2O.

Thermal analysis

The TGA-DTG curve for thiacloprid, ZLH-SDS-THI
nanocomposite and ZLH-SDS are shown in Figure 4.
Thermal degradation of pure thiacloprid (Figure 4(a))
was recorded between 263°C and 438°C, showing
73.55% of weight loss at the maximum temperature of
349°C.

Whereas four weight loss in ZLH-SDS-THI nanocom-
posite were observed, as shown in Figure 4(b). The first
weight loss was recorded at 140°C with weight loss of
3.5%, which is attributed to dehydration of physically
adsorbed intercalated wate r[6]. The second weight loss
(12.3%) at 286°C corresponds to the decomposition of
DDS anion. The maximum temperature of 356°C repre-
sents the 32.4% weight loss of thiacloprid anion. The last
weight loss (29.0%) is at 822°C (temperature range
680–928°C) which is ascribed to the complete decompo-
sition of amorphous mixture of salts generated during the
initial anion decomposition [28,29].

The ZLH−SDS exhibits two weight loss stages (Figure 4(c)).
The first (70–119°C) corresponds to the removal of interca-
lated water at 107°C [6]. The second (154–399°C) is
a consequence of the decomposition of DDS anion, company-
ing a weak exothermic peak at 198°C with a 37.0% weight loss.
The thermal study of ZLH-SDS-THI nanocomposite revealed
that the thiacloprid anion that intercalates in the ZLH-SDS
interlayer is thermally stable contrast to its pristine form. This
is due to the electrostatic interaction between thiacloprid
anions and ZLH layer that act as a heat barrier, thus being
responsible for a marked improvement in the thermal stability
of the thiacloprid pesticide [13].

Surface morphology analysis

As shown in Figure 5, there is clearly significant difference
in the morphology of ZLH-SDS and ZLH-SDS-THI nano-
composite. ZLH-SDS shows a small and plate-like structure
with rough surface. Whereas ZLH-SDS-THI nanocomposite
shows bright micrograph with some smooth region and
different size of plate-like particle. The surface morphology
of ZLH-SDS-THI nanocomposite is typically in plate-like
structure . It showed that the intercalation of thiacloprid
into the interlayer of ZLH-SDS resulted in a changed of
surface morphology as previously reported by [1,30].

Surface area analysis

The specific surface area of ZLH-SDS and ZLH-SDS-THI
nanocomposite was also studied. The calculated Brunauer-
Emmett-Teller (BET) surface areas of this sample are listed
in Table 3. The specific BET surface area of ZLH-SDS is
7.027 m2g. After the intercalation, the value was decreased to
0.872 m2g. The decrease in surface area of the nanocomposite
leads to an increasing pore size and decreasing the pore
volume [18].

Based on Figure 6(a), the adsorbate uptake of ZLH-SDS is
slow at the relative pressure range of 0.0–0.6, fairly rapid at
0.6–0.9, before rapid adsorption can be observed around >0.9.
The optimum uptake is 32 cm3/g, indicating high capacity for
the uptake of nitrogen gas. Whereas ZLH-SDS-THI nanocom-
posite shows a slow uptake around 0.0–0.8, before reaching
maximum with rapid uptake at 8.2 cm3/g (Figure 6(b)).

Table 2. Compositional data for synthesised ZLH-SDS and ZLH-SDS-THI
nanocomposite.

Sample N (%) C (%) H (%) S (%) Anion (% w/w)

ZLH-SDS 2.46 24.80 5.48 3.38 -
ZLH-SDS-THI 19.88 44.78 3.62 12.41 89.71
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Figure 4. Thermogravimetric curve for thiacloprid anion (a), ZLH-SDS-THI
nanocomposite (b) and ZLH-SDS (c).
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Different types of the desorption branch of the hysteresis loop
for the host and resulting nanocomposite indicate different pore
texture between both materials [18,31]. ZLH-SDS exhibit a
mesoporous type material with Type IV isotherm . While the
resulting nanocomposite exhibit macroporous material with
Type II isotherm which attribute to non-porous material with
monolayer coverage followed by multilayering at high relative
pressure [32].

Figure 7 shows the Barrett-Joyner-Halenda (BJH) deso-
rption pore size distributions for ZLH-SDS and ZLH-SDS-
THI nanocomposite. The difference in pore size distribution
was observed between ZLH-SDS and ZLH-SDS-THI nano-
composite which is due to the modification of the pore by
thiacloprid anion after the adsolubilisation process [31]. This
study proves that there is a possibility of adsorption mechan-
ism present on ZLH and the resulting nanocomposite as pre-
viously reported by [33].

Controlled release study

The release profiles of thiacloprid anion from interlayer of
ZLH-SDS-THI nanocomposite were done into three differ-
ent concentrations of sodium phosphate (Na3PO4), sodium

Table 3. Surface properties of ZLH-SDS and ZLH-SDS-THI nanocomposite.

Samples
Specific BET surface

area (m2/g)
Average pore dia-

meter (nm) Classification

ZLH-SDS 7.027 27.83 Mesoporous
ZLH-SDS-THI 0.872 58.16 Macroporous
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Figure 6. Adsorption–desorption isotherms of nitrogen gas for ZLH-SDS (a) and ZLH-SDS-THI (b).
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Figure 5. FESEM images of ZLH-SDS (a) and ZLH-SDS-THI (b) 10 k magnification nanocomposite.
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sulphate (Na2SO4) and sodium chloride solution (NaCl).
This solution is chosen because sulphate, phosphate and
chloride ion are present in the rainwater and the soil com-
position. These release profiles in phosphate, sulphate and
chloride medium are shown in Figure 8.

From Figure 8(a), the release rate of thiacloprid from
interlayer of ZLH in 0.1, 0.2 and 0.3 M phosphate solution
was faster at the first 500 min before reachingequilibrium at
around 1500 min. In Figure 8(b), the release of thiacloprid in
sulphate solution was found to be faster at the beginning, until
reaching the equilibrium at around 1200 min for all three
concentrations. As for as chloride solution in Figure 8(c), the
release of thiacloprid is faster at first 500 min before reaching
equilibrium point. The fast release for all solutions is possibly
due to the high density of incoming anion leading to rapid ion
exchange process of thiacloprid in the interlayer of ZLH with
incoming anions in the phosphate, sulphate and chloride
solution. The extended time period for thiacloprid to release
from ZLH matrix is possibly due to the strong host–guest
interaction which is the electrostatic attraction between the
positivecharge ZLH and negative charge of anionic thiacloprid
leading to much slower release process [34,35].

As shown in Figure 8, it is observed that release of
thiacloprid into phosphate solution dominates the accumu-
late release percentage with 68.3%, 75.6% and 90.0% in 0.1,
0.2 and 0.3 M concentration, respectively, compared to
sulphate and chloride solution. The percentage accumulated
release of thiacloprid into sulphate solution are 36.7%,
57.9% and 87.6% in 0.1, 0.2 and 0.3 M, respectively, mean-
while in chloride solution the percentage of accumulate
release are 10.9%, 30.8% and 37.4% in 0.1, 0.2 and 0.3 M,
respectively. The percentage of accumulated thiacloprid was
found to be reliant on the anion in the aqueous solutions in
the order of PO4

3- > SO4
2- > Cl−. The result showed that the

affinity of anion in the solution plays an important rule for
controlled release of thiacloprid anion from interlayer of
ZLH. The exchange ability of incoming anions increases
with increasing charge density and decreasing ionic radius
which indicates phosphate has higher affinity followed by
sulphate and lastly chloride ion [36–38]. In other word, the
affinity of incoming anion induces the ion exchange process
and subsequently determines the amount of the guest anion
to be released [36]. The high charge density of phosphate,
sulphate, and chloride anion leading to a high formation of

electrostatic interaction between incoming anion (phos-
phate, sulphate, and chloride) and the positively charged
layer of ZLH in the ion exchange process [37,38].

Kinetic study

Kinetic study of thiacloprid releases from the interlayer of
ZLH-SDS-THI nanocomposite is further performed in
order to understand the release behaviour of thiacloprid
into different aqueous solutions. The quantitative analysis
of the data obtained from the release study is fitted to zeroth
order (Equation (5))[39], first order (Equation (6))[40],
pseudo second order (Equation (7))[41], parabolic diffusion
model (Equation (8))[42] and Fickian diffusion model
(Equation (9))[43] for which the equations are givenin the
following:

x ¼ t þ C (5)

� log 1� Mi=Mf
� � ¼ t þ C (6)

t= Mi ¼ 1= Mf
2 þ t = Mf (7)

Mi= Mf ¼ kt0:5 þ C (8)

Mi=Mf ¼ �ktn (9)

x is the percentage release of the thiacloprid anion at time t;Mi

and Mf are the initial and final concentration of thiacloprid
anions, respectively, and C is a constant. Whereas Mi=Mf

represents the fraction of release anion at time, t; and n is
an empirical parameter describing the release mechanism
(Silion et al. 2012). The resulting correlation coefficient, r2

values and the parameters obtained from the fitting are
shown in Table 4. The rate constantk, and t1=2 are calculated
from the corresponding equation where t1=2 is the time
required for 50% of thiacloprid to be released from ZLH-
SDS-THI nanocomposite. The diffusional exponent, n and k
for Fickian diffusion model have been evaluated from the
slope of the plot lnðMi=Mf Þ versuslnt.

The obtained fitting curve between 0 and 500 min is
presented in Figure 9. The best fit graph can be obtained
through the value ofr2, where the closest value to 1 is
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Figure 8. Release profile of thiacloprid from ZLH-SDS-THI nanocomposite into 0.1, 0.2 and 0.3 M concentration of aqueous (a) Na3PO4, (b) Na2SO4 and (c) NaCl
solutions.
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considered as best fit as listed in Table 4. The correlation
coefficient, r2 for the release of thiacloprid into phosphate
solution shows the release profile followed the first order
(Figure 9(a)). Whereas the release of thiacloprid from inter-
layer of ZLH-SDS-THI nanocomposite into sulphate
(Figure 9(b)) and chloride (Figure 9(c)) solution followed
the parabolic diffusion model.

The first-order model demonstrates the release system
where dissolution rate depends only on one reactant concen-
tration [28]. As shown in Table 4, it is obvious that the rate
constant depends on the concentration phosphate solution.
The rate constant increases as the concentration of anion
increases. While the t1/2 is decreases asmore phosphate ions

are available to be ion exchanged with thiacloprid anion
resulting in lower t1/2 values[37].

On the other hand, the parabolic diffusion model
clarifies that the release process is controlled by intrapar-
ticle diffusion or surface diffusion which indicate that the
external surface diffusion or the intraparticle diffusion via
ion exchange is the rate-determining step in the release
process [35,37]. The electrostatic interaction between host
and guest is a factor affecting the diffusion rate of the
intercalated species [44]. This interaction can be shown
by the presence of coordinative unsaturated Zn(OH)3
units of ZLH lattice, leads to the formation of
a coordination bond between the exposed Zn2+ ions and

Table 4. The rate constants (k), half-life (t1/2) and correlation coefficients (r2) obtained from the fitting data of thiacloprid release from ZLH-SDS-THI
nanocomposite into Na3PO4, Na2SO4 and NaCl solutions.

Na3PO4

(M) Zeroth order Pseudo second order Parabolic diffusion Fickian First order

r2 r2
k (×10−4)

(mol−1L s−1) t1=2(min)
c

(×10−3)

0.1 0.971 0.296 0.965 0.969 0.996 7.74 231.4 7.59
0.2 0.952 0.550 0.972 0.969 0.995 10.9 224.3 6.09
0.3 0.939 0.627 0.985 0.967 0.991 12.4 205.1 5.30

Na2SO4 (M) Zeroth order First order Pseudo second order Fickian Parabolic diffusion

r2 r2 k (×10−2) (mol−1L s−1) t1=2(min) c (×10−2)

0.1 0.958 0.976 0.758 0.985 0.982 1.53 13.0 2.67
0.2 0.942 0.977 0.788 0.976 0.981 2.57 12.6 4.23
0.3 0.956 0.998 0.812 0.962 0.988 3.48 12.3 5.20

NaCl (M) Zeroth order First order Pseudo second order Fickian Parabolic diffusion

r2 r2 k (×10−2) (mol−1L s−1) t1=2(min) c (×10−2)

0.1 0.706 0.719 0.005 0.847 0.861 0.42 13.8 2.72
0.2 0.94 0.953 0.001 0.982 0.988 1.43 12.3 4.70
0.3 0.972 0.982 0.011 0.995 0.981 2.06 7.2 9.75
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cyanide groups of thiacloprid. Such a strong interaction
has significant contribution to the decrease of release
coefficient in the ZLH-based materials. Similar to the
release of thiacloprid into the phosphate solution, the
rate constant of thiacloprid release into the sulphate and
chloride solutions increased while the t1/2 decreased as
the concentration of solution increased.

Conclusion

The adsolubilisation of thiacloprid into the gallery of ZLH is
successful with the aid of surfactant, SDS with a basal spa-
cing of 30.1 Å to accommodate thiacloprid in a monolayer
arrangement. The FTIR study showed the presence of func-
tional groups for both guest anions and inorganic host
which also supported the intercalation of thiacloprid within
the interlayer gallery of ZLH. The percentage loading is
estimated to be 89.71% and the intercalation of thiacloprid
was supported by the presence of nitrogen. An enhanced
thermal stability of thiacloprid in the ZLH interlayer was
highlighted in the thermogravimetric analysis. The release
of thiacloprid from its nanocomposite is controlled by first-
order kinetics for phosphate medium and parabolic diffu-
sion model for sulphate and chloride medium. Therefore,
this study proves that ZLH can be a good host for thiaclo-
prid anions and can be used in controlled release of thia-
cloprid pesticides.
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