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Abstract
A neutrally charged insecticide, imidacloprid (IC), has been intercalated into zinc hydroxide nitrate (ZHN) with the assistance 
of sodium dodecylsulphate (SDS). The presence of SDS assists the intercalation of IC by forming a hydrophobic region in 
the interlayer gallery of ZHN. The intercalated compound, ZHN–SDS–IC, was characterised using powder X-ray diffraction 
(PXRD), thermogravimetric analysis, Fourier transform infrared spectroscopy, elemental analysis, field emission scanning 
electron microscopy, and gas sorption analysis. The PXRD studies demonstrated intercalation peaks at lower 2θ, which 
confirmed the intercalation of IC and SDS in the interlayer gallery of ZHN. The release and kinetic studies of ZHN–SDS–IC 
reveals that the IC were successfully released in controlled manner (with release time up to 1478 min), and were governed by 
pseudo second order kinetic model. The ZHN–SDS–IC synthesised is hopefully beneficial in overcoming the consequences 
of excessive usage of insecticide in paddy cultivation.
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1 Introduction

Recently, intense research interests have paid on layered 
metal hydroxides (LMHs) due to their ability to intercalate 
various organic molecules in the interlayer gallery [1–7]. 
LMHs are commonly categorised into layered double 

hydroxides (LDHs) and layered hydroxide salts (LHSs). 
Both LDHs and LHSs are types of brucite (Mg(OH)2) struc-
ture. LDHs are formed when some of the  Mg2+ in the brucite 
structure are replaced with trivalent cations,  M3+, thus pro-
ducing an excess charge on the layer, that needs to be counter 
balanced by interlayer anions [8]. LHSs are formed when 
some of the hydroxyl ions in the brucite structure are substi-
tuted by water molecules and guest anions [9]. The general 
formula of LHS structures is  M2+(OH)2−x(Am−)x/m·nH2O, 
where  M2+ represents the metal cation and  Am− refers to the 
counter ion [10].

In par ticular,  zinc hydroxide nitrate (ZHN; 
 Zn5(OH)8(NO3)2·2H2O), has drawn considerable attention 
as a host material for intercalation compounds [8, 9, 11, 12]. 
Each layer of ZHN is made up of octahedral coordinated 
zinc cations, with one-quarter of the octahedral sites unoccu-
pied. Positioned above and below the unoccupied octahedral 
sites are zinc tetrahedra. The water molecules occupy the 
vertices of the tetrahedral and the nitrate anions in the inter-
layer gallery are exchangeable [13]. Some of the interesting 
characteristics own by ZHN is their easy preparation and 
greater exchange capacity (3.2 meq/g) comparable to LDH 
[14]. ZHN has been reported to be intercalated with various 
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types of guest anions, including metalloporphyrins [15], 
2-mercaptobenzoic acid, 2-aminobenzoic acid and 4-amin-
obenzoic acid [16], oxalatooxoniobate [11], adipate, azelate, 
and benzoate [12]. Indeed, recent studies have also reported 
other applications of ZHN, including as a catalyst for the 
esterification of free fatty acids and the transesterification of 
vegetable oils [17], and as a starting material in synthesising 
nickel doped zinc oxide nanoparticles [18].

It has been well-known that one of the unique proper-
ties of both LDHs and LHSs is their versatility. These host 
materials are not only reported to intercalate anionic guest 
ions, but also poorly water soluble and neutrally charged 
guest ions. However, the neutral charge guest ion may not 
be directly intercalated into the interlayer gallery of LDHs 
and LHSs owing to the neutral charge possessed by this 
ion. Therefore, the presence of an anionic surfactant such 
as sodium dodecylsulphate (SDS) or calcium dodecylben-
zenesulfonate (CDBS) is necessary to create a hydrophobic 
region in the interlayer gallery, thus assisting the interca-
lation process [8, 19]. Several examples of neutral charge 
ions that were intercalated into LDHs and LHSs with the 
assistance of surfactants are chlorpyrifos [8], hexaconazole, 
and triadimenol [19].

Imidacloprid (IC), also known under the IUPAC name 
of N-[1-[(6-chloro-3-pyridyl)methyl]-4,5-dihydroimidazol-
2-yl]nitramide, was the earliest commercialised member of a 
new class of insecticides known as neonicotinoids [20]. The 
structure of IC is shown in Fig. 1. The physical and chemical 
properties of IC enable the rapid translocation of residues 
across the whole of the treated plants. This systemic insec-
ticide acts by disturbing nicotinic acetylcholine receptors in 
the insect central nervous system. IC is a neutrally charged 
and poorly water soluble pesticide that was frequently used 
to deal with various sucking insects such as brown, white-
backed, and small brown planthoppers, soil insects, termites, 
and several chewing insects that were commonly found in 
paddy cultivation areas. Even though IC can be used to 
exterminate various pests, its residues however may risk 
human health once it enters water bodies [21]. Hence, it is 
important to control the spread of its residues.

The application of the controlled release formulation 
(CRF) into the pesticides is one of the effective ways to 
control the spread of the pesticide residues into the environ-
ment [22–24]. CRFs are fabricated to shield the supply of 

the active ingredient, to permit the release of this one to the 
target at a controlled rate, and to sustain its concentration 
in the system within the optimal limits over a certain dura-
tion, hence providing excellent specificity and perseverance 
[25]. The development of CRF of IC could be very benefi-
cial for commercial formulations, as the CRF can deliver 
an enhancement in safety to the community and non-target 
organisms, by lessen the pesticide application rates and the 
possibility of leaching in soils [26–29].

In this study, IC was selected to be intercalated into 
the interlayer gallery of ZHN in the presence of the SDS 
surfactant. The intercalation of IC into the interlayer gal-
lery of Zn/Al–LDH has been recently reported [30] but to 
the best of our knowledge there have been no reports on 
the intercalation of IC into the interlayer gallery of ZHN. 
Further experiments on the potential of a the novel zinc 
hydroxide nitrate–sodium dodecylsulphate–imidacloprid 
(ZHN–SDS–IC) nanocomposite synthesised for the sus-
tained release of IC from its interlayer gallery was then 
investigated using several concentrations of aqueous salt 
solutions that contained phosphate  (PO4

3−), sulphate  (SO4
2−) 

and chloride  (Cl−) as the release media. A study of the syn-
thesis of ZHN-SDS-IC for the purpose of controlled release 
has not yet been reported.

2  Experimental

2.1  Materials

Both Zn(NO3)2·6H2O (purity 98%) and SDS were bought 
from systerm. The intercalated guest IC was purchased from 
China (purity 98%). The NaOH and HCl that were used to 
adjust the pH of the solutions were obtained from Merck 
and Sigma-Aldrich, respectively. Deionised water was used 
throughout the study. All reagents were used as received and 
no further purification was performed.

3  Synthesis of ZHN–SDS–IC nanocomposite

ZHN–SDS–IC nanocomposites were prepared according 
to the method described in [8]. The ZHN–SDS was ini-
tially synthesised by co-precipitation. A 40 mL solution of 
0.25 M SDS was prepared and continuously stirred under 
a constant flow of nitrogen, and a 40 mL solution of 0.5 M 
Zn(NO3)2·6H2O and 1 M NaOH was prepared; both solu-
tions were then simultaneously and slowly added into the 
Zn(NO3)2·6H2O solution. HCl was added dropwise when 
needed to control the pH to a value of 6.5. The slurry mix-
ture obtained was aged at 70 °C in an oil bath shaker for 24 h 
and centrifuged at 40 rpm for 5 min to collect the precipitate. 
The precipitate was oven dried at 60 °C, then ground into a 
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Fig. 1  The chemical structure of imidacloprid (IC)
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fine powder. This ZHS–SDS powder was stored in sample 
bottles.

For the synthesis of the ZHN–SDS–IC nanocomposite, 
50 mL of 0.02 M IC solution was prepared by dissolving 
the IC in dichloromethane and deionised water, with the 
volume ratio of dichloromethane to deionised water was 
1∶1. The previously prepared ZHN–SDS powder (0.3 g) 
was dispersed in the IC solution. Deionised water (20 mL) 
was added into the mixture, which was then stirred for 2 h. 
The resulting mixture was aged at 70 °C in an oil bath shaker 
for 24 h. The mixture was centrifuged at 40 rpm for 5 min, 
oven dried overnight at 60 °C, ground into a fine powder, 
and then stored in sample bottles. The same procedure was 
repeated using two further concentrations of IC (0.01 M and 
0.005 M).

4  Characterisation

The powder X-ray diffraction (PXRD) equipment used 
was PANalytical X’pert Pro MPD, using Co Kα radia-
tion (0.15406 nm). The measurements were performed in 
the range of 2–60° and the measurement conditions were: 
step size, 0.0330°; scan step time, 19.4434 s; and generator 
settings, 30 mA, 40 kV. Infrared absorbance was recorded 
on a Nicolet Fourier transform infrared (FTIR) spectrom-
eter from Thermo Electron Corporation in the range of 
400–4000 cm−1. The KBr pellet was prepared using the KBr 
pellet technique by pressing the samples into KBr discs. The 
KBr powder containing approximately 1% sample are finely 
ground and homogenously mixed to ensure the sample is dis-
persed uniformly in FTIR grade KBr powder. The mixture 
of KBr and the sample was placed in a press and put under 
pressure to produce a transparent pellet. The pellet was 
then placed directly in the infrared beam.Thermogravimet-
ric analyses (TGA) were performed using a Perkin-Elmer 
Pyris 1 TGA Thermo Balance. The sample were heated from 
room temperature until 1000 °C, and the heating rate was set 
to 10 °C min−1. The TGA analysis was ran under environ-
ment of nitrogen (flowing at 85 ± 5 ml/min), with sample 
sizes of 15.0 ± 1.0 mg contained in aluminium sample cups. 
Carbon, nitrogen, and hydrogen contents were analysed by 
a CHNS elemental analyser (model CHNS-932 LECO), 
whereas the metal contents of the samples were determined 
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES; model Perkin-Elmer Plasma 1000). Field 
emission scanning electron microscopy (FESEM) images 
were obtained using a Hitachi SU 8020 UHR instrument 
whereas the Quantachrome Autosorb automated gas sorp-
tion analyser was used for analysis of the surface proper-
ties using nitrogen adsorption–desorption techniques. The 
pore size distribution and the surface area of both materials 

were evaluated using the Barrett–Joyner–Halenda (BJH) and 
Brunauer–Emmett–Teller (BET) methods, respectively.

5  Controlled released study of the IC 
from ZHN–SDS–IC nanocomposite

The controlled released study of IC from the ZHN–SDS–IC 
nanocomposite was conducted using Perkin Elmer ultravio-
let visible (Uv–vis) spectrometer. Deionised water was used 
as a blank and three types of salt solutions with different 
concentration were used as release media, which are sodium 
sulphate  (Na2SO4), sodium phosphate  (Na3PO4) and sodium 
chloride (NaCl). The aqueous solutions for the single sys-
tem were prepared in 0.1 M, 0.3 M and 0.5 M while the 
binary and ternary system were prepared in 0.5 M aque-
ous solutions. 3.5 mL of the salt solutions was placed in 
a cuvette and 0.6 mg of nanocomposite was then added. 
The cuvette was closed and covered using parafilm. The 
cuvette was left for a few days in the Uv–vis spectrometer 
so that their controlled release behaviour can be observed. 
The duration for the release process may be varied accord-
ing to the type of aqueous solution used, which is based 
on the observation made on the graph generated by the 
Uv–vis spectrometer (until the curve has reach a plateau). 
The release study for each nanocomposite was conducted 
at their respective lambda max using similar experimental 
conditions of Uv–vis measurements (time interval = 60 s, slit 
width = 1.0 nm, lamp change = 326.0 nm, ordinate max = 1.0 
and ordinate min = 0.0).

6  Results and discussion

6.1  PXRD analysis

PXRD was the preliminary method used to validate whether 
the layered structure of ZHN–SDS was altered or not after 
treatment with IC. The validation was made based on the 
changes observed in the basal spacing after the reaction [11]. 
The PXRD pattern of the ZHN–SDS showed a basal spacing 
of 33.0 Å (Fig. 2a), and after intercalation the basal spac-
ing of ZHN–SDS–IC was slightly decreased, to 32.0–32.1 Å 
(Fig. 2c–e). This decrease in basal spacing may be due to 
the elimination of some SDS molecules from the interlayer 
gallery, which go on to form SDS–IC micelles in the solu-
tion [8]. Even though the change in the basal spacing was 
small, the interlayer spacing is large enough to contain both 
SDS and IC.

The PXRD analyses of the ZHN–SDS–IC nanocom-
posites also revealed that the concentration of IC signifi-
cantly affects the appearance of the intercalation peaks. In 
the PXRD pattern of the ZHN–SDS–IC nanocomposite 
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synthesised using 0.02 M IC, the presence of several peaks 
that were also found in the PXRD pattern of the IC are 
noticeable (6.4 and 4.8 Å). These peaks indicate that the 
amount of IC available during the intercalation reaction is 
in excess, hence some of the IC remains unreacted. How-
ever, as the concentration of IC was reduced to 0.01 M, a 
series of symmetrical, sharp and intense peaks with basal 
spacing of 32.0, 16.3, and 10.9 Å appeared. The character-
istic of these peaks denotes the formation of well-ordered 
layered structures [31]. The PXRD patterns also reveal that 
the ZHN–SDS–IC nanocomposite synthesised using 0.01 M 
IC shows better intensity and crystallinity compared to 
those with 0.005 M and 0.02 M IC. Further reducing the 

concentration of IC, however, only led to the diminishment 
of the intercalation peaks. Moreover, some of the intercala-
tion peaks disappeared when the concentration of IC was 
reduced to 0.005 M. Hence, the nanocomposite that was 
synthesised using 0.01 M IC was chosen to be characterised 
further.

7  Spatial orientation of SDS and IC 
in the ZHN interlayer

Figure 3 a, b illustrate the three-dimensional size of IC and 
SDS, respectively, as predicted by Chem 3D Ultra 8.0 soft-
ware. The x, y, and z axes of IC were determined to be 9.2, 
12.5, and 7.3 Å, whereas the x, y, and z axes of SDS were 
determined to be 6.1, 19.9, and 5.2 Å. Taking into considera-
tion that the thickness of the ZHN layer is 4.8 Å, the thick-
ness of each Zn tetrahedron is 2.6 Å, and the basal spacing 
of ZHN–SDS–IC is 32.0 Å (as determined by PXRD), the 
height of the interlayer gallery of ZHN–SDS–IC is calcu-
lated to be 22.0 Å. Hence, the intercalated SDS and IC are 
believed to be in a vertical monolayer arrangement. The spa-
tial orientations of SDS and IC in the interlayer gallery of 
ZHN were predicted using Chem 3D Ultra 8.0 software, as 
illustrated in Fig. 3c.

During the intercalation process, the negatively charged 
functional group of SDS was attracted to the positively 
charged ZHN layer via electrostatic force, hence creating 
a hydrophobic region in the interlayer gallery that enabled 
the intercalation of the poorly water soluble IC [8, 19, 30]. 
Therefore, it can be proposed that the incorporation of IC 
into the ZHN–SDS was succeeded in two intercalation steps. 
A hydrophobic region was first created and the interlayer 
gallery of ZHN was enlarged during the intercalation of 
SDS. The intercalation of IC occurred successively in the 
hydrophobic region of the enlarged gallery during the sec-
ond intercalation [8]. The suggested mechanism for the reac-
tion is illustrated in Fig. 4.

8  FTIR analysis

The intercalation of IC into the interlayer gallery of 
ZHN–SDS was further confirmed via FTIR analysis. Fig-
ure 5 shows the FTIR spectra of ZHN–SDS (Fig. 5a), IC 
(Fig. 5b), and the ZHN–SDS–IC nanocomposite (Fig. 5c). 
A broad peak corresponding to the –OH group stretching 
vibration in the interlayer gallery and interlayer water mol-
ecule can be seen in the FTIR spectra of ZHN–SDS and 
ZHN–SDS–IC at around 3458 cm−1 and 3492 cm−1, respec-
tively [32]. A sharp peak at 3575 cm−1 was also observed 
seen in the FTIR spectra of ZHN–SDS, which can be 

32
.0

 Å
16

.3
 Å

10
.9

 Å
16

.2
 Å

32
.0

 Å
32

.1
 Å

16
.4

 Å

6.
4 

Å 4.
8 

Å

33
.0

Å
19

.4
 Å

6.
4 

Å
(e)

(d)

(c)

(b)

(a)

9.
8 

Å

4.
8 

Å

In
te

ns
ity

/a
rb

itr
ar

y 
un

its

0                    20                 40                60
2θ/degree

10
.8

 Å

Fig. 2  PXRD patterns of a ZHN–SDS and b IC; and ZHN–SDS–IC 
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attributed to the well-defined vibrational energy that comes 
from the –OH group in the inorganic lattice [8].

The FTIR spectra of ZHN–SDS display several peaks 
that correspond to the characteristic peaks of SDS such as 
those at 2957, 2920, and 2848 cm−1 for the C–H stretching 
and bending [33, 34], peaks at 1085 and 1217 cm−1 for the 
symmetric and asymmetric stretching of S=O [30], and a 
peak at 827 cm−1 for the stretching vibration of S–O [8]. 
Similar characteristic peaks of SDS were also observed in 
the FTIR spectra of the ZHN–SDS–IC nanocomposite at 
2938, 960, and 751 cm−1 which result from the C–H, S=O, 
and S–O stretching, respectively. Hence, this indicates the 
existence of the SDS molecule in the interlayer gallery of 
both ZHN–SDS and ZHN–SDS–IC nanocomposite.

There are also a number of peaks that exist in the FTIR 
spectra of both IC and ZHN–SDS–IC nanocomposite. In 
the FTIR spectra of IC, the characteristic peaks emerge at 
1559, 1388, and 1102 cm−1, which are attributed to pyridine, 
N–O, and C–Cl stretching vibrations. Similar stretching can 
be seen in the FTIR spectra of ZHN–SDS–IC in the peaks at 
1609, 1431, and 1180 cm−1, respectively. This signifies that 
the IC were successfully loaded into the ZHN–SDS inter-
layer gallery.

In summary, the FTIR analyses reveal that certain peaks 
in the FTIR spectra of both IC and SDS were found in the 
FTIR spectra of the ZHN–SDS–IC nanocomposite, which 
indicates the presence of IC and SDS in the interlayer gal-
lery of ZHN. The positions of these peaks, however, may be 
slightly shifted as a result of the interactions between the IC, 
SDS, and ZHN after intercalation [35].

9  Elemental analysis

The elemental analysis of ZHN–SDS, IC, and ZHN–SDS–IC 
nanocomposite obtained from ICP-OES and CHNS analyses 
are presented in Table 1. Taking the percentage of nitro-
gen in ZHN–SDS–IC as 11.20%, as determined by CHNS 
analysis, the percentage loading of IC in the interlayer of 
ZHN–SDS–IC is calculated to be 40.88%. Based on the ele-
mental analysis and thermogravimetric studies, the chemi-
cal formula of ZHN-SDS-IC synthesised can be proposed 
as Zn(OH)1.89(CH3(CH2)11SO4)0.12(C9H10ClN5O2)0.43.0.76
H2O. The results obtained from the elemental analysis, are 
therefore, validate the successful intercalation of IC into the 
interlayer gallery of the ZHN–SDS host.

Fig. 3  Three-dimensional 
molecular structure of a imida-
cloprid and b sodium dode-
cylsulphate, and c the spatial 
orientation of IC and SDS in 
the interlayer gallery of ZHN–
SDS–IC
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10  Thermal studies

The ZHN–SDS, pristine IC, and ZHN–SDS–IC nanocom-
posite were analysed by TGA to determine their degrada-
tion temperature. The thermal decomposition was observed 
from 35 to 900 °C. The TGA curve of ZHN–SDS (Fig. 6a) 
showed two weight loss events, which occurred at 107.1 
and 198.2 °C. The first weight loss (of 3.2%) is due to the 
removal of surface water and structural water, whereas the 
second weight loss (of 37.2%) corresponds to the dehydroxy-
lation of the lattice together with the decomposition of SDS 
[13, 34]. The TGA curve of the pristine IC shows the occur-
rence of one major weight loss at 324.3 °C, which results 
from the complete thermal decomposition of IC (Fig. 6b).

The ZHN–SDS–IC nanocomposite exhibits four weight 
loss stages (Fig. 6c). The first thermal decomposition (at 
108.1 °C with 6.2% weight loss) corresponds to the removal 
of adsorbed and structural water molecules; the second ther-
mal event (at 166.4 °C with 31.2% weight loss) is due to 
the combustion of organic moieties that come from IC; the 
third weight loss stage (at 264.2 °C with 3.3% weight loss) 
is attributed to the decomposition of SDS; and in the fourth 
stage, part of the layered structure collapsed (at 595.2 °C 
with 14.3% weight loss) [8, 34, 36].

Based on the results obtained from the thermal stud-
ies, it can be seen that the final thermal decomposition of 

the ZHN–SDS–IC nanocomposite occurred at 595.2 °C, 
whereas the pristine IC completely decomposed at 
324.3 °C, revealing that the ZHN–SDS–IC nanocomposite 
has better thermal stability than the pristine IC.

11  Surface morphology analysis

FESEM was used to analyse the surface morphology 
of ZHN–SDS and ZHN–SDS–IC nanocomposite. The 
images obtained are shown in Fig. 7 a, b, respectively. The 
results reveal that the surface morphologies of ZHN–SDS 
and ZHN–SDS–IC nanocomposite are different. The 
ZHN–SDS demonstrates a non-porous, tabular, stacked 
plate-like structure with sharp edges; however, this struc-
ture was transformed into a thin plate-like structure with 
more rounded and wrinkly edges as the ZHN–SDS–IC 
nanocomposite was formed. Although the morphology 
of both ZHN–SDS and ZHN–SDS–IC are quite different, 
both still preserve a resemblance to thin lamellar flake-
like sheet structures, as predicted for a layered material 
[37]. Based on the results obtained, it is obvious that the 
intercalation of IC into the host ZHN–SDS does alter the 
surface morphology.

Fig. 4  The intercalation mecha-
nism of the ZHN–SDS–IC 
nanocomposite
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12  Surface properties analysis

The adsorption–desorption isotherms of nitrogen gas and 
Barrett–Joyner–Halenda (BJH) desorption pore size distri-
butions for ZHN–SDS and ZHN–SDS–IC nanocomposites 
were shown in Fig. 8. The nitrogen adsorption–desorption 
isotherm curves of both ZHN–SDS and ZHN–SDS–IC dem-
onstrate characteristics of Type IV materials according to 
IUPAC classification, i.e. mesoporous solids which show 
hysteresis loops in their isotherms (Fig. 8a, b) [38, 39]. The 
 H3 type of hysteresis loop indicates that ZHN–SDS and 
ZHN–SDS–IC have plate-like particles and slit-shaped pores 
[40]. The width of the hysteresis loop of the ZHN–SDS–IC 
nanocomposite is far narrower than that of ZHN–SDS, 
which indicates that the pore texture changes after interca-
lation [41]. The adsorption of nitrogen occurs slowly at low 
relative pressures for both ZHN–SDS and ZHN–SDS–IC 
nanocomposite. However, it increases rapidly at relative 
pressures above 0.55 for ZHN–SDS until optimum adsorp-
tion was finally achieved at 32  cm3 g−1. ZHN–SDS–IC saw 
abrupt adsorption occurring at relative pressures higher than 
0.8 until optimum adsorption was achieved at 15.5  cm3 g−1.

The pore size distribution was evaluated using the 
BJH method and the results obtained are illustrated in 
Fig. 8c, d. Two obvious peaks were observed at 1.4 and 
7.6 nm in the pore size distribution curve of ZHN–SDS. 
For ZHN–SDS–IC, three sharp peaks were observed, 
which centred around 2.3, 3.8, and 9.6 nm. The BJH aver-
age pore diameter of ZHN–SDS was determined to be 
27.830 nm, which seems to decrease to 22.260 nm after 
forming ZHN–SDS–IC. Similarly, the total pore volume 
also reduced from around 0.049 to 0.024  cm3 g−1 after 
intercalation. The surface area of both materials were 
evaluated according to the BET method, and the results 
show that the surface area of ZHN–SDS was determined to 
decrease after intercalation to ZHN–SDS–IC, from 7.027 
to 4.270  m2 g−1. The reduction of surface area and pore 
volume is probably due to the pore blockage that happened 
after intercalation [42]. The obtained surface properties 
of ZHN–SDS and ZHN–SDS–IC are tabulated in Table 2. 
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Table 1  Elemental chemical 
composition of ZHN–SDS, 
IC and ZHN–SDS–IC 
nanocomposite

a Estimated from the percentage of nitrogen obtained from CHNS analysis
b Estimated from the ICP–OES, CHNS and TGA/DTG analysis

Sample Zn (%) C (%) H (%) N (%) S (%) IC a (%w/w) bFormula

ZHN–SDS 24.14 24.80 5.48 2.46 3.38 – Zn(OH)1.24 
 (CH3(CH2)11SO4)0.29 
 (NO3)0.48. 0.40H2O

IC – 41.46 3.81 24.00 0.00 – C9H10ClN5O2

ZHN–SDS–IC 24.05 39.42 3.14 11.20 1.36 40.88 Zn(OH)1.89(CH3(
CH2)11SO4)0.12 
 (C9H10ClN5O2)0.43. 
0.76H2O
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The surface properties analyses revealed that the intercala-
tion of IC into the interlayer gallery of ZHN–SDS slightly 
changes the surface area and porosity of the materials. The 
surface properties are given in Table 2.

13  Release study of ZHN‑SDS‑IC 
nanocomposite into various aqueous 
solutions

The release of IC from the interlayer gallery of the 
ZHN–SDS–IC nanocomposite was performed in a release 
media that consisted single, binary and ternary system of 
aqueous solutions that contained  PO4

3–,  SO4
2– and  Cl– ani-

ons. This was done because IC is a type of insecticide 
that is typically used in paddy cultivation areas, and the 
 PO4

3–,  SO4
2– and  Cl– supplied by the aqueous solutions 

are the types of anions that would be commonly available 
in those areas. In the single system of aqueous solutions, 
the aqueous solutions of  Na3PO4,  Na2SO4 and NaCl were 
prepared in three different concentrations, namely 0.1 M, 
0.3 M and 0.5 M. As for the binary and ternary system, 
the mixtures were prepared in 0.5 M. The release profiles 
that correspond to the different types and concentrations of 
the release media for the release study are shown in Fig. 9.

Based on the release profiles, it can be seen that the 
ZHN–SDS–IC of IC exhibited slow release properties when 
the ZHN–SDS–IC nanocomposite was released into the 
aqueous solutions. In the single system of aqueous solution, 
the longest release time was when the aqueous solution of 
NaCl was used as the release media. The time taken for the 
release decreased in the order as  Cl– > SO4

2– > PO4
3–. The 

result from the release study indicates that the time taken to 
release IC from the interlayer gallery of ZHN–SDS–IC was 
greatly affected by the charge density of the aqueous solu-
tion. Monovalent  Cl–, which has the lowest charge density 
compared to the anions provided by other aqueous solutions 
 (SO4

2– and  PO4
3–), triggered the occurrence of a slower 

exchange process between the intercalated IC and the ani-
ons available in the aqueous solutions. Hence, it increased 
the time taken for the release process. A comparable release 
trend was also reported in a previous study [43–45].

Conducting the release study in aqueous solutions with 
different concentrations showed an appreciable difference 
in the time it took for the release. The release of the IC from 
the interlayer gallery of the ZHN–SDS–IC nanocomposite 
in 1478 min (0.1 M), 793 min (0.3 M) and 549 min (0.5 M) 
aqueous NaCl. For the release using aqueous  Na2SO4 as 
the release media, the release occurred in 689 min (0.1 M), 
473 min (0.3 M) and 302 min (0.5 M). When the aqueous 
 Na3PO4 was used as the release media, the release occurred 
in 310 min (0.1 M), 173 min (0.3 M) and 83 min (0.5 M). 
Increasing the concentration of the release media accelerated 
the release process because more anions were present in the 
release media at a higher concentration [46].

The release studies demonstrated that the release trend for 
the IC from the interlayer gallery of the ZHN–SDS–IC nano-
composite in each release media seemed to be comparable 
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Fig. 7  Surface morphology of a ZHN–SDS and b ZHN–SDS–IC nanocomposite
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and can generally be described as a two–step biphasic pro-
cess. This was revealed by the occurrence of a burst at the 
beginning of the release process followed by a slower and 
more sustained process until the release equilibrium was 
reached. The abrupt release at the early stage of the release 
process, which is also known as a burst release phenomenon, 

may have been triggered by the release of the IC that was 
adsorbed on the surface of the ZHN–SDS–IC. A higher dis-
solution rate near the surface of the ZHN–SDS–IC resulted 
in a higher amount of IC that was released, which triggered 
the occurrence of the burst release. A similar phenomenon 
was also reported in recent studies [30, 47].

Table 2  Surface properties of 
ZHN–SDS and ZHN–SDS–IC 
nanocomposite

a Brunauer–Emmett–Teller
b Barrett–Joyner–Halenda

Sample Basal spacing 
(Å)

Total pore volume 
 (cm3  g−1)

Multipoint  BETa surface 
area  (m2  g−1)

BJHb average 
pore diameter 
(nm)

ZHN–SDS 33.0 0.049 7.027 27.830
ZHN–SDS–IC 32.0 0.024 4.270 22.260
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The results obtained from the release study of 
ZHN–SDS–IC nanocomposites may also be interpreted in 
terms of their accumulated percentage release. Releasing the 
ZHN–SDS–IC nanocomposite in the aqueous  Na3PO4 per-
mitted the nanocomposite to release 28.6% (0.1 M), 74.0% 
(0.3 M) and 91.0% (0.5 M) of the intercalated IC in the 
aqueous  Na3PO4. The release of ZHN–SDS–IC nanocom-
posite in the aqueous  Na2SO4 allowed the release of 15.7% 
(0.1 M), 82.3% (0.3 M) and 85.5% (0.5 M) of intercalated 
IC, whereas when the release of ZHN–SDS–IC was per-
formed in aqueous NaCl, 6.2% (0.1 M), 83.9% (0.3 M) and 
84.9% (0.5 M) were released.

Even though the intercalated IC was not completely 
exchanged with the anions that were present in the release 
media, the accumulated percentage release of the IC was 
quite high when the ZHN–SDS–IC was released in higher 
concentrations of aqueous solutions. The accumulated per-
centage release was in the range of 84.9–91.0% when the 
release study was performed in 0.5 M aqueous solution. The 
highest percentage was reached when  Na3PO4 was used as 
the release media. The accumulated percentage release of 
the IC from the interlayer gallery of the ZHN–SDS–IC 
nanocomposite into the release media was generally in the 
sequence of  Na3PO4 > Na2SO4 > NaCl. A higher accumu-
lated percentage release of the ZHN–SDS–IC nanocompos-
ite occurred in the aqueous  Na3PO4 because the  PO4

3– anions 
are trivalent and have a higher affinity towards the positively 
charged ZHN layer than the  SO4

2– and  Cl–. This caused the 
 PO4

3– to be more attracted to the ZHN and have a higher 
tendency to replace the IC that were intercalated in the inter-
layer gallery of the ZHN–SDS–IC.

The results obtained from the release study of IC from 
the ZHN–SDS–IC nanocomposite into aqueous solutions 
of binary and ternary systems of  PO4

3––SO4
2––Cl– show 

that the presence of multiple ions does cause some changes 
in the release behaviour of IC from the interlayer gallery 
of ZHN–SDS–IC. In the aqueous solution of the ternary 
system, the presence of all three anions,  PO4

3––SO4
2––Cl–, 

allows 83.0% of intercalated IC to be released into the release 
media within 716 min. The release of IC in the ternary sys-
tem was found to be the highest and the fastest amongst all 
release media of multiple anion systems. The release of IC in 
the binary anion system of  PO4

3––SO4
2– was also observed 

to be significantly high, with 81.2% of accumulated release, 
and was completed in 1320 min. Although the accumu-
lated release in an aqueous solution of  PO4

3––SO4
2– was 

slightly lower than the release in the aqueous solution of 
 PO4

3––SO4
2––Cl–, this accumulated release is yet to be the 

highest of all the release in the binary system. As for the 
release of IC in the aqueous solutions of  PO4

3––Cl– and 
 SO4

2––Cl–, 38.3% and 19.8% of intercalated IC was released 
from the interlayer gallery of ZHN–SDS–IC in 1378 min and 
1426 min, respectively.

Based on these results, it was observed that a high percent-
age of accumulated release of IC was obtained in the aqueous 
solutions involving  PO4

3– anions. Therefore, it can be deduced 
that the fact that  PO4

3– possesses a higher affinity towards 
the positively charged layer of ZHN-SDS compared to both 
 SO4

2– and  Cl– significantly encourages the release process of 
IC. The presence of  Cl– in the mixture of aqueous solution 
does, however, decelerate the release process and lower the 
percentage of accumulated release of IC. This observation was 
obviously demonstrated by the slowest release process for the 
aqueous solution of  SO4

2––Cl– as the release media, with the 
release process having the slowest rate.

14  Kinetic study of ZHN–SDS–IC into various 
aqueous solutions

There are several kinetic models that can be used to describe 
the release process. In this study, five kinetic models were 
selected for the kinetics analysis. The release data were fitted 
into zeroth order (Eq. (1)), first-order (Eq. (2)) [48], pseudo-
second order (Eq. (3)) [49], parabolic diffusion (Eq. (4)) [50] 
and Fickian diffusion models (Eq. (5)) [51]. In the zeroth 
order, the release rate was constant and controlled by poly-
mer relaxation [52]. The intercalated ions were consistently 
released in a steady state over a fixed time. Based on the first-
order kinetic model, the dissolution that occurred in the release 
process relied on the compounds that were intercalated in the 
interlayer gallery of the nanocomposite [8]. This kinetic model 
demonstrated a considerably slower and more variable release 
rate over time [52]. In the pseudo-second order kinetic model, 
the release occurred via a diffusion and ion exchange process 
and was affected by the adsorption factor, liquid film diffusion, 
surface adsorption and particle inner diffusion. The parabolic 
diffusion model generally describes the diffusion-controlled 
process in clays [8]. The Fickian model indicated that the 
release was diffusion-controlled and the release process pro-
ceeded from higher to lower concentration [52]. The equations 
for each of the kinetics models are as follows:

 where x refers to the percentage release of IC from the inter-
layer gallery of ZHN-SDS-IC nanocomposite at time, t; c is 

(1)
x = t + c

(2)− log(1 −Mi∕Mf ) = t + c

(3)t∕Mi = 1∕M2
f
+ t∕Mf

(4)Mi∕Mf = kt0.5 + c

(5)Mi∕Mf = ktn
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a constant; k is the rate constant; Mi is the initial concentra-
tion of the IC and Mf is the final concentration of the IC in 
the release media. On the basis of the five kinetics models, 
the  r2 and k values obtained for the all kinetic models are 
summarised in Table 3 and the kinetic model that demon-
strate the best fit for the release data is shown in Fig. 10.

The curves show that the pseudo second order model 
better describes the kinetic release process of IC from the 
interlayer gallery of the ZHN–SDS–IC nanocomposite. The 
plot of t/Mi vs. time generated fairly straight lines for the 
pseudo second order model with correlation coefficient,  r2, 
in the range of 0.958–1.00. The pseudo second order kinetic 
model that was followed by the ZHN–SDS–IC nanocompos-
ite indicated that the release of the IC from the interlayer gal-
lery of the ZHN–SDS–IC nanocomposite happened through 
the dissolution of the nanocomposite and the ion exchange 
process [53]. Considering the type of anions that were avail-
able during the release process, it can be proposed that the 
ion exchange process is actually occurring between the SDS 
(anionic surfactant) and the incoming anion present in the 
aqueous solution  (PO4

3−,  SO4
2− and  Cl−). However, since 

the intercalated IC is a neutral charge pesticide, the IC is 
therefore, is capable of forming micelles with the SDS sur-
factant (SDS-IC micelles) [8]. Hence, allowing the IC to be 
released into the solution together with SDS.

Fitting the release data into other kinetic models gave 
poor r2 values (Table 3). The r2 values for the release data fit 
with the zero order model were in the range of 0.185–0.460, 
first order values were in the range of 0.220–0.540, parabolic 
diffusion values were in the range of 0.336–0.685 and Fick-
ian diffusion values were in the range of 0.513–0.881.

Noticeable changes in the  t1/2 value, i.e. the time required 
for the ZHN–SDS–IC nanocomposite to achieve half of 
the maximum accumulate release, can be observed in the 
Table 3. The  t1/2 is generally higher when the ZHN–SDS–IC 
was released in the aqueous NaCl and decreased in the order 

of  Cl– > SO4
2– > PO4

3–. A lower affinity for the monovalent 
 Cl– towards the ZHN layer slowed the exchange process 
between the intercalated IC and the  Cl– and increased the 
 t1/2 values. The  t1/2 values for 0.1 M NaCl as the release 
media slightly deviated from this trend due to the low accu-
mulated percentage release obtained (6.2%), which caused 
the  t1/2 value to be greatly impacted by the burst release phe-
nomenon. The aqueous solution with higher concentration 
seemed to have a smaller  t1/2 due to the fact that more ions 
were available in the higher concentration of aqueous solu-
tion, therefore increasing the rate of the release process [53].

15  Conclusion

ZHN–SDS–IC nanocomposites were successfully synthe-
sised by intercalating IC molecules into the interlayer gallery 
of ZHN with the assistance of a common surfactant, SDS. 
The results obtained from the characterisation studies vali-
dated the presence of SDS and IC in the interlayer gallery and 
demonstrated that the synthesised nanocomposite possesses 
better thermal stability compared to pristine IC. The nitrogen 
adsorption–desorption isotherm curves of both ZHN–SDS 
and ZHN–SDS–IC show features of Type IV materials, thus 
indicating that the materials were made up of mesoporous sol-
ids and showed hysteresis loops. The controlled release and 
kinetic studies reveal the potential of the ZHN–SDS–IC nano-
composite in sustaining the release of IC, and the release of 
IC from the ZHN–SDS–IC nanocomposites were governed by 
the pseudo second order model. The highest percentage of the 
accumulated release was observed when the ZHN–SDS–IC 
nanocomposites was immersed in the aqueous solutions of 
 Na3PO4, in the order of  Na3PO4 > Na2SO4 > NaCl, and the 
slowest release process was observed when the NaCl was used 
as the release media. To conclude, this study has shown that 
ZHN is a great host material for intercalation of the poorly 

Table 3  Comparison of rate constants (k), regression values  (r2) and half–life  (t1/2) obtained from the fitting of the release data from ZHN–SDS–
IC into aqueous solutions of  Na3PO4,  Na2SO4 and NaCl

Aqueous solution Zero order First order Parabolic 
diffusion

Fickian diffusion Pseudo second order

r2 r2 r2 r2 r2 k (×10–3 s–1) t1/2

Na3PO4 0.1 M 0.340 0.364 0.551 0.745 1.00 0.448 28.1
0.3 M 0.238 0.293 0.405 0.553 1.00 0.899 14.0
0.5 M 0.185 0.220 0.336 0.583 1.00 1.339 9.4

Na2SO4 0.1 M 0.316 0.328 0.628 0.837 1.00 0.380 33.1
0.3 M 0.200 0.279 0.444 0.667 1.00 0.572 22.0
0.5 M 0.262 0.321 0.472 0.633 1.00 0.812 15.5

NaCl 0.1 M 0.375 0.380 0.685 0.881 1.00 0.546 22.7
0.3 M 0.460 0.540 0.650 0.573 0.958 0.114 110.5
0.5 M 0.231 0.394 0.427 0.513 1.000 0.463 27.2
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water soluble and neutrally charged IC molecule, and the pres-
ence of SDS is significantly beneficial for intercalation. The 
results suggest that the use of ZHN as host materials may be 
useful in retarding the release of IC pesticides after soil appli-
cation in paddy cultivation areas.
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