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Abstract
The aim of this study is to modulate the controlled release properties of zinc hydroxide nitrate–sodium dodecylsulphate–
bispyribac (ZHN–SDS–BP) nanocomposite, by coating the nanocomposite using chitosan. This study was conducted as part 
of an effort to reduce the environmental problems caused by the over-use of pesticides. The characterisation study shows that 
chitosan had been successfully coated onto the outer surface of the ZHN–SDS–BP (BP concentration of 0.05 M) without 
changing the types of ions intercalated in its interlayer gallery. The chitosan-coated nanocomposite, ZHN–SDS–BP–Chi 
also possesses a better thermal stability compared to the uncoated nanocomposite. Owing to the polycationic, hygroscopic 
nature, and gelation ability of chitosan, the chitosan coating was found to significantly prolong the release of bispyribac. The 
ZHN–SDS–BP–Chi showed a better performance in releasing pesticides, with prolonged release time ranging from 462 to 
5349 min, compared to 74 to 4117 min for the uncoated nanocomposites. The release kinetic studies reveal that the release 
of bispyribac from the ZHN–SDS–BP–Chi is controlled by a pseudo-second-order kinetic model, thus signifying that the 
release mechanism is via dissolution and ion-exchange processes. The potential of chitosan in slowing the release of BP from 
ZHN–SDS–BP–Chi will hopefully contribute to minimise the risk of pollution resulting from the excessive use of pesticides.
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Introduction

The pesticide residues that remain on the surface and 
groundwater are an aftereffect of the excessive use of these 
substances in agriculture (Carazo-Rojas et al. 2018; Masoud 

et al. 2018; Skevas 2020). The leaching of the pesticide resi-
dues through the soil not only will contaminate the water, 
but will eventually enter the food cycle, hence, affect the 
living organisms in an entire population (Diendéré et al. 
2018; Jin et al. 2018; Sankhla 2018; Solé et al. 2018; Toi-
chuev et al. 2018; Bashnin et al. 2019; Mhadhbi et al. 2019). 
The specific harmful effect of the pesticide residues on the 
living organisms includes cancer, tumours, allergies and 
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hypersensitivity, damage to the central and peripheral nerv-
ous systems, reproductive inhibition, cellular damage, and 
suppression of the immune and endocrine system (Sankhla 
2018; Terziev and Petkova-Georgieva 2019).

Therefore, to minimise the incorporation of the pesticide 
residues into food and water cycle, extensive research on 
controlled release formulation (CRF) of agrochemicals has 
been reported in the previous studies (Kah and Hofmann 
2014; Cao et al. 2019; Seven et al. 2019; Song et al. 2019; 
Tang et al. 2019; Wani et al. 2019). The pesticide with CRF 
was fabricated by incorporating or intercalating the pesticide 
into a host material which acts as a carrier for the pesticide 
(Bugatti et al. 2019; Rebitski et al. 2019; Sarijo et al. 2019; 
Wang et al. 2019). The interactions that exist between the 
host and the pesticide help in extending the time release 
of the pesticide by limiting the amount of pesticide imme-
diately available, hence minimising undesirable transport 
loss (Cardoso et al. 2006). A great deal of consideration has 
been given to clay-based materials to be used as host materi-
als for CRF as they are naturally abundant, non-toxic, great 
biocompatibility, and good ion-exchange ability (Cardoso 
et al. 2006; Choy et al. 2007; Radian and Mishael 2008; 
Mohsin et al. 2013; Chen et al. 2017; Allou et al. 2018; 
Bernardo et al. 2018; Nath and Dolui 2018; Bugatti et al. 
2019; Rebitski et al. 2019). These amazing properties also 
allow the clay-based host material to be exploited not only in 
agricultural field, but also in numerous other fields, includ-
ing medicinal, cosmetic, food technology, and sensor devel-
opment (Isa et al. 2012, 2015; Wardani et al. 2014; Ahmad 
et al. 2018; Aziz et al. 2019; Zainul et al. 2019).

Recent developments have been reported on the possibil-
ity of combining the clay-based material with polysaccha-
rides for various applications and one of these applications 
is in improving the efficacy of CRF (Fernández-Pérez et al. 
2011; Korehei and Kadla 2014; Bugatti et al. 2019; Liu et al. 
2019a). Some polysaccharides, chitosan, for example, may 
undergo certain chemical or physical crosslinked processes 
to increase their water solubility and gelation ability (Dong 
et al. 2012; Sarkar and Singh 2018; Liu et al. 2019b; Rasib 
et al. 2019; Song et al. 2019; Xu et al. 2019). The poly-
saccharide gel works as a matrix that helps in slowing the 
release of the pesticide, thus maintaining an effective release 
level of pesticide for an extended period (Harish Prashanth 
and Tharanathan 2007; Neri-Badang and Chakraborty 2019; 
Wani et al. 2019; Xu et al. 2019). Several advantages that are 
offered by a polysaccharide-derived polymer host material 
for CRF include their great biodegradability, low toxicity, 
mucoadhesive potential, and cost-efficiency (Dong et al. 
2012; Shukla et al. 2013; Frank et al. 2017, 2020; Liu et al. 
2019a). The chemical structure of chitosan is provided in 
Fig. 1.

This study is an extension of our recent paper which 
reported on the synthesis of zinc hydroxide nitrate–sodium 

dodecylsulphate–bispyribac (ZHN–SDS–BP) (Sharif et al. 
2019). Our previous paper has revealed that ZHN is a promis-
ing host material in implementing the slow release of bispy-
ribac (BP) herbicide. Therefore, as an endeavour to produce 
safer herbicide with a better efficiency, the present work is 
carried out to further enhance the controlled release behaviour 
of the ZHN–SDS–BP nanocomposite by introducing chitosan 
as a coating material. Due to the unique nature of chitosan, it 
is indeed, very intriguing to investigate the potential of this 
polysaccharide in prolonging the release rate of BP.

The chitosan-coated ZHN–SDS–BP nanocomposite 
(ZHN–SDS–BP–Chi) was analysed using various charac-
terisation instruments, so that any changes on their physico-
chemical properties after the chitosan-coating process can be 
observed. The release behaviour and the release mechanism 
of BP from the ZHN–SDS–BP–Chi nanocomposite were also 
carried out in this study. The intercalated herbicide, BP, is a 
selective, post-emergence herbicide that commonly used in 
paddy cultivation to kill weeds, such as water hyacinth and 
hydrilla (Durborow 2014). The chemical structure of bispyri-
bac is shown in Fig. 2.

Fig. 1   The chemical structure of chitosan

Fig. 2   The chemical structure of bispyribac
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Experimental

Materials

All reagents were used as received. Zn(NO3)2·6H2O (98% 
purity) and sodium dodecylsulphate (SDS) were purchased 
from Systerm Chemicals. The herbicide, BP, was bought 
from China (purity 98%). Glacial CH3COOH was bought 
from Systerm Chemicals and chitosan (≥ 75–85% dea-
cetylated) was purchased from Sigma-Aldrich. Aqueous 
solutions of sodium phosphate (Na3PO4), sodium sulphate 
(Na2SO4), and sodium chloride (NaCl) were prepared by 
dissolving each salt in deionised water (0.3 M, 0.5 M, and 
1.0 M).

Synthesis of ZHN–SDS–BP, ZHN–SDS–Chi, and ZHN–
SDS–BP–Chi nanocomposites

ZHN–SDS and ZHN–SDS–BP were synthesised using 
ZHN, Zn5(OH)8(NO3)2·2H2O via co-precipitation method 
as previously reported (Sharif et al. 2019). The ZHN–SDS 
was prepared by reacting 40 mL of 20 mmol Zn(NO3)2·6H2O 
and 40 mL of 10 mmol SDS, under pH controlled environ-
ment (pH 6.5) and continuous flow of nitrogen. The mixture 
obtained was aged (at 70 °C for 24 h), collected by centri-
fuges (at 4000 rpm for 5 min), dried in the oven, and labelled 
as ZHN–SDS. The ZHN–SDS–BP was synthesised by dis-
persing 0.3 g ZHN–SDS into 50 mL of 2.5 mmol BP solu-
tion and stirred for 2 h. The mixture obtained was also aged 
(at 70 °C for 24 h), collected by centrifuges (at 4000 rpm for 
5 min), and dried in the oven. The results on the characteri-
sation studies of both ZHN–SDS and ZHN–SDS–BP have 
been reported in our previously published paper, and the 
percentage loading of BP intercalated in the interlayer gal-
lery of ZHN–SDS–BP was found to be 61.34% (Sharif et al. 
2019). The ZHN–SDS–BP was coated with chitosan at a 
mass ratio of 1:1. 0.1 g of chitosan was dissolved in 1% gla-
cial CH3COOH, diluted using deionised water (VT = 50 mL) 
and stirred for 24 h until dissolved. 0.1 g ZHN–SDS–BP 
was dispersed into the chitosan mixture and stirred for 18 h 
to be coated with chitosan. The product was centrifuged 
(4000 rpm for 5 min) and left in an oven at 60 °C for 24 h. 
The dried product was ground into fine powder before it was 
stored in a sample bottle and labelled ZHN–SDS–BP–Chi. 
A similar procedure was repeated on the ZHN–SDS and the 
product obtained was labelled ZHN–SDS–Chi.

Characterisation

The powder X-ray diffraction (PXRD) patterns were 
recorded in a PANalytical X-pert Pro MPD diffractometer 

using CoKα radiation (λ = 1.54056 Å). The PXRD scan-
ning was set to an angle range of 2°–60°, 2°/min scanning 
speed, 9.44 s scan step time, 40 kV operating voltage, and 
30 mA operating current. Fourier transform infrared (FTIR) 
spectroscopy was carried out using the KBr disk method 
on a Nicolet FTIR spectrometer, with wavenumbers rang-
ing from 400 to 4000 cm−1 and a nominal resolution of 
4 cm−1. Thermogravimetric analysis and differential ther-
mal analysis (TGA/DTA) were done with a Perkin Elmer 
Pyris 1 TGA thermo balance. The samples were put in the 
TGA furnace and the heating process was carried out under 
a nitrogen atmosphere with a heating rate of 10 °C/min from 
35–1000 °C. Field emission scanning electron microscopy 
(FESEM) images were obtained with a Hitachi SU 8020 
UHR scanning electron microscope at an accelerating volt-
age of 5 kV and at 10k magnification power.

Controlled release formulation study of ZHN–SDS–
BP–Chi nanocomposite

BP was released from the interlayer gallery of the 
ZHN–SDS–BP–Chi nanocomposite using aqueous solu-
tions of Na3PO4, Na2SO4, and NaCl, as release media. The 
aqueous solutions for the single system were prepared in 
0.3, 0.5, and 1.0 M, whereas the binary and ternary sys-
tems were prepared in 1.0 M aqueous solutions of several 
combination (PO4

3−–SO4
2−, PO4

3−–Cl− and SO4
2−–Cl− and 

PO4
3−–SO4

2−–Cl−). Each aqueous solution was prepared by 
dissolving the appropriate amount of salt in deionised water. 
A UV/Vis spectrometer, Lambda 25 Perkin Elmer, was used 
for the determination of BP. Hence, the λmax value of the 
UV/Vis spectrometer was set to 246.4 nm. Other experi-
mental conditions used throughout the UV/Vis spectrometer 
measurement are a 60 s time interval, 1.0 nm slit width, 
326.0 nm lamp change, and 1.0 ordinate max 1.0 and 0.0 
ordinate min. The release study was begun by adding 0.6 mg 
of ZHN–SDS–BP nanocomposite into a quartz cuvette con-
taining 3.5 mL of the aqueous solution. The total concen-
tration of BP in 0.6 mg of ZHN–SDS–BP has been prede-
termined using UV/Vis spectrometer, and was found to be 
0.00016 M. The UV–visible spectra of the solution obtained 
during the predetermined step has been provided in Supple-
mentary Material (Fig. S1). The cuvette was covered with its 
lid and left in the UV/Vis spectrometer until the maximum 
released BP was observed from the graph obtained.

Results and discussion

PXRD analysis

The PXRD patterns of chitosan, ZHN, ZHN–SDS, 
ZHN–SDS–Chi, ZHN–SDS–BP, and ZHN–SDS–BP–Chi 
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are illustrated in Fig. 3. In the diffraction pattern of ZHN, 
intense and sharp peak (with basal spacing of 9.8 Å) can 
be spotted at lower 2θ angle of the pattern, which resulting 
from the intercalation of NO3

− in the interlayer gallery of 
the ZHN. This observation is also in a good agreement with 
the previous study (Yang et al. 2013). A broad, halo diffrac-
tion peak, with a basal spacing of 4.5 Å was observed in 
the diffraction pattern of chitosan, indicating the amorphous 
state of the chitosan. A similar pattern was also reported in 
a previous studies (Nunthanid et al. 2004; Singh et al. 2006; 
Salehi et al. 2010; Sanjai et al. 2014; Abbad et al. 2015; 
Sobh et al. 2019).

The comparisons between each diffraction pattern dem-
onstrate that the chitosan-coating process conducted on the 
ZHN–SDS and ZHN–SDS–BP nanocomposites has led to 
some observable alterations in their diffraction peaks. The 
intensity of the diffraction peaks in the PXRD pattern of 
both ZHN–SDS–Chi and ZHN–SDS–BP–Chi was found to 

diminish after the chitosan-coating process. Lower intensity 
of both ZHN–SDS–Chi and ZHN–SDS–BP–Chi compared 
to their respective uncoated form indicates that the chitosan-
coating process has resulted into the disordered layered 
structure, due to the influence of the amorphous structure of 
the chitosan (Zhan et al. 2003; Sobh et al. 2019). The reduc-
tion of peak intensity as a result of chitosan-coating pro-
cess show good agreement with the several previous studies 
(Dorniani et al. 2013; Mulia et al. 2019; Pon-On et al. 2019). 
The PXRD analysis also reveals that the chitosan-coating 
process not only affect the intensity of the diffraction peaks, 
but also broadened the diffraction peaks. It is a known fact 
that the PXRD pattern could be associated with the size 
of crystallite, where a broader peak is commonly a result 
of imperfect crystals (Cho et al. 2014; Mulia et al. 2019). 
The disappearance of the former intense, symmetrical, sharp 
peaks of ZHN–SDS and ZHN–SDS–BP nanocomposite sig-
nify that the amorphous nature of chitosan has overpowered 
their crystalline nature and, hence, reduced their crystallin-
ity. The diffraction peaks with a basal spacing of 4.5 Å can 
also be spotted in the diffraction pattern of ZHN–SDS–Chi 
and ZHN–SDS–BP–Chi.

It is known that the basal spacing values of the diffrac-
tion peaks reflect the height of the interlayer spacing of the 
nanocomposite (after consideration of several deductions). 
Even though significant changes were noticeable in the crys-
tallinity of both ZHN–SDS–Chi and ZHN–SDS–BP–Chi 
nanocomposites, it is obvious that their basal spacings 
are similarly comparable to the diffraction pattern of the 
uncoated nanocomposites. In the diffraction pattern of 
ZHN–SDS, diffraction peaks appeared at 33.0 and 9.8 Å, 
which seems to be equivalent to the diffraction peaks of the 
ZHN–SDS–Chi, which appeared with basal spacings of 33.4 
and 10.0 Å, respectively. As for the ZHN–SDS–BP, the dif-
fraction peaks that appeared with a basal spacing 28.6, 14.5, 
and 9.6 Å are comparable to the peaks with basal spacing 
28.1, 14.3, and 9.7 Å. The consistency and insignificant dif-
ference of the basal spacing values before and after undergo-
ing chitosan coating indicate that the height of the interlayer 
spacing of the ZHN–SDS and ZHN–SDS–BP are similar to 
a certain extent. Therefore, this signifies that the ions that are 
intercalated in the interlayer gallery of the ZHN–SDS and 
ZHN–SDS–BP nanocomposites remain the same after the 
nanocomposites were coated. The preservation of the native 
structure of both ZHN–SDS and ZHN–SDS–BP nanocom-
posites, as reflected by their unchanged lattice parameter 
after the coating process is in good agreement with the pre-
vious study (Gohi et al. 2019).

Surface morphology analysis

The FESEM studies on the chitosan, ZHN, ZHN–SDS, 
ZHN–SDS–Chi, ZHN–SDS–BP, and ZHN–SDS–BP–Chi 

Fig. 3   PXRD patterns of a chitosan, b ZHN, c ZHN–SDS (Sharif 
et al. 2019), d ZHN–SDS–Chi, e ZHN–SDS–BP (Sharif et al. 2019), 
and f ZHN–SDS–BP–Chi
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demonstrate that the chitosan coating has led to some mor-
phological changes. The FESEM images obtained are shown 
in Fig. 4.

The FESEM image of ZHN exhibits a flake-like struc-
ture, which is in a good agreement with the previous study 
(Ghotbi et al. 2012). Before undergoing the chitosan-coat-
ing process, both ZHN–SDS and ZHN–SDS–BP were also 
demonstrate a typical flake-like layered structure. ZHN–SDS 
possesses a flake-like structure with sharp edges, whereas 
ZHN–SDS–BP has a flake-like structure with more rounded 
edges (Sharif et al. 2019). The chitosan-coating process 
allows chitosan to be distributed on the surface of the 
ZHN–SDS and ZHN–SDS–BP; hence, causing the smooth 
and flat surface of the ZHN–SDS and ZHN–SDS–BP to 
become rough and uneven, which resembles the morphol-
ogy of the chitosan. Chitosan also appears to enclose the 
whole structure of ZHN–SDS and ZHN–SDS–BP, causing 
both ZHN–SDS–Chi and ZHN–SDS–BP–Chi to become 

thicker and appear more like a clump, instead of a layer. 
Therefore, the results obtained from the surface morphol-
ogy analysis suggested that the chitosan coating has brought 
obvious changes in the morphology of both ZHN–SDS–Chi 
and ZHN–SDS–BP–Chi nanocomposites. Similar morphol-
ogy changes due to the chitosan-coating process were also 
reported in the previous studies (Luo et al. 2013; Rezvani 
and Shahbaei 2014).

Spatial arrangement of chitosan‑coated ZHN–SDS–
BP nanocomposite

As previously mentioned in PXRD analysis section, the 
basal spacing values of the diffraction are correlated to the 
height of the interlayer gallery. Therefore, this section will 
discuss in detail any changes observed in the interlayer gal-
lery of the ZHN–SDS–BP nanocomposite after the chitosan-
coating process.

Fig. 4   Surface morphology of a 
chitosan, b ZHN, c ZHN–SDS, 
d ZHN–SDS–Chi, e ZHN–
SDS–BP, and f ZHN–SDS–
BP–Chi
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Before the ZHN–SDS–BP nanocomposite was coated 
with chitosan, the SDS and BP that were intercalated in the 
interlayer gallery of the nanocomposite were proposed to 
be arranged in a monolayer (Sharif et al. 2019). The basal 
spacing of the intercalation peak is 28.6 Å, and hence, after 
considering the deduction that comes from the thickness of 
the ZHN layer and Zn tetrahedron, the height of the inter-
layer gallery of ZHN–SDS–BP is calculated to be 18.6 Å. 
Although the chitosan-coating process did not cause any 
major changes in the basal spacing values, slight differences 
are noticeable. The basal spacing value was reduced, from 
28.6 Å to 28.1 Å, which accordingly reduced the gallery 
height from 18.6 to 18.1 Å (Fig. 5). The minor reduction 
did not reflect any changes in the type of ions intercalated in 
the interlayer gallery of the ZHN–SDS–BP nanocomposite, 
although the orientation might be slightly affected. Reduc-
tion in the ZHN–SDS–BP–Chi interlayer gallery height trig-
gers both SDS and BP in the interlayer gallery to be arranged 
in a more tilted orientation while retaining their monolayer 
arrangement. The orientation of the SDS and BP in both 
ZHN–SDS–BP and ZHN–SDS–BP–Chi nanocomposites 
were predicted using Chem 3D Ultra 8.0 software.

FTIR analysis

The results obtained from the FTIR analysis is shown in 
Fig. 6. The results were also compared with the FTIR pattern 
of the uncoated ZHN–SDS and ZHN–SDS–BP obtained in 
our previous study and summarised in Table S1 in Supple-
mentary Material (Sharif et al. 2019).

Broad peaks centred in the range of 3200–3500 cm−1 
were observed in the FTIR spectra of ZHN–SDS, chitosan, 
ZHN–SDS–Chi, ZHN–SDS–BP, and ZHN–SDS–BP–Chi 
due to the –OH-stretching mode of the interlayer water 
(Hosseini et al. 2013). The existence of chitosan as a coat-
ing material was proven by the appearance of the peaks 
that come from the C=C-stretching vibrations of amide I 
and C–O–C-stretching vibrations, observed in the FTIR of 
ZHN–SDS–Chi at 1645 and 1057 cm−1 and in the FTIR of 
ZHN–SDS–BP–Chi at 1640 and 1041 cm−1, respectively. 
These peaks were originally observed in the FTIR spectra 
of chitosan at 1665 and 1052 cm−1.

The peaks that signify the asymmetric stretching of S=O 
from SDS can be seen in the FTIR spectra of ZHN–SDS, 
ZHN–SDS–Chi, ZHN–SDS–BP, and ZHN–SDS–BP–Chi 
at and 1217, 1218, 1178, and 1211 cm−1, respectively 
(Qiu et  al. 2009). The peaks that are attributed to the 
aromatic overtones of ring bonds and C=C stretching of 
aromatic compounds from BP can be seen in the FTIR 
spectra of BP at 1851 and 1583 cm−1, in the FTIR spectra 
of ZHN–SDS–BP at 1863 and 1596 cm−1, and in the FTIR 
spectra of ZHN–SDS–BP–Chi at 1857 and 1585 cm−1 
(Hashim et  al. 2014a). The presence of the character-
istic peak of SDS in the FTIR spectra of ZHN–SDS, 
ZHN–SDS–Chi, ZHN–SDS–BP, and ZHN–SDS–BP, and 
the characteristic peaks of BP in the FTIR spectra of both 
ZHN–SDS–BP and ZHN–SDS–BP–Chi, are, therefore, 
suggestive that the intercalation of SDS and BP in the 
interlayer gallery of ZHN was preserved after the coating 

Fig. 5   Spatial orientation of BP 
and SDS in the interlayer gal-
lery of a ZHN–SDS–BP and b 
ZHN–SDS–BP–Chi
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process. The results obtained are in good agreement with 
the results from the PXRD analysis.

Thermal stability studies

The thermal stability is one of the most important aspects to 
be studied when investigating the physicochemical proper-
ties of a compound. Hence, in this study, the thermal stabili-
ties of chitosan, ZHN–SDS–Chi, and ZHN–SDS–BP–Chi 
were investigated using TGA/DTG analysis and the results 
are presented in Fig. 7. The results were also compared 
with the thermal stabilities of the uncoated ZHN–SDS and 
ZHN–SDS–BP obtained in our previous study, and summa-
rised in Table S2 in Supplementary Material (Sharif et al. 
2019).

As depicted in Fig. 7, the dried chitosan had an 18.1% 
water content, which evaporated as the chitosan was 
heated to 72.0 °C. Further heating of the chitosan led to 

its decomposition, with 52.2% weight loss at 320.3 °C and 
reaching its final decomposition at 554.4 °C, with 30.2% 
weight loss. The thermal decomposition of ZHN–SDS 
involved two stages of weight loss. The first stage hap-
pened at 107.1 °C with 3.2% weight loss resulting from 
the elimination of adsorbed and bound water molecules; 
the second stage of weight loss took place at 198.2 °C with 
37.2% weight loss, which is attributed to the decomposition 
of SDS that exists in the interlayer gallery of ZHN–SDS 
(Sharif et  al. 2019). After the ZHN–SDS was coated 
with chitosan, the thermal behaviour of ZHN–SDS–Chi 
was notably changed. Unlike the ZHN–SDS that decom-
posed in two thermal events, the thermal decomposition of 

Fig. 6   FTIR spectra of a ZHN–SDS (Sharif et al. 2019), b BP (Sharif 
et al. 2019), c ZHN–SDS–BP (Sharif et al. 2019), d chitosan, e ZHN–
SDS–Chi, and f ZHN–SDS–BP–Chi

Fig. 7   TGA/DTG curves of a chitosan, b ZHN–SDS–Chi, and c 
ZHN–SDS–BP–Chi nanocomposite
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ZHN–SDS–Chi occurred in three stages, at 78.1, 247.7, and 
888.7 °C, with 11.2, 51.3 and 14.8% weight loss, respec-
tively. The first stage is due to the removal of bound and 
adsorbed water molecules, the second stage results from the 
dehydration of saccharide rings and the depolymerisation of 
chitosan, and the last stage of decomposition occurred due 
to the decomposition of the SDS and the collapsing of the 
ZHN layer.

The comparison made in Table S2 shows that the ther-
mal behaviour of the ZHN–SDS–BP nanocomposite also 
changes after the nanocomposite undergoes the chitosan-
coating process. The ZHN–SDS–BP originally decomposed 
in three thermal events. The first thermal decomposition 
happened at 91.7 °C due to water molecule elimination 
(5.4% weight loss), the second stage occurred at 203 °C 
(34.8% weight loss) due to the combustion of the organic 
moieties that come from the intercalated BP and SDS, and 
the final thermal decomposition occurred at 576 °C (13.7% 
weight loss), as the ZHN layer collapsed (Hussein et al. 
2002). As for the ZHN–SDS–BP–Chi nanocomposite, the 
chitosan coating causing the nanocomposite to decompose 
in four thermal events, which occurred at 54.3, 247.7, 450.7, 
and 943.7 °C, with 5.8, 36.4, 14.7, and 21.4% weight loss, 
respectively. The first thermal decomposition is due to the 
loss of adsorbed and interlayer water molecules, the sec-
ond stage is due to the combustion of SDS, the third stage 
is due to the decomposition of the organic moieties come 
from the intercalated BP, and the last stage is attributed to 
the dehydration of saccharide rings and depolymerisation 
of chitosan, and also the collapse of the layered structure.

Based on the thermal stability studies, both ZHN–SDS 
and ZHN–SDS–BP demonstrated a similar trend of thermal 
behaviour changes after coated with chitosan. The chitosan 
coating caused an additional stage of thermal decomposi-
tion. The presence of the chitosan coating offered another 
protection layer on the outer surface of both ZHN–SDS 
and ZHN–SDS–BP, hence making the intercalated BP and 
SDS more protected when exposed to extreme conditions. 
This change is comparable with the results obtained in the 
TGA/DTG analysis of a previous study (Hosseini et al. 
2013). An obvious increase of the temperature at which 
the major decomposition occurred was also observed in 
both ZHN–SDS and ZHN–SDS–BP after undergoing the 
chitosan-coating process. In the case of ZHN–SDS, the 
major decomposition occurred at 198.2 °C, and after it was 
coated with chitosan, the major decomposition happens at 
a higher temperature, 247.7 °C. As for the ZHN–SDS–BP, 
the major decomposition occurred at 203.0  °C, which 
then increased to 247.7 °C after the coating process. The 
temperature of the final decomposition is also higher in 
the ZHN–SDS–Chi and ZHN–SDS–BP–Chi compared 
to the ZHN–SDS and ZHN–SDS–BP nanocomposites. 
The temperatures of the final thermal decomposition of 

ZHN–SDS–Chi and ZHN–SDS–BP–Chi are 888.7 and 
943.7 °C, whereas for the ZHN–SDS and ZHN–SDS–BP, 
the final thermal decomposition occurred at comparatively 
lower temperatures, 198.2 and 576.0 °C, respectively. Based 
on these findings, the thermal stability of both the ZHN–SDS 
and ZHN–SDS–BP nanocomposites was enhanced by the 
chitosan coating. These results come in a good agreement 
with those obtained in the previous study that also demon-
strates the potential chitosan in promoting a better thermal 
stability of a substance (Dorniani et al. 2013).

Release study of ZHN–SDS–BP–Chi nanocomposite 
into various aqueous solutions

The release of BP from the ZHN–SDS–BP–Chi nanocom-
posite was performed in aqueous solutions of Na3PO4, 
Na2SO4 and NaCl prepared in concentrations of 0.3, 0.5, 
and 1.0 M for the single aqueous systems, and combina-
tion of PO4

3−–SO4
2−, PO4

3−–Cl−, and SO4
2−–Cl− for the 

binary aqueous solution systems and a combination of 
PO4

3−–SO4
2−–Cl− for the ternary aqueous solution system. 

The release behaviour of BP was assessed based on the per-
centage of their accumulated release as a function of time 
and the release profile is shown in Fig. 8.

The release of BP from ZHN–SDS–BP–Chi in the aque-
ous solutions generally began with a fast release during the 
initial part of the release process and become slower as it 
approached its maximum release. Amongst the aqueous 
solutions, the release conducted in the aqueous solutions of 
NaCl was found to have the slowest release. Releasing the 
ZHN–SDS–BP–Chi in 0.3 M NaCl allowed the release time 
to be extended up to 4364 min. Although increasing the con-
centration of the aqueous solution of NaCl seems to shorten 
the release time, the release of BP from ZHN–SDS–BP–Chi 
in 0.5 M and 1.0 M of NaCl is still considerably prolonged, 
with release times of 2845 and 2662 min, respectively. When 
aqueous solutions of Na2SO4 were used as release media, 
the release time in 0.3, 0.5, and 1.0 M were extended to 
3696, 1435, and 1258 min, respectively. As for the release 
in an aqueous solution of Na3PO4, the release time in 0.3, 
0.5, and 1.0 M was prolonged to 2885, 1284, and 462 min, 
respectively. These observations, therefore, revealed that 
the release of BP from ZHN–SDS–BP–Chi in an aqueous 
solution of NaCl, Na2SO4, and Na3PO4 is concentration-
dependent. Fewer ions, provided by lower concentration 
aqueous solutions, assist in slowing the release process, 
hence, increasing the release time.

The duration of the release of BP from the 
ZHN–SDS–BP–Chi also depends on the type of ions 
provided by the aqueous solution. The release time 
recorded is slowest when aqueous solutions of NaCl, 
which provide Cl− anions, were used as the release 
media. Hence, the release time is decreasing in the order 
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of Cl− > SO4
2− > PO4

3−. The lower affinity of monovalent 
Cl− than the divalent SO4

2− and trivalent PO4
3− makes the 

Cl− less attracted to the positively charged ZHN, therefore 
further prolonging the release process.

The release behaviour of BP from the ZHN–SDS–BP–Chi 
was also evaluated based on the maximum release percent-
age achieved in all aqueous solutions. Significant differ-
ences in the maximum release percentage can be observed 
from the release profile. The highest percentage release 
was obtained when the Na3PO4 was used as release media, 
82.4%, followed by Na2SO4, 72.3%, and NaCl, 65.5%. The 
higher affinity of PO4

3−, compared to the other incoming 
anions increased their tendency to be attracted to the ZHN, 
hence allowing more BP to be released into the aqueous 
solution. The percentage release of BP in each release media 
was also concentration-dependent.

The result obtained from the release of BP from the 
interlayer gallery of ZHN–SDS–BP–Chi nanocomposite, 
using binary systems of PO4

3−–SO4
2−, PO4

3−–Cl−, and 
SO4

2−–Cl− and a ternary system of PO4
3−–SO4

2−–Cl− show 
that the release of BP in release media containing multi-
ple types of anions is highly dependent on the composi-
tion of the incoming anion provided by the release media. 
This deduction is made based on the different percentages 

of accumulated release obtained as the release media were 
varied.

The release of BP in the ternary aqueous solution system 
allowed 45.8% of the intercalated BP to be released from the 
interlayer gallery of the nanocomposite within 1318 min. As 
for the release in the binary aqueous solution systems, 38.7, 
30.7, and 28.6% of BP was released in the aqueous solu-
tions of PO4

3−–SO4
2−, PO4

3−–Cl−, and SO4
2−–Cl− within 

1458, 1595, and 5349 min, respectively. These results indi-
cate that the highest percentage of accumulated release was 
obtained when the release process is carried out in aqueous 
solutions of PO4

3−–SO4
2−–Cl−, and the lowest percentage 

was obtained when the release process is performed in aque-
ous solutions of SO4

2−–Cl−. The results obtained from the 
release study of BP in binary aqueous solution systems also 
revealed that the presence of trivalent PO4

3− anions in the 
release media contributes in generating a higher accumu-
lated release percentage due to their higher charge density 
and greater affinity toward the ZHN–SDS host. The presence 
of Cl− anions, however, seems to lower the percentage of 
accumulated BP release resulting from their relatively lower 
charge density compared to both SO4

2− and PO4
3− anions.

One of the main purposes of carrying out the chitosan-
coating process on the ZHN–SDS–BP nanocomposite is 

Fig. 8   Release profiles of BP 
from ZHN–SDS–BP–Chi 
nanocomposite into a sodium 
phosphate, b sodium sulphate, 
c sodium chloride solution in 
various concentration, and d 
mixture aqueous solution of 
phosphate, sulphate, and chlo-
ride in several combinations
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to investigate the impact chitosan on the release behaviour 
of the ZHN–SDS–BP. Therefore, the results of the release 
study of ZHN–SDS–BP–Chi in various aqueous solutions 
were compared with the results from the release study of 
ZHN–SDS–BP nanocomposites that were published in our 
recent paper (Sharif et al. 2019). The comparisons of the 
percentage release and the release time of both uncoated and 
chitosan-coated nanocomposite are summarised in Table 1.

Based on the comparison made in Table  1, the chi-
tosan coating has significantly extended the release time 
of BP from the ZHN–SDS–BP–Chi nanocomposite. 
There are several properties of chitosan that contribute to 
slowing the release of BP from the interlayer gallery of 
ZHN–SDS–BP–Chi. Due to the hydrophilic, hygroscopic 
nature and gelation ability of chitosan, chitosan is capable of 
forming hydrogen bonds with water molecules, hence pro-
ducing a gel layer that surrounds the ZHN–SDS–BP–Chi. 
The gel layer works as an additional barrier that kept the BP 
from being immediately released into the aqueous solution, 
hence slowing the release process.

For the uncoated ZHN–SDS–BP, the slow release of BP is 
greatly contributed by the electrostatic attraction that exists 
between ZHN layer and the BP (Sharif et al. 2019). The 
electrostatic attraction not only helps in balancing the overall 
charge of the layer, but also assists in keeping the BP within 
the interlayer gallery of the nanocomposite, and allowing the 
sustained release of BP during the controlled release study. 
The zinc cation, which acts as the central metal of the ZHN 
layer, plays a significant role in providing the positive charge 
to the ZHN layer. The excessive positive charge generates 
by the ZHN layer allow the negatively charged carboxylate 
group of BP to be attracted to the positively charged ZHN 

layer. As for the release of BP from the ZHN–SDS–BP–Chi, 
the slow release is not only contributed by the excess posi-
tive charge generate by the zinc cation in the ZHN layer, but 
also significantly contributed by the nature of the chitosan 
itself. Chitosan is a type of polycationic polysaccharide, 
with positively charged amino groups bonded in its structure 
(Harding et al. 2015). Because of its polycationic nature, the 
positively charged amino group on the backbone of the chi-
tosan can form electrostatic interactions with the negatively 
charged BP anion. The presence of chitosan on the outer 
surface of the ZHN–SDS–BP–Chi is, therefore, strengthened 
the electrostatic attraction between the ZHN layer and BP. 
As a result, BP is held more firmly in the interlayer gallery 
of the ZHN–SDS–BP–Chi and, consequently, makes it more 
difficult for BP to be released into the aqueous solutions. 
The results from the release study demonstrate the potential 
of chitosan coating for prolonging the release of BP from 
ZHN–SDS–BP–Chi. The percentage release of BP, however, 
decreases after the ZHN–SDS–BP was coated with chitosan. 
This behaviour is comparable with several previous studies 
(Hosseini et al. 2013; Rezvani and Shahbaei 2014; Ribeiro 
et al. 2014; Allou et al. 2018).

Kinetic study of BP release from the ZHN–SDS–BP–
Chi nanocomposite into various aqueous solutions

Investigating the release mechanism of BP from the inter-
layer gallery of the ZHN–SDS–BP–Chi required fitting the 
release data to appropriate kinetic models. In this study, six 
kinetic models were employed, namely the Higuchi, zero 
order, first order, pseudo-second order, parabolic diffusion, 
and Ritger–Peppas kinetic models (Higuchi 1963; Ritger 

Table 1   Comparison of the 
percentage release from ZHN–
SDS–BP and ZHN–SDS–
BP–Chi into single, binary, 
and ternary aqueous systems 
of phosphate, sulphate, and 
chloride

Aqueous solutions ZHN–SDS–BP ZHN–SDS–BP–Chi

Percentage release (%) Release 
time (min)

Percentage release (%) Release 
time (min)

Single
 PO4

3− 0.3 M 72.3 1535 62.6 2885
0.5 M 79.0 1010 79.8 1284
1.0 M 88.2 74 82.4 462

 SO4
2− 0.3 M 55.9 2435 48.3 3696

0.5 M 63.0 1224 51.7 1435
1.0 M 75.2 1125 72.3 1258

 Cl− 0.3 M 37.8 4117 37.0 4364
0.5 M 57.1 1326 50.8 2845
1.0 M 71.4 1230 65.5 2662

Binary PO4
3−–SO4

2 84.0 1318 38.7 1458
PO4

3−–Cl− 83.2 1425 30.7 1595
SO4

2–Cl− 73.1 1611 28.6 5349
Ternary PO4

3−–SO4
2–Cl− 85.4 1271 45.8 1318

Ref. Sharif et al. (2019) Present paper
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and Peppas 1987; Ho and Mckay 1999; Hussein et al. 2012; 
Bruschi 2015; Kumaresan et al. 2019). Fitting the release 
data for BP release from the ZHN–SDS–BP–Chi nanocom-
posite into aqueous solutions of Na3PO4, Na2SO4, and NaCl 
is presented in Figs. 9, 10, and 11. The value obtained for the 
model parameters, including the rate constants (k), regres-
sion values (r2), and half-time (t1/2), are summarised and 
shown in Table 2.

The pseudo-second-order kinetic model yielded the best 
agreement between the release data obtained experimentally 

and that obtained from the kinetic model. The equation used 
for the pseudo-second-order kinetic model is given in Eq. 1, 
where t represents time, Mi is the initial concentration of BP, 
and Mf is the final concentration of BP:

The linearization of the release data into pseudo-second 
order generated the best fit, with r2 values of 0.913 ≤ r2 ≤ 1.00 
in aqueous Na3PO4 solutions, 0.962 ≤ r2 ≤ 1.00 in aqueous 

(1)t∕M
i
= 1∕M2

f
+ t∕M

f
.

Fig. 9   Fitting the data for BP 
release from ZHN–SDS–BP–
Chi nanocomposite into a 
sodium phosphate solution for 
the a Higuchi, b zero order, c 
first order, d pseudo-second 
order, e parabolic diffusion, and 
f Ritger–Peppas kinetic models
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Na2SO4 solutions, and 0.862 ≤ r2 ≤ 1.00 in aqueous NaCl 
solutions. Fitting the release data to other kinetic models 
was found to be unsatisfactory with poor r2 values.

In the release that was governed by the pseudo-second-
order kinetic model, the release mechanism of the guest 
ion into the release media is caused by the dissolution and 
ion-exchange process (Hashim et al. 2014b). These mecha-
nisms can be related to the nature of chitosan itself. As 
previously stated, owing to the hydrophilic, hygroscopic 
nature and gelation ability of chitosan, chitosan is capable 
of forming a gel layer that covered the ZHN–SDS–BP–Chi 

nanocomposite. Exposing the chitosan gel layer to an aque-
ous environment for a long period hydrated the gel layer. 
The continuous penetration of water molecules caused the 
gel layer to swell and eventually led to the dissolution of 
the gel layer. The dissolution, therefore, allowed the BP 
to be slowly released into the aqueous solutions, via the 
ion-exchange process. The former position of BP and SDS 
in the interlayer gallery of ZHN–SDS–BP–Chi was then 
replaced with the PO4

3−, SO4
2−, and Cl- ions provided by 

the aqueous solution to counterbalance the charge of the 
ZHN layer.

Fig. 10   Fitting the data for 
BP release from ZHN–SDS–
BP–Chi nanocomposite into a 
sodium sulphate solution for the 
a Higuchi, b zero order, c first 
order, d pseudo second order, e 
parabolic diffusion, and f Rit-
ger–Peppas kinetic models
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Conclusion

The ZHN–SDS–BP nanocomposite has been successfully 
coated with chitosan while preserving the ions intercalated 
in its interlayer gallery. The presence of SDS and BP in the 
interlayer gallery of ZHN–SDS–BP–Chi was confirmed 
using PXRD and FTIR analysis. The TGA/DTG analysis 
performed on the ZHN–SDS–BP–Chi revealed that the 
chitosan-coating process has led to significant improve-
ment in thermal stability. The surface morphology analysis 
using FESEM showed that the surface morphology of the 

ZHN–SDS–BP–Chi nanocomposite became rough and une-
ven after the coating process, thus resembling the morphol-
ogy of chitosan. The release study of the ZHN–SDS–BP–Chi 
was carried out in aqueous solutions of Na3PO4, Na2SO4, 
and NaCl, and the results obtained revealed that the pres-
ence of chitosan greatly prolonged the release of BP, hence, 
proving the potential of chitosan for enhancing the con-
trolled release formulation of clay-based nanocomposites. 
The release of BP was governed by a pseudo-second-order 
kinetic model, which described that the release mechanism 
of BP occurred via a dissolution and ion-exchange process. 

Fig. 11   Fitting of data for 
BP release from ZHN–SDS–
BP–Chi nanocomposite into a 
sodium chloride solution for the 
a Higuchi, b zero order, c first 
order, d pseudo-second order, 
e parabolic diffusion and f Rit-
ger–Peppas kinetic models
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The potential of chitosan for prolonging the release of BP 
from ZHN–SDS–BP–Chi can help in overcoming the risk 
of environmental problems due to the excessive use of pes-
ticides in paddy cultivation.
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