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HIGHLIGHTS

e The novel Zn/Al-LDH-QC was coated
with chitosan.

e Characterisation studies were executed
using PXRD, FTIR, TGA and FESEM.

o The release media for the release study
mimic the paddy cultivation
environment.

e Reveal the potential of Zn/Al-LDH-QC
and Zn/Al-LDH-QC-Chi as new mate-
rials for CRF.
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ABSTRACT

Controlled release formulations of herbicides have been recognised to have potential in reducing the adverse ef-
fects of conventional herbicides on our environment. In this work, the controlled release behaviour of quinclorac
(QQC) from zinc/aluminium-layered double hydroxide-quinclorac (Zn/Al-LDH-QC) and its chitosan-coated com-
posite Zn/Al-LDH-QC-Chi into aqueous solutions of NagPO4, NaxSO4 and NaCl were studied. The physicochemical
properties of both composites were studied initially, using powder X-ray diffraction (PXRD), Fourier transform
infrared (FTIR), thermogravimetric and derivative thermogravimetric analysis (TGA/DTG) and field emission
scanning electron microscopy (FESEM) instruments, so that the effect of chitosan coating on their functional
groups, thermal stabilities and surface morphology could be observed thoroughly. The results from the release
studies showed that the presence of chitosan as a coating enhances the electrostatic attraction between the
positively charged amino groups on the backbone of chitosan and the negatively charged QC anions, thus assisting
in prolonging the time of release of QC. The kinetic studies revealed that both Zn/Al-LDH-QC and Zn/Al-LDH-QC-
Chi composites obey second-order mechanisms, thus signifying that the release of QC into the release media by
both composites took place via dissolution and ion exchange. These results therefore indicate the promising po-
tential of Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi to overcome the drawbacks of the over-use of herbicides in paddy
cultivation areas.
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1. Introduction

The use of pesticides in the agriculture sector is essential so as to
increase the productivity of the harvested yield [1]. However, the
continuous application of pesticides may result in numerous bad effects
on nature, such as air quality degradation, pollution of water bodies and
extinction of threatened species [2-11]. Hence, controlled released
formulation (CRF) was introduced as a new approach to alleviate the
environmental issues triggered by pesticide residues and correspond-
ingly improve the effectiveness of the pesticides [12-19].

CREF has attract great interest in recent years and has been exploited
in various agrochemical fields. It has been implemented with several
agrochemical agents, including fertilisers, plant growth enhancers and
pesticides [20-25]. CRF has been proven to enhance weed management
by increasing the prolonged time of release of active ingredients in
pesticides and minimising ecological contamination caused by pesti-
cides by permitting lower and constant concentrations of pesticides in
the surroundings [26]. Therefore, pest problems can be diminished
without polluting the environment or risking the health of pesticide
operatives.

Coating is one of the essential procedures in the fabrication of
controlled release agricultural formulations. This procedure entraps
active agents inside another substance (wall material), which is
designed to shield the interior material from unfavourable environ-
mental conditions such as excessive moisture, light and oxygen, and
subsequently to enhance the shelf-life of the coated materials and enable
the slow delivery of the product through controlled diffusion processes
[27]. This, therefore, results in minimal losses of the active ingredient to
the environment and prevents pollution.

The material used to coat the internal substance is commonly called
the coater, membrane, shell, capsule, carrier material, external phase or
matrix [28]. The selection of coating materials is made based on the
consideration of several criteria, such as the limitations of the coating
material, the quality offered by the coating material to the shielded
substance, concentration of the coating material, stability necessities,
mode of delivery and cost restrictions [29].

The coating of pesticides may enhance the controlled released
behaviour, enable targeted delivery, improve pesticide efficiency and
restrain the unintentional spread of pesticide residues to the environ-
ment [13-18,30]. Many polysaccharide nanoparticles have been
explored for coating purposes, and one of the most widely used is chi-
tosan [25,31-36]. Chitosan is a linear biopolymer which consists of the
monomers of 2-amino-2-deoxy-p-d-glucan with glycosidic linkages.
Three types of reactive functional group are bonded to the chitosan
structure: amino groups and both primary and secondary hydroxyl
groups [37]. The chemical structure of chitosan is shown in Fig. 1.
Chitosan is derived through the partial deacetylation of chitin, origi-
nated from shells of marine organisms such as shrimps and crabs [38].
Owing to its good biocompatibility, non-toxic nature, antifungal activity
and excellent biodegradability, chitosan has become a type of cationic
polysaccharide that is commonly exploited for pesticide coating pur-
poses [39].

Quinclorac (QC), a type of herbicide extensively used in paddy
cultivation has been successfully intercalated into the interlayer gallery
of zinc/aluminium-layered double hydroxide (Zn/Al-LDH), as reported
in our previous paper [40]. The Zn/Al-LDH-QC was synthesised using a
co-precipitation method, with a Zn/Al molar ratio of 3.0:1.0. In this
paper we aim to explore further the possibility of using the composite in
CRF applications. Hence, the controlled release behaviour of
Zn/Al-LDH-QC was studied in several salt solutions, including in sodium
phosphate (NagPOy4), sodium sulphate (NaySO4) and sodium chloride
(NaCl). Zn/Al-LDH-QC coated with chitosan (Zn/Al-LDH-QC-Chi)
composite was also synthesised in order to determine the impact of using
chitosan as a coating material in enhancing CRF properties. Several
techniques, including powder X-ray diffraction (PXRD), Fourier trans-
form infrared (FTIR), thermogravimetric =~ and  derivative
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thermogravimetric analysis (TGA/DTG) and field emission scanning
electron microscopy (FESEM) were used for characterisation purposes,
to analyse the physicochemical properties of both Zn/Al-LDH-QC and
Zn/Al-LDH-QC-Chi composites.

2. Experimental section
2.1. Reagents

Zn(NOs3)2-6H20 and Al(NOs3)3-9H,0 were obtained from Systerm
(Malaysia), both with purity of 98%. The intercalated guest ions, QC,
was purchased from Essense (China) with 95% purity and the coating
material, chitosan, was obtained from Sigma Aldrich (USA). The acetic
acid used to dissolve the chitosan was obtained from HmbG Chemicals
(Germany). The salt used to prepare the release media, sodium phos-
phate (NagPO4) was purchased from Merck with 99.5% purity and the
sodium sulphate (NaSO4) and sodium chloride (NaCl) were obtained
from Systerm (Malaysia), with 95.2% and 99.0% purity, respectively. All
reagents used in the study were used as received without further puri-
fication, and all solutions used in this study were prepared using
deionised water.

2.2. Synthesis of Zn/Al-LDH-QC and Zn/Al-LDH-QC chitosan-coated
composite

The Zn/Al-LDH and Zn/Al-LDH-QC composite were synthesised
using a co-precipitation method, under nitrogen atmosphere. Zinc ni-
trate and aluminium nitrate were used as precursors, with a Zn/Al molar
ratio of 3.0:1.0. The method of synthesising the Zn/Al-LDH-QC com-
posite was reported thoroughly in our recent paper [40].

The Zn/Al-LDH-QC-Chi composite was then synthesised by coating
the Zn/Al-LDH composite with chitosan with mass ratio of 1.0:1.0. The
coating procedure was initiated by dissolving 0.1 g of chitosan in 1%
acetic acid, and 50 mL of deionised water was then added into the
mixture. The chitosan solution was stirred at room temperature and left
for 24 h, to dissolve the chitosan completely. Zn/Al-LDH-QC composite
(0.1 g) was added to the chitosan solution and stirred for 18 h at room
temperature. The mixture was centrifuged at 4000 rpm for 5 min and
dried in oven at 60 °C for 24 h. The dried sample was ground and stored
in a sample bottle for characterisation and controlled release study.
Similar procedure was repeated on the Zn/Al-LDH, and the product was
labelled as Zn/Al-LDH-Chi.

2.3. Characterisation of Zn/Al-LDH-QC and Zn/Al-LDH-QC chitosan-
coated composite

The PXRD patterns of the samples were obtained using a PANalytical
X-pert Pro MPD diffractometer in the range of 2-60° under the following
condition; 30 mA, 40 kV, step size: 0.0330°, scan step time: 19.4434 s,
using Co K-alpha radiation (0.15406 nm). The Fourier transform
infrared (FTIR) spectra were recorded using a Nicolet FTIR spectrometer
at 4004000 cm’l, with nominal resolution of 4 cm™' and KBr disc
technique. The TGA/DTG analysis was carried out using PerkinElmer
Pyris 1 TGA thermo balance. The samples were heated from 35 to 1000
°C, with heating rate of 10 °C min~! under nitrogen atmosphere. The
surface morphology and the surface properties of the samples were

Fig. 1. The chemical structure of chitosan.
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Fig. 2. PXRD patterns of (a) chitosan, (b) Zn/Al-LDH [40], (¢) Zn/Al-LDH-Chi,
(d) Zn/Al-LDH-QC [40], and (e) Zn/Al-LDH-QC-Chi.

analysed by FESEM (Hitachi SU 8020 UHR).

2.4. Controlled release formulation study of Zn/Al-LDH-QC and Zn/Al-
LDH-QC chitosan-coated composite

The controlled released study of the Zn/Al-LDH-QC and Zn/Al-LDH-
QC-Chi composites were conducted using a PerkinElmer UV-vis spec-
trometer. Deionised water was used as a blank and three types of salt
solution, NazPO4, Na;SO4 and NaCl, were used as release media. The
aqueous solutions for the single system were prepared in 0.3 M, 0.5 M
and 1.0 M whereas the binary and ternary system were prepared in 1.0
M aqueous solutions of several combination (PO3 -SO3~, PO3 -Cl” and
SO3 -Cl” and PO} -SO% —CI). Salt solution (3.5 mL) was placed in a
cuvette and 0.6 mg of composite was then added. The cuvette was closed
and covered with parafilm. The cuvette was left for a few days in the
UV-vis spectrometer so that the controlled release behaviour could be
observed. Study of the release from the composite was conducted using
similar experimental conditions of UV-vis measurement (lambda max =
238.1 nm, time interval = 60 s, slit width = 1.0 nm, lamp change =
326.0 nm, ordinate max = 1.0 and ordinate min = 0.0).
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3. Results and discussion
3.1. PXRD analysis

The PXRD patterns obtained from the analysis are shown in Fig. 2. In
the PXRD pattern of Zn/Al-LDH, three obvious diffraction peaks can be
observed, with basal spacings of 8.8, 4.4 and 2.8 A [40]. Three peaks
with almost similar basal spacing can also be observed in the PXRD
pattern of the Zn/Al-LDH coated with chitosan (Zn/Al-LDH-Chi), with
basal spacings of 8.1, 4.4 and 2.6 A. The results obtained from PXRD
analysis therefore reveal that the diffraction peaks of Zn/Al-LDH and the
Zn/Al-LDH-QC, before and after coating with chitosan, were not very
different from one another. The presence of the nitrate peak in the PXRD
pattern of Zn/Al-LDH (8.8 A) and Zn/Al-LDH-Chi (8.1 A), indicates that
nitrate ions remained as the counter-ions in both samples. Nevertheless,
obvious changes in terms of crystallinity can be seen in the PXRD pattern
of Zn/Al-LDH after undergoing the coating process. The PXRD diffrac-
tion peaks of Zn/Al-LDH-Chi are broader and of lower intensity
compared to those of Zn/Al-LDH, hence reflecting the disordered
layered structure of Zn/Al-LDH-Chi due to the influence of the amor-
phous structure of the chitosan [41].

Four diffraction peaks can be seen in the PXRD patterns of both Zn/
Al-LDH-QC and Zn/Al-LDH-QC-Chi, with basal spacings of 16.7, 8.2, 5.5
and 4.1 A in Zn/Al-LDH-QC and 15.8, 8.0, 5.4 and 4.0 A in Zn/Al-LDH-
QC-Chi. Similar to the trend of the coated and uncoated Zn/Al-LDH, the
basal spacing values of Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi were
generally similar. Even though both Zn/Al-LDH-QC and Zn/Al-LDH-QC-
Chi demonstrate the appearance of intense, sharp and symmetrical
diffraction peaks, the intensities of the diffraction peaks in the PXRD
pattern of Zn/Al-LDH-QC-Chi are slightly lower compared to those of
Zn/Al-LDH-QC. This, therefore, indicates that the crystallinity of Zn/Al-
LDH-QC-Chi is reduced due to the amorphous characteristic of the chi-
tosan [41]. The intercalation peaks that validate the presence of QC in
the interlayer gallery of both samples appeared at low 26 angles (basal
spacings of 16.7 and 15.8 A), which can be seen in both PXRD patterns
[40]. Therefore, the minor changes in the basal spacing values between
the uncoated and the chitosan-coated samples prove that the type of ion
intercalated in the interlayer gallery of the Zn/Al-LDH was barely
affected by the coating process.

3.2. Spatial arrangement of chitosan coated Zn/Al-LDH-QC composite

The QC anion was proposed to be oriented in the interlayer gallery of
Zn/Al-LDH in a monolayer arrangement, as reported in our previous
paper [40]. The QC anion was held in that orientation by the electro-
static attraction that exists between the carboxylate group of QC and the
positively charged layer of Zn/Al-LDH. The arrangement was predicted
using Chem 3D Ultra 8.0 software after considering the basal spacing of
the Zn/Al-LDH-QC composite obtained from the PXRD analysis (16.7 10\),
the thickness of the Zn/Al-LDH layer (4.8 A), and the three-dimensional
molecular structure of QC (length, height and thickness of QC were
determined to be 11.8, 9.2 and 4.1 10\, respectively) [40,42].

As mentioned in the previous section, the PXRD pattern of the
samples, before and after the coating process, are not very different from
one another. Although the basal spacing values are similar, the values
were slightly changed after the composite was coated. It was revealed
that there was a reduction on the basal spacing of the Zn/Al-LDH-QC,
from 16.7 A to 15.8 A, thus decreasing the height of the interlayer gal-
lery from 11.9 A to 11.0 A. The reduction can be elucidated based on the
interactions between the hydroxyl groups on the surface of Zn/Al-LDH
and the chitosan via hydrogen bonding and coordinate covalent bond
formation, hence causing the shrinking of the composite after the
coating process [43]. The changes signify that even though the QC was
still intercalated in the interlayer gallery of the Zn/Al-LDH-QC com-
posite, the coating process caused a minor alteration in the spatial
orientation of QC. The reduction of the interlayer gallery height
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Fig. 3. Spatial arrangement of QC in the interlayer gallery of Zn/Al-LDH (a) before coating with chitosan and (b) after coating with chitosan.

triggered the QC anions to arrange themselves in a more tilted position,
while preserving the orientation of the monolayer arrangement. The
predicted spatial arrangement of QC in the interlayer gallery of
Zn/Al-LDH before and after the composite was coated with chitosan is
illustrated in Fig. 3.

3.3. FTIR analysis

Fig. 4 shows the FTIR spectra of (a) host Zn/Al-LDH, (b) QC anion,
(c) Zn/Al-LDH-QC composite, (d) chitosan, (e) chitosan coated Zn/Al-
LDH (Zn/Al-LDH-Chi), and (f) Zn/Al-LDH-QC-Chi composite. By
comparing the peaks appearing in each spectrum, the changes in the
functional groups after chitosan coating can be observed.

The FTIR spectra of chitosan shows several typical peaks, at 3497
em ! (O-H stretching), 1665 cm ! (amide C-O stretching), 1556 cm !
(amide N-H bending and C-N stretching) and 1052 em™! (C-0-C
stretching) [40,43-45]. Similar peaks can be observed in the FTIR
spectra of Zn/Al-LDH-Chi at 3345, 1645, 1547 and 1036 cm ’,
respectively. The characteristic peaks of Zn/Al-LDH can also be seen in
the FTIR spectra of Zn/Al-LDH-Chi at 1371 cm ™ (originally found in the
FTIR spectra of Zn/Al-LDH at 1385 em™), 567 cm™! (originally found in
the FTIR spectra of Zn/Al-LDH at 604 cm™ 1) and 444 cm ™! (originally
found in the FTIR spectra of Zn/Al-LDH at 430 cm 1), corresponding to
the symmetric stretching of NO3, the bending vibration of AI-OH and
the bending vibration of Zn-Al-OH, respectively [40,46].

Comparison of the FTIR spectra also reveals that the peaks present in
the spectrum of the coated Zn/Al-LDH-QC-Chi composite are mostly
similar to those of Zn/Al-LDH-QC. A broad and obvious absorption peak

found in the FTIR spectrum of the coated Zn/Al-LDH-QC-Chi at 3330
em ™!, which represents the OH groups found both in interlayer water
and hydroxide basal layer, was also found in the spectra of Zn/Al-LDH
and Zn/Al-LDH-QC at 3450 cm~! and 3342 cm_l, respectively [40,
47]. The peak that represents the C-N stretching mode in an aromatic
compound can be seen in the spectra of the coated Zn/Al-LDH-QC-Chi at
1367 cm™! and of Zn/Al-LDH-QC at 1330 cm™! [40]. The peak that
corresponds to the stretching of C-O was found in the spectra both of the
coated Zn/Al-LDH-QC-Chi and of Zn/Al-LDH-QC at 1098 c¢cm™! and
1092 cm ™}, respectively. The peaks that signify the stretching mode of
the carboxylate anion of the coated Zn/Al-LDH-QC-Chi were seen at
1480 cm ! and 1568 cm™!, whereas for Zn/Al-LDH-QC similar peaks
were seen at 1473 cm ™! and 1564 cm ™! [40,48]. The bending vibrations
of Al-OH and Zn-Al-OH are also present in the spectra both of the
coated Zn/Al-LDH-QC-Chi at 558 cm™' and 425 cm™!, and of
Zn/Al-LDH-QC at 456 cm ™! and 512 cm ™%, respectively [23]. Similar
peaks that appeared in the spectra of both Zn/Al-LDH-QC and
Zn/Al-LDH-QC-Chi composites show that the functional groups of
Zn/Al-LDH-QC were unaffected after the composite was coated with
chitosan, hence indicating that no modification or interaction occurred
between the chitosan and Zn/Al-LDH-QC, and the QC remained inter-
calated in the interlayer gallery of Zn/Al-LDH in both coated and un-
coated composites [45]. The FTIR analysis showed good agreement with
the results obtained from PXRD analysis, as the PXRD pattern remained
the same after the composite was coated, although the peak positions
were slightly shifted.
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Fig. 4. FTIR spectra of (a) Zn/Al-LDH [40], (b) QC anion [40], (c)
Zn/Al-LDH-QC  [40], (d) chitosan, (e) Zn/Al-LDH-Chi, and (f)
Zn/Al-LDH-QC-Chi.

3.4. Thermal stability studies

The results obtained from the TGA/DTG thermal studies of chitosan,
Zn/Al-LDH-Chi and Zn/Al-LDH-QC-Chi are shown in Fig. 5. The value of
maximum thermal decomposition (Tpax) of each peak in the TGA/DTG
curve and its percentage decomposition were compare with the result
obtained in the previous paper, so that the influence of chitosan coating
on the thermal behaviour of Zn/Al-LDH and Zn/Al-LDH-QC can be
observed [40]. The comparison was summarised in Table 1.

The TGA/DTG curve generally demonstrate that each sample seems
to have a distinct thermal decomposition pattern. The decomposition of
the Zn/Al-LDH host occurred in three stages as it was heated from 35 to
1000 °C. The decomposition is due to the elimination of the water from
the outer surface (121.8 °C), the removal of interlayer water molecules
(251.5 °C) and the dihydroxylation of Zn/Al-LDH (331.0 °C) [49]. The
Zn/Al-LDH host was also coated with chitosan to observe the effect of
coating on its thermal decomposition. Zn/Al-LDH-Chi decomposes in
three stages, at 71.2, 238.4 and 953.1 °C. The TGA/DTG results
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Fig. 5. TGA/DTG curves of (a) chitosan, (b) Zn/Al-LDH-Chi and (c)
Zn/Al-LDH-QC-Chi.

therefore reveal that the maximum temperature of the Zn/Al-LDH-Chi
(953.1 °C) was found to be higher compared to the pristine
Zn/Al-LDH host (331.0 °C).

A similar trend was also observed when the Zn/Al-LDH-QC com-
posite was coated with chitosan. The thermal studies show that the
uncoated Zn/Al-LDH-QC composite decomposes in three stages, at 97.7,
223.5 and 321.7 °C. The first two decomposition stages are comparable
to the thermal decomposition of Zn/Al-LDH, owing to the elimination of
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Table 1
TGA/DTG data of weight loss for chitosan, Zn/Al-LDH, Zn/Al-LDH-Chi, Zn/Al-
LDH-QC and Zn/Al-LDH-QC-Chi.

Thermal Samples
d iti
ccomposition Chitosan Zn/ Zn/Al- Zn/Al- Zn/Al-
Al- LDH-Chi LDH- LDH-QC-
LDH QC Chi
Stage Tmax (°C) 72.0 121.8 71.2 97.7 99.7
1
Percentage 17.8 5.5 9.3 9.8 13.2
(%)
Stage Tmax (°C) 320.3 251.5 238.4 223.5 220.8
2
Percentage 52.1 15.3 37.5 9.2 5.6
(%)
Stage Tmax (°C) 554.4 331.0 953.1 321.7 320.3
3
Percentage 30.1 8.6 25.6 22.5 321
(%)
Stage Tmax (°C) - - - - 880.2
4
Percentage - - - - 20.6
(%)
Ref. Present [40] Present [40] Present
paper paper paper
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the outer surface and interlayer water molecules, respectively. The third
decomposition is due to combustion of the organic moiety that was
loaded in the interlayer gallery of the Zn/Al-LDH-QC composite [40].
However, the thermal decomposition of Zn/Al-LDH-QC-Chi was seen to
happen in four stages. The first three decomposition stages took place at
temperatures not greatly different from the decomposition of
Zn/Al-LDH-QC (99.7, 220.8 and 320.3 °C), whereas the last decompo-
sition stage took place at a significantly high temperature: 880.2 °C. The
maximum temperature of the Zn/Al-LDH-QC-Chi composite (880.2 °C)
was determined to be higher compared than that of the Zn/Al-LDH-QC
composite (312.7 °C), indicating that the chitosan coating does confer
better thermal stability on the synthesised composite.

3.5. Surface morphology analysis

The morphological characteristics of the pure chitosan, Zn/Al-LDH,
Zn/Al-LDH-Chi, Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi were analysed
by FESEM, and the images obtained are shown in Fig. 6. Obvious
transformations can be seen when comparing the surface morphology of
the uncoated samples with the chitosan-coated samples. Although both
uncoated and coated Zn/Al-LDH possess typical agglomerated, irregular
and non-porous plate-like structures, the surface textures of both sam-
ples are quite different. The presence of chitosan as a coating material
seems to flatten out the surface of the Zn/Al-LDH-Chi, resulting in the
surface of Zn/Al-LDH-Chi to be more even than its uncoated form. As for

Fig. 6. Surface morphology of (a) chitosan, (b) Zn/Al-LDH, (c) Zn/Al-LDH-Chi, (d) Zn/Al-LDH-QC, and (e) Zn/Al-LDH-QC-Chi.
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Zn/Al-LDH-QC, the uncoated composite shows a tiny plate-like struc-
ture, with non-uniform particle size and shape [40]. The coating process
causes the Zn/Al-LDH-QC-Chi composite to compress its surface; thus
becoming flatter and more compact, while preserving its tiny plate-like
structure. Therefore, it can be deduced from the surface morphology
analysis that the presence of chitosan as coating material leads to some
morphological modifications to both Zn/Al-LDH and Zn/Al-LDH-QC
composites.

3.6. Study of release from Zn/Al-LDH-QC composite into various aqueous
solutions

The anion exchange ability of Zn/Al-LDH allows the anion exchange
process to take place between the intercalated QC anions and the anions
present in the aqueous solutions [50]. The higher affinity, smaller size
and higher charge density possessed by the anions in the aqueous so-
lution, as compared to those intercalated into the layered hydroxide host
material, are the main factors that lead to the anion exchange process,
and which subsequently affect the release behaviour of the intercalated
anions [51-53].

The QC is normally used to eliminate the weeds that invade the
paddy cultivation area and disrupt the paddy growth, whereas the
PO3~,S03%™ and Cl™ are the type of anions that can actually be found in
the soil of areas for paddy cultivation. Hence, these aqueous solutions of
Na3POy4, NayS04, and NaCl were selected as the release media in the
study due to their ability to provide the required anions. The release
profiles of Zn/Al-LDH-QC into single, binary and ternary systems of
NazPOy4, NaySO4 and NaCl aqueous solutions are shown in Fig. 7. In the
single system, each aqueous solutions were prepared at three

concentrations (0.3 M, 0.5 M and 1.0 M) and as for the binary and
ternary system, the mixtures were prepared in 1.0 M.

The release profile reveals that the release of QC into the aqueous
solution is greatly dependent on the type of anion present in the aqueous
solution. In the single system, the accumulated percentage release was
dominated by PO, in the order PO~ > SO~ > Cl™, with maximum
percentage releases of 82.4, 81.8 and 81.2%, respectively. Higher
amounts of QC were released when exposed to the NagPO, solution, due
to the fact that the PO}~ has a higher charge density than the other two
anions, therefore strengthening its ion-exchange ability [42]. The
release of QC from the Zn/Al-LDH-QC composite is also directly related
to the concentration of the salt solutions, as can be seen from the release
profile, where the percentage release of QC is generally increased with
increases in salt concentration. The increase is triggered by the large
number of salt ions that are present in salt solutions at higher concen-
trations, which thereby permit more ion exchange to be achieved be-
tween the interlayer QC and the salt ions in the aqueous solutions [48].

The time taken for the release of QC from the Zn/Al-LDH-QC com-
posite to reach equilibrium was found to vary with each aqueous solu-
tion, in the order Cl~ >S03” >PO}" , and the release rate also
increased with increasing salt concentration. In the release of QC from
the Zn/Al-LDH-QC composite into the 0.3 M, 0.5 M and 1.0 M of
Na3POQy solutions, fast release of QC can be seen in the first 0-356, 0-221
and 0-99 min, respectively, followed by slower release, before the
release equilibrium is reached. In the Na;SO4 solution, the fast release
occurred in the first 0-1161 min (0.3 M), 0-714 min (0.5 M) and 0-84
min (1.0 M), whereas in the NaCl solution, the fast release occurred in
the first 0-2639 min (0.3 M), 0-2168 min (0.5 M) and 0-693 min (1.0
M). Hence, based on the results obtained from the release study, the
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slowest release took place in the NaCl solution. The monovalent nature
of the Cl™ ions causing them to have a lower affinity towards the posi-
tively charged layer of Zn/Al-LDH, compared to the trivalent PO3~ and
divalent SO2~ ions; hence slowing the release from the Zn/Al-LDH-QC.
The slow release of QC into NaCl solution compared to the other release
media used in this study seems to be in good agreement with recent
studies [42,48,54].

As for the release of QC from the Zn/Al-LDH-QC composite in binary
release media, the highest percentage of accumulated release was
observed when the release process was conducted in the aqueous solu-
tion containing PO~ and SO3~ anions (79.2%), followed by release in
the aqueous solution containing PO?{ and Cl™ anions (77.5%) and
finally the aqueous solution containing SO~ and Cl~ anions (75.6%).
The time releases of QC in the release media were found to be 329, 1015
and 1359 min, respectively. These results demonstrate that the presence

of PO}~ led to an acceleration in the release process, whereas the
presence of Cl™ assisted in slowing the release process. This release
behaviour can be related to the charge density of the PO~ and Cl~
anions. The phosphate undergoes multiple hydrolysis processes, leaving
the tertiary PO3~ left in the release media [55]. The higher charge
density of the PO}~ anions compare to the SO~ and Cl~ anions make it
easier for the PO}~ anions to be attracted to the positively charge
Zn/Al-LDH layer, hence causing the release rate in the release media
containing PO3~ anions to be faster. In the ternary release media con-
taining all three anions, PO;O;’, SO?{ and Cl™, 80.3% of intercalated QC
was found to be released into the release media, within 138 min, which
was the fastest release process with the highest accumulated release
amongst the release media containing multiple type of anions.

Based on the results obtained in the release study of Zn/Al-LDH-QC
using the release media of single, binary and ternary systems, it can be
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deduced that the accumulated release was found to be higher whenever
PO} anions were present in the release media. This therefore demon-
strates that the presence of PO~ anions in release media greatly influ-
ence the accumulated release of QC and the rate of the release process,
thus dominating the whole release process.

3.7. Kinetic study of Zn/Al-LDH-QC composite release into various
aqueous solution

An attempt has been made to fit the result obtained from the release
study of Zn/Al-LDH-QC to several kinetic models, to gain some insight
into the release kinetics. The profiles of Zn/Al-LDH-QC composite
release into aqueous solutions of NagPOy4, Na3SO4 and NaCl are shown in
Figs. 8-10, respectively. Five different models were selected to be used

in the study, including zero order (Equation (i)), first-order (Equation
(i1)) [56], pseudo second order (Equation (iii)) [57], parabolic diffusion
(Equation (iv)) [58] and Fickian diffusion (Equation (v)) [59] models.
The equations of each kinetic model are provided below, where x rep-
resents the percentage release of QC from the interlayer gallery of
Zn/Al-LDH at time t, c refers to a constant, M; is the initial concentration
of QC, and Mt is the final concentration of QC.

X=t+c¢c @
-log(1 - My/Mp) =t +c¢ (ii)
UM, =1 /M +yME (i)
Mi/Mg = ki®3 + ¢ @iv)
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Table 2
Comparison of rate constants (k), regression values (r?) and half-life (ty,/2) obtained from the fitting of the release data from Zn/Al-LDH-QC into aqueous solutions of
NazPOy4, NaySO,4 and NaCl.

Aqueous solution Zero order First order Parabolic diffusion Fickian diffusion Pseudo-second order
2 r? r? r? r? k (x1073s71) ti/2
NagPO4 0.3 M 0.524 0.605 0.786 0.995 0.999 0.135 110.0
0.5M 0.344 0.428 0.573 0.948 0.999 0.412 36.1
1.0 M 0.286 0.342 0.473 0.751 0.999 1.229 121
NaySO4 0.3 M 0.766 0.831 0.943 0.841 0.996 0.081 184.0
0.5M 0.446 0.544 0.704 0.850 0.998 0.216 68.8
1.0M 0.153 0.181 0.294 0.450 0.999 2917 5.1
NaCl 0.3M 0.543 0.624 0.757 0.876 0.999 0.024 622.6
0.5M 0.567 0.642 0.779 0.846 0.999 0.024 622.4
1.0M 0.346 0.419 0.517 0.585 0.999 0.175 85.0
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Table 3

Comparison of the percentage release of QC from Zn/Al-LDH-QC and Zn/
Al-LDH-QC-Chi into single, binary and ternary aqueous systems of phosphate,
sulphate and chloride.

Aqueous solutions Zn/Al-LDH-QC Zn/Al-LDH-QC-Chi

Percentage Release Percentage Release
release (%) time release (%) time
(min) (min)
Single PO3~ 0.3 73.9 356 70.3 608
M
0.5 80.5 221 75.7 265
M
1.0 81.2 99 80.8 103
M
S0%3- 0.3 47.2 1161 68.1 1255
M
0.5 77.0 714 74.6 1192
M
1.0 81.8 84 78.2 112
M
cl 0.3 73.8 2639 62.0 3176
M
0.5 76.0 2168 63.4 2855
M
1.0 82.4 693 74.4 1646
M
Binary PO}~ - S032 79.2 329 70.6 611
PO -Cl 77.5 1015 70.0 1045
S0%-cl 75.6 1359 73.3 1436
Ternary PO - 80.3 138 73.8 269
so2-cl-

11

Mi/M; = kt" W)

The zero order, first-order and pseudo second order kinetic models
are beneficial in determining the variables that have an effect on the
release behaviour of the composite, while the parabolic diffusion model
can be applied to determine the diffusion-controlled release of the
intercalated anions into the aqueous solutions [60]. The Fickian diffu-
sion kinetic model is useful in determining the mode of kinetics based on
the diffusion exponent value, n, obtained from the kinetic equation [61].
A value of n = 0.5 represents Fickian diffusion, which indicates that the
release is diffusion-controlled (Higuchi model) and 0.5 < n < 1 signifies
anomalous diffusion, which reveals that the release occurs in both
diffusion-controlled and erosion-controlled manners. A value of n = 1
demonstrates case II transport, with a constant release rate controlled by
polymer relaxation. Lastly, a value of n > 1 represents super case II
transport, indicating that the release is erosion controlled. The release
kinetics shown by the composite is influenced by their degradation
mode and rate, swelling rate, absorption limit, molecular weight, and
composition.

The rate constant k was calculated based on the equations of the
kinetic models where the half-time t; » represents the time required to
increase 50% of accumulated saturated value of BP, obtained from the
release profile. The regression values r*> were obtained by fitting the
release data to each kinetic model, and the values of 12 closest to 1 were
considered as the best fit for the release. The values of k, t; 5 and 2 are
summarised in Table 2.

As can be seen from the release data, the plot of t/Mi against time
shows good agreement with the pseudo second order kinetic model. The
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values of r? gave the best fit for the pseudo second order kinetic model,
in the range of 0.996-0.999. The linearisation of other kinetic models
seems to fit the data obtained from the release study poorly, with
significantly low r? values. Hence, the pseudo second order kinetic
model is more satisfactory in expressing the kinetic behaviour of release
of QC from the Zn/Al-LDH-QC composite. The kinetic behaviour shown
by the composite indicates that the release process occurs via dissolution
of the composite and ion exchange between the intercalated QC and the
anions available in the release media [62]. The release profile also re-
veals that most of the release of the intercalated QC takes place in the
early part of the release process, before release equilibrium is achieved.
This release trend is known as ‘burst release’, which happens because of
the swelling of the porous structure of the composite and the dissolution
of the intercalated anions. The burst release takes place in a very short

12

time compared to the total duration of the release process; hence causing
a slight deviation from the linearity of the pseudo second order curve fit
at the start of the release process [63].

The t; 2 values of the release data generally show that the presence of
POS™ in the release media increases the rate of the release process, with
lowest t; /» values, followed by SO?{ and Cl ™. This shows that the charge
density of the anions in the release media has an effect on the t; /5 values
of the release process. It is also noticeable from the release data that
increasing the concentration of the aqueous solution results in a
reduction of the tj» values; hence demonstrating that the process of
release of the intercalated QC into aqueous solution occurs more readily
into aqueous solutions of higher concentration, as more ions are present
[62].
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3.8. Study of release from Zn/Al-LDH-QC-Chi composite into various
aqueous solutions

The release study of QC from the Zn/Al-LDH-QC-Chi composite was
also conducted in single, binary and ternary system of aqueous solutions
of NagPOy4, NazSO4 and NaCl, using the same set of concentrations as in
the study of release from Zn/Al-LDH-QC. Similar experimental condi-
tions of UV-vis measurements were also applied throughout the release
study of the Zn/Al-LDH-QC-Chi composite, so that the effect of chitosan
coating on the release of the intercalated QC could be observed properly.
The release profiles of QC from Zn/Al-LDH-QC-Chi composite into the
aqueous solution of NagPOy4, NaySO4 and NaCl are shown in Fig. 11.

Based on the release profile, it can be seen that the highest accu-
mulated release is achieved when the Zn/Al-LDH-QC-Chi composite
releases into the aqueous solution of NagPO4, with 68.1, 74.6 and 78.2%

13

release for 0.3 M, 0.5 M and 1.0 M Na3POy, respectively. The percentage
release decreased when Na;SO4 aqueous solution was used as the release
medium and seems to decrease continuously when the Zn/Al-LDH-QC-
Chi composite releases into the aqueous solution of NaCl. The lowest
accumulated release of 62.0% was observed when the Zn/Al-LDH-QC-
Chi released into 0.3 M NaCl aqueous solution. Increasing the concen-
tration of the aqueous solution also resulted in the Zn/Al-LDH-QC-Chi
composite achieving greater percentage release. Even though the
release trend seems to be the same as in the release study of Zn/Al-LDH-
QC, a significant delay in the time taken for the release of intercalated
QC to reach equilibrium is noticeable in the release profile of the Zn/Al-
LDH-QC-Chi composite.

The release profile obtained revealed that the release of the Zn/Al-
LDH-QC-Chi composite in binary and ternary systems of aqueous solu-
tions shared a similar trend as in the release of the Zn/Al-LDH-QC
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Table 4

Comparison of rate constants (k), regression values (r?) and half-life (t; /,2) obtained from the fitting of the release data from Zn/Al-LDH-QC-Chi into aqueous solutions

of NasPO,, NaySO4 and NaCl.

Aqueous solution Zero order First order Parabolic diffusion Fickian diffusion Pseudo-second order
2 2 2 2 2 k (x1073s71) ti/2
NazPO4 0.3 M 0.542 0.625 0.758 0.841 0.986 0.135 110.0
0.5M 0.518 0.584 0.735 0.851 0.985 0.412 36.1
1.0M 0.300 0.375 0.463 0.610 0.999 1.229 12.1
NaySO4 0.3 M 0.616 0.717 0.809 0.943 0.988 0.081 184.0
0.5M 0.609 0.727 0.812 0.844 0.999 0.216 68.8
1.0 M 0.196 0.223 0.301 0.721 0.778 2.917 5.1
NaCl 0.3 M 0.532 0.588 0.725 0.909 0.969 0.024 622.6
0.5M 0.568 0.633 0.765 0.890 0.997 0.024 622.4
1.0 M 0.528 0.997 0.734 0.875 0.999 0.175 85.0
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composite. The highest percentage of accumulated release was obtained
when the aqueous solution containing PO3 -, SO~ and Cl~ was used as
the release medium. A total of 73.8% of intercalated QC was released
from the interlayer gallery of the Zn/Al-LDH-QC-Chi composite in 269
min. The second highest percentage of accumulated release was ob-
tained when the release study was carried out in an aqueous solution
containing PO}~ and SO3~ anions with 70.6% of accumulated release
within 611 min, which was then followed by the release in aqueous
solutions of PO3 and Cl~ (70.0%), and SO2~ and Cl~ (63.3%), with time
releases of 1045 and 1436 min, respectively. Although the trends in the
release behaviour of the Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi com-
posites are quite similar, the time releases of QC from the Zn/Al-LDH-
QC-Chi composite are longer than those observed in the release profile
of the Zn/Al-LDH-QC composite. This therefore validates the potential
of chitosan coating in extending the time release of QC. The comparison
between the accumulated percentage release and the time taken for the
release of QC from the Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi com-
posites to reach equilibrium in each aqueous solution is shown in
Table 3.

The polycationic properties of the chitosan play an important part in
slowing the release rate of Zn/Al-LDH-QC-Chi. The positively charged
amino group on the backbone of the chitosan can form electrostatic
interactions with the negatively charged QC anion, and hence
strengthen the electrostatic attractions that formerly existed between
the QC anions and the Zn/Al-LDH layers. The stronger electrostatic at-
tractions formed result in the QC anions being held more tightly in the
interlayer gallery of the Zn/Al-LDH-QC composite, thus increasing the
time taken for the ion exchange process to occur between the QC anions
and the anions in the release medium. The impact of polycationic
properties of chitosan in slowing the release of intercalated guest ion is
in good agreement with previous studies [43,64,65]. Although the
polycationic properties of chitosan also generally caused the percentage
release to decrease, the reduction was not too significant as the per-
centage release was only slightly changed. The positive impact of chi-
tosan on the controlled release behaviour of Zn/Al-LDH therefore shows
good agreement with many recent studies [21,45,66,67].

3.9. Kinetic study of release from Zn/Al-LDH-QC-Chi composite into
various aqueous solutions

The kinetic study of Zn/Al-LDH-QC-Chi was also evaluated using
zero order, first-order, pseudo second order, parabolic diffusion and
Fickian diffusion models, similar to the kinetic study of Zn/Al-LDH-QC.
Fitting of the data for QC release from the Zn/Al-LDH-QC-Chi composite
into each kinetic model is shown in Figs. 12-14. The values of k, t; » and
r? are summarised in Table 4.

Based on the data fitting and the table constructed, it can be observed
that the value of r? for each release is closest to 1 when fitted to the
pseudo second order model (r> > 0.778). The t;,, values generally
decreased in the order C1I™ > SO?" > POjy". The occurrence of the ‘burst
release’ phenomena due to the release of large numbers of QC anions at
the beginning of the release may also be observed in each release data.
The results from the kinetic study of Zn/Al-LDH-QC-Chi therefore
demonstrate a comparable pattern of release behaviour to that shown by
both Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi composites. Similar to the
Zn/Al-LDH-QC composite, the release of the intercalated QC from Zn/
Al-LDH-QC-Chi also took place via dissolution and ion exchange.
Thus, based on the kinetic study conducted, it was revealed that the
coating process did not causing any alteration in the release mechanism
of the composite.

4. Conclusion

The results obtained from the characterisation studies prove that the
Zn/Al-LDH-QC composite can successfully be coated using chitosan
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without interfering in the intercalation of QC in the interlayer gallery of
Zn/Al-LDH. In fact, TGA/DTG also demonstrated that the chitosan
coating does improve the thermal stabilities of the synthesised com-
posite. A comparison of the release studies has been made based on the
release behaviour of both Zn/Al-LDH-QC and Zn/Al-LDH-QC-Chi. The
results from the release studies show that the Zn/Al-LDH itself is an
effective inorganic matrix to sustain the release of QC to the release
medium. However, when Zn/Al-LDH-QC undergoes the coating process,
the presence of chitosan on the outer surface of the Zn/Al-LDH-QC
seems to strengthen the electrostatic attraction between the QC anions
and the amine groups on the chitosan, thus helping to enhance the
controlled release behaviour of the composite. The results obtained
show that both composites follow pseudo second order models, hence
show the same release mechanism. In summary, the results suggest that
the use of Zn/Al-LDH as host material with chitosan coating may be
useful in retarding the release of QC herbicide after soil application in
paddy cultivation areas, hence avoiding the environmental problems
that might arise from the rapid leaching through the soil profile.
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