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Abstract

In this work, the use of carboxymethyl cellulose (CMC) is highlighted in enhancing the controlled release behaviour of
zinc/aluminium layered double hydroxide-quinclorac (Zn/Al-LDH-QC). The Zn/Al-LDH-QC-CMC nanocomposite were
characterised using powder x-ray diffraction, Fourier transform infrared spectroscopy, thermogravimetric and derivative
thermogravimetric analysis and field emission scanning electron microscopy. The release study was carried out in an aque-
ous solution of Na,;PO,, Na,SO, and NaCl, so as to mimic the environmental condition where the QC is frequently used.
The Zn/Al-LDH-QC-CMC nanocomposites showed better performance in releasing QC, with prolonged release time rang-
ing from 163-6083 min, compared to 99-2639 min for the uncoated nanocomposites. The hygroscopic nature of the CMC
play a critical role in enhancing the release behaviour of the Zn/Al-LDH-QC-CMC. The kinetic study shows that the Zn/
AI-LDH-QC-CMC follows the pseudo-second order kinetic model; hence the release mechanism occurred via dissolution
of the CMC matrix and the ion exchange process. These results, therefore, indicate the potential of Zn/Al-LDH-QC-CMC
in dealing with the downside effect of the excessive usage of herbicide in paddy cultivation.
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Introduction

The implementation of controlled release formulation (CRF)
in herbicides has long been recognised as an approach to
reduce pollution caused by excessive usage of herbicide
in the agricultural sector [1-3]. Intercalation of herbicide
into suitable host matrix is always a vital key to sustain the
release of herbicide into the environment [4-6]. Owing to
the interaction between the host matrix and the intercalated
herbicide, only a small amount of the herbicide will be
released to the environment at a particular time. This would
allow the prolonging of the time of the release of herbicide
from the host matrix, hence lowering the risk of the envi-
ronmental pollution. Layered materials, especially layered
double hydroxide (LDH) and layered hydroxide salts (LHS)
are considered as attractive materials to be used as a host
matrix in synthesising a composite with CRF characteris-
tics [3, 7, 8]. The versatility of these layered materials also
allowing them to be exploited in various fields including
agricultural, pharmaceutical, aesthetic, food processing and
sensor technology [9-14].

The potential of a layered material as a host matrix in
slowing the release of the herbicide to the environment
can be enhanced by coating the intercalated layered mate-
rial composite with a suitable coater. The coating process
generates an additional layer on the outer surface of the
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composite, hence extending the shelf life of the composite
by slowing the herbicide release via controlled diffusion
process [15]. The coater will also act as a barrier to pro-
tect the composite from unfavourable conditions, including
unnecessary moisture, light, and oxygen. Several materi-
als that have shown great potential to be used as a coater
may include carboxymethyl chitosan, polymerized octade-
cylsiloxane, beeswax, chitosan, cellulose, alginate, whey
protein, pectin, gelatin and polymers [3, 16-28].
Carboxylmethyl cellulose (CMC), is an anionic, water-
soluble cellulose derivative containing many carboxyl and
hydroxyl groups in its structure [29]. CMC has attracted
much attention owing to its interesting properties, such
as high viscosity, transparency, hydrophilicity, non-toxic,
biocompatibility, biodegradability, and good film-form-
ing ability [29-37]. The cellulose derivative has been
employed in many applications, including in controlled
release formulation of herbicide [27, 38, 39]. The chemical
structure of carboxymethyl cellulose was shown in Fig. 1.
In this research, we aim to explore further the possi-
bility of using the polysaccharide coating to enhance the
CRF applications of a nanocomposite. The Zn/Al-layered
double hydroxide-quinclorac nanocomposite (Zn/Al-
LDH-QC) was coated with CMC using the direct reac-
tion method, so as to synthesise the CMC coated Zn/
Al-LDH-QC nanocomposite (Zn/Al-LDH-QC-CMC).
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The physicochemical properties of the Zn/Al-LDH-QC-
CMC were studied using several instruments and were
compared to the physicochemical properties of the Zn/
Al-LDH-QC nanocomposite, to thoroughly observe for
changes. The study on the controlled release behaviour of
the uncoated and coated nanocomposite was conducted in
various salt solutions. Obtained results were compared so
that the impact of CMC as the coater toward the controlled
release properties of the nanocomposite can be investi-
gated. To the best of our knowledge, no previous stud-
ies have reported on the uses of CMC coating to enhance
the controlled release behaviours of the Zn/Al-LDH-QC
nanocomposite.

Experimental
Reagents

All reagents used in this study were purchased from several
different suppliers and were used as received. No further
purification was performed on any of the reagents. The CMC
powder that was used as the coater was obtained from Sigma
Aldrich. The main reagents used to synthesised the Zn/Al-
LDH-QC nanocomposite, Zn(NO;),e6H,0 (98% purity)
and AI(NO;);#9H,0 (98% purity) were both obtained from
Systerm. The intercalated herbicide, QC was supplied from
China, with 95% purity. The sodium phosphate, Na,PO,
(99.5% purity), sodium sulphate, Na,SO, (95.2% purity) and
sodium chloride, NaCl (99.0% purity) were all purchased
from Systerm. Deionised water was used as the solvent to
prepare all solutions required in the study.

Synthesis of Zn/AI-LDH-QC-CMC Nanocomposite

The Zn/Al-LDH and Zn/Al-LDH-QC nanocomposite
was initially synthesised using co-precipitation method,
as reported in our previous paper [40]. Zinc nitrate and
aluminium nitrate were used as precursors, with a Zn/
Al molar ratio, R =3. The pH was then adjusted until pH
7.5 + 0.05, by the addition of 2 M NaOH and 1.0 M HCI.
In order to coat the synthesised Zn/Al-LDH-QC, 0.1 g of
CMC is dissolved in 50 mL of deionised water at room
temperature. Once the CMC is completely dissolved, 0.1 g
of Zn/Al-LDH-QC nanocomposite was added into the mix-
ture and left for 18 h under constant stirring. The pre-
cipitate was collected by centrifuging the mixture for five
minutes at 4000 rpm. The product was dried in an oven
(70 °C) for 24 h and ground into fine powder before they
were kept in a vial for further characterisation and control
release study. The whole procedures were repeated to the
Zn/Al-LDH in order to prepare the Zn/Al-LDH-CMC.

Characterisation of Zn/Al-LDH-QC-CMC
Nanocomposite

The powder x-ray diffraction (PXRD) patterns were
recorded using PANalytical X-pert Pro MPD diffractom-
eter. The Co K-alpha radiation was applied at 30 mA and
40 kV (0.15406 nm). Each sample was measured in the
range of 2—60° with step size and scan step time of 0.0330°
and 19.4434 s, respectively. The Fourier transform infra-
red (FTIR) spectra were obtained at room temperature
on a Nicolet FTIR spectrometer in the KBr phase within
the wavenumber range of 400—4000 cm™' and a nominal
resolution of 4 cm™'. The thermogravimetric analysis and
derivative thermogravimetric analysis (TGA/DTG) of the
samples were recorded on a Perkin—Elmer Pyris 1 TGA
Thermo Balance at a heating rate of 10 °C min~! in the
presence of N, gas in the temperature range of 35-1000
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°C. The morphology observation was performed using
FESEM model Hitachi SU 8020 UHR instrument.

Controlled Release Formulation Study of Zn/
Al-LDH-QC-CMC Nanocomposite

The controlled release study was performed using Perkin
Elmer ultraviolet—visible (UV-vis) spectrometer, with
experimental conditions of A,,, =238.1 nm, time inter-
val=60 s, slit width=1.0 nm, lamp change =326.0 nm,
ordinate max = 1.0 and ordinate min=0.0. The controlled
release study was performed in single, binary and ternary
system of aqueous solutions, using Na,PO,, Na,SO,, and
NaCl. Each single system aqueous solution was prepared
in a series of concentration, ranging from 0.3 M to 1.0 M,
whereas the binary and ternary systems of aqueous solution
were prepared using 1.0 M aqueous solutions, of several ani-
ons combinations. 0.6 mg of Zn/Al-LDH-QC-CMC nano-
composite was then added into a cuvette containing 3.5 mL
of the salt solutions, in which the salt solutions were used
as a release media for the controlled release study of Zn/Al-
LDH-QC-CMC nanocomposite. The cuvette was closed and
left in the UV—vis spectrometer until the maximum release
of QC was observed.

Results and Discussion
PXRD Analysis

Powder X-ray diffractometry is a useful method in determin-
ing whether the CMC coating process does affect the type of
ions that were intercalated in the interlayer gallery of the Zn/
Al-LDH and Zn/Al-LDH-QC nanocomposite. The determi-
nation was made based on the value of basal spacing owned
by the peaks of each sample. The result obtained from the
PXRD analysis is illustrated in Fig. 2.

In the PXRD pattern of the CMC, no sharp peaks appear,
thus reflecting the amorphous structure possessed by the
CMC [41]. The PXRD pattern of the Zn/Al-LDH (Fig. 2b)
demonstrates reflections at the basal spacing of typical of
Zn/Al-LDH, as three diffraction peaks at 10.1°, 20.1°, and
34.1° with the basal spacing values of 8.8 A, 4.4 A and 2.4
A, respectively [42]. The intense, sharp, and symmetrical
series of peaks observed in the PXRD pattern of the Zn/Al-
LDH thus indicates its good crystallinity. After the Zn/Al-
LDH was coated with CMC, these three peaks still emerged
and were only slightly shifted (Fig. 2c). The three peaks
appear at 11.3°, 23.2°, and 34.3°, with the basal spacing
values of 8.1 A, 4.4 A and 2.6 A, respectively. The appear-
ance of peaks with a basal spacing of 8.8 A in the PXRD
pattern of Zn/Al-LDH and 8.1 A in the PXRD pattern of Zn/
Al-LDH-CMC indicates that the nitrate ions remained in
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Fig.2 PXRD patterns of a CMC b Zn/Al-LDH [40], ¢ Zn/Al-LDH-
CMC, d Zn/Al-LDH-QC [40] and e Zn/Al-LDH-QC-CMC

the interlayer gallery of Zn/Al-LDH even after the coating
process took place [43]. The PXRD pattern also reveals that
the peaks from the coated tend to be broad, asymmetrical,
and have lower intensity compared to the uncoated Zn/Al-
LDH, thus reflecting the poor crystalline nature possessed
by the Zn/Al-LDH-CMC. The disordered layered structure
possessed by the Zn/Al-LDH-CMC, therefore, signifies the
existence of an amorphous structure of CMC [41].

Figure 2c, d show the PXRD patterns of Zn/Al-LDH-QC
before and after it was coated with CMC. Four diffraction
peaks were observed in the PXRD pattern of Zn/Al-LDH-
QC and Zn/AI-LDH-QC-CMC; as expected, the basal spac-
ing values of the peaks in both samples only slightly differ
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from each other. The diffraction peaks in the PXRD pattern
of uncoated Zn/Al-LDH-QC appear at 5.3°, 10.7°, 16.3°,
and 21.9°, with the basal spacing values of 16.7 A, 8.2 A,
5.5 A and 4.1 A, respectively. In the PXRD pattern of Zn/
AI-LDH-QC-CMC, the peaks emerge at 5.4°, 10.9°, 16.4°,
and 21.9°, with the basal spacing values of 16.2 A, 8.1A,
5.4 A and 4.1 A, respectively. Although the peak positions
in the PXRD pattern of Zn/Al-LDH-QC and Zn/Al-LDH-
QC-CMC are only slightly shifted, the coating process did
lower the intensity of each peak, thus indicating that there
is some reduction in the crystallinity of Zn/Al-LDH-CMC,
which is affected by the amorphous nature of the CMC [41].
The appearance of peaks at the lower 26 angle (at 5.4° in the
PXRD pattern of Zn/Al-LDH-QC and at 5.3° in the PXRD
pattern of Zn/Al-LDH-QC-CMC) signifies the enlarge-
ment of basal spacing due to the intercalation of QC in the
interlayer gallery of both Zn/Al-LDH and Zn/Al-LDH-QC
[40]. It can be seen that both uncoated and CMC coated Zn/
AI-LDH-QC seems to share similar trends as exhibited by
the coated and uncoated Zn/Al-LDH, which indicates that
the coating process did not cause any alteration concerning
the type of the intercalated anion in the interlayer gallery.
Therefore, the QC is believed to still be intercalated in the
interlayer gallery of Zn/Al-LDH-QC after the CMC coating
process [43].

Minor changes to the peak positions in the PXRD pat-
terns of both Zn/AI-LDH and Zn/Al-LDH-QC before and
after they undergo the coating process are due to the fact
that CMC coater was only adsorbed on the outer surface
of Zn/Al-LDH and Zn/Al-LDH-QC and did not replace the
existing anions in the interlayer gallery of both Zn/Al-LDH
and Zn/Al-LDH-QC [43]. The anionic polymeric chain like
CMC may be combined with the Zn/Al-LDH via several
manners. It is possible for the polymeric chain to be interca-
lated into the interlayer gallery of Zn/Al-LDH, which would
result in a major expansion of the interlayer spacing [44].
Recent studies also have reported on that the combination
of Zn/Al-LDH and the polymeric chain forms an exfoliated
nanocomposite, where the stacked layers of Zn/Al-LDH
are fully separated. The exfoliation allows each layer to be
functionalised with the polymeric chain [45, 46]. However,
in the case of this study, the PXRD analysis has shown
that the CMC is associated with the Zn/Al-LDH and Zn/
AI-LDH-QC by aggregation, which is proven by a minute
or non-existent expansion of their interlayer galleries after
undergoing the coating process [43]. The schematic repre-
sentation of the aggregation type of Zn/Al-LDH-QC-CMC
produced from the interaction between the Zn/Al-LDH-QC
nanocomposite and CMC is shown in Fig. 3.

The PXRD patterns also reveal that the peaks that indi-
cate the turbostratic effect (represented by the formation of
saw—toothed peaks located at 33°) in both PXRD patterns
of the Zn/Al-LDH and Zn/Al-LDH-QC can still be observed
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Fig.3 Schematic representation of the aggregation type of Zn/Al-
LDH-QC-CMC produced from the interaction between the Zn/Al-
LDH-QC nanocomposite and CMC

after the CMC coating process. Turbostratic effect is com-
monly associated to a specific morphology, in which the
material develops as aggregates of thin crumpled layers with
indefinite size, resulting from weak interactions between the
interlayer species and the host lattice [47-49]. Hence, the
appearance of the turbostratic peaks on the Zn/Al-LDH-
CMC and Zn/Al-LDH-QC-CMC prove that the interlayer
structure of both nanocomposites remain unchanged after
the CMC coating process.

The result obtained from the PXRD analysis, therefore,
proves that the coating process using CMC as a coater did
not cause any anions to be replaced in the interlayer gallery
of Zn/Al-LDH, although there might be some reduction on
peak intensity due to the existence of amorphous CMC in
Zn/Al-LDH-CMC and Zn/Al-LDH-QC-CMC.

Spatial Arrangement of Carboxymethyl Cellulose
Coated Zn/Al-LDH-QC Nanocomposite

The basal spacing values obtained from the PXRD analysis
enable the height of the interlayer gallery of the Zn/Al-LDH
to be calculated. These basal spacing values indicate that the
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intercalated QC was arranged in the interlayer gallery of Zn/
Al-LDH as a monolayer and was maintained in that posi-
tion due to an electrostatic interaction between the positively
charged Zn/Al-LDH layer and the negatively charged QC
anions [40]. The spatial arrangement was proposed based
on the prediction made using Chem 3D Ultra 8.0 software.
Even though the PXRD analysis reveals that only minor
changes were observed in the basal spacing values after the
Zn/Al-LDH-QC underwent the CMC coating process, these
changes still induced the interlayer gallery height of the Zn/
Al-LDH nanocomposite to be slightly reduced from 11.9 A
to 11.4 A. This shrinkage was enough to force the QC to
be arranged in a more tilted position within the interlayer
gallery of Zn/Al-LDH. The proposed spatial arrangement
of the uncoated and CMC-coated Zn/Al-LDH-QC is shown
in Fig. 4.

FTIR Analysis

Figure 5 illustrates the corresponding FTIR spectra for
Zn/Al-LDH, QC anion, Zn/Al-LDH-QC, CMC, Zn/
AI-LDH-CMC and Zn/Al-LDH-QC-CMC in the range
of 4000-400 cm™'. The results obtained from the FTIR
analysis were also compared with those obtained in pre-
vious studies and summarised in Table 1 [40]. A broad
peak attributed to the stretching of —OH groups and water
molecules is observed in the FTIR spectra of all samples.
This peak appears in the FTIR spectra of Zn/Al-LDH, QC
anion, Zn/Al-LDH-QC, CMC, Zn/Al-LDH-CMC and Zn/

Fig.4 Spatial arrangement of T
QC in the interlayer gallery of (a)

Zn/Al-LDH a before coating
with CMC and b after coating

with CMC Basal

spacing

(16.7 A)

(b) =

Basal
spacing

(16.2 A)
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Al-LDH-QC-CMC at 3450, 3547, 3342, 3512, 3357, and
3333 cm™!, respectively. Hence, all samples contained —OH
groups [29].

The peaks related to the symmetrical and asymmetrical
stretching vibrations of the carboxylate group can be seen in
the FTIR spectrum of CMC at 1618 and 1432 cm™, respec-
tively [29]. The absorption peak at 1051 cm™ is ascribed
to the —C—O- stretching on the polysaccharide skeleton
of the CMC. Moreover, the characteristic peaks of CMC
seem to appear in the FTIR spectra of both Zn/Al-LDH-
CMC and Zn/Al-LDH-QC-CMC. The peaks that signify
the symmetrical and asymmentrical stretching vibration of
COO™ are found in the FTIR spectrum of Zn/Al-LDH-CMC
at 1584 and 1474 cm™, and also at 1567 and 1478 cm™ in
the spectrum of Zn/Al-LDH-QC-CMC. The peaks denoting
the —C—O- stretching on the polysaccharide skeleton of the
CMC are found in the spectra of Zn/Al-LDH-CMC and Zn/
AI-LDH-QC-CMC at 1045 and 1028 cm™, respectively. The
FTIR analysis, therefore, indicates that traces of CMC exist
in both Zn/Al-LDH and Zn/Al-LDH-QC-CMC.

The peaks associated to the bending vibration of AI-OH
and Zn—Al-OH appear in the FTIR spectrum of Zn/Al-LDH
at 604 and 430 cm™, respectively [50]. Comparable peaks
are also observed in the spectrum of Zn/Al-LDH-QC at 512
and 456 cm™, the Zn/Al-LDH-CMC spectrum at 543 and
416 cm™, and the Zn/Al-LDH-QC-CMC spectrum at 535
and 427 cm™!. The peak at 1385 cm™ in the Zn/Al-LDH
spectrum represents the symmetric stretching of the NO;™,
thus signifying the existence of NO5™ as the counter ion in

Interlayer gallery
(11.9 A)

Interlayer

gallery
(114 A)

Zn/Al-LDH (4.8 A)
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the interlayer gallery of the Zn/Al-LDH [51]. A similar peak
is also detected in the FTIR spectrum of Zn/Al-LDH-CMC
at 1379 cm™!. An absorption peak that signifies the pres-
ence of a C—N stretching mode in the aromatic moiety of
the intercalated QC can be seen in the FTIR spectra of QC,
Zn/Al-LDH-QC and Zn/Al-LDH-QC-CMC at 1250, 1330,
and 1340 cm™, respectively [40]. Therefore, it can be sug-
gested that the coating process did not cause any modifica-
tion on the host or on the intercalated anions; hence, this
shows that the FTIR analysis is in good agreement with the
PXRD analysis.

Thermal Stability Studies

In order to elucidate the effect of CMC coating process on
the thermal behaviour of the Zn/Al-LDH, and Zn/Al-LDH-
CMC, thermal stability studies were performed using TGA/
DTG in the range of 35-1000 °C. The TGA/DTG curves
of the CMC, Zn/Al-LDH-CMC and Zn/Al-LDH-QC-CMC
are illustrated in Fig. 6. The maximum temperature in each
stage of the thermal decomposition (7,,,,) and its percent-
age decomposition were compared with recent studies to
observe the impact of the CMC coating on thermal stability
(Table 2). In the TGA/DTG curve of CMC (Fig. 6a), the
thermal decomposition due to the evaporation of water is
9.2% of weight loss upon heating to 220 °C (peak centred
at 82.1 °C). Further heating has led to the degradation of
CMC at 349.5 °C with 66.2% of weight loss as previously
reported [52].

The thermal decomposition of the host Zn/Al-LDH was
characterised by three weight loss events. The first thermal
decomposition happened at 121.8 °C with 5.5% weight loss,
owing to the water removal from the outer surface of Zn/Al-
LDH. The second thermal decomposition occurred at 331.0
°C (8.6% weight loss) due to the elimination of the interlayer
water molecule; the last stage of the thermal decomposition
happened at 251.5 °C (15.3% weight loss) resulting from

Table 1 FTIR Spectra of Zn/Al-LDH, QC, Zn/Al-LDH-QC, Carboxymethyl Cellulose, Zn/Al-LDH-CMC and Zn/Al-LDH-QC-CMC

Characteristic group Zn/Al-LDH Quinclorac Zn/Al-LDH-QC CMC Zn/Al-LDH-CMC Zn/Al-LDH-QC-CMC
v(O-H) in H,0 3450 3547 3342 3512 3357 3333
v,(C-N) in amide - 1250 1330 - - 1340
v(O-N-0) 1385 - - - 1379 -
v,(COOH) - - - - - -
v(COO™) - - 1473 1618 1584 1567
v,(COO™) - - 1564 1432 1474 1468
v,(C-0) in polysaccha- — - - 1051 1045 1028

ride skeleton
v(Zn-Al-OH) 430 - 456 - 416 427
v(Al-OH) 604 - 512 - 543 535
Ref [40] [40] [40] Present paper Present paper Present paper
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the dihydroxylation of the Zn/Al-LDH [53]. As for Zn/Al-
LDH-CMC, the thermal decomposition progressed through
four major steps of weight loss (Fig. 6b), which happened
at 168.8 °C (8.8%), 237.1 °C (15.5%), 303.4 °C (13.1%)
and 845.9 °C (5.0%). Hence, it was found that the major
increment on the maximum thermal decomposition of Zn/
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Al-LDH occurred from 303.4 °C to 845.9 °C after it was
coated with CMC.

In the case of Zn/Al-LDH-QC, TGA/DTG analysis shows
that the thermal decomposition occurred in three stages. The
first and the second decompositions are similar to the TGA/
DTG curve of Zn/Al-LDH. The first thermal decomposi-
tion is due to the removal of the outer surface water mol-
ecule, which took place at 97.7 °C (with 9.8% weight loss),
whereas the second thermal decomposition is caused by the
elimination of the water molecule in the interlayer gallery of
the Zn/Al-LDH-QC at 223.5 °C (with 9.2% of weight loss).
The last weight loss that occurred at 321.7 °C results from
the total decomposition of organic moieties originating from
the intercalated QC [40]. After undergoing the CMC coating
process, the thermal characteristic of the Zn/Al-LDH-QC-
CMC is quite similar to the precursor (Fig. 6¢). Four signifi-
cant weight loss events can be observed in the TGA/DTG
curve of Zn/Al-LDH-QC-CMC. The first three stages of the
thermal decomposition are comparable with those appearing
in the TGA/DTG curve of uncoated Zn/Al-LDH-QC. The
first, second and third thermal decompositions occurred at
94.8 °C (12.2%), 225.0 °C (8.5%) and 310.2 °C (24.9%),
respectively. The last thermal decomposition at the highest
temperature of 570.2 °C resulted in 16.4% weight loss. It
was observed that the maximum thermal decomposition of
Zn/Al-LDH-QC-CMC at 570.2 °C is much higher compared
to Zn/Al-LDH-QC (321.7 °C).

The results obtained from thermal stabilities studies,
therefore, show that the trend of the thermal decomposition
of Zn/Al-LDH-QC after being coated with CMC was similar
to that of Zn/Al-LDH-CMC. This thus indicates that the
CMC coating process does enhance the thermal stability of
both Zn/Al-LDH and Zn/Al-LDH-QC. These findings were
also consistent with those obtained in the recent study that
also shows the potential polysaccharide coating in enhancing
thermal stability of a material [54, 55].

Surface Morphology Analysis

The surface morphology of pure CMC, Zn/Al-LDH, Zn/Al-
LDH-CMC, Zn/Al-LDH-QC and Zn/Al-LDH-QC-CMC is
illustrated in Fig. 7. The CMC morphology is observed to
be smooth and even. The Zn/Al-LDH morphology is dem-
onstrated as a non-uniform, irregular agglomerate with com-
pact and non-porous plate-like structures, which is expected
from typical Zn/Al-LDH samples [43]. The Zn/Al-LDH-QC
sample also seems to exhibit irregular plate-like structures
but with smaller particle sizes compared to Zn/Al-LDH [40].

It is clear from these images that the Zn/Al-LDH-CMC
and Zn/Al-LDH-QC-CMC structures resemble those of the
starting precursor, with the main additional morphology
after the CMC coating process. The existence of CMC on
the Zn/AI-LDH led to the formation of a flaking, uneven
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Table2 TGA/DTG data of weight loss for CMC, Zn/Al-LDH, Zn/Al-LDH-CMC, Zn/Al-LDH-QC and Zn/Al-LDH-QC-CMC

Thermal decomposition Samples
CMC Zn/Al-LDH Zn/Al-LDH-CMC Zn/Al-LDH-QC Zn/Al-LDH-QC-CMC
Stage 1 Tax CC) 82.1 121.8 168.8 97.1 94.8
Percentage 9.2 55 8.8 9.8 12.2
(%)
Stage 2 Tax (CC) 349.5 251.5 237.1 223.5 225.0
Percentage 66.2 15.3 15.5 9.2 8.5
(%)
Stage 3 Thax CC) - 331.0 303.4 321.7 310.2
Percentage - 8.6 13.1 225 249
(%)
Stage 4 Tax (CC) - - 845.9 - 570.2
Percentage - - 5.0 - 16.4
(%)
Ref Present paper [40] Present paper [40] Present paper

and wrinkly layer that concealed the agglomerate structure
of Zn/Al-LDH. As for Zn/Al-LDH-QC, the CMC coating
process seems to flatten Zn/Al-LDH-QC, thus causing the
tiny plate-like structure of the Zn/Al-LDH-QC-CMC to be
more compact than its precursor.

Release Study of Zn/Al-LDH-QC-CMC
Nanocomposite into Various Aqueous Solutions

To understand the controlled release behaviour of QC from
the Zn/Al-LDH-QC-CMC nanocomposite, the concentra-
tion of QC that was released into the single, binary and ter-
nary system of release media was monitored as a function
of time. The release study was tested in the aqueous solu-
tion of Na;PO,, Na,SO,, and NaCl. These aqueous solutions
were chosen as release media in the study so as to mimic
the environmental condition where the intercalated QC is
frequently used. The QC is normally used to eliminate the
weeds that invade the paddy cultivation area and disrupt
the paddy growth, whereas the PO,*~, SO,*>~ and CI" are
the type of anions that can actually be found in the soil of
areas for paddy cultivation [56-67]. Hence, these aqueous
solutions of Na;PO,, Na,SO,, and NaCl were selected as the
release media in the study due to their ability to provide the
required anions. The results collected from the release study
were incorporated into the release profile that is illustrated
in Fig. 8.

Generally, the release behaviour of the Zn/Al-LDH-QC-
CMC nanocomposite was affected by the type of anions
available in the release media during the release process.
When the QC was released into the single system of aqueous
solutions, the highest percentage release is obtained when
the Zn/Al-LDH-QC-CMC nanocomposite is released in the
release media containing PO,’ with 87.3% of maximum

percentage release, followed by Cl1~ and SO,*", with maxi-
mum percentage release of 80.0% and 70.1%, respectively.
The highest percentage release achieved when releasing the
Zn/Al-LDH-QC-CMC in the aqueous solution of Na;PO,,
was triggered by the fact that the PO,>~ possess the highest
charge density compare to the SO,*~ and CI", thus enhancing
the ion exchange process between the intercalated QC and
the PO43‘ in the release media [7].

When comparing the release behaviour of QC from the
Zn/Al-LDH-QC-CMC in single system of aqueous solu-
tion, in term of their time release, the release pattern is
generally similar as in the release of the QC from the Zn/
Al-LDH-QC-Chi nanocomposite [54]. The slowest release
was obtained when using NaCl as the release media, fol-
lowed by the Na,SO, and Na;PO,. The release profile of Zn/
AI-LDH-QC-CMC nanocomposite in the NaCl shows that
the fast release occurred in the first 0-6083 min (0.3 M),
0-4506 min (0.5 M) and 0-3004 min (1.0 M). The release
was then gradually become slower, before its finally reach-
ing equilibrium. When the Na,SO, was used as the release
media, the fast release can be seen to happen in the first
0-1436 min (0.3 M), 0-1259 min (0.5 M) and 0-245 min
(1.0 M). The release of the intercalated QC from the inter-
layer gallery of the Zn/Al-LDH-QC-CMC nanocompos-
ite is the fastest when using Na;PO, as the release media.
The fast release occurred at first the 0-614 min (0.3 M),
0-480 min (0.5 M) and 0-163 min (1.0 M). The release is
significantly prolonged when the nanocomposite was release
in the release media containing Cl™ is because the C1™ is a
monovalent anion, hence posssess so much lower affinity
towards the positively charged layer of the Zn/Al-LDH than
the trivalent PO,*~ and divalent SO,*" ions [7, 68, 69].

In order to observe the effect of multiple types of incom-
ing ions (provided by the release medium) on the release
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Fig. 7 Surface morphology of a carboxymethyl cellulose b Zn/Al-LDH [40], ¢ Zn/Al-LDH-CMC, d Zn/Al-LDH-QC [40] and e Zn/Al-LDH-

QC-CMC

behaviour of QC from Zn/AI-LDH-QC-CMC, several mix-
tures of aqueous solutions containing different combinations
and compositions of PO,*~, SO,*~ and C1~ were used as the
release medium in the release study. For the binary anion
system, three mixtures of PO,*~~S0,*~, PO,* —CI~ and
S0,2"—CI~ were used. For the ternary anion system, a mix-
ture of PO,>~—S0,* —Cl~ was used as the release medium.

In the release of the QC from Zn/Al-LDH-QC-CMC
nanocomposite in aqueous solutions containing multiple

@ Springer

type of anions, the results obtained from the study show
that the highest percentage of accumulated release and the
fastest rate of the release process were observed when the
mixtures containing PO,*-S0,>~CI~ were used as the
release media. The results obtained from the study also
show that the highest percentage of accumulated release
and the fastest rate of the release process were observed
when the mixtures containing PO,*~~S0,>"—CI~ were
used as the release medium. As expected, the mixtures
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Fig. 8 Release profiles of QC from Zn/Al-LDH-QC-CMC into aqueous solutions of a sodium phosphate, b sodium sulphate, ¢ sodium chloride

and d phosphate, sulphate and chloride mixture

containing Cl1~ anions were found to have a lower per-
centage of accumulated release and a longer time release.
This is mainly contributed to by the monovalent nature
of C17, which has a significantly low affinity toward
the Zn/Al-LDH layer, therefore making the release
process more challenging [7, 68]. The release process
of Zn/AlI-LDH-QC-CMC in binary and ternary sys-
tems of aqueous solutions can be arranged according
to their percentage of accumulated release in the order

of PO,*-S0,>—CI~ (83.5%) > PO,*-S0,* (72.5%)
> PO, —CI™ (55.1%) > SO,>~CI~ (42.0%).

Generally, the release profile revealed that manipulat-
ing the type, concentration and composition of anions in
the release medium consequently generated different pat-
terns of release behaviour of the intercalated QC. When the
mixtures containing PO,>~ anions were used in the release
study, the rate of the release process were found to be faster
than in the other release medium. In fact, the percentages of
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accumulated release of QC into the release medium were
observed to be higher. The dominant influence of PO, ani-
ons in increasing the release rate of QC were the result of the
multiple hydrolysis processes of the phosphate, which end
up leaving the tertiary PO,>~ anions in the mixture [70]. The
trivalent PO,*~ anions, which have a high affinity toward the
positively charged Zn/Al-LDH layer, were left to compete
with the SO42_ and CI™ anions, which were acknowledged
to have a lower affinity compared to the PO,*~ anions. The
comparison made on the accumulated percentage release and
time taken for the release of QC from the Zn/Al-LDH-QC,
Zn/Al-LDH-QC-Chi (as reported in our recently published
paper) and Zn/Al-LDH-QC-CMC to reach equilibrium is
summarised in Table 3.

Even though our previous paper revealed that the pres-
ence of chitosan has been proven to prolong the release time
of QC, the release time seems to be further enhanced when
the CMC was used as a coating material. The release time
of QC from the Zn/AlI-LDH-QC-CMC is so much slower
than the release time of QC from the Zn/Al-LDH-QC and
Zn/Al-LDH-QC-Chi nanocomposites. Owing to the fact that
the CMC is an anionic polysaccharide and the Zn/Al-LDH
is a positively charged layered material, the coating process
is therefore, generate the formation of strong electrostatic
attraction between the positively charged Zn/Al-LDH layer
and the negatively charged carboxylate moieties on the CMC
chain [29]. As a result of this attraction, more time is needed
for the dissolution of the CMC, hence assist in releasing the
QC is slower manner. The large swelling capability and high
hygroscopic nature possessed by CMC play a critical role

in prolonging the release time of the Zn/Al-LDH-QC [27].
These properties enable the hydrophilic CMC to easily absorb
moisture from its surroundings and form a thick gel layer that
entrapped the Zn/Al-LDH-QC nanocomposite. As more water
molecules were absorbed into the CMC matrix, the gel layer
grew and become thicker. A recent study has shown that the
release of the particle entrapped in the hydrophilic matrix of
CMC can occur via diffusion and the erosion of the CMC gel
layer [71].

The results presented up to this point shows the potential
of using CMC to enhance the controlled release behaviour of
the Zn/Al-LDH nanocomposite.

Kinetic Study of QC from the Zn/Al-LDH-QC-CMC
Nanocomposite into Various Aqueous Solution

To obtain further details concerning the release mechanism of
the intercalated QC, the release data from the release study in
the aqueous solutions of Na,;PO,, Na,SO,, and NaCl were fit-
ted to several kinetic models, as plotted in Fig. 9, Fig. 10, and
Fig. 11, respectively. Five types of kinetic models were chosen
to be fitted in the study, which are zeroth order (Eq. (1)), first
order (Eq. (2)) [72], pseudo-second order (Eq. (3)) [73], para-
bolic diffusion (Eq. (4)) [74], and Fickian diffusion models
(Eq. 5)) [75].
XxX=t+c

(H

—log(l = M;/M;) =t +c 2)

Table 3 Comparison of the percentage release of QC from Zn/Al-LDH-QC, Zn/Al-LDH-QC-Chi and Zn/Al-LDH-QC-CMC into single,

binary and ternary aqueous systems of phosphate, sulphate and chloride

Aqueous solutions Zn/Al-LDH-QC

Zn/Al-LDH-QC-Chi Zn/Al-LDH-QC-CMC

Percentage  Release Percentage  Release time Percentage release Release time
release time release (min) (%) (min)
(%) (min) (%)
Single PO,*" 03M 73.9 356 70.3 608 78.9 614
05M 80.5 221 75.7 265 81.8 480
1.0M 81.2 99 80.8 103 87.3 163
SO, 03M 47.2 1161 68.1 1255 224 1436
05M 77.0 714 74.6 1192 31.7 1259
1.0M 81.8 84 78.2 112 70.1 245
CI- 03M 73.8 2639 62.0 3176 78.4 6083
05M 76.0 2168 63.4 2855 79.3 4506
1.0M 82.4 693 74.4 1646 80.0 3004
Binary PO,* -S5O, 79.2 329 70.6 611 72.5 1498
PO, -CI 77.5 1015 70.0 1045 55.1 1618
SO -CI 75.6 1359 73.3 1436 42.0 2518
Ternary PO, — S0, —CI 80.3 138 73.8 269 83.5 277
Ref [54] [54] Present paper
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t/M; = 1/M} +1/M; 3)
Mi + Mf = kto's +c (4)
M;+M; = k" (5)

In the provided equations, x is the percentage release of
QC from the Zn/Al-LDH-QC-CMC nanocomposite at time
t, ¢ is the constant, and M; and Mf represent the initial and
final concentration of the QC, respectively.

The rate constant, k, is calculated according to the equa-
tion of the kinetic model, the halftime, t,, is the half of the
time taken for the release of the intercalated QC to reach
equilibrium and the regression values, r> were determined by
fitting the release data into the previously mentioned kinetic
models; the value nearest to 1 was selected as the best fit.
The values of k, t;,, and r* obtained from the release data of
the Zn/Al-LDH-QC-CMC nanocomposite in each release
media are summarised in Table 4.

The comparison made on the t;/, values in Table 4 shows
that the release of the Zn/Al-LDH-QC-CMC nanocomposite
that was carried out in NaCl has the highest t;,, values, in
the order of ClI"> S0, >P0O,>". This sequence indicates
that the t;,, values were greatly influenced by the charge
density of the anions in the released media. The t,,, values
also increase when the release was performed in a higher
concentration of release media, as more anions were pro-
vided in the release media of higher concentration [76].

Of all the present models, the pseudo-second order one
gave the best 1 values, which range 0.878—1.000. The line-
arization of the release data into other kinetic models used
in the study only led to poorer 12 values. Hence, this indi-
cates that the release of the QC from the Zn/Al-LDH-QC-
CMC nanocomposite in all release media is best described
by the pseudo-second-order kinetic model. This reveals

that the mechanism of the release process of the interca-
lated QC into the release media took place via dissolution
of the nanocomposite and the ion exchange between QC
and the anions that can be found in the release media [76].

The ability of CMC to prolong the release time is
triggered by its hygroscopic nature and swellable prop-
erties that allowed the CMC to the form gel layer when
immersed in liquid system [27, 77-79]. The development
of the gel layer that encloses the Zn/Al-LDH-QC-CMC
nanocomposite can be divided into three distinguishable
regions [80]. The outermost region of the gel layer, which
is called the ‘erosion front’ is highly swollen and con-
tain the highest amount of water molecule, although it is
mechanically weak. This region acts as a diffusion barrier
that assists in preventing water penetration into the inner
regions. The middle region, which also known as the “dis-
solution front’ is averagely swollen and possesses better
mechanical strength than the erosion front. The presence
of both the erosion front and the dissolution front keeps
the innermost region of the gel layer, the ‘swelling front’,
to be essentially dry, thus allowing it to hold its glassy
state for an extensive period.

When the Zn/Al-LDH-QC-CMC were exposed in
the release media, more water penetrated into the CMC
matrix, causing the gel layer formed to be hydrated and
swelled, thus initiate the erosion of the CMC surface. The
swelling will start from the outermost region, and followed
by the middle region and the innermost region, as the out-
ermost region will be hydrated faster compare to the inner
region. The slow dissolution of the CMC surface slowed
the rate of ion exchange between the intercalated QC and
the anions in the release media. The hydration induces the
polymeric chain of the CMC to undergo chain relaxation
(which is signified by the swelling), and results in the dis-
entanglement of the polymeric chain [80]; the CMC matrix
then gradually disappears.

Table 4 Comparison of rate

. Aqueous solution Zeroth  First order Parabolic  Fickian diffusion  Pseudo-second order
copans ) rearsion s
from the fitting of iﬁe release r r r r r k(<107s7) 1,
‘éﬁéﬁ‘gfg{l ’2;1;]33;&?; of  NaPO, 03M 0627 0735 0.832 0.860 0.878 0.158 93.7
Na,PO,, Na,SO, and NaCl 05M 0.516 0.634 0.754 0.958 0.999 0477 31.2
1.OM 0.380 0.448 0.578 0.803 0.999 0.845 17.6
Na,SO, 03M 0.711 0.739 0.861 0.767 0.974  0.066 224.1
05M 0420 0.440 0.608 0.751 0.999 0.199 74.9
1.OM 0.367 0.414 0.561 0.653 0.996 0.381 39.0
NaCl 03M 0.716 0.860 0.875 0.981 0.993 0.021 717.1
05M 0.602 0.725 0.744 0.839 0.988 0.023 662.4
1.0M 0439 0.559 0.619 0.910 0.997  0.087 170.7
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Conclusion

This study proposes a new class of herbicides that are
greener, safer, and more environmentally friendly. The
characterisation study shows that the CMC coating process
did not cause any alteration on the type of anion interca-
lated in the interlayer gallery of Zn/Al-LDH. In fact, the
CRF applied in the Zn/Al-LDH-QC using CMC as the
coating material was proven to prolong the time of the
release of the intercalated QC, thereby reducing the risk of
environmental pollution typically caused by the excessive
use of pesticides. The kinetic studies conducted using the
obtained release data showed that the release behaviour of
QC from the Zn/Al-LDH-QC-CMC nanocomposite fol-
lows the pseudo-second-order model. The fabrication of
such nanomaterials gives the possibility towards finding a
solution to reduce the rate of high diffusion of chemicals
into soils. Hence, assist in lessening the environmental
issues triggered by the excessive herbicide residues.
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