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a b s t r a c t 

The environmental pollution that results from the excessive usage of pesticides has been threatening the com- 
munities for decades. In this study, carboxymethyl cellulose (CMC) is proposed as a coating agent to encapsulate 
zinc hydroxide nitrate–sodium dodecylsulphate–imidacloprid (ZHN–SDS–IC) for the implementation of controlled 
release formulation (CRF) in pesticide. The physicochemical properties of the ZHN–SDS–IC–CMC were charac- 
terised so that their crystallinity, thermal behaviour and surface morphology could be examined. The findings 
from the release study revealed the potential for CMC to prolong the release of imidacloprid (IC). A strong hy- 
groscopic and adequate swelling characteristic enabled the CMC to develop an external gel layer on the surface 
of the ZHN–SDS–IC–CMC that acted as an additional barrier and slowed the release of the intercalated IC. The 
ZHN–SDS–IC–CMC that was synthesised can contribute to overcoming the environmental issues due to excessive 
usage of pesticides and can create a better future for the community. 
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Imidacloprid (IC) is a systemic soil and foliar insecticide that is
requently used to protect paddy cultivation areas from the threats of
phids, plant bugs, leafhoppers, planthoppers and other invasive pests
1] . It is classified as a neonicotinoid insecticide, which acts by disturb-
ng the nicotinic acetylcholine receptors in the central nervous systems
f the targeted pests [2] . Although the uses of IC may be beneficial to
he paddy cultivation sector, the excessive and uncontrollable use of IC
ould cause water and soil pollution. 

Hence, considerable effort has been expended to explore the con-
rolled release formulation (CRF) approach in the agricultural sector
3–8] . The development of CRF in pesticides could be very convenient
Abbreviations: IC, imidacloprid; CRF, controlled release formulation; CMC, carbox
HN–SDS–IC, zinc hydroxide nitrate–sodium dodecylsulphate–imidacloprid; ZHN–
arboxymethyl cellulose; PXRD, Powder X-ray diffraction; FTIR, Fourier-transform inf
nalysis; FESEM, field emission scanning electron microscopy; UV/Vis, ultraviolet vis
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or the commercial formulations, since the CRF offers several interesting
enefits, including the continuation of a low amount pesticide release
ver period of time. It is also more economical, environmental friendly
nd can reduce the application frequency of the pesticide [9] . The pes-
icide with CRF properties can ameliorate pesticide residues as well as
hose by leaching, evaporation and degradation, hence minimising the
egative impact on the environment [1] . 

In recent years, clay-based host materials, have provoked extensive
nterest as a means to control the release of pesticide into the environ-
ent [ 10 , 11 ]. These materials were reported to be exploited not only in

gricultural field, but also in numerous other fields, including medici-
al, cosmetic, food technology and sensor development [12–17] . Due to
ts simple preparation and good ion exchange properties, the clay-based
ost materials, such as zinc hydroxide nitrate, Zn (OH) (NO ) .2H O
ymethyl cellulose; ZHN–SDS, zinc hydroxide nitrate–sodium dodecylsulphate; 
SDS–IC–CMC, zinc hydroxide nitrate–sodium dodecylsulphate–imidacloprid–
rared; TGA/DTG, thermogravimetric analysis and derivative thermogravimetric 
ible. 
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Fig. 1. The chemical structure of carboxymethyl cellulose (CMC). 
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r ZHN, has been used as a host material for numerous nanocompos-
tes by intercalated them with a wide range of ions, such as 3-(4-
ethoxyphenyl)propionic acid, azelate, metalloporphyrins, adipate and

enzoate [18–20] . In some cases, surfactants like sodium dodecyl sul-
hate (SDS), polyoxyethylene(10)nonyl phenyl ether (TX–10) and dode-
yl betaine dodecylbenzenesulfonate (DBS) were also purposely added
nto the mixture during synthesis phase, in order to assist the intercala-
ion process [ 21 , 22 ]. This method is particularly useful in the intricate
ntercalation process, involving neutrally charged and poorly water sol-
ble pesticides. The ability of surfactants in minimizing surface tension,
ltering energy relationships at the interface, forming micelle and cre-
ting a hydrophobic region in the interlayer gallery of the layered ma-
erial, is therefore, contribute in creating a conducive environment for
he intercalation process [23] . 

Through the surface modification with polymers, it is possible to
urther improve the CRF properties of the clay-based nanocomposite.
ecent studies reported on the encapsulation approach using a cellulose
erivative, carboxymethyl cellulose (CMC), to generate the formation
f a gel layer on the outer surface of the nanocomposite, which helps to
rolong the time release of the pesticide [24] . Due to the biodegradabil-
ty and non-toxic nature of CMC, this cellulose derivative seems to be an
xcellent material for use as a coating material to develop a safer and
reener pesticide [ 25 , 26 ]. The water absorbency and gel content proper-
ies owned by CMC not only allowing them to be used for CRF in zinc mi-
ronutrient fertilizer systems but also in the fabrication of CMC hydrogel
eads for biomaterial applications [ 27 , 28 ]. The carboxyl and hydroxyl
roups that were found in the CMC structure activated its gelation form-
ng ability and formed the hydrogel layer. Gelatin, 𝜅-carrageenan, chi-
osan, poly(acrylamide-co-itaconic acid), poly(acrylic acid-co-itaconic
cid), poly(vinyl alcohol), poly(acrylic acid) and poly(acrylamide) are
ome of the examples of hydrogel that were also exploited for their
elation forming ability [27–34] . The chemical structure of the CMC
s shown in Fig. 1 . 

The present study aimed to develop a pesticide with bet-
er CRF properties by encapsulating the zinc hydroxide nitrate–
odium dodecylsulphate–imidacloprid (ZHN–SDS–IC) nanocomposite
ith CMC. For this purpose, characterization studies were performed
sing several analytical techniques to investigate the physicochemical
roperties after the ZHN–SDS–IC nanocomposite underwent the CMC
oating process (the coated nanocomposite is referred as ZHN–SDS–IC–
MC). The release study of the ZHN–SDS–IC–CMC was carried out in few
ets of aqueous solutions, and the release data were fitted with several
inetic models so that its release mechanism could be determined. 

xperimental 

aterials 

Most of the reagents used in this study were purchased from Systerm,
erck and Sigma Aldrich. Zinc nitrate (Zn(NO 3 ) 2 .6H 2 O) with a purity of
2 
8% was supplied by Systerm and IC (98% purity) was obtained from
ssense (China). Hydrochloric acid (HCl) was purchased from Merck
nd the sodium hydroxide (NaOH) was obtained from Sigma Aldrich.
urfactants SDS and the CMC were obtained from Systerm and Sigma
ldrich, respectively. The aqueous solutions that were used as release
edia were prepared using sodium phosphate (Na 3 PO 4 ) with a purity of
9.5% and were supplied by Merck. The sodium sulphate (Na 2 SO 4 ) with
 purity of 95.2% and sodium chloride (NaCl) with a purity of 99.0%
ere obtained from Systerm. No further purification was performed on
ny of the reagents before they were used, and deionised water was used
o prepare all solutions needed in the study. 

ynthesis of ZHN–SDS, ZHN–SDS–CMC, ZHN–SDS–IC and 

HN–SDS–IC–CMC nanocomposite 

The procedure to synthesize the ZHN–SDS and ZHN–SDS–IC
anocomposites have been described in detail in a paper recently pub-
ished by the author [35] . Briefly, the ZHN–SDS was synthesised using
 co-precipitation method in a pH controlled environment (pH 6.5) that
sed Zn(NO 3 ) 2 .6H 2 O and SDS as precursors. The pH was adjusted by
he dropwise addition of HCl and NaOH. The ZHN–SDS–IC nanocom-
osite was synthesised by dispersing the ZHN–SDS in an IC solution and
tirred at room temperature (2 h). The mixture was aged in an oil bath
haker at 70 °C (24 h) and then centrifuged at 4000 rpm (5 min) and
ried in an oven (24 h). The percentage loading of IC intercalated in the
nterlayer gallery of ZHN–SDS–IC have been determined and reported
n our previously published paper, which is 40.88% [35] . 

The ZHN–SDS was coated using CMC with a ZHN–SDS:CMC mass
atio of 1:1. A quantity of 0.1 g CMC was weighed and dissolved us-
ng 50 mL deionised water as the solvent. The CMC solution was con-
inuously stirred at room temperature until the CMC was completely
issolved. Then 0.1 g ZHN–SDS was added into the mixture and con-
tantly stirred at room temperature for 18 h to ensure the completion
f the CMC coating process. The mixture was centrifuged (at 4000 rpm
or 5 min), dried in an oven and ground into fine powder before it was
tored in sample bottle. The final product was denoted as ZHN–SDS–
MC. Similar procedures for the coating process were performed on the
HN–SDS–IC nanocomposite, and that product was denoted as the ZHN–
DS–IC–CMC nanocomposite. 

ample characterization 

Several instrumentations were used to investigate the physicochem-
cal properties of the ZHN–SDS–CMC and ZHN–SDS–IC–CMC. Powder
-ray diffraction (PXRD) measurements were performed on a PAN-
lytical X-pert Pro MPD diffractometer using Co K-alpha radiation
 k = 0.15406 nm) at 30 mA and 40 kV. The scan range was 2°–60° 2 𝜃,
ith an increment of 2°/min, a step size of 0.0330° and scan step time
f 19.4434 s. The Fourier-transform infrared (FTIR) measurements were
erformed using the KBr disk technique on a Nicolet FTIR spectrometer.
he transmission mode for the scanning was from 400 to 4000 cm 

− 1 

ith a nominal resolution of 4 cm 

− 1 . The thermal degradation be-
aviour of the samples was studied using thermogravimetric analy-
is and derivative thermogravimetric analysis (TGA/DTG) on a Perkin-
lmer Pyris 1 TGA Thermo Balance and was performed under a nitrogen
tmosphere. The temperature was increased from room temperature to
000 °C at a heating rate of 10 °C min − 1 . The surface morphology anal-
sis was examined using field emission scanning electron microscopy
FESEM) with a Hitachi SU 8020 UHR instrument at 5.0 kV and 10 k
agnification. 

ontrolled release formulation study of the ZHN–SDS–IC–CMC 

anocomposite 

The release of IC from the interlayer gallery of ZHN–SDS–IC–CMC
as investigated in aqueous solutions of Na 3 PO 4 , Na 2 SO 4 and NaCl.
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Fig. 2. PXRD patterns of (a) carboxymethyl cellulose, (b) ZHN–SDS, (c) ZHN–
SDS–CMC, (d) ZHN–SDS–IC [35] and (e) ZHN–SDS–IC–CMC. 
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he aqueous solutions for the single system were prepared in a series of
oncentrations (0.1 M, 0.3 M and 0.5 M) whereas the binary and ternary
ystem were prepared in 0.5 M aqueous solutions of several combination
PO 4 

3––SO 4 
2–, PO 4 

3––Cl – and SO 4 
2––Cl – and PO 4 

3––SO 4 
2––Cl –). This re-

ease experiments were carried out using a Lambda 25 Perkin Elmer ul-
raviolet visible (UV/Vis) spectrometer, with the lambda max value of
69.5 nm. In every measurement, 0.6 mg of the ZHN–SDS–IC–CMC was
eleased in a quartz cuvette containing 3.5 mL of the aqueous solutions.
he cuvette was left in the UV/Vis spectrometer for several days, until
he release study was completed. The maximum absorbance values were
onverted into ppm, and the percentage accumulated release of the IC
n each release media was determined. The experimental conditions for
he measurement were as follows: the time interval was 60 s, slit width
as 1.0 nm, lamp change was 326.0 nm, ordinate max was 1.0 and the
rdinate min was 0.0. 

esults and discussion 

XRD analysis 

The ZHN–SDS and ZHN–SDS–IC nanocomposites were coated using
MC and the resulting products were characterised by PXRD, as shown

n Fig. 2 . The PXRD analysis examined the crystallinity of the nanocom-
osite and determined any changes in the basal spacing of the nanocom-
osites. Generally, the analysis of the PXRD patterns revealed that the
MC coating process brought about a slight transformation for both the
HN–SDS and ZHN–SDS–IC nanocomposites. 

In the PXRD pattern for the ZHN–SDS–CMC, a clear decrease of the
ntensity for each diffraction peak can be clearly observed, which in-
icated that the CMC coating process led to the formation of weaker
iffraction peaks. The presence of the amorphous CMC structure in the
HN–SDS–CMC affected its crystallinity and lowered the intensity of the
eaks. The diffraction peaks in the PXRD pattern for the ZHN–SDS–CMC
with a basal spacing of 33.0 Å, 10.0 Å and 4.9 Å) were comparable to
he PXRD pattern of ZHN–SDS (with a basal spacing of 33.0 Å, 9.8 Å
nd 4.9 Å). This indicated that there was not a significant change in the
eight of the interlayer gallery of the ZHN–SDS–CMC. This confirmed
hat the CMC coating process on the ZHN–SDS preserved the intercala-
ion of the SDS in its interlayer gallery. 

The diffraction peaks for the ZHN–SDS–IC nanocomposite demon-
trated the common features for a crystalline layered material, which
re intense, sharp and symmetrical peaks. The peaks appeared at low
 𝜃 angle and indicated a basal spacing of 32.0 Å, 16.3 Å and 10.9 Å.
fter the ZHN–SDS–IC underwent the CMC coating process, the peaks

n the PXRD pattern generally resembled the peaks in the PXRD pattern
or the ZHN–SDS–IC nanocomposite. However, those peaks were slightly
hifted and appeared with a basal spacing of 33.4 Å, 16.4 Å and 11.0 Å.
he peaks that indicated a turbostratic effect were observed in the PXRD
attern for both ZHN–SDS–IC and ZHN–SDS–IC–CMC nanocomposites
n the 2 𝜃 range from 32.1° to 35.5°. This was caused by the decrease
n the order along the stacking axis. The appearance of the compara-
le peaks in both PXRD patterns indicated that the CMC did not cause
ny alteration on the stacking axis of the nanocomposite. The peaks in
he PXRD pattern for ZHN–SDS–IC–CMC also had a lower intensity and
roader shape due to the amorphous nature of the CMC coated on its
urface. There was an insignificant difference in the basal spacing before
nd after the coating process, which indicated that the ions that were
ntercalated in the interlayer gallery of ZHN–SDS–IC were not replaced.

The results from the PXRD analysis revealed that the ZHN–SDS–IC–
MC behaved in the same way as in the PXRD pattern for the ZHN–SDS–
MC. The basal spacing of the diffraction peaks before and after the
MC coating was very similar due to the fact that the additional CMC
as only adsorbed on the surface of ZHN–SDS and ZHN–SDS–IC and
as not exchanged with the intercalated ions. A comparable behaviour
as also reported in recent studies [ 36 , 37 ]. 
3 
patial arrangement of carboxymethyl cellulose coated ZHN–SDS–IC 

anocomposite 

The spatial arrangement of the IC and SDS within the interlayer
allery of the ZHN–SDS–IC and ZHN–SDS–IC–CMC was predicted using
hem 3D Ultra 8.0 software, and is illustrated in Fig. 3 . The molecular
ize of both the IC and SDS were found to be 12.5 × 9.2 × 7.2 Å and
9.9 × 6.1 × 5.2 Å, respectively. Based on the result obtained from the
XRD analysis, the basal spacing of the ZHN–SDS–IC was determined to
e 32.0 Å. The ZHN was made up of an inorganic layer with octahedral
oordinated Zn 2 + , and one quarter of the octahedral were vacant. The
etrahedral coordinated Zn 2 + was positioned below and above the octa-
edral layer [38] . Considering the thickness of ZHN layer was 4.8 Å and
he thickness of Zn tetrahedron was 2.6 Å, the interlayer gallery height
as calculated to be 22.0 Å. Therefore, both SDS and IC were interca-

ated in the interlayer gallery of ZHN–SDS–IC in a vertical monolayer
rrangement. 
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Table 1 

FTIR spectra of ZHN–SDS, IC, ZHN–SDS–IC, carboxymethyl cellulose, ZHN–SDS–CMC and ZHN–SDS–IC–CMC. 

Characteristic Group ZHN–SDS Imidacloprid ZHN–SDS–IC 
Carboxy-methyl 
cellulose ZHN–SDS–CMC ZHN–SDS–IC–CMC 

v (O–H) in H 2 O 3458 – 3492 3512 3468 3528 

v s (C–O–C) in CMC – – – 1051 1057 1053 

v as (S = O) in SDS 1217 – 960 – 1210 1203 

v s (S–O) in SDS 827 – 751 – 834 820 

v s (C–H) in SDS 2840 

2920 

2957 

– 2938 – 2849 

2916 

2960 

2851 

2917 

2959 

v s (COO 

− ) in CMC – – – 1618 1622 1616 

v as (COO 

− ) in CMC – – – 1432 1370 1392 

Pyridine in IC – 1559 1609 – – 1575 

v s (N–O) in IC – 1388 1431 – – 1479 

Ref. [35] [35] [35] Present paper Present paper Present paper 

Abbreviation: ZHN–SDS, zinc hydroxide nitrate–sodium dodecylsulphate; ZHN–SDS–IC, zinc hydroxide nitrate–sodium dodecylsulphate–
imidacloprid; ZHN–SDS–CMC, zinc hydroxide nitrate–sodium dodecylsulphate–carboxymethyl cellulose; ZHN–SDS–IC–CMC, zinc hydroxide 
nitrate–sodium dodecylsulphate–imidacloprid–carboxymethyl cellulose. 

Fig. 3. The proposed spatial orientation of IC and SDS in the interlayer gallery 
of (a) ZHN–SDS–IC-and (b) ZHN–SDS–IC–CMC. 
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Fig. 4. FTIR spectra (a) ZHN–SDS [35] , (b) IC anion [35] , (c) ZHN–SDS–IC [35] , 
For the case of ZHN–SDS–IC–CMC, a slight increase in the basal spac-
ng was observed after the nanocomposite underwent the CMC coat-
ng process, which happened to be 33.8 Å. A similar calculation was
ade by deducting the value of the basal spacing with the thickness

f the ZHN and Zn tetrahedron. After the deduction, the free inter-
ayer gallery was found to be 23.8 Å, which was greater than in the
nterlayer gallery of the ZHN–SDS–IC nanocomposite. The spacious in-
erlayer gallery allowed the ZHN–SDS–IC–CMC to preserve the vertical
onolayer arrangement, as for the ZHN–SDS–IC. 

TIR analysis 

The FTIR analysis was performed to monitor any changes in the func-
ional group of the ZHN–SDS and ZHN–SDS–IC nanocomposite after the
MC coating process. The FTIR spectra of the prepared materials are
hown in Fig. 4 . The results were also compared with the FTIR pat-
ern of the uncoated ZHN–SDS and ZHN–SDS–IC reported in our previ-
us study and summarised into Table 1 . The peaks that indicate the
(d) carboxymethyl cellulose, (e) ZHN–SDS–CMC and (f) ZHN–SDS–IC–CMC. 

4 
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Fig. 5. TGA/DTG curves of (a) CMC, (b) ZHN–SDS–CMC and (c) ZHN–SDS–IC–
CMC nanocomposite. 
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tretching of the hydroxyl group can be seen in the FTIR spectra of
HN–SDS, CMC, ZHN–SDS–CMC, ZHN–SDS–IC and ZHN–SDS–IC–CMC
t 3458 cm 

–1 , 3512 cm 

–1 , 3468 cm 

–1 , 3492 cm 

–1 and 3528 cm 

–1 , respec-
ively [21] . 

In the FTIR spectra for ZHN–SDS and ZHN–SDS–CMC, the character-
stic peaks for SDS can be seen in both spectra. The peaks that denote the
–H stretching and bending in the hydrophobic tail of the SDS were ob-
erved in the FTIR spectra of ZHN–SDS–CMC at 2960 cm 

− 1 , 2916 cm 

− 1 

nd 2849 cm 

− 1 (and can also found in the FTIR spectra of ZHN–SDS at
957 cm 

− 1 , 2920 cm 

− 1 , and 2840 cm 

− 1 ) [ 39 , 40 ]. The absorption peaks
hat signify the asymmetric stretching of S = O were observed in the FTIR
pectra for ZHN–SDS at 1217 cm 

–1 and in the FTIR spectra of ZHN–SDS–
MC at 1210 cm 

–1 . The absorption peak for S–O stretching appeared
n the FTIR spectra for ZHN–SDS and ZHN–SDS–CMC at 827 cm 

–1 and
34 cm 

–1 , respectively [22] . Additional peaks that indicate the pres-
nce of CMC were also observed in the FTIR spectra of ZHN–SDS–CMC
t 1622 cm 

–1 and 1370 cm 

–1 due to the vibration of the symmetrical
nd asymmetrical stretching of the carboxylate group (originally found
n the FTIR spectra of CMC at 1618 cm 

–1 and 1432 cm 

–1 , respectively)
41] . Another peak that was attributed to the –C–O– stretching on the
olysaccharide skeleton of the CMC was observed in the FTIR spectra
or ZHN–SDS–CMC at 1057 cm 

–1 (originally found in the FTIR spectra
f CMC at 1051 cm 

–1 ). 
The characteristic peaks for the SDS and IC can be observed in the

TIR spectra for the ZHN–SDS–IC and ZHN–SDS–IC–CMC. The peaks
hat indicate C–H stretching and bending in the hydrocarbon backbone
f SDS were observed in the FTIR spectra for ZHN–SDS–IC–CMC at
959 cm 

− 1 , 2917 cm 

− 1 and 2851 cm 

− 1 . Similar characteristic peaks
hich also result from the C–H stretching and bending were observed in

he FTIR spectra of the ZHN–SDS–IC nanocomposite at 2938 cm 

− 1 . The
eaks that were attributed the asymmetric stretching of S = O appeared
n the FTIR spectra for ZHN–SDS–IC at 960 cm 

–1 and ZHN–SDS–IC–CMC
t 1203 cm 

–1 [22] . The peaks that were denoted as the absorption peaks
or S–O stretching were observed in the FTIR spectra for ZHN–SDS–IC
nd ZHN–SDS–IC–CMC at 751 cm 

–1 and 820 cm 

–1 , respectively [21] .
he absorption peak that indicated the presence of pyridine bonded in
he IC structure can be seen in the FTIR spectra for ZHN–SDS–IC at
609 cm 

–1 and in the FTIR spectra for ZHN–SDS–IC–CMC at 1575 cm 

–1 .
his pyridine peak was originally found in the FTIR spectra for the IC at
559 cm 

–1 [22] . Other characteristic IC peaks that can be observed in
he FTIR spectra for ZHN–SDS–IC and ZHN–SDS–IC–CMC are the ones
hat signify the N–O bond in the nitro group of IC, which appeared
t 1431 cm 

–1 and 1479 cm 

–1 , respectively. This peak was also found
n the FTIR spectra for IC at 1388 cm 

–1 . The existence of CMC in the
HN–SDS–IC–CMC nanocomposite was confirmed based on the appear-
nce of the peak that was attributed to the vibration of the symmetrical
nd asymmetrical stretching of the carboxylate group at 1616 cm 

–1 and
392 cm 

–1 , respectively [41] . The peak that indicated the –C–O– stretch-
ng on the polysaccharide skeleton of the CMC can also be seen in the
TIR spectra for ZHN–SDS–IC–CMC at 1053 cm 

–1 . 
The results obtained from the FTIR analysis verified the presence of

haracteristic peaks for the ZHN–SDS and ZHN–SDS–IC in the ZHN–
DS–CMC and ZHN–SDS–IC–CMC, respectively. The minor displace-
ent of the comparable peaks after the CMC coating process may be

bserved due to interaction between the CMC and the nanocomposite.
he existence of CMC traces was also found in the FTIR spectra for both
he ZHN–SDS–CMC and ZHN–SDS–IC–CMC. Therefore, it can be con-
luded that these results are in good agreement with the PXRD analysis.

hermal stability studies 

The investigation of the thermal stabilities for the ZHN–SDS and
HN–SDS–IC after undergoing the CMC coating process was performed
ith TGA/DTG analysis. The TGA/DTG curves for the CMC, ZHN–
DS–CMC and ZHN–SDS–IC–CMC are illustrated in Fig. 5 . The thermal
ecomposition data from the TGA/DTG curves were summarised and
5 
atched to the uncoated ZHN–SDS and ZHN–SDS–IC nanocomposite
 Table 2 ). The TGA/DTG analysis revealed that the thermal behaviour
or the CMC occurred in two stages. The first one occurred at 82.1 °C
ith the weight loss of 9.2% due to the evaporation of water and the

econd stage occurred at 349.5 °C with the weight loss of 66.2% due to
he degradation of the CMC [42] . 

The thermal decomposition of the ZHN–SDS also happened in two
tages. A minor weight loss of 3.2% was observed at 107.1 °C and was at-
ributed to the elimination of adsorbed and interlayer water molecules
43] . A greater weight loss occurred at 198.2 °C with 37.2% weight
oss that came from the decomposition of SDS. The CMC coating pro-
ess seemed to cause a slight transformation in the thermal behaviour
f the ZHN–SDS because the thermal decomposition of the ZHN–SDS–
MC clearly took place in three stages. Although the first two stages
127.7 °C with 4.7% weight loss and 178.1 °C with 29.7% of weight
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Table 2 

TGA/DTG data of weight loss for CMC, ZHN–SDS, ZHN–SDS–CMC, ZHN–SDS–IC and ZHN–SDS–IC–CMC. 

Thermal decomposition 
Samples 
CMC ZHN–SDS ZHN–SDS–CMC ZHN–SDS–IC ZHN–SDS IC–CMC 

Stage 1 T max (°C) 82.1 107.1 127.7 108.1 109.6 

Percentage 

(%) 

9.2 3.2 4.7 6.2 6.7 

Stage 2 T max (°C) 349.5 198.2 178.1 166.4 172.2 

Percentage 

(%) 

66.2 37.2 29.7 31.2 30.3 

Stage 3 T max (°C) – – 516.6 264.2 266.1 

Percentage 

(%) 

– – 2.5 3.3 4.5 

Stage 4 T max (°C) – – – 595.2 549.9 

Percentage 

(%) 

– – – 14.3 14.5 

Ref. Present paper [35] Present paper [35] Present paper 

Abbreviation: CMC, carboxymethyl cellulose; ZHN–SDS, zinc hydroxide nitrate–sodium dodecylsulphate; 
ZHN–SDS–CMC, zinc hydroxide nitrate–sodium dodecylsulphate–carboxymethyl cellulose; ZHN–SDS–IC, zinc 
hydroxide nitrate–sodium dodecylsulphate–imidacloprid; ZHN–SDS–IC–CMC, zinc hydroxide nitrate–sodium 

dodecylsulphate–imidacloprid–carboxymethyl cellulose. 
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oss) were comparable with the TGA/DTG curve for the ZHN–SDS, an
dditional thermal decomposition peak was observed at a significantly
igh temperature (516.6 °C with 2.5% of weight loss). Based on this re-
ult, the CMC coating was found to enhance the thermal stability of the
HN–SDS–CMC. 

The thermal decomposition took place in four stages for the ZHN–
DS–IC. The first stage occurred at 108.1 °C (with the weight loss of
.2%), the second stage at 166.4 °C (with the weight loss of 31.2%) the
hird stage at 264.2 °C (with the weight loss of 3.3%) and the fourth stage
t 595.2 °C (with the weight loss of 14.3%). After the ZHN–SDS–IC was
oated with CMC, the thermal decomposition of the ZHN–SDS–IC–CMC
lso occurred in four stages. The first stage occurred at 109.6 °C (with
he weight loss of 6.7%), the second stage at 172.2 °C (with the weight
oss of 30.3%), the third stage at 266.1 °C (with the weight loss of 4.5%)
nd the fourth stage at 549.9 °C (with the weight loss of 14.5%). 

Four comparable stages of thermal decomposition possess by ZHN–
DS–IC and ZHN–SDS–IC–CMC indicated that the thermal behaviour of
he ZHN–SDS–IC was quite similar after the coating process. The first
tage was due to the evaporation of adsorbed water molecules and in-
erlayer water molecules [43] . The second stage came from the decom-
osition of inorganic moieties of IC and CMC (decomposition of CMC
nly for ZHN–SDS–IC–CMC). The third stage resulted from the decom-
osition of the SDS and the fourth stage was due to the collapsing of
he layered structure of the nanocomposites [43] . Hence, it can be con-
luded that even though the CMC coating did not further improve the
hermal stabilities of the ZHN–SDS–IC, there was no deterioration of
he thermal stability of the ZHN–SDS–IC–CMC either. The temperature
f the final thermal decomposition that happened above 500 °C is rea-
onably high, therefore the ZHN–SDS–IC–CMC still had good thermal
tability after the coating process. 

urface morphology analysis 

Fig. 6 shows the FESEM micrographs of the CMC, ZHN–SDS, ZHN–
DS–CMC, ZHN–SDS–IC and ZHN–SDS–IC–CMC nanocomposites. The
MC morphology is observed to be smooth and even, which is in good
greement with recent literature [27] . The ZHN–SDS can be described as
aving a tabular, stacked plate-like structure and sharp edges, which is
he expected morphology for a layered material, as reported elsewhere.
he presence of the CMC coatings began to smoothen the surface of
he ZHN–SDS–CMC and caused the surface to become more compact
nd uneven. The FESEM micrograph of ZHN–SDS–CMC shows a great
esemblance to the surface morphology of the CMC, although stacked
late-like structure for the ZHN–SDS can still be vaguely observed. 
6 
The ZHN–SDS–IC nanocomposites had an agglomerated, thin plate-
ike structure with more rounded edges. As observed from the FESEM
icrograph for the ZHN–SDS–IC–CMC, some noticeable modification

an be seen after the CMC coating process. Similar to the ZHN–SDS–
MC, the CMC coating causing the surface of the ZHN–SDS–IC–CMC to
e covered by the CMC layer, hence making the surface flatter and more
ompact. The addition of CMC softened the texture of the ZHN–SDS–
C, resulting to an overall relaxation, and made the former plate-like
eatures of the ZHN–SDS–IC to appear less obvious. The results obtained
rom the surface morphology analysis by FESEM showed that the CMC
oating process brought about some morphological transformation for
he surface texture of both the ZHN–SDS–CMC and ZHN–SDS–IC–CMC
anocomposites, while they vaguely maintained their original features.

elease study of ZHN–SDS–IC–CMC nanocomposite into aqueous solutions 

f binary and ternary phosphate, sulphate and chloride systems 

This present section will be focussed on investigating the influence
f the type of release media and their concentration on the release be-
aviour of the IC from the interlayer gallery of the ZHN–SDS–IC–CMC.
he characterization of the release behaviour will be made based on the
bservation on the maximum percentage released and the time taken
or the release process. The release behaviour of the IC from the ZHN–
DS–IC–CMC nanocomposite obtained in this study will be compared
o the results in the authors’ previously published paper that reported
n the release of IC from ZHN–SDS–IC. The role of CMC in the release
rocess will be thoroughly discussed as well. 

The release study of the ZHN–SDS–IC–CMC nanocomposite was per-
ormed in release media containing PO 4 

3 − , SO 4 
2 − and Cl − . This was

one because IC is a type of insecticide that is typically used in paddy
ultivation areas and these are the types of anions that would be com-
only available in those areas. For the release study of IC from ZHN–

DS–IC–CMC in single system, the aqueous solutions of Na 3 PO 4 , Na 2 SO 4 
nd NaCl were prepared in three different concentrations, namely 0.1
, 0.3 M and 0.5 M. As for the release study of IC from ZHN–SDS–IC–
MC in binary and ternary system of aqueous solutions, the aqueous
olutions with the combination of PO 4 

3 − –SO 4 
2 − , PO 4 

3 − –Cl − , SO 4 
2 − –

l − and PO 4 
3 − –SO 4 

2 − –Cl − were used as release medium. The release
rofiles for the IC from the ZHN–SDS–IC–CMC nanocomposite into the
queous solution are shown in Fig. 7 . 

The tendency of intercalated IC to be released from the interlayer
allery of the ZHN–SDS nanocomposite comes from the ion exchange
bility of ZHN–SDS. The higher charge density for the PO 4 

3 − compared
o the other anions increased the possibility for the PO 4 

3 − to be attracted
o the positively charged ZHN–SDS layer so as to be exchanged with the
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Fig. 6. Surface morphology of (a) carboxymethyl cellulose, (b) ZHN–SDS, (c) ZHN–SDS–CMC, (d) ZHN–SDS–IC and (e) ZHN–SDS–IC–CMC. 
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ntercalated IC. This release behaviour is consistent with what was al-
eady observed because the release profiles revealed the highest release
ccurred when the release process was carried out in aqueous solution of
a 3 PO 4 (96.8 %), followed by the release in Na 2 SO 4 (95.8 %) and NaCl

94.9 %). A higher maximum percentage of released IC occurred when
he ZHN–SDS–IC–CMC nanocomposites were exposed to release media
hat contained anions with a higher charge density. This indicated that
he release behaviour of the IC was greatly affected by the type of ions
resent in the release media. 

The release profile also demonstrated that varying the concentration
f the release media had a considerable influence on the maximum per-
entage of released IC as well. The maximum percentages of released
C in an aqueous solution of Na 3 PO 4 were found to be 83.3% (0.1 M),
3.2% (0.3 M) and 96.8% (0.5 M). In the aqueous solution of Na 2 SO 4 ,
he maximum percentages of released IC were 68.2% (0.1 M), 92.6%
0.3 M), and 95.8% (0.5 M). In the aqueous solution of NaCl, the max-
7 
mum percentages of release IC were 57.6% (0.1 M), 91.6% (0.3 M)
nd 94.9% (0.5 M). The overall release process was found to exhibit a
imilar release trend when the release was performed in different con-
entrations of the release media. The maximum percentage of released
C was observed to increase when the ZHN–SDS–IC–CMC was immersed
n a higher concentration of the release media. The higher amounts of
nions that were provided in a higher concentration of release media
ssisted the ion exchange process between the release media and the IC
nd increased the maximum percentage release. 

Instead of comparing the release behaviour according to their maxi-
um released percentage, the release behaviour can also be character-

zed based on the time taken by the ZHN–SDS–IC–CMC nanocomposite
o release the IC up to its maximum value. The release study that was
erformed in an aqueous solution of NaCl seemed to take the longest
ime to reach its maximum release percentage. The time required for the
elease process in 0.1 M, 0.3 M and 0.5 of NaCl was 3023 min, 1670 min
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Fig. 7. Release profiles of IC from ZHN–SDS–IC–CMC nanocomposite into (a) sodium phosphate, (b) Sodium sulphate, (c) sodium chloride and (d) phosphate, 
sulphate and chloride mixture. 

Table 3 

The comparison of the percentage release from ZHN–SDS–IC and ZHN–SDS–IC–CMC into various aqueous solutions. 

Aqueous 
solutions 

ZHN–SDS–IC ZHN–SDS–IC–CMC 
Percentage release (%) Release time (min) Percentage release (%) Release time (min) 

Single PO 4 
3– 0.1 M 28.6 310 83.3 675 

0.3 M 74.0 173 93.2 420 

0.5 M 91.0 83 96.8 310 

SO 4 
2– 0.1 M 15.7 689 68.2 1292 

0.3 M 82.3 473 92.6 726 

0.5 M 85.5 302 95.8 631 

Cl – 0.1 M 6.2 1478 57.6 3023 

0.3 M 83.9 793 91.6 1670 

0.5 M 84.9 549 94.9 1028 

Binary PO 4 
3––SO 4 

2 82.3 1320 55.3 1640 

PO 4 
3––Cl – 24.4 1378 45.0 1666 

SO 4 
2 –Cl – 22.0 1426 38.9 2228 

Ternary PO 4 
3––SO 4 

2 –Cl – 83.9 716 60.1 1151 

Ref. [35] Present paper 

Abbreviation: ZHN–SDS–IC, zinc hydroxide nitrate–sodium dodecylsulphate–imidacloprid; ZHN–SDS–IC–CMC, zinc hy- 
droxide nitrate–sodium dodecylsulphate–imidacloprid–carboxymethyl cellulose. 

8 
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Fig. 8. Fitting of the data for IC re- 
lease from ZHN–SDS–IC–CMC nanocom- 
posite into sodium phosphate solution for 
the (a) zeroth-order, (b) first-order, (c) 
pseudo-second-order, (d) parabolic diffu- 
sion and (e) Fickian diffusion models. 
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nd 1028 min, respectively. Owing to the monovalent nature of Cl − , the
l − has a lower affinity compared to the PO 4 

3 − and SO 4 
2 − and a slower

xchange process between the IC and the Cl − [44–46] . As for the re-
ease study that was performed in an aqueous solution of Na 2 SO 4 , the
imes taken by the ZHN–SDS–IC–CMC nanocomposite to reach its maxi-
um release were 1292 min (0.1 M), 726 min (0.3 M) and 631 min (0.5
). When aqueous solution of Na 3 PO 4 was used as release media, the

imes it took for the release process were 675 min (0.1 M), 420 min
0.3 M), and 310 min (0.5 M). Hence, the time for the release de-
reased in the order of NaCl > Na 2 SO 4 > Na 3 PO 4 . The release study that
as conducted in a lower concentration of release media also demon-
9 
trated a slower release rate compared to the release in a higher con-
entration of release media due to the lesser number of anions available
45] . 

For the release study of ZHN–SDS–IC–CMC in binary aqueous so-
utions, the aqueous solutions with the combination of PO 4 

3 − –SO 4 
2 − ,

O 4 
3 − –Cl − and SO 4 

2 − –Cl − were used as release medium, whereas a
queous solution with the combination of PO 4 

3 − –SO 4 
2 − –Cl − was used as

he release medium for the release study in the ternary system. Based on
he release profile obtained, it was observed that the release of IC from
he ZHN–SDS–IC–CMC nanocomposite was significantly affected by the
ype of anions provided by the release medium. Different combinations
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Fig. 9. Fitting of the data for IC release from ZHN–SDS–IC–CMC nanocomposite into sodium sulphate solution for the (a) zeroth-order, (b) first-order, (c) pseudo- 
second-order, (d) parabolic diffusion and (e) Fickian diffusion models. 
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in order to reach 38.9% release. 
f anions in the release medium brought into certain changes on the
elease behaviour of IC, specifically in term of the percentage of their
ccumulated release and the duration for the release process. The high-
st percentage of the accumulated release was recoded when the release
f IC was conducted in the ternary system of aqueous solution, which
ontain all three anions. In the ternary system release medium, 60.1%
f IC was released to the interlayer gallery of the ZHN–SDS–IC–CMC
anocomposite within 1151 min, thus demonstrating that the release in
his release medium happened in the fastest release rate of all release
10 
edium containing multiple anions. The second highest percentage of
ccumulated release was obtained when the release is conducted in the
queous solution of PO 4 

3 − –SO 4 
2 − , which releasing 55.3% of the inter-

alated IC in 1640 min, followed by the release in the aqueous solution
f PO 4 

3 − –Cl − , which involved the release of 45.0% of intercalated IC
ithin 1666 min. The slowest release process with the lowest percent-
ge of accumulated release was observed when the aqueous solution of
O 4 

2 − –Cl − was used as release medium, which requires up to 2228 min
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Fig. 10. Fitting of the data for IC release from ZHN–SDS–IC–CMC nanocomposite into sodium chloride solution for the (a) zeroth-order, (b) first-order, (c) pseudo- 
second-order, (d) parabolic diffusion and (e) Fickian diffusion models. 
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Based on the release profile, it can be seen that the release of IC in
inary and ternary systems demonstrates a noticeable pattern. When-
ver the PO 4 

3 − anion was used as one of the components in the re-
ease medium, the release process was found to occur at a higher release
ate and reach a higher percentage release of IC. The domination of the
O 4 

3 − anion on the whole release process is contributed to by the fact
hat the PO 4 

3 − anion is a trivalent anion, which possesses better affinity
oward the positively charged host layer, as compared to SO 4 

2 − and Cl − 

46] . On the basis of a similar fact, the presence of the Cl − anion demon-
11 
trates a slower release process with a lower percentage release. The
elease behaviour of the IC from the ZHN–SDS–IC–CMC nanocomposite
as then compared with the result obtained in a previous study that

lucidate the release behaviour of IC from the ZHN–SDS–IC nanocom-
osite, which is summarised in Table 3 . This comparison was made so
hat the impact of the CMC coating on the release behaviour can be
bserved. 

Based on the comparison made in Table 3 , the time taken by the
HN–SDS–IC–CMC nanocomposite to reach its maximum IC release was
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Table 4 

Comparison of rate constants, k , and regression values, r 2 , obtained from the fitting of the data of release from ZHN–
SDS–IC–CMC into aqueous solution of Na 3 PO 4 , Na 2 SO 4 and NaCl. 

Aqueous 
solution 

Zeroth-order First-order Parabolic diffusion Fickian diffusion Pseudo-second-order 
r 2 r 2 r 2 r 2 r 2 K ( × 10 -3 s -1 ) t 1/2 

Na 3 PO 4 0.1 M 0.589 0.681 0.823 0.867 0.886 0.109 115 

0.3 M 0.552 0.675 0.801 0.872 0.999 0.112 112 

0.5 M 0.392 0.553 0.639 0.876 0.999 0.315 40 

Na 2 SO 4 0.1 M 0.542 0.606 0.747 0.862 0.996 0.041 305 

0.3 M 0.481 0.588 0.716 0.908 0.998 0.062 203 

0.5 M 0.416 0.545 0.665 0.948 0.999 0.080 157 

NaCl 0.1 M 0.565 0.627 0.776 0.749 0.916 0.033 385 

0.3 M 0.543 0.640 0.720 0.960 0.996 0.035 363 

0.5 M 0.379 0.505 0.592 0.836 1.00 0.360 35 
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enerally twice much compared to the time required by the ZHN–SDS–
C nanocomposite. The significant time delay shows that the CMC coat-
ng did contribute to prolonging the release of the IC from the interlayer
allery of the ZHN–SDS–IC–CMC. The potential of the CMC to slow the
elease of the IC is due to the characteristics of the CMC itself, such as
eing strongly hygroscopic and hydrophilic nature and having an ade-
uate swelling characteristic and gelation ability [ 47 , 48 ]. Due to these
roperties, it is possible for the CMC to develop an external gel layer
n the outer surface of the ZHN–SDS–IC–CMC nanocomposite, which
cted as an additional barrier in slowing the release of the intercalated
C. The gel layer was formed when the ZHN–SDS–IC–CMC was exposed
o the aqueous solution and generated the formation of a steep water
oncentration gradient between the aqueous solution and the CMC coat-
ng that was present on the outermost surface of the ZHN–SDS–IC–CMC
anocomposite. This triggered the water imbibition into the CMC and
ead to the formation of the gel layer. 

The overall release process of intercalated ions from a strongly hy-
rophilic matrix, like CMC, commonly results from the water diffusion
nto the CMC matrix, the swelling of CMC and the diffusion of the inter-
alated ions from the swollen CMC into the release media [49] . How-
ver, in order to obtain further information regarding the mechanism
f the release process, the release data were fitted into several kinetic
odels, which will be discussed in the subsequent section. 

inetic study of IC from the ZHN–SDS–IC–CMC nanocomposite into 

arious aqueous solution 

The kinetic study of the IC from the ZHN–SDS–IC–CMC nanocompos-
te was conducted by fitting the kinetic data obtained from the release
tudy into zeroth-order (Eq. (i)) [50] , first-order (Eq. (ii)) [51] , pseudo-
econd order (Eq. (iii)) [52] , parabolic diffusion (Eq. (iv)) [53] and Fick-
an diffusion (Eq. (v)) model kinetics. Fitting of the data for the IC re-
ease from the ZHN–SDS–IC–CMC nanocomposite into aqueous solutions
f Na 3 PO 4 , Na 2 SO 4 and NaCl are illustrated in Figs. 8 , 9 and 10 , respec-
ively. The equation for each release kinetic models that was used for
ach type of fitting is: 

 = 𝑡 + 𝑐 (1)

log 
(
1 − − 𝑀 𝑖 ∕ 𝑀 𝑓 

)
= 𝑡 + 𝑐 (2)

 ∕ 𝑀 𝑖 = 1∕ 𝑀 𝑓 
2 + 𝑡 ∕ 𝑀 𝑓 (3)

 𝑖 ∕ 𝑀 𝑓 = 𝑘 𝑡 0 . 5 + 𝑐 (4)

 𝑖 ∕ 𝑀 𝑓 = 𝑘 𝑡 𝑛 (5)

here x refers to percentage release of IC from the interlayer gallery of
HN–SDS–IC–CMC at time, t; c represents a constant; and M i and M f , are
12 
he initial and final concentrations of the IC, respectively. The value of
he rate constant, k , regression values, r 2 , and diffusion exponent value,
 , were calculated from the above equations. The half time, t 1/2 , which
epresents the time required by the ZHN–SDS–IC–CMC to release the IC
ntil half of its maximum percentage is released, was obtained from the
elease profile. The comparison of t 1/2 , k and r 2 for the release process
n the release media of Na 3 PO 4 , Na 2 SO 4 and NaCl are summarised in
able 4 . The fitting with the r 2 value that is the closest to 1 was chosen
s the best fit for the release data. 

The fitting of the data and the summary in Table 4 revealed that the
elease of the IC from the ZHN–SDS–IC–CMC nanocomposite in aqueous
olutions of Na 3 PO 4 , Na 2 SO 4 and NaCl as the release media was best
escribed using a pseudo-second order kinetic model. The linearization
f the release into the pseudo-second order kinetic model suggested that
his kinetic model is the best fit for the release data, with the r 2 value
btained in the range of 0.886 > r 2 > 1.00. This result indicates that
he mechanism involved in releasing the intercalated IC was through a
issolution and ion exchange process. 

These mechanisms can be explained based on the hygroscopic nature
nd gelation forming ability of the CMC. As previously mentioned in the
inetic study section, the water diffusion into the CMC matrix caused
he swelling of the CMC, which then triggered the formation of a thick,
elatinous and viscous gel layer that encapsulated the outer surface of
he ZHN–SDS–IC–CMC. The constant exposure of the ZHN–SDS–IC–CMC
n an aqueous environment during the release process resulted in a con-
inuous inward ingression of water into the swollen CMC gel layer. This
onsequently initiated the disentanglement of the CMC polymeric chain
nd gradual dissolution of the CMC gel layer, which allowed the slow re-
ease of the intercalated SDS and IC into the release media. The release
f the intercalated SDS and IC caused the overall charge of the ZHN–
DS–IC–CMC nanocomposite to be unbalanced. The anions provided in
he release media were then naturally attracted into the excessively pos-
tively charged ZHN layer and entered the interlayer gallery via the ion
xchange process so that the unbalanced charge could be counterbal-
nced. The impact of hygroscopic nature and gelation forming ability
f CMC in slowing the release of IC as agrees well with recent studies
 47 , 54 ]. 

The t 1/2 values were found to be the highest, with the value of 385
hen the aqueous solution of NaCl was used as the release media for the

C, hence proving that the release process was the slowest in this release
edia. The t 1/2 values were found to be the second highest when the

elease was performed in aqueous solution of Na 2 SO 4 and third high-
st with Na 3 PO 4 . These findings revealed that the charge density of the
nions provided by the release media played a significant role in con-
rolling the release rate of the intercalated IC. A clear increase in the
 1/2 values can also be seen when the lower concentration of the release
edia were used in the release process due to the fact that release media

f lower concentration provided fewer anions compared to the release
edia of a higher concentration. The lower concentration led to slower

elease process [55] . 
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onclusion 

The physicochemical characterization performed with PXRD and
TIR revealed that the additional CMC did not cause any alteration
n the type if ions intercalated in the interlayer gallery of ZHN–SDS–
C–CMC. It was also observed that the CMC was only adsorbed on the
urface therefore the success of the CMC coating process was verified.
lthough the result obtained from the TGA/DTG did not show any en-
ancement on the thermal stability of ZHN–SDS–IC–CMC, the tempera-
ure of the final thermal decomposition (above 500 °C) was considerably
igh and proved that the ZHN–SDS–IC–CMC still preserved a good ther-
al stability after the coating process. The morphology analysis showed

hat the addition of the CMC softened the texture of the ZHN–SDS–
C and made the surface flatter and more compact while the original
eatures were vaguely maintained. The release study performed using
V/Vis spectrometry showed that when the ZHN–SDS–IC was coated
ith CMC, a noticeable increase in the time taken by the ZHN–SDS–

C–CMC nanocomposite to reach the maximum IC release was observed
nd proved the potential to prolong the release of the IC. The fitting
f the release data into several kinetic models revealed that the release
f the IC from the ZHN–SDS–IC–CMC in all release media was best de-
cribed with a pseudo-second order kinetic model. This indicated that
he mechanisms involved in releasing the intercalated IC went through a
issolution and ion exchange process. The findings of this study showed
hat the CMC coating has a great potential to improve the CRF proper-
ies of ZHN–SDS–IC nanocomposite. Hence, the ZHN–SDS–IC–CMC can
e used to manufacture a greener and safer insecticide that will benefit
ommunities and the environment. 
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