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KEYWORDS Abstract Carboxymethylcellulose (CMC) acts as a coating material for a magnesium-layered
Magnesium-layered hydrox- hydroxide-3-(4-methoxyphenyl)propionate (MLH-MPP) nanocomposite via spontaneous self-
ide; assembly. The resulting product is called a magnesium-layered hydroxide-3-(4-methoxyphenyl)pro
3-(4-Methoxyphenyl) pionate/carboxymethylcellulose (MLH-MPP/CMC) nanocomposite. The XRD pattern of the
propionic acid; MLH-MPP/CMC nanocomposite showed that MPP was maintained in the interlayers of the
Carboxymethylcellulose; MLH, thus confirming that CMC is only deposited on the surface of the MLH-MPP nanocompos-
Direct reaction method; ite. These findings were also supported by FTIR spectra, SEM and TEM. TGA data showed that

Controlled release the thermal stability of the intercalated MPP was significantly enhanced compared to pure MPP

and uncoated nanocomposite. The release of MPP from the interlayers of MLH-MPP/CMC
nanocomposite showed slower release than did uncoated nanocomposite and followed pseudo—
second-order kinetics. Since the herbicide, MPP was released from the synthesised nanocomposite
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in a sustained manner, thus, it has excellent potential to be used as a controlled-release herbicide

formulation.

© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The excellent intercalation of two-dimensional layered material
offers a new scope for developing composite materials at the
nanoscale. Intense research has targeted the family of layered
material hydroxides, such as layered double hydroxide
(LDH), layered metal hydroxide (LMH) and hydroxide double
salts (HDS) (Liang et al., 2004). The modification of brucite by
isomorphic substitution of cations resulted in the formation of
LDH, while modification of brucite may result in the formation
of LMH when some part of hydroxyl groups from brucite struc-
ture are substituted by water molecule. LMH is closely related
to anionic clay. The general formula to described LMH is
M?*OH),.,(A™ ), /n-yH,0, where M? " is the metallic cation
such as Mg?" Zn*", Co®* and Ni**. A is a counterion with
a negative charge (Hashim et al., 2014; Hussein et al., 2012b).
One of the unique qualities of layered materials is their abil-
ity to intercalate neutral molecules or charged chemical species
into their interlayers. Another specialty of layered materials is
the ability to undergo ion-exchange. The utilization of ion-
exchange properties and the intercalated capability of the posi-
tive layer in LMH have contributed to the removal of organic
pollutants (Braterman et al., 2004). Although the explorations
of LMH are not much as LDH, this material may offer more
possibilities of the metal constituents and the exchangeable
interlayers anion. Recent studies have reported on the intercala-
tion of various anions into the zinc layered hydroxide and cobalt
layered hydroxide (Kasai and Fujihara, 2006; Marangoni et al.,
2009; Neilson et al., 2009). In some cases, the magnetic beha-
viour of the LMH intercalated nanocomposites were studied
as well. This include the previous researches that reported on
the intercalation of 8-((p-(phenylazo)phenyl)oxy)octanoate
ion for the layered copper hydroxide and the intercalation of
alkylsulphonate and halide ion into the layered nickel hydroxide
(Fujita and Awaga, 1997; Taibi et al., 2002, 2014). Not only
cobalt, nickel and copper-layered hydroxide but also zinc-
layered hydroxide have been studied intensely by researchers
(Lee et al., 2010; Ma et al., 2014; Reinoso et al., 2014).
Modifications involving layered nanocomposites have been
performed in order to enhance their effectiveness as storage for
the active agent. A new drug delivery system that incorporated
SASA-LDH nanocomposite into the chitosan beads coated
with pectin was reported in the previous study (Ribeiro
et al., 2014). Another modification that have been study is
the used of chitosan as a stabilizer for the layered metal sul-
phophenyl phosphate that are used for the transducer surface
in biosensing device (De et al., 2015). A modification that
focused on the surface of LDH with the purpose to provide
a protective layer on the LDH surface were also reported in
recent studies (Choi et al., 2010; Kura et al., 2014). This pro-
tective layer will protect this layered nanocomposite from the
acid corrosion. All the modifications that have been made on
the layered nanocomposite shared the same objective which
is to increase the efficiency of layered materials in CRF. The

selection of coating materials plays an important role in the
success of a given nanocomposite formulation in the context
of herbicide delivery and other applications (Kura et al.,
2014). The coating process can be done by using reconstruc-
tion, ionic exchange and spontaneous self-assembly method
(Li et al., 2013). Spontaneous self-assembly method is the best
method since it maintains the initial size of basal spacing and
the crystalline structure of nanocomposite (Dong et al., 2013).

In the past decade, LMH have been used in various con-
texts, including electrodes in alkaline cells, magnetism,
magneto-optics, sensor and drug delivery (Barahuie et al.,
2014; Delahaye et al., 2010; Liu et al., 2012; Park and Lee,
2006; Wardani et al., 2014). LMH also helps in nuclear waste
treatment and the removal of nitrogen and sulphur oxides
(Xue et al., 2007). Recently, there are critically numbers of
environmental issues due to the contaminants, especially in
agriculture sector. The contamination will decrease the quality
of ground water (Bashi et al., 2013). The herbicide was lost due
to runoff and lixiviation along the soil. This runoff will reduce
the concentration of herbicides in the uppermost soil layer and
increase in the residual activity of the herbicide, thus contam-
inate the underground water. In addition most of the herbi-
cides are decompose in the soil by the effect of micro-
organisms and the rate of decomposition reduces as the depth
increases (Jokinen et al., 2000).

LMH can be applied as a remedy for the environment due
to its unique anion exchange capability. LMH is a material
that acts as a reservoir for herbicides, than it has a potential
to be applied for controlled release formulation (CRF)
(Bashi et al., 2013; Hashim et al., 2014; Hussein et al., 2009,
2012a). When conventional agrochemicals are applied, 90%
of the agrochemical will never reach their objective to produce
desired biological response at the precise time and in precise
quantities required by the plants (Dubey et al., 2011). CRF
can maintain the effectiveness of pesticides and fertilizers in
agriculture and drug in medicine (Pérez-de-Luque and
Rubiales, 2009). CRF is a smart formulation that allows for
the release of active agents to the target at a controlled rate
and maintains its concentration in the system within an opti-
mum limit, over a specified period of time (Scher, 1999).
CRF will prolong the activity of active agents by providing
continuously low amount of pesticides, amount that are suffi-
cient for the plants and reduced the number of applications by
achieving a long period of activity duration through a single
application (Akelah, 1996). Therefore, CRF has been used as
a solution for these problems.

Cellulose is a carbohydrate composed of a series of
hydroglucose units connected by oxygen linkages. Car-
boxymethylcellulose (CMC) is a derivative of cellulose, which
replace CH,OH group in the glucose with a carboxymethyl
group. CMC has been used as coating material in order to
decrease toxicity and enhanced the stability of nanocomposite
(Zhou et al., 2014). CMC has a good compatibility and encap-
sulation capacity, thus it has been tried in CRF for drugs and
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pesticides (Li et al., 2012). In a study involving the incorpora-
tion of CMC and the LDH nanocomposite, the results showed
that the intercalated CMC have a better thermal stability than
pure CMC and also pH dependent swelling behaviour
(Yadollahi and Namazi, 2013). In recent research, CMC has
garnered increasing attention due to its unique properties,
which are high viscosity, good film-forming ability, non-
toxicity, biocompatibility and importantly biodegradability
(Alves and Mano, 2008; Yinzhe and Shaoying, 2013). There-
fore, CMC can be readily used in many areas of agro-industry.

Herein, we pursue our previous synthesised MLH-MPP
nanocomposite with the modification on the surface of MLH
by using CMC as a coating material. The coating process was
done through spontaneous self-assembly method and the
nanocomposite formed was named as MLH-MPP/CMC
nanocomposite. The synthesised nanocomposite was charac-
terised using PXRD, FTIR, TGA/DTG, SEM and TEM in
order to confirm the formation of this coated nanocomposite.
To the best of our knowledge, no study has examined the release
of MPP from MLH-coated CMC. Three different concentra-
tions of sodium nitrate and sodium dihydrogen phosphate solu-
tions were used in the release and kinetic study in order to
determine the release behaviour of MPP from both
nanocomposites.

2. Experimental section

2.1. Materials

Herbicide, 3-(4-methoxyphenyl)propionic acid (MPP), magne-
sium oxide (MgO) and carboxymethylcellulose (CMC) were
purchased from Acros Organics. All the chemicals were used
without further purification.

2.2. Synthesis MLH-MPP|/CMC nanocomposite

MLH-MPP nanocomposite with the 0.4 M of MPP was pre-
pared by using direct reaction method as described previously
(Hashim et al., 2016). MLH-MPP nanocomposite was coated
with CMC based on the previous reported by Kameshima
et al. (2009) and Kura et al. (2014). 0.2 g of MLH-MPP
nanocomposite was added to CMC solution (0.2 g, 50 ml).
Then, the mixture was stirred for 12 h at room temperature.
The precipitates were separated by centrifugation and dried
at 60 °C overnight in an oven.

2.3. Characterisation

Powder X-ray diffraction (XRD) patterns were recorded on a
Power Diffraction Bruker AXS using Cu Ko radiation, oper-
ated at 60 kV and 30 mA. The infrared spectra of the samples
were obtained with a Thermo Nicolet 6700 Fourier Transform
Infrared Spectrometer. Each sample was placed in the sample
holder as KBr pallets and scanned from 4000 to 400 cm ™.
Thermal analyses were carried out using a Perkin Elmer Pyris
1 TGA Thermo Balance at a heating rate of 20 °C per minute
in the range 25-950 °C in nitrogen atmosphere. The surface
morphology of the samples was observed by a field emission
scanning electron microscope (FESEM) instrument, Hitachi
Model SU 8020 UHR. Transmission electron microscopy

(TEM) micrographs were taken using the same instrument as
the surface morphology analyses.

2.4. Controlled release study

The release of MPP from the interlayers of MLH-MPP/CMC
nanocomposite was conducted in several concentrations of
sodium nitrate and sodium dihydrogen phosphate solutions
as release media. 3 ml of sodium nitrate solution was poured
into a cuvette. Then, 0.6 mg of MLH-MPP/CMC was added
into the sodium nitrate solution. Next, the cuvette was covered
with a lid and wrapped with parafilm. Similar step were
repeated by replacing the sodium nitrate solution with the
sodium dihydrogen phosphate solution. The MPP concentra-
tion in the release media was determined using Perkin Elmer
UV-Vis Spectrophotometer Lambda 25 at A.x = 219.0 nm.

3. Results and discussion

3.1. PXRD analysis

The XRD pattern of CMC, magnesium oxide/CMC (MCM)
and MLH-MPP/CMC nanocomposite are shown in Fig. 1.
CMC was represented by the broad peak that exists at approx-
imately 20.7°, which indicates a semi-crystalline structure for
CMC. The appearance of the CMC broad peak is similar with
those obtained in previous study (El Sayed et al., 2015).

As shown in Fig. 1, the XRD pattern of the MLH-MPP/
CMC nanocomposite represents the superposition of MCM
and pure CMC. The XRD patterns of MLH-MPP/CMC
nanocomposite shows an intercalation peak at the lower angle
of 26 with the basal spacing, of 17.6 A, proved that MPP anion
was maintained in the interlayers of MLH. The intercalation
peak of MLH-MPP/CMC nanocomposite showed less crys-
tallinity compared to MLH-MPP nanocomposite which due
to the amorphous organic polymer that coat nanocomposite
(Gangopadhyay and De, 1999; Javid et al., 2014). In compar-
ison to previous work on the basal spacing of MLH-MPP
nanocomposite, the basal spacing of MLH-MPP/CMC
nanocomposite is slightly smaller (Hashim et al., 2016). The
decreasing of basal spacing of MLH-MPP/CMC nanocompos-
ite was resulted from the small change in configuration of the
interlayers anion, MPP. This may be due to the decrease in
MPP tilt, which presented the MPP as lying almost horizontal
to the host layer. This results is in good agreement with those
obtained in the previous study (Yang et al., 2007). Table 1
shows the value of basal spacing for the MLH-MPP and
MLH-MPP/CMC nanocomposites. The intense peaks
appeared especially for the 003 reflection at 4.64° and 4.95°
for MLH-MPP and MLH-MPP/CMC nanocomposite, respec-
tively. The 003 reflection is a typical peak for the hydrotalcite-
type materials, which showed the interlayers distance of the
synthesised nanocomposite, and the intensity are related with
the crystallinity degree of the material (Mantilla et al., 2010).

Based on the XRD pattern of MCM, no peak can be
observed at the lower angle of 20, which indicates the lack of
any intercalation in the MCM. The result shows that there is
no possibility for CMC to undergo ion exchange with the
MPP herbicides, even though the presence of CMC can be seen
at 20.7° in XRD pattern of MLH-MPP/CMC nanocomposite.
Therefore, the addition of CMC into the MLH-MPP
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(MLH-MPP/CMC)

(MCM)

Intensity/ arbitrary unit

20 (degree)

Fig. 1 PXRD patterns of MLH-MPP/CMC nanocomposite,
MgO-CMC (MCM) and CMC.

nanocomposite only resulted in the adsorption of the polymer
on the surface of MLH-MPP nanocomposite.

3.2. FTIR analysis

The CMC is a linear, long-chain, water-soluble, anionic
polysaccharide derived from cellulose (Bono et al., 2009).
Fig. 2 shows the FTIR spectra of CMC and MLH-MPP/
CMC nanocomposite.

Based on the FTIR spectrum of CMC, the appeared of
band at wavenumber 897 cm ™! associated with the B-(1,4)-
glycosidic linkages between the glucose units in cellulose
(Viera et al., 2007). The presence of strong band in both spec-
tra can be observed around 1059 cm™" due to C-O stretching
vibration of hydroxyl groups at various positions of glucopy-
ranose units. Previous work have reported that the presence

MLH-MPP/CMC

Transmittance /arbitrary units

1610 1059
- 3431 -
[N TR TR N A TN YRR TN TN [N TN N TN T [ N
4000 3000 2000 1000
Wavenumber/cm™
Fig. 2 The FTIR spectra of CMC and MLH-MPP/CMC
nanocomposite.

of carboxyl groups, and its salts can be identified with the
appeared of two bands at the wavenumber about 1600—
1640 cm ™! and 1400-1450 cm ™' (Pescok et al., 1976). Both
FTIR spectra of CMC and MLH-MPP/CMC nanocomposite
demonstrate the presence of a carboxymethyl substituent at
1610 cm~" and 1433 cm~'. Meanwhile, the visible band at
2925 cm™! is attributed to C-H stretching vibration (Biswal
and Singh, 2004). The broad band around 3431 cm™! is corre-
sponding to the free O-H stretching vibration as well as inter-
and intra-molecular hydrogen bonds that are presence in both
CMC molecule and MLH-MPP/CMC nanocomposite.

The band at 1254 cm ™! in the MLH-MPP/CMC nanocom-
posite spectrum corresponds to the presence of asymmetrical
stretching vibrations of C-O-C, while the symmetrical stretch-
ing vibrations can be seen in the range of 1200-1000 cm™'.
The band appearing at the wavenumber 1513 cm ™' indicated
the presence of asymmetrical stretching vibrations of the

Table 1 Basal spacing and the peak appeared at lower angle of 26 of MLH-MPP and MLH-MPP/CMC nanocomposite.
Nanocomposite Basal spacing (A) Peaks appeared at lower angle of 20 (deg) Ref.

MLH-MPP 18.9 4.64 14.10 - Hashim et al. (2016)
MLH-MPP/CMC 17.6 4.95 15.2 20.7 Present paper
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carboxylate groups regards to the presence of MPP anion and
the symmetrical stretching vibrations can be observed between
the band 1433 cm ™! and 1239 em ™! (Rosca et al., 2005). The
bands appearing at 3697 cm~' and 431 cm~' for MLH-MPP/
CMC nanocomposite spectrum revealed the presence of
multi-coordinate hydroxyl groups of MgO and metal-oxygen
bonds in the brucite-like lattice, respectively (Darder et al.,
2005; Wang et al., 2011). These peaks indicated that the
MLH-MPP nanocomposite was present in the coated
nanocomposite. The FTIR spectra in Fig. 2 have revealed the
successful coated of MLH-MPP nanocomposite with CMC.

3.3. Thermal analysis

TGA/DTG is a method used to determine the thermal stability
of materials through the measure of weight change with tem-
perature. The TGA and DTG analyses obtained for MLH-
MPP nanocomposite, CMC and MLH-MPP/CMC nanocom-
posite are shown in Fig. 3.

The decomposition of MLH-MPP nanocomposite takes
place through the dehydration, dehydroxylation of MLH
and the decomposition of intercalated MPP, as similar with
the previous study (Saifullah et al., 2013). The weight loss
for the removal of surface and intercalated water between
the ranges 47 °C to 140 °C is 8.0%. Meanwhile, the MLH
began to degrade at 300 °C and the final temperature is around
400 °C, with the weight loss 23.5%. The maximum tempera-
ture and weight loss for the degradation of intercalated MPP
is 475 °C and 24.5%, respectively.

The thermograms for CMC show that two stages of weight
loss occurred. The first peak is observed at the 74 °C with
12.5% weight loss corresponding to the dehydration of
CMC. Meanwhile, second peak is observed at 348 °C with
42.4% weight loss. The second weight loss was attributed to
the degradation of side chains and the loss of carbon dioxide
from CMC.

Four stages of weight loss were seen for MLH-MPP/CMC
nanocomposite. The stages of weight losses of MLH-MPP/
CMC nanocomposite are similar to the Dopa-LDH nanocom-
posite coated with Tween-80 that has been reported in previ-
ous work (Kura et al., 2014). The first stage of weight loss
refers to the removal of external surface-adsorbed and inter-

layers water molecules, while the second stage of weight loss
refers to the decomposition of CMC and partial dehydroxyla-
tion of MLH. The third and fourth stages of weight loss cor-
responded to further dehydroxylation of the layers and
decomposition of MPP anions, respectively. The percentage
weight loss for every stage in the degradation of MLH-MPP
nanocomposite, CMC and MLH-MPP/CMC nanocomposite
is tabulated in Table 2. The maximum temperature of the
MLH-MPP nanocomposite was 475 °C which is lower than
the MLH-MPP/CMC nanocomposite with the value of
797 °C. The results showed that coated nanocomposite have
enhanced thermal stability compared to uncoated nanocom-
posite. The total weight loss of MLH-MPP nanocomposite is
56.0%, while 66.6% for MLH-MPP/CMC nanocomposite.
The difference of weight loss indicated that 10.6% of CMC
is successful coated on the surface of MLH-MPP/CMC
nanocomposite.

3.4. Morphological analysis

Fig. 4 shows the surface morphology of commercial CMC and
MLH-MPP/CMC nanocomposite analysed using FESEM.
The interaction between commercial CMC and MLH-MPP
nanocomposite have change the surface morphology of the
commercial CMC. This result was consistence with recent
study (Barkhordari et al., 2014). The CMC shows a fracture-
surface image with undulant and rough structure. The mor-
phology of MLH-MPP nanocomposite without coating mate-
rial shows a flake-like structure (Hashim et al., 2016). After
being coated with CMC, the flake-like structure is not clearly
seen. CMC seems to provide compaction to the surface of
MLH-MPP nanocomposite, thus it results the less clear of
the earlier flake-like structure.

3.5. Transmission electron microscopy analysis

Fig. 5 shows a TEM image of the MLH-MPP/CMC nanocom-
posite. As shown in the image, the presence of a black region
was due to MLH-MPP nanocomposite meanwhile, the exis-
tence of CMC is represented by the lighter shells. Based on
that figure, it revealed that the MLH-MPP nanocomposite
has been coated with the CMC.Fig. 6.
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Fig. 3 TGA/DTG thermograms of CMC and MLH-MPP/CMC nanocomposite.



Carboxymethylcellulose-coated magnesium-layered hydroxide nanocomposite 3979

Table 2 TGA/DTG data on weight loss for CMC and MLH-MPP/CMC nanocomposite.

Sample Step 1 Step 2 Step 3 Step 4 Total weight
Weight Max Weight Max Weight Max Weight Max loss (%)
loss (%)  temp. (°C)  loss (%) temp. (°C) loss (%) temp. (°C) loss (%)  temp. (°C)

MLH-MPP 8.0 89 23.5 353 24.5 475 56.0

CMC 12.5 74 42.4 348 - - - - 54.9

MLH-MPP/CMC  12.5 70 37.1 374 9.1 515 7.9 797 66.6

UPSI 5.0kV 15.7mm x10.0k SE(L)

oo |
5.00um UPSI 5.0kV 15.8mm x10.0k SE(L)

i

MLH-MPP/CMC

3

(|
5.00um

Fig. 4 The FESEM micrograph of CMC and MLH-MPP/CMC nanocomposite at 10 k magnification.

o]
.(

MLH-MPP

UPSI 30.0kV 8.5mm x300k TE 100nm

Fig.5 TEM micrograph of MLH-MPP/CMC nanocomposite at
300 k magnification.

3.6. M PP herbicide release properties

The release of MPP from the interlayers of MLH-MPP/CMC
nanocomposite was determined at Ay, = 219.0 nm using
UV-Vis Spectrophotometer. The release study of MPP from
the interlayers of the MLH-MPP/CMC nanocomposite were
carried out using sodium nitrate and sodium dihydrogen phos-
phate solutions, with several initial concentrations: 5.0 x 107¢
M, 1.0 x 107> M, and 8.0 x 10~* M. The percentage loading
of MPP (%w/w) in the interlayer gallery of the MLH-MPP
has been determined in the previous study, which is 42.19%
(Hashim et al., 2016).

In this study, dihydrogen phosphate and nitrate were
selected as the sacrificial anions in the release media, owing
to the fact that these anions are numerously found in the

100 LI | LI | LI | LI | LU
i 8.0x10* M ]

80 -

60k 1.0x10° M _

«— 5.0x10°M
40

Accumulated release / %

20

0 500 1000 1500 2000 2500

Time / min

0

Fig. 6 . Release profile of MPP from the interlamellae of the
MLH-MPP nanocomposite into solutions containing various
concentrations of NaH,POy,.
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Fig. 7 Release profile of MPP from the interlamellae of the MLH-MPP/CMC nanocomposite into solutions containing various

concentrations of (a) NaH,PO,4 and (b) NaNOs.

Table 3 Percentage release (%) of MPP anion from the
interlayers of MLH-MPP and MLH-MPP/CMC nanocompos-
ites into various concentrations of sodium dihydrogen phos-
phate solution.

Concentrations of nitrate
solution (mol L")

Accumulated release (%)

MLH-MPP MLH-MPP/CMC
nanocomposite  nanocomposite
5.0 % 107° 85 9
1.0 x 107° 87 19
8.0 x 10~* 88 21
Ref. Present paper Present paper

groundwater and rain water (Hashim et al., 2014). Nitrate is
also classified as one of the most problematic and most com-
mon potential groundwater contaminants (Keeney and
Olson, 1986). In a recent study that determine the water qual-
ity at Semenyih River, Malaysia, the result shows that the river
was polluted with several chemical substances including nitrate
(Al-Badaii et al., 2013). Therefore, the aqueous solutions con-
taining nitrate and dihydrogen phosphate are the most suitable
used as the release media to perform the controlled release
study of MPP herbicide from the interlayers of an MLH-
MPP/CMC nanocomposite.

As can be seen in Fig. 7, the release profile shows that the
amounts of MPP released from various initial concentration
of sodium dihydrogen phosphate solution are 85%
(5.0 x 107® M), 87% (1.0 x 10~° M) and 88% (8.0 x 10~*
M). Hence, indicate that the accumulated release percentage

Table 4 Percentage release (%) of MPP anion from the
interlayers of MLH-MPP and MLH-MPP/CMC nanocompos-
ites into various concentrations of nitrate solution.

Concentrations of nitrate
solution (mol L")

Accumulated release (%)

MLH-MPP MLH-MPP/CMC
nanocomposite  nanocomposite

50 x 107¢ 84 10

1.0 x 1072 85 12

8.0 x 10~ 86 82

Ref. Hashim et al. Present paper
(2016)

of MPP into sodium dihydrogen phosphate solution is higher
than the sodium nitrate solution. In the release of MPP from
the interlayers of MLH-MPP/CMC nanocomposite, the per-
centage release in sodium dihydrogen phosphate solution were
found to be 9%, 19% and 21% at the concentration of
50x 107 M, 1.0 x 107> M and 8.0 x 10~* M, respectively
(Fig. 7(a)).

Fig. 7(b) shows the release profile of MPP from the inter-
layers of the MLH-MPP/CMC nanocomposite into sodium
nitrate. As shown in the Fig. 7(b), a rapid release of MPP from
the interlayers of MLH-MPP/CMC nanocomposite can be
seen around the first 3040 min, and then followed by a sus-
tained release. By comparing with the previous work done,
the accumulated release of MPP from MLH-MPP and
MLH-MPP/CMC nanocomposites were shown in Table 3
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parabolic diffusion and (e) Fickian diffusion models.

(Hashim et al., 2016). The percentage accumulated release of
MPP from the interlayers of MLH-MPP nanocomposite in
sodium nitrate solution were 84%, 85% and 86% at the con-
centration of 5.0 x 107® M, 1.0 x 107> M and 8.0 x 10~* M,
respectively. Meanwhile the release of MPP from the interlay-
ers of MLH-MPP/CMC nanocomposite in sodium nitrate

solution were 10%, 12% and 82% at the concentration of
50%x107° M, 1.0 x 107> M and 8.0 x 10~* M, respectively.
As the concentration of the sodium dihydrogen phosphate
and sodium nitrate solutions increases, the percentage accumu-
lated release of MPP from the interlayers of nanocomposites
also increases. This is due to the increasing of sacrificial anions
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along with the increasing concentration in the release solu-
tions. The presence of these sacrificial anions will enhance
the release of MPP from the interlayers of nanocomposite,
thus heightening the accumulated release of MPP. These
results are therefore, is in good agreement with those obtained
in previous studies (Hussien et al., 2009).

The release rate of MPP from the interlayer of nanocom-
posite is quite fast at the first 40 min in dihydrogen phosphate
solution, and the equilibrium is achieved at 1658 min

(5.0 x 107 M), 134lmin (1.0 x 10=> M) and 539 min
(8.0 x 10™* M). As for the release of MPP from the interlayers
of MLH-MPP/CMC nanocomposite in dihydrogen phosphate
solution, the equilibrium is achieved at 5612 min (5.0 x 1076
M), 4072 min (1.0 x 107> M) and 3002 min (8.0 x 10~* M).
The saturated release of MPP from MLH-MPP nanocompos-
ite in sodium nitrate solution was achieved at 530 min, 500 min
and 140 min whereas, 3449 min, 3436 min and 1270 min for
MLH-MPP/CMC nanocomposite along with the increased
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Table S Correlation coefficients, rate constants and half life (¢;) obtained from the data of MPP release from the interlayers of
MLH-MPP and MLH-MPP/CMC nanocomposite into sodium dihydrogen phosphate solution.

0-500 min

Na,HPO, (mol L")  Zeroth Order  First Order

Parabolic Diffusion

Fickian Diffusion  Pseudo-second Order

r P k (x 10%)s7! t72 (min) ¢

5.0 x 107¢ 0.977 0.959 0.874 0.933 0954 7.77 368.29 84.4
1.0 x 107° 0.988 0.960 0.924 0.978 0.997  63.29 321.95 14.5
8.0 x 107* 0.740 0.900 0.889 0.745 0.994 6783.60 41.46 —0.14
50x 107 0.998 0.998 0.961 0.966 0982 0.12 1412.68 22.90
1.0 x 10°° 0.909 0.916 0.971 0.932 1.000 44.27 538.54 —0.06
8.0 x 10°* 0.696 0.719 0.826 0.718 1.000 2.19 39.02 1.26

concentration. This is therefore, indicate higher release rate
were observed when the MPP herbicides were released in
sodium nitrate solution, compare to dihydrogen phosphate
solution. The CMC coating process were also proven to
greatly enhance the controlled release behaviour of the
MLH-MPP nanocomposite. These results were interpreted
on the basis of the ion-exchange process between the MPP
and anions in the release solution.

The release rate of MPP is faster in sodium nitrate solutions
than in the sodium dihydrogen phosphate solution, which is
due to the differences in molecular geometry own by the dihy-
drogen phosphate and nitrate. Molecular geometry of nitrate is
a trigonal planar geometry while the dihydrogen phosphate
have a tetrahedral geometry (Bowman-James, 2005). Nitrate
can be intercalated with flat-lying structure which is much
easier compared to dihydrogen phosphate, thus increase the
release rate of MPP herbicide. Meanwhile for tetrahedral
anions, there are two possible ideal configurations that occur
in the LMH interlayer, which are pyramidal configuration with
its C; axis perpendicular to the hydroxide layer whereas C,
axis will be perpendicular to the hydroxide layer for the second
configuration (Braterman et al., 2004). Therefore, the interca-
lation process of dihydrogen phosphate into the interlayer of
MLH needs more time compared to nitrate.

The release patterns of MPP from MLH-MPP and MLH-
MPP/CMC nanocomposites are generally the same for both
solutions. The initial release is faster and has slowed down
afterward until equilibrium is achieved. The phenomenon
occurred are similar to previous study reported by Ambrogi
et al. (2001). The release of herbicide anion is controlled by
the rigidity of layers and the diffusion path length. is consid-
ered as a semirigid material. The intercalated herbicide will
be exchanged with the smaller species, nitrate or dihydrogen
phosphate, and resulting in the decrease of basal spacing of
nanocomposite. This phase transformation will initially begin
on the external part of nanocomposite crystals. When the
smaller and larger anions co-exist in the same crystal, there will
be a formation of phase boundary. As the ion-exchange pro-
ceeds, phase boundary moves to the centre part of the crystal
and the herbicides release process will become slower.

Even though the release patterns of MPP from MLH-MPP
and MLH-MPP/CMC nanocomposites are generally the same
for both solutions, the time needed to achieve the equilibrium
release of MPP from MLH-MPP/CMC nanocomposite into
the sodium dihydrogen phosphate and sodium nitrate

solutions is longer than MLH-MPP nanocomposite. More-
over, the accumulated release of MPP from MLH-MPP and
MLH-MPP/CMC nanocomposites into both dihydrogen
phosphate and sodium nitrate solutions are quite different.
As shown in Tables 3 and 4, MLH-MPP nanocomposite
coated with CMC gave a better protection to MPP herbicides
than uncoated nanocomposite, since it took up to 3002 min to
release 21% of MPP and 1270 min to release 82% of MPP in
sodium dihydrogen phosphate and sodium nitrate solutions,
respectively. This result is closely related with the increase in
diffusion distance of MPP herbicide for coated nanocompos-
ite, before release from the MLH interlayers. The increases
in the diffusion distance of MPP herbicide before it is released
from the MLH interlayers causing the ion-exchange process
becomes slower and therefore, increases the time taken for
MPP to be released. The trigonal planar geometry, nitrate is
easy to be diffused and undergoes ion-exchange process with
the intercalated anion, MPP herbicide. Therefore, MPP herbi-
cide is favourable to be released in sodium nitrate solution
compared to the sodium dihydrogen phosphate solution. This
observation shows good agreement with the previous study
that reported on the release of isoproturon and imidacloprid
from  alginate-bentonite-activated  carbon  formulation
(Garrido-Herrera et al., 2006). This result demonstrates that
the release of MPP from MLH-MPP/CMC nanocomposites
is affected by the diffusion distance of MPP and the geometry
of the anions provided by the release solution. The controlled
release study of the MLH-MPP/CMC nanocomposite con-
ducted is therefore, proven that the CMC is an effective inor-
ganic matrix for the herbicides storage, and the release of MPP
herbicide can be extended, and it is safe for the environment.

3.7. Kinetic study

The kinetic study was done in order to clarify the mechanism
by which MPP is released from the MLH-MPP/CMC
nanocomposite. The data obtained from the release study of
coated nanocomposite were furthered with the kinetic study
by using commonly five different kinetic models; which are zer-
oth order (Lobo and Costa, 2001), first order (Abdul Latip
et al., 2013), pseudo-second order (Kura et al., 2014), para-
bolic diffusion (Hussein et al., 2011) and Fickian diffusion
kinetic models (Hashim et al., 2014). The equations for each
kinetic models are required as below:
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where M; and M are referred to the initial and final concentra-

Zeroth order model: x=t+c Y o - ] . o
First order model: —log(1-My/Mp) = t + ¢ tion of MPP herbicides, respectively, while n is an empirical
Pseudo-second order model: t/M; = 1/(M3) + t/M; parameter describing the release mechanism and ¢ is a con-

Parabolic diffusion model: M/M; = kt®3 + ¢ stant. The value of x corresponds to the percentage release
Fickian diffusion model: M;/M; = kt" of MPP herbicide at time ¢. The parameter correlation coeffi-
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Table 6 Correlation coefficients, rate constants and half life (¢;) obtained from the data of MPP release from the interlayers of

MLH-MPP/CMC nanocomposite into sodium nitrate solutions.

0-500 min

NaNOs (mol L") Zeroth order  First order

Parabolic diffusion

Fickian diffusion  Pseudo-second order

P " k(x107%s™ ¢, (min) ¢
50 x107° 0.908 0.919 0.980 0.971 1.000  367.44 431.00 0.76
1.0 x 1073 0.916 0.929 0.963 0.958 1.000  283.79 396.96 0.97
8.0 x 107* 0.630 0.853 0.802 0.917 0.930  0.52 7.38 112.00

cients, %, rate constant, k and ¢ 1)2 values are calculated based
on the listed equations.

Kinetic study for the release of MPP from the MLH-MPP
nanocomposite interlayer is performed by using the qualitative
analysis. Figs. 8 and 9 show the fitting of the release data
between 0 and 500 min for MPP release from the interlayers
of MLH-MPP and MLH-MPP/CMC nanocomposite into
sodium dihydrogen phosphate solution, respectively. The best
fitted graph can be obtained when the resultant ° values are
closest to 1. As shown in Table 5 zeroth order is seemed to
be unsuitable for describing the mechanism due to its low
value. The first order, parabolic diffusion and Fickian diffu-
sion models also resulted in poor linearity. The fitting of the
release data for MLH-MPP and MLH-MPP/CMC nanocom-
posites in the sodium dihydrogen phosphate solution is best
achieved with the pseudo-second order model as is evident
by the high r? values. Pseudo-second order has elucidated that
the release of herbicide from the inorganic MLH interlayer is
involved in the dissolution of nanocomposite as well as ion
exchange between the intercalated anions in the MLH inter-
layer and nitrate anions in the aqueous solution. The similar
results has been reported by Hashim et al. (2014) for the
release of cloprop from cloprop-LDH nanocomposite into
phosphate solution.

Fig. 10 shows the fitting for MPP release data from MLH-
MPP/CMC nanocomposite into the sodium nitrate solution
system between 0 and 500 min. Based on the result, the release
data shows a good fitting with pseudo-second order as evident
by a maximum r° values of 1 compared to zeroth, first, para-
bolic diffusion and Fickian diffusion model (Table 6). Thus,
it confirms that the release of MPP from the interlayers of
MLH-MPP/CMC nanocomposite into sodium nitrate solution
involved the slow dissolution of MLH-MPP/CMC nanocom-
posite as well as ion exchange between the MPP in the interlay-
ers of MLH with the nitrate anion present in the release
solution.

Based on Tables 5 and 6, half life (¢,/5) for the release of
MPP decreased as the concentration of release solution
increases. These results showed that the release of MPP into
the solution was found to be faster as the higher capacity
anions intercalated into the interlayers of MLH through ion
exchange process. The same pattern of ¢;, value can be
observed for the release dichlorprop from Zn/Al-dichlorprop
synthesised using direct co-precipitation (DPPADI) nanocom-
posite and Zn/Al-dichlorprop synthesised using anion
exchange process (DPPAEX) nanocomposite (Hussein et al.,
2011a, 2011b).

4. Conclusion

In summary, CMC was successfully coated on the external sur-
face of an MLH-MPP nanocomposite. The XRD patterns for
coated nanocomposites show that the coating materials, CMC
only resulted in adsorption of the polymer on the surface of the
MLH-MPP nanocomposite. FTIR spectroscopy has sup-
ported the presence of CMC on the MLH-MPP nanocompos-
ite. The thermal stability of MPP in the interlayers of MLH-
MPP/CMC nanocomposite was remarkably enhanced. Based
on this result, coated nanocomposite shows the ability to pro-
long the release of MPP from the interlayers of MLH, thus
proving that the CMC-coated MLH-MPP nanocomposite
could enhance the controlled release behaviour of this particu-
lar nanocomposite. The release of MPP from the interlayers of
synthesised coated nanocomposite was governed by a pseudo—
second-order model, as evidenced by high 1 values. Therefore,
it can be concluded that MLH nanocomposite coated with
CMC is an excellent inorganic matrix that could improve the
release of MPP in the agricultural sector.
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