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Abstract
A new nano host-fungicide, namely zinc hydroxide nitrate–sodium dodecyl sulphate–fluazinam (ZHN–SDS–FZ) was suc-
cessfully synthesised using an ion exchange method. The intercalation of fluazinam (FZ) in the interlayer gallery of ZHN–
SDS was confirmed by PXRD pattern with the basal spacing of 32.7 Å. The FTIR confirmed that FZ exist in the interlayer 
gallery. The elemental analysis also supported the presence of FZ in the interlayer ZHN–SDS where the percentages of 
nitrogen, which contributed by FZ was 65.6%. Meanwhile, the percentages of Zn in the nano host-fungicides was estimated 
to be 11.5%. Furthermore, TGA/DTG pattern showed that the nano host-fungicide ZHN–SDS–FZ has better thermal stabil-
ity compared to pure FZ. The intercalation of FZ leads to the change of morphology, surface area and also the porosity. The 
classification of porosity of ZHN–SDS is mesoporous, meanwhile ZHN–SDS–FZ is non-porous. The BET-BJH surface area 
shows that ZHN–SDS and ZHN–SDS–FZ is of Type IV and Type III respectively. The controlled release of FZ from the 
ZHN–SDS–FZ nano host showed that phosphate and carbonate solutions yield the higher percentages of release compared 
to chloride solutions. The controlled release of FZ was found to be governed by a pseudo-second order mechanism for all 
medium. In this research, FZ can act as a good guest anion to be intercalated in the interlayer ZHN–SDS to be further used 
in agricultural sector due to the slowest release of FZ in the phosphate, carbonate and chloride solutions as a release medium.
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1  Introduction

Layered inorganic materials for an example layered 
hydroxide salt (LHS) and layered double hydroxide (LDH) 
enables to intercalate the great anion that compatible in 
the interlayer space that provide great attention as plat-
form for an intercalated to form new layered materials [1]. 
Layered materials are defined as a crystalline materials in 
which the interlayer atoms are bonded with various bonds 
such as covalent, ionic, ion covalent and metallic bonds 
[2]. Layered metal hydroxides such as (Zn (OH)2) is the 
simplest examples of compounds that comes from brucite-
like structures. The brucite-like structure can undergo the 
substitution of a part hydroxide group by water molecules 
and anions. It was same characteristic with layered hydrox-
ides salts (LHSs) that consists of a positively charge metal 
hydroxides nanolayer and interlayer anions which consist 
of exchange anions and water molecules [3]. Lately, lay-
ered materials are often used that act as host matrices for 
many guest anions for an example, ferric chloride [4], 
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P-coumaric acid (pCA) [5], nucleotides and DNA [6], 
ferulic acid (FA) [7], chlorpyrifos [8], cyclamate and 
saccharin [9], ethylenediaminetetraacetate (EDTA) [10], 
4-chlorophenoxyacetate [11], ciprofloxacin [12], dodecyl-
sulfate (DDS) and dodecyl benzenesulfonate (DBS) [13], 
L-phenylalanate [14], and hexaconazole [15].

For zinc hydroxide nitrate–sodium dodecyl sulphate 
(ZHN–SDS) nanocomposites, the molecular layer of SDS 
can be taken as the positively charged guest layer of LDH 
in order to balance the charge of the layer [16]. Therefore, 
it would be easiest for the pesticides to be intercalated into 
the interlayer of LHSs or LDHs especially for poor water-
soluble pesticides.

Pesticides application are referred to the practical ways in 
which the pesticides are delivered to their biological target 
to make its more efficient and minimise their release into 
the environment and human exposure [17]. The main func-
tion of the pesticide application is to manages and control 
the use of pesticides that may lead to air pollution, water 
contamination and thus cause contaminated food. The World 
Health Organisation, 2019 reported that contaminated food 
causes more than 200 disease and that an estimated 600 mil-
lion, about 1/10 of the humans in this world get sick due to 
contaminated food and about 420,000 die every year. This 
is because of contaminated food with harmful microorgan-
ism or chemical substances [18]. Chemical pesticides have 
greater chances to increase crop yield by controlling pests 
and disease in agriculture especially for all living things 
[19]. To increase crop production, pest management must 
be effective.

Fluazinam (FZ) which is also known by the 
IUPAC name of 3-chloro-N-(3-chloro-2,6-dinitro-
4-trifluoromethylphenyl)-5-trifluoromethyl-2-pyridinamine 
with the chemical formula C13H4Cl2F6N4O4, is one of the 
few fungicides which is one of the group of pesticides that 
is unrelated to the dicarboximides and possesses a high level 
of activity against sclerotinia blight that resulted in excellent 
control in fields trials [20]. The structure of FZ is shown in 
Fig. 1. It exists as yellow crystals and it easily soluble in 
methanol, dichloromethane, acetone and the other organic 
solvents, however, it has poor solubility in water and alcohol 
[21].

One of the unique properties owned by FZ is as a pro-
tective fungicide that enables it to disturb the fungal cell 
process by uncoupling activity [22]. This material is also a 
broad spectrum fungicide which is widely used in agricul-
ture against diseases such as potato blight [23]. Resistance 
of fungi to fungicides is a major problems to control the 
agricultural activity to fight plant pathogens [24]. Besides, 
this fungicide has a good residual effect and rain fastness 
even though it is a prophylactic fungicide [25].

Therefore, it is possible to intercalated the fungicides 
between the zinc hydroxide nitrate (ZHN) and sodium 

dodecyl sulphate (SDS) to balance the charged between 
ZHN for the agricultural sector.

In this research, FZ was chosen to be inserted into the 
interlayer space of ZHN with the exist of sodium dodecyl 
sulphate (SDS) anion. To our knowledge, no study has 
yet been reported yet about the intercalation of FZ into 
the interlayer space of zinc hydroxide nitrate (ZHN) and 
sodium dodecyl sulphate (SDS) using an ion exchange 
reaction method. The controlled release of FZ from the 
ZHN–SDS–FZ nano host was studied in three release 
medium which were phosphate, carbonate and chloride solu-
tions, and their release behaviour was observed and studied. 
The FZ fungicides used in the research will affect the fungus 
that causes the diseases in agriculture such as potato planta-
tion. The fungicides will work by damaging the cell mem-
brane of the fungus, inhibiting an important process in the 
fungus. The product can be formed as a tablet and a powder 
to be used on agricultural application.

2 � Materials and methods

Zinc nitrate (Zn(NO3)2·6H2O) was purchased from System 
Malaysia, SDS from Across Organic and Sodium hydroxide 
(NaOH) from Sigma Aldrich. Meanwhile fluazinam fungi-
cides, C13H4Cl2F6N4O4 (FZ) was purchased from Fisher 
Scientific. All chemicals were used without any further 
purification.

2.1 � Synthesis of ZHN–SDS–FZ

The ZHN–SDS–FZ nano host was synthesised in a two-
step process which were the co-precipitation method and 
the direct reaction methods. First, the co-preparation method 
was used to synthesise zinc hydroxide nitrate–sodium dode-
cyl sulphate (ZHN–SDS) by following a procedure described 
elsewhere [8]. Firstly, NaOH (1.0 M) and Zn(NO3)2·6H2O at 
40 mL were poured into 40 mL SDS (0.25 M) slowly. The 
pH value of the solution was adjusted until it reached 6.5. 
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Fig. 1   The chemical structure of fluazinam
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Then, the obtained slurry mixture was aged at 70 °C for one 
day in an oil bath shaker. Then, the slurry was centrifuged at 
4000 rpm for about 300 s to collect the precipitate and this 
was dried the at 60 °C in an oven. After that, the precipita-
tion was ground into fine powder using a mortar, then stored 
in a sample bottle and labelled as ZHN–SDS.

In the second step, FZ was dissolved in dichloromethane 
(DCM) was prepared to be intercalated and added to the 
certain concentration of ZHN–SDS using an ion exchange 
method. The FZ solution (50 mL of 0.0125 M FZ solution) 
was poured into 0.3 g of synthesised ZHN–SDS to be dis-
sociated in it. 20 mL of deionized water was added into the 
mixture and stirred for 2½ h. The slurry was aged at 70 °C 
for a day in an oil bath shaker. Then, the slurry was centri-
fuged at 4000 rpm for 300 s and the yellow precipitation was 
dried in an oven at 60° C for a day. Then, the precipitation 
was ground into a fine powder and kept in a sample bottle for 
characterisation purposes. Similar step was repeated using 
different concentration of FZ solution (0.025 M and 0.05 M).

2.2 � Characterisation

The characterisation of the ZHN–SDS–FZ nano host was 
investigated by Powder X-Ray diffraction (PXRD), thermal 
analysis, Fourier transform infrared spectroscopy (FTIR), 
BET surface area, surface morphology analysis and elemen-
tal analysis. The PXRD was used over a scanning range of 
2θ at 2°–60° with a scanning rate of 2° min−1 (30 kV and 
15 mA). FTIR were recorded over the range 400–4000 cm−1 
on a Perkin-Elmer spectrophotometer using the KBr disc 
method. Thermal analysis (TGA/DTG) was carried out using 
a Mettler Toledo TGA/SDTA851 analyser with a heating rate 
of 10 °C min−1 between 35 and 1000 °C, under a nitrogen 
flow rate of about 50 ml min−1. A CHNO-S analyser, model 
CHNS-O-932 of LECO Instruments was used for CHNO-S 
analyses. Then, the elemental analysis of the nano host was 
determined by an inductively coupled plasma atomic emis-
sion spectrometry (ICP-OES) with a Perkin-Elmer spectro-
photometer model Optima 2000 DV. The BET surface area 
of the samples was determined using nitrogen gas adsorp-
tion–desorption technique at 77 K together with the BET 
equation. The surface morphology of ZHN–SDS–FZ was 
observed using high-resolution field emission scanning elec-
tron microscope (FESEM) (Hitachi SU 8020 UHR, Japan).

2.3 � Controlled release study of nano host

The controlled release study of ZHN–SDS–FZ using phos-
phate solution (Na3PO4), carbonate solution (Na2CO3), and 
chloride solution (NaCl) as a model was performed with 
three concentrations which were 0.3, 0.5, and 1.0 M using 
a UV–visible spectrophotometer. 0.6 mg was dispersed in 
the solution for the ion exchange process as reported in 

the previous study [26] in order to study the release of FZ 
from ZHN–SDS by the selected solution [12]. The amount 
of FZ released from the interlayer space of ZHN–SDS–FZ 
into the solution was recorded at the present time with 
λmax = 245.5 nm.

3 � Results and discussion

3.1 � Powder X‑ray diffraction (PXRD) analysis

PXRD analysis is one of the characterisation techniques 
used to prove that the intercalation of FZ into ZHN–SDS 
was successfully achieved, and the PXRD pattern for FZ, 
ZHN–SDS and the resulting ZHN–SDS–FZ nano host are 
shown in Fig. 2. The intercalation of a surfactant which 
is SDS enables the enlargement of the size of ZHN effec-
tively delaminating it [27], thus making it easier for FZ 
to be intercalated. SDS carries negative charges which 
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Fig. 2   PXRD pattern of ZHN–SDS (a) and the ZHN–SDS–FZ nano 
host with various concentration of FLUAZINAM (FZ) (b) 0.0125 M 
(c), 0.0250 M (d) and 0.050 M (e) (Color figure online)
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allow the establishment of electrostatic interactions with 
the ZHN interlayer during the intercalation of SDS [28]. 
This is due to the SDS containing three oxygen atoms 
(SO3 group). The basal spacing of ZHN–SDS at 33.0 Å 
reveals that the SDS were located perpendicular to 
become a monolayer arrangement in the interlayer space 
of ZHN. As the FZ is inserted, the negative charge of FZ 
is attracted to the positive charge between the interlayer 
of ZHN. Both SDS and FZ stays in their position in the 
interlayer space of ZHN due to an electrostatic interac-
tion. Moreover, the PXRD diffraction patterns of the 
ZHN–SDS–FZ nano host are characteristic of a structural 
disorganisation, exhibiting a turbostatic effect denoted by 
the enlargement of the interlayer space of the nano host 
and the weak bond interactions between the interlayer of 
the host and the guest anions [29]. Meanwhile, the crys-
tallinity of ZHN–SDS–FZ nano host is lower than that 
for the ZHN–SDS which located at 33.0 Å due to steric 
hindrance by water molecules coordinated to the zinc tet-
rahedrons [30]. The decreasing of intensity peak at lower 
2θ for (c), (d) and (e) compared to the (a) XRD pattern 
that same as reported as the intensity peaks for TBD-LDH 
catalysts decreased as compared to SDS-LDH structures 
as the SDS are exchanged with TBD moieties [31].

By subtracting the hydroxide plate thickness which is 
4.8 Å [32], which the inorganic layers formed by Zn2+ 
cations as same as LDH [13], and each tetrahedrons 
(2.6 Å X 2) make the interlayer space that available for 
the SDS and FZ was calculated to be 21.7 Å. Therefore, 
it is acceptable to subtract 4.8 Å of Zn2+ and each tet-
rahedron to determine the space in the interlayer space 

of ZHN as shown in Fig. 5. The ZHN–SDS–FZ diffrac-
tion peak in Fig. 2 shows that the nano host presented 
an expanded basal spacing of 31.7 Å for 0.025 M of FZ 
anion. Considering that FZ are inserted into the inter-
layer space of ZHN–SDS–FZ nano host through electro-
static attractions and hydrogen bonds to water molecules 
located at the zinc tetrahedral apex, the proposed nano 
host by intercalation and the value of the basal spacing 
are illustrated in Fig. 5. The intercalated peak at 2θ of 
the nano host shows a slight decrease of basal spacing 
as the FZ concentration increases. This is because of the 
adsorption at different orientation angles in the interlayer 
of the nano host [33].

As a result, ZHN–SDS–FZ nano host prepared using 
0.025 M as a complete ion exchange produced sharp peaks 
compared to 0.0125 M and 0.50 M. The ZHN–SDS–FZ 
diffraction peak in Fig. 2 proves that the nano host was 
successfully synthesised. This complete synthesised of 
the nano host was chosen as a well-ordered nano host to 
be used in the next characterisation.

Fig. 3   3-D molecular structure of the SDS

Fig. 4   3-D molecular structure of the FZ

Fig. 5   The proposed spatial orientation of FZ in the interlayer space 
of ZHN–SDS–FZ nano host
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3.2 � Spatial orientation of ZHN–SDS–FZ nano host

Chem 3D Ultra software was used to propose an orienta-
tion of SDS (Fig. 3), FZ (Fig. 4) and ZHN–SDS–FZ nano 
host (Fig. 5). The x, y and z axes of FZ were determined 
to be 8.2 Å,13.3 Å and 9.1 Å respectively, whereas the x, 
y and z axes of SDS were determined to be 5.5 Å, 18.2 Å, 
and 6.0 Å respectively. The schemed spatial orientation of 
FZ in the ZHN–SDS interlayer space is obtained based on 
the basal spacing observed from PXRD analysis. The nega-
tively charged FZ is arranged parallel to surfactant SDS in 
a monolayer arrangement, where the negative charge of FZ 
is attracted to the positively charged ZHN layer via electro-
static force. The basal spacing in PXRD of ZHN–SDS- FZ 
is 31.7 Å and the interlayer height of the nano host is deter-
mined to be about 21.7 Å, which was obtained by subtracting 
the thickness of ZHN layer at 4.8 Å, and the thickness of the 
Zn tetrahedron at 2.6 Å/each. For the SDS molecules, it was 
believed they stay in the monolayer arrangement because the 
values are very close between SDS and the interlayer height 
of the nano host where the values are 18.2 Å and 21.7 Å 
respectively [34]. This is due to the axis of the SDS mol-
ecule being 18.2 Å which it was the longest axis as shown 
in Fig. 3. The proposed orientation of the SDS and FZ in the 
interlayer of ZHN were predicted and illustrated in Fig. 5.

3.3 � Fourier transform infrared (FTIR) analysis

The successful FZ intercalated into the interlayer space of 
ZHN–SDS were supported by FTIR analysis. ZHN–SDS, 
FZ and the ZHN–SDS–FZ nano host spectra are shown in 
Fig. 6.

The FTIR spectra at 3570  cm−1 shows a strong and 
sharp band due to the OH group of the free H2O molecule 
of ZHN–SDS–FZ (O–H stretch). Whereas at 3461 cm−1 it 
shows the strong and broad absorption (OH vibration). This 
is because of the hydrogen bond that is formed between the 
H2O molecule. The band at 1637 cm−1 is referred to the 
H2O that is present in the ZHN–SDS layer. There are two 
main doublet absorption bands existing at 2846 cm−1 and 
2913 cm−1 which are referred to an aliphatic group (stretch-
ing vibration), while, the band at 1458 cm−1 refers to the 
aliphatic group (bending vibration). For SDS molecules, 
bands can be seen at 1220 cm−1 and 1084 cm−1 that show it 
is a sulphate group (S=O). While the presence of nitrate ion 
(NO3) at 1364 cm−1 show a strong absorption band affirm-
ing that the zinc nitrate was used as the metal ion which 
contributed to zinc hydroxide nitrate (ZHN).

Also shown in Fig. 6, ZHN–SDS–FZ displays several 
peaks that existence the peak of FZ and ZHN–SDS. For the 
hydroxyl group of the water molecule, a strong and broad 
band displays at 3498 cm−1, while a band at 1602 cm−1 
shows that there are free water molecules in the interlayer 

space of the ZHN–SDS–FZ nano host. A sharp doublet 
absorption of the ZHN–SDS–FZ nano hosts resembles the 
band in ZHN–SDS layer at 2858 and 2920 cm−1 refer to the 
(C–H stretch) group that is present in the nano hosts. The 
bands appearing at 1238 and 1074 cm−1 are assigned to the 
sulphate group S=O (asymmetric and symmetric stretching 
vibration). This shows that SDS molecules exist in the both 
interlayer space of ZHN–SDS and the ZHN–SDS–FZ nano 
host.

The typical absorption band of FZ that appear in 
ZHN–SDS–FZ nano host spectra at 1334 cm−1, 985 cm−1 
and 734 cm−1 are due to the stretching vibration of C–F, 
C–N and C–Cl respectively. Two strong bands of N–O 
stretching in the FZ spectra at 1500 cm−1 and 1558 cm−1 
also appear in the ZHN–SDS–FZ at 1496  cm−1 and 
1558 cm−1. The N–O band at 1364 cm−1 in the ZHN–SDS 
spectra disappeared in the ZHN–SDS–FZ spectra, which 
affirms that NO3− has been removed after the ion exchange 
process for FZ to be intercalated into the interlayer of 
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ZHN. Moreover, the bands of N–H stretching for ali-
phatic amine at 3390 cm−1 in FZ spectra appeared in the 
ZHN–SDS–FZ spectra at 3392 cm−1. The medium weak 
band of C=C aromatic at 1602 cm−1 also appeared in the 
ZHN–SDS–FZ spectra indicating that FZ has been suc-
cessfully intercalated into the ZHN–SDS interlayer space. 
However, the position of these bands was slightly different 
because of a slightly shifted due to an interaction between 
FZ, SDS and ZHN to form ZHN–SDS–FZ nano host. This 
was due to the FZ and H2O in the interlayer space being 
free to move by breaking bonds to the layer and forming 
new ones [35]. In general, H2O is held through the forma-
tion of hydrogen bond with the hydroxides layer and/or 
with the interlayer anion [36]. The bands that appeared in 
the FTIR spectra that were assigned to FZ, ZHN–SDS, and 
the ZHN–SDS–FZ nano host are summarised in Table 1.

3.4 � Elemental analysis

The TGA/DTG analysis of ZHN–SDS and ZHN–SDS–FZ 
nano host are shown in Table 2. It shows that ZHN–SDS 
contains 24.8% carbon, 5.5% hydrogen, 2.5% nitrogen and 
3.4% sulphur, while the ZHN–SDS–FZ nano host contains 
31.4% carbon, 1.2% hydrogen, 7.9% nitrogen, and 3.1% 
sulphur. The percentage loading of FZ in the interlayer of 
ZHN–SDS was calculated to be 65.6%. The existence of the 
FZ anion in the nano host was proven which supports the 
successful intercalation of FZ into its nano host. Therefore, 
the nitrogen for ZHN–SDS–FZ nano host was contributed 
by the FZ anion.

The percentages of Zn in the ZHN–SDS–FZ nano host 
was determined to be 11.5% from ICP-OES analysis. Data 
obtained for the peak of NO3

− in the interlayer space of 
ZHN no longer exists in the nano host spectra which con-
tributed to ZHN–SDS–FZ nano host. This means that all the 
NO3

− have been replaced by FZ anions due to ion exchange 
methods during the intercalation process as shown in the 
PXRD and FTIR analysis. The proposed chemical formula 
for ZHN–SDS–FZ nano host formed from the elemental 
analysis is Zn(OH)0.18(CH3(CH2)11SO4)0.10(C13H4Cl2F6N4
O4)0.14·1.54H2O.

3.5 � Thermal analysis (TGA/DTG)

Figure 7 shows the thermal decomposition behaviour for 
FZ, ZHN–SDS–FZ nano host and ZHN–SDS. In Fig. 7a, 
2 stages of decomposition of FZ were observed, the first 
decomposition at 217 °C with a 35.2% weight loss, and a 
second decomposition at 301 °C with the weight loss of 
62.2%. This shows that the optimum temperature of FZ 
occurred.

For ZHN–SDS–FZ nano host, four steps of decomposi-
tion observed as shown in Fig. 7c. The first step of thermal 
decomposition with minor weight loss of 13.6% at 186 °C is 
related to an elimination of water molecules that exist in the 
interlayer space of ZHN–SDS. The second step of thermal 
decomposition at 216 °C with a weight loss of 20.4% refers 
to the decomposition of SDS. While the third step of thermal 

Table 1   FTIR bands for ZHN–SDS, fluazinam anion and ZHN–SDS–
FZ nano host

Characteristic group ZHN–SDS 
(cm−1)

ZHN–SDS–
FZ (cm−1)

Fluazi-
nam 
(cm−1)

(O–H), H-bonded 3461 – –
(O–H), H2O 3570 3498 –
(N–H) stretch – 3392 3390
(=C–H) stretch – 3089 3088
(H–O–H), H2O in the layer 1637 – –
(C–Cl) – 734 736
(C–F) – 1334 1334
(C–N) – 985 1080
(C–H) stretching 2846 2858 –

2913 2920 –
(C–H) bending 1458 – –
(N–O) stretching – 1496 1500

– 1558 1558
(S=O) 1220 1238 –

1084 1074 –
C=C aromatic medium weak – 1602 1602

Table 2   Elemental analysis 
composition of ZHN–SDS and 
ZHN–SDS–FZ nano host

a Estimated from CHNS analysis
b Estimated from ICP/OES, CHNS and TGA/DTG analysis

Sample C (%) H (%) N (%) S (%) FZ (% w/w)a Formulab

ZHN–SDS 24.8 5.5 2.5 3.4 – –
ZHN–SDS–FZ 31.4 1.2 7.9 3.1 65.6% Zn(OH)0.18(

CH3(CH2)
11SO4)0.10

(C13H4Cl2F
6N4O4)0.14. 
1.54H2O
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decomposition corresponding to the decomposition of FZ 
which it was decomposed at 278 °C with a 41.7% weight 
loss. The last step of thermal decomposition with a 16.3% 
weight loss at 598 °C is the complete decomposition of the 
ZHN–SDS–FZ nano host.

From Fig. 7b, it can be seen that the ZHN–SDS display 
two steps of weight loss. The first step is due to the escape 
of physiosorbed water at 107 °C with a 3.2% of weight 
loss in the interlayer space. Whereas at 200 °C and with 
a 37.0% weight loss, the decomposition of SDS occurred. 
The optimum temperature of the decomposition of FZ in the 
ZHN–SDS–FZ nano host increased from 301 °C to 598 °C 
as shown in Fig. 7a, c. Therefore, the thermal stability of 
ZHN–SDS–FZ nano host prove that the FZ which is inter-
calated in the ZHN–SDS interlayer space is stable compared 
to the pure FZ.

3.6 � Surface morphology analysis

From Fig. 8 it can be seen that there is obviously a different 
surface morphology of ZHN–SDS and ZHN–SDS–FZ nano 
host. ZHN–SDS shows a flake-like structure with a rough 
surface [37], while the ZHN–SDS–FZ nano host shows a 
thin lamellar flake-like sheet structure which seen obviously 
changes on their surface that inclined to the formation of 
a flaking and wrinkly layer that make the agglomerates 

structure of ZHN–SDS. The changes of surface morphology 
between Fig. 8a, b prove that FZ was successfully interca-
lated into the interlayer of ZHN–SDS.

3.7 � Surface area analysis

The surface area analysis of ZHN–SDS and ZHN–SDS–FZ 
nano host were also characterised. The surface area of 
ZHN–SDS and ZHN–SDS–FZ nano host shown in Table 3 
were calculated by Brunauer–Emmett–Teller (BET) method.

Table 3 and Fig. 9 show the surface area, pore diameter 
and the classification of porosity between ZHN–SDS and 
ZHN–SDS–FZ nano-host. The surface area of ZHN–SDS is 
2.03 m2/g. After the intercalation, the value was increased 
to 2.07 m2/g. The increased surface area of ZHN–SDS–FZ 
nano host causes a pore size decrease while the pore volume 
was increased. Figure 9a ZHN–SDS show a mesoporous 
material with Type IV isotherm [37], while the resulting 
nano host shows a macro porous material with Type III iso-
therm that studied by multilayer at high relative pressure 
[38]. The curve increase when the lateral interaction between 
the absorbate molecules is stronger than the interaction 
between the adsorbate and the adsorbent surface [39], which 
is the driving force of the adsorption process, resulting in an 
accelerated uptake at higher relative pressure [40]. Based on 
Fig. 9a, a very low uptake until P/Po > 0.8 indicated a poor 

Fig. 7   Thermogravimetric 
analysis (TGA/DTG) of a FZ 
b ZHN–SDS c ZHN–SDS–FZ 
nano host (Color figure online)
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interaction between the adsorbate-adsorbent, while Fig. 9b 
shows P/Po exceeded 0.8 which means that the amount of 
adsorbed gas is increasing exponentially, due to the stronger 
interaction between the adsorbate-adsorbent. Even though, 
the specific BET surface area of ZHN–SDS–FZ nano host 
are higher than ZHN–SDS, the average pore diameter (Å) of 
ZHN–SDS–FZ is lower compared to the ZHN–SDS reveal-
ing that FZ is more porous than ZHN–SDS.[41].

Figure 10 shows the Barrett-Joyner-Halenda (BJH) des-
orption pore size distributions (PSD) for ZHN–SDS and 
ZHN–SDS–FZ nano host. BJH average pore diameters 
were determined to be 37.5 nm and 35.5 nm for ZHN–SDS 
and ZHN–SDS–FZ nano host respectively. This is because 
of the changes of the pore size distribution after the inter-
calation process by FZ, makes the FZ is selectively formed 
in the ZHN–SDS layer [42]. The modification of the pores 
happened because the initial slope of Types III was zero 
at low relative pressure. This does not allow for an esti-
mation of the solids monolayer surface compared to the 
adsorbate–adsorbate interaction [43]. This is because of 
the smaller size of particle will fill the larger unoccupied 
spaces among the larger particles that may lead to the 
existence of larger pore sizes. Therefore, the porosity of 
the ZHN–SDS–FZ nano host is macroporous.

Fig. 8   FESEM micrograph of ZHN–SDS a and ZHN–SDS–FZ b at 15 K magnification nano host

Table 3   Surface properties of ZHN–SDS and ZHN–SDS–FZ nano 
host

Samples Surface area 
(m2/g)

Pore diameter (Å) Classification

ZHN–SDS 2.03 133.59 Mesoporous
ZHN–SDS–FZ 2.07 111.89 macroporous

Fig. 9   Surface area for a ZHN–
SDS and b ZHN–SDS–FZ nano 
host
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3.8 � Controlled release of ZHN–SDS–FZ nano host

The controlled release study of ZHN–SDS–FZ nano host 
was studied by using three different concentrations of phos-
phate solution (Na3PO4), carbonate solution (Na2CO3) and 
chloride solution (NaCl). Phosphate ions, carbonate ions 
and chloride ions were chosen as release medium because 
these solution are present in the soil composition and in 
the rain water [44]. The intercalated FZ in the interlayer of 
ZHN–SDS can be released and undergo an ion exchanged 
process with anions in the release medium [45].

This release profiles in Fig. 11 give significant informa-
tion on the percentage releases that were investigated when 
the type and concentration of the solutions were used in this 
controlled release of ZHN–SDS–FZ nano host. Figure 11a 
shows that at 0.3 M, 0.5 M and 1.0 M of phosphate solution, 
the accumulated percentages release was 49.4%, 87.3% and 
92.4% respectively. The accumulated percentage release of 
FZ from the interlayer space of the ZHN–SDS–FZ nano 
host increases as the concentration increased. This observa-
tion of the release according to their time for FZ release in 
0.3 M, 0.5 M and 1.0 M of phosphate solution was achieved 
in 1598 min, 1386 min and 1200 min respectively. The early 

fast release is possibly attributed to the release of FZ from 
the nano host. Then the slow release is due to the exchange 
of anion in the internal part with anions in ZHN–SDS 
interlayer. The time taken for release the FZ anion from 
ZHN–SDS matrices is longer because they have a strong 
host–guest interaction [46].

In Fig. 11b, the accumulated percentage of FZ release 
from the interlayer space of ZHN–SDS–FZ nano host in the 
carbonate solution at three concentrations of 0.3 M, 0.5 M 
and 1.0 M were 52.4%, 85.6% and 92.7% respectively. The 
times taken for the FZ to be release in the carbonate solution 
were 3975 min, 3862 min, and 3740 min, respectively, which 
is longer compared to the release of FZ in the phosphate 
solutions. The times taken increases up to 4000 min until the 
release process reaches the higher percentage of release and 
achieves equilibrium. The release rate of carbonate solution 
was the slowest release of FZ compared to the phosphate 
solution.

Figure 11c shows that the release of ZHN–SDS–FZ nano 
host in the chloride solution allowed the released of 46.1% 
(7883 min) at 0.3 M, 56.4% (7808 min) at 0.5 M, and 61.7% 
(7752 min) at 1.0 M of carbonate solution, and all the con-
centrations reached equilibrium at 8000 min determined by 

Fig. 10   BJH desorption pore 
size distributions for a ZHN–
SDS and b ZHN–SDS–FZ nano 
host
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all the FZ anions having been released from the interlayer 
ZHN–SDS–FZ nano host. The accumulated percentages 
of FZ released from ZHN–SDS–FZ nano host increases 
in the order of 0.3 M < 0.5 M < 1.0 M. As the concentra-
tion increases, the times taken for FZ to be released from 
ZHN–SDS–FZ nano host in chloride solution decreases due 
to the release medium being monovalent ions that are more 
difficult to undergo an ion exchange process because the 
chloride ions (Cl−) have a lower charge density, therefore the 
times for the slowest release process happened. Therefore, 
the release rate of chloride solution was the slowest release 
of FZ compared to the phosphate and carbonate solutions.

In the release medium, affinity is related with the release 
rate of the FZ from ZHN–SDS interlayer. The percentage of 
accumulated percentages release of FZ in the aqueous solu-
tion is in the order of PO4

3− and CO3
2− > Cl−. This is due 

to the PO4
3− and CO3

2− having higher affinity compared to 
the Cl− which has lower affinity due to it is monovalent ion. 
It shows that the affinity is important for controlled release 
study of ZHN–SDS–FZ nano host. The presence of PO4

3−, 
CO3

2− and Cl− attributed to an ion exchange affinity towards 
ZHN–SDS interlayer, can determines the amount of FZ to 
be released.

Based on the release profile, the result showed the affinity 
of anion plays an important rule for controlled release from 
the interlayer ZHN–SDS–FZ nano host. The ion exchange 
of incoming anions increases with increasing charge den-
sity and decreasing ionic radius proven that phosphate 
and carbonate solution has higher affinity compare to the 
chloride solution. It also shown that aqueous solutions 
involving phosphate and carbonate solution have a higher 
percentage of accumulated released of FZ compared to the 
chloride solution. This is due to phosphate and carbonate 
having a higher affinity towards the ZHN–SDS interlayer. 
It was proven that both of phosphate and carbonate solution 
give excellent release process compared to chloride solu-
tions. The presence chloride solution give significantly that 
encourages the release process of FZ decelerate release pro-
cess and lower the percentages accumulated release. There-
fore, chloride solution can act as a release medium which has 
the slowest release process, which means the release rate is 
slowest compared to phosphate solutions that have a faster 
released from the interlayer.

3.9 � Kinetic study

There are five kinetic model of FZ releases from the interlayer 
of ZHN–SDS–FZ nano host to further clarify the mechanism 
by which to understand the FZ release from the nano host. 
The five different kinetic models from commonly used in this 
research for the kinetics study are the zeroth order (Eq. 1) 
[47], first order (Eq. 2) [48], pseudo-second order (Eq. 3) [49], 
parabolic diffusion (Eq. 4) and fickian diffusion (Eq. 5) [50]. 

The parameter correlation coefficient (r2) and t1/2 values are 
determined by calculation based on the equation below, and 
t1/2 values means the time taken of 50% for release of the FZ 
anions from the interlayer ZHN–SDS–FZ nano host which 
were calculated manually from the graph.

Figures 12, 13, and 14 shows the fitted release data of 
ZHN–SDS–FZ nano host into three different release medi-
ums into the five kinetic models. Based on the data obtained, 
ZHN–SDS–FZ nano host followed the pseudo-second order 
with a good fit for phosphate, carbonate and chloride solutions, 
with a maximum coefficient nearest to 1.00 which it is the best 
fit of the FZ release profiles. Furthermore, it confirms that a 
pseudo second order model was involved in the dissolution of 
ZHN–SDS–FZ nano host due to the swelling of the structure, 
as well as the FZ anion between ZHN–SDS with the NO3

− that 
is present at the ZHN–SDS layer in the aqueous solution [51].

Based on data obtained for all the concentration as shown 
in Table 4, the time taken for 50% FZ to be released or we 
called it as half-life t1/2 was decreased due to the high accu-
mulated percentages in all release medium which were 92.4%, 
92.7% and 61.7% of 1.0 M in the phosphate, carbonate and 
chloride solutions respectively. The t1/2 for low accumulated 
percentages of 0.3 M of release medium was increased due 
to the fact that more ions can be replaced in the interlayer of 
FZ making the release rate the fastest compared to the other 
concentrations by the ion exchange process. As the release 
process of FZ anion using release medium which are phos-
phate, carbonate and chloride solution, it can be seen that the 
pseudo second order model is better fitted that the other kinetic 
model (0.900 < r2 < 1.000). Therefore, the release mecha-
nism happened by pseudo order model via dissolution of the 
ZHN–SDS–FZ nano host and the ion exchange between the 
intercalated FZ and the release medium [51].

4 � Conclusion

ZHN–SDS–FZ nano host was synthesised using ion 
exchange method in the presence of SDS surfactant to 
enlarge the layer of ZHN for the FZ to be intercalated. The 
intercalation was successful with a basal spacing of 31.7 Å 

(1)Zeroth order x = t + c

(2)First order − log
(

1 −Mi∕Mf

)

= t + c

(3)Pseudo-second order t∕Mi = 1∕
(

M2
f

)

+ t∕Mf

(4)Parabolic diffusion Mi∕Mf = kt0.5 + c

(5)Fickian diffusion Mi∕Mf = ktn
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based on the PXRD result. The characterisation studies of 
FTIR, ICP-OES, and CHNS analyses also proved that the 
FZ has been successfully intercalated in the ZHN–SDS layer 
space. The percentage loading of nitrogen is estimated at 
65.6% was supported due to the nitrogen that contributes to 

the FZ in the ZHN–SDS–FZ nano host. The thermal stability 
of FZ was also significant that was highlighted in the ther-
mogravimetric analysis in which the ZHN–SDS–FZ nano 
host is thermally stable compared to the pure FZ. Moreo-
ver, there are changes in surface morphology analysis in 
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Table 4   Correlation coefficients 
(r2) and half-life (t1/2) 
obtained from the data of FZ 
release from the interlayers 
of ZHN–SDS–FZ nano host 
into phosphate, carbonate and 
chloride solution

Concentra-
tion (M)

Zeroth 
order 
model

First order model Parabolic dif-
fusion model

Fickian diffu-
sion model

Pseudo-second order 
model

r2 t1/2 (min)
Phosphate solution (Na2PO4)
 0.3 0.424 0.471 0.636 0.752 0.996 133.19
 0.5 0.595 0.703 0.814 0.905 0.997 40.45
 1.0 0.314 0.490 0.542 0.861 1.00 33.29

Carbonate solution (Na2CO3)
 0.3 0.923 0.959 0.955 0.813 0.953 1373.57
 0.5 0.882 0.932 0.928 0.800 0.932 1399.55
 1.0 0.704 0.869 0.860 0.869 0.968 665.23

Chloride solution (NaCl)
 0.3 0.851 0.991 0.974 0.870 0.981 932.36
 0.5 0.589 0.673 0.848 0.971 0.991 183.45
 1.0 0.547 0.652 0.762 0.738 0.991 100.56
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which the ZHN–SDS shows flake-like structure, while 
ZHN–SDS–FZ nano host shows a thin lamellar flake-like 
sheet structure. The controlled release of FZ has a higher 
percentage of release in phosphate and carbonate solutions 
at 92.4% and 92.7% respectively. All the release medium was 
followed a pseudo-second order model for the kinetic study 
of release of ZHN–SDS–FZ nano host. Therefore, ZHN can 
be proposed as an excellent host and a good material for the 
slow release of FZ for agricultural purposes.
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