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ABSTRACT
Ferulic acid (FA) was intercalated into zinc layered hydroxide (ZLH) to form a new nanocomposite, namely 
zinc layered hydroxide-ferulate (ZLH-FA) and was further coated by surfactants sodium dodecyl sulfate 
(SDS) and polysorbate 80 (Tween-80). XRD patterns of the ZLH-FA nanocomposite obtained reveals 
a crystalline structure with basal spacing of 26·9 Å. The XRD pattern of the coated nanocomposite 
showed similar peaks to the ZLH-FA nanocomposite. The loading of FA in the nanocomposite was 
estimated to be 56·82% (w/w), and its thermal stability was markedly enhanced compare to its free 
counterpart. A controlled release study showed that the FA was release was slower from interlayer 
of ZLH-FA/SDS and ZLH-FA/Tween-80 nanocomposites compared to the ZLH-FA nanocomposite. The 
mechanism of release follow the pseudo-second order kinetics model for all nanocomposites. Results 
from this study highlight the potential of these nanocomposites for controlled release formulation of 
FA drug anion.

Introduction

Layered metal hydroxides can be categorized into layered dou-
ble hydroxide (LDH) and layered hydroxide salt (LHS) struc-
tures. Zinc layered hydroxide (ZLH) is a type of LHS, having 
the general formula of M2+(OH)2-x(Am-)x/m.nH2O, where M2+ in 
this case is the metal cation Zn2+ and Am- is the counter ion [1]. 
Similar to other LDH phases, ZLH undergoes anion-exchange 
reactions by substituting negatively charged organic molecules 
for the exchangeable interlayer anion in the ZLH phase to form 
a layered nanocomposite [2]. The 2D layered inorganic material 
is composed of layers with octahedral coordinated zinc cations, 
in which a quarter of them are displaced out of layer, leaving 
an empty octahedral site which forms cationic centres tetra-
hedrally coordinated to the top and bottom of the octahedral 
sheet [3]. In recent years, there has been extensive research on 
the use of ZLH as drug carriers [4,5], slow release herbicides 
[6], flame retardants [7] and anti-corrosion agents [8].

Most drugs are not water soluble, leading to ineffective dose 
delivery and unwanted side effects. Additionally, there are 
many cases where conventional drug administration methods 
do not provide satisfactory pharmacokinetic profiles because 
the drug concentration rapidly falls below the desired levels [9]. 
Furthermore, the rapid release of drugs leads to many issues 
due to the uncontrollable release rate. A fluctuation in drug lev-
els in the blood stream and other target organs, enzymatic deg-
radation, poor water solubility and the necessity of high drug 
doses which arise from these conventional therapeutic systems 
causes many adverse effects [10]. Therefore, there is a focus on 
development of effective reservoirs, such as controlled-release 

drug delivery systems, which offer many pharmaceutical ben-
efits by retaining drug bioactivity, reducing side effects, pro-
longing duration time, balancing drug concentrations within 
a desired range and facilitating drug delivery to patients [11].

The term ‘drug delivery system’ (DDS) refers to the tech-
nology utilised to present a drug to the desired body sites for 
drug release and absorption. Controlled release systems are 
methods that can achieve therapeutically effective concentra-
tions of drugs in systemic circulation over an extended period 
of time and with better patient compliance [12]. One of the 
possibilities for delivering drugs to the body is by the employ-
ment of inorganic particles. The versatility of inorganic parti-
cles, such as wide availability, good biocompatibility and rich 
functionality, have garnered considerable attention as a DDS 
[13]. In addition, nanoparticle-based DDS can slowly release 
the carried drugs in order to maintain concentrations at the 
desired levels for an extended period of time [14].

Having similar characteristics to LDH, ZLH have also 
emerged as promising drug delivery carriers because of sev-
eral notable properties, such as ease of preparation, low cost, 
good biocompatibility, low cytotoxicity and full protection of 
the drugs loaded [15]. ZLH have been widely applied for the 
delivery of different pharmaceutical drugs, such as cetirizine 
[16], cinnamic acid [17], protocatechuic acid [18], para-ami-
nosalicylic acid [19], hippuric acid [5] and ciprofloxacin [20].

However, drug delivery may be hindered due to poor water 
solubilization, agglomeration, inadequate targeted delivery, 
minimal thermal stability and surface charges of LDH [10]. 
These problems will likely be overcome through surface 
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modifications which can alter particle size, size distribution, 
particle morphology, surface chemistry, surface hydrophobic-
ity, zeta potential and drug encapsulation efficiency. A suitable 
surface coating material is essential in order to achieve success 
in the controlled release formulation of drugs. A number of 
materials have been used as coating materials in the past such 
as Tween-80 [21], poly(ethylene) glycol (PEG) [22], dextran 
[23], Eudragit®L 100 [24], sodium oleate [25] and chitosan [26]. 
These coatings are sometimes used as targeting materials, help-
ing in nanoparticle delivery to specific areas, increasing the 
stability or decreasing the toxicity potentials.

Ferulic acid (FA) is a drug that is a phenolic acid and exhib-
its a wide range of therapeutic effects against various diseases, 
including cancer, diabetes and cardiovascular and neurodegen-
erative diseases. It has also been attracting much interest due 
to its biomedical effects, such as antioxidant, antimicrobial, 
anti-inflammatory, antiallergic, anticarcinogenic, antithrom-
botic, antiviral, hepatoprotective and vasodilatory properties 
[27,28]. To the best of our knowledge, the use of ZLH as a 
matrix, particularly in DDS, is very limited and needs to be 
explored.

In this study, FA has been intercalated into the interlayer 
of ZLH to produce a ZLH-FA nanocomposite using a direct 
reaction method which is relatively simple, environmentally 
friendly and economical, as it includes fewer chemicals and 
steps. The ZLH-FA nanocomposite was further coated with 
surfactants, sodium dodecyl sulphate (SDS) and Tween-80, to 
form new coated nanocomposites, namely ZLH-FA/SDS and 
ZLH-FA/Tween-80, in order to enhance its properties and 
effectiveness as the DDS. The structure and morphology of 
synthesised nanocomposites were studied by powder X-ray 
diffraction (PXRD), Fourier-transform infrared spectros-
copy (FTIR), CHNS elemental analysis, inductively coupled 
plasma optical emission spectroscopy (ICP/OES), Thermal 
Gravimetric Analysis/Derivative Thermogravimetric Analysis 
(TGA/DTG), field emission scanning electron microscopy 
(FESEM) and transmission electron microscopy (TEM). Based 
on previous reports, intercalation of FA into ZLH by a direct 
reaction method and further coating of the nanocomposite by 
the previously mentioned surfactants has not yet been reported. 
Phosphate buffer solutions with two different pH values were 
used to study the controlled release of FA from the interlayers 
of nanocomposites. In addition, the release behaviour of FA 
was determined using five kinetic orders.

Experimental

Materials

Zinc oxide (ZnO) and FA were purchased from Acros Organic, 
SDS from Sigma Aldrich and Tween-80 from Fisher Scientific. 
All chemicals were of analytical grade and used without fur-
ther purification. Deionized water was used in the synthesis of 
nanocomposites and for the preparation of solutions.

Synthesis of ZLH-FA nanocomposites

ZLH-FA nanocomposites were synthesised using ZnO as start-
ing material, by a direct method similar to those previously 
described [5,16,29]. Solution of FA (0·05  M) was prepared 
by dissolving the required amount of FA in 50 ml of 99·8% 
methanol. 0·50 g of ZnO powder was suspended in 20 ml of 
water. Then, the prepared of FA solution was added into the 

ZnO suspension and magnetically stirred for 2½ hours at room 
temperature. The resulting slurry was aged in an oil bath shaker 
at 70 °C for 24 h [30]. Next, the precipitate was centrifuged, 
thoroughly washed by deionized water and dried in an oven 
at 60 °C overnight. It was ground and kept in a sample bottle 
for further use and characterisation.

Synthesis of ZLH-FA/SDS and ZLH-FA/Tween-80 
nanocomposites

ZLH-FA/SDS and ZLH-FA/Tween-80 nanocomposites were 
synthesised according to Kura et al. [21] and Kameshima et 
al. [25]. The ZLH-FA nanocomposite (0·10 g) was added to 
0·0025 M of coating solution and magnetically stirred for 18 h 
at room temperature. The precipitate was centrifuged and dried 
in an oven over night. It was ground and kept in a sample bottle.

Characterisation

X-ray diffraction patterns were recorded with a Bruker AXS 
Powder Diffractor using CuKɑ radiation (λ  =  1·5406 Å) at 
60 kV and 60 mA, with a scanning rate of 0·025 °s−1. The infra-
red spectra were recorded in the range of 400‒4000 cm−1 on a 
Thermo Nicolet 6700 Fourier Transform Infrared Spectroscope 
using the KBr pallet method. Thermal analyses were performed 
using a Perkin Elmer Pyris 1 TGA Thermo Balance with a heat-
ing rate of 20 °C min−1. The composition of carbon, hydrogen 
and nitrogen was analysed using a CHNS instrument (model 
Thermo Finnigan). Inductively coupled plasma optical emis-
sion spectroscopy (model Agilent 720 Axial) was used to deter-
mine the percentage of zinc present in the nanocomposite. A 
field emission scanning electron microscope and transmission 
electron microscope (Hitachi model SU 8020 UHR) were used 
to observe the surface morphology and cross-section of the 
nanocomposites, respectively.

Controlled release study

The controlled release study was performed using an UV-visible 
spectrophotometer (Agilent Cary 60). The release behaviour of 
the FA drug from ZLH-FA, ZLH-FA/SDS and ZLH-FA/Tween-
80 nanocomposites was studied in a human body-simulated, 
phosphate buffer solution at pH 4·8 and 7·4 [16,18].The pur-
pose of using phosphate buffer solution with two different pH 
values was to determine whether the release of FA from the 
interlayers of the nanocomposite was pH dependent, or not. 
The phosphate buffer solution contained a number of anions, 
such as Cl-, monobasic phosphate H2PO4

- and dibasic phos-
phate HPO4

2-. About 5 mg of nanocomposite was dispersed 
into a 200  ml buffer solution and stirred continuously. The 
amount of ferulate released into the solution was measured 
using a UV–visible spectrophotometer (Agilent Cary 60) at 
pre-set time intervals (λmax = 321 nm).

Results and discussion

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) was the preliminary tech-
nique used to verify the successful intercalation of the anion 
into the interlayer of ZLH and to identify whether the layered 
structure was altered, or not, after treatments with the coat-
ing materials based on the changes of it basal spacing [31]. 
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Figure 1 shows the XRD patterns of the ZnO, FA and ZLH-FA 
nanocomposite. PXRD of the pure ZnO revealed that the solid 
had good crystallinity, with five intense peaks between 30° and 
60°, corresponding to the (100), (002), (101), (102) and (110) 
planes, and in agreement with previous reports [5,16].

As shown in Figure 1, ZLH-FA nanocomposite synthesised 
using 0·05 M of FA show peaks at a lower 2θ angle which indi-
cated the successful intercalation of the FA drug into the inter-
layer of ZLH. The appearance of symmetrical, sharp, intense 
and high intensity diffraction peaks at 2θ angle of 3·4° and 6·8° 
with basal spacing of 26·9 and 13·1 Å, respectively signifies 
good crystallinity own by the nanocomposite. Total disap-
pearance of the intense peaks of the ZnO phase indicated that 
the ZLH-FA nanocomposite was pure phase and the ZnO was 
completely converted to ZLH [32]. In addition, no crystalline 
impurities of pure FA were detected in the nanocomposite, 
thus strongly supporting that 0·05 M of FA is the optimum 
condition to obtain a well-ordered nano-layered structure with 
good crystallinity.

The formation of the ZLH-FA nanocomposite by direct 
reaction of ZnO with FA under aqueous environment is 
believed to occur through a dissociation-deposition mecha-
nism, as reported by Xingfu et al. [33], Hussein et al. [32], Bang 
et al. [34] and Mohsin et al. [17]. Equation (1) refers to the first 
step, which involves the hydrolysis of ZnO in water. When ZnO 
particles are immersed in water, the surface of ZnO hydrolyses 
to form a layer of Zn(OH)2. In the presence of acid, the layer 
of Zn(OH)2 becomes more soluble. Therefore, dissociation of 
Zn(OH)2 into Zn2+ and 2OH‾ takes place, as shown in Equation 

(2). Finally, Zn2+, hydroxyl, H2O and the ferulate ion in the 
solution react, to generate the layered intercalation compound, 
as shown in Equation (3). This process is repeated until all of 
the ZnO phase and Zn(OH)2 phase have completely converted 
into the layered compound. The mechanism is described in 
Equations (1)–(3) below:

 

 

 

 

Figure 2 shows the XRD pattern of the ZLH-FA/SDS and 
ZLH-FA/Tween-80 nanocomposites. As shown in Figure 
2, there is not much difference between the ZLH-FA nano-
composite and the associated coated nanocomposites. Both 
coated nanocomposites, ZLH-FA/SDS and ZLH-FA/Tween-80, 
showed intense peaks at the lower angle with a basal spacing 
of 26·6 Å. The basal spacing of the coated nanocomposites was 
smaller compared to the uncoated nanocomposite due to the 
slightly different orientation of the FA anion in the interlayers 
of the ZLH. Based on these results, it shows that the addition of 
coating materials, SDS and Tween-80, only resulted in absorp-
tion of the former on the surface of ZLH and did not affect any 
phase change in the ZLH-FA nanocomposite.

Spatial orientation of intercalated ferulate

The proposed spatial arrangement of the FA within the inter-
layer region of ZLH is shown in Figure 3. Based on the PXRD 
data and the 3D molecular size of FA, the calculation obtained 
using Chem3d Ultra 8.0 software is illustrated in Figure 4. The 
ZLH was composed of inorganic layers with octahedral coor-
dinated zinc cations, of which a quarter were displaced out 
of the layer, leaving an empty octahedral site [3]. Using the 
average basal spacing of 26·9 Å for FA observed by PXRD, 
and subtracting the thickness of the 4·8 Å brucite layer and 
2·6 Å for each zinc tetrahedron [35], the gallery height was 
calculated to be 16·9 Å.

Considering the observed interlayer spacing from PXRD 
(16·9 Å), the charge density of the ZLH layers and the approx-
imate dimensions of the FA molecule, the proposed arrange-
ment of FA molecules in the interlayer of ZLH was assembled 
in bilayer stacking. Such an arrangement maximizes π–π 
interactions between the interlayer anions, hydrogen bonding 
interaction between the layer OH groups and the phenolic OH 
groups of the anions, as well as the interaction between the 
layers and anions [36].

Infrared spectroscopy

The FTIR spectra of ZnO, pure FA and ZLH-FA nanocompos-
ites are shown in Figure 5. The FTIR spectrum of pure ZnO 
(reagent ACS, Acros Organics) displayed a characteristic peak 
at 402 cm−1, which is due to vibration of zinc and oxygen sub 
lattices [37] and is in agreement with Hussein et al. (2010). 
The FTIR spectrum of pure FA showed a strong characteris-
tic vibration at 3430 cm−1, which indicates O-H stretching. A 

(1)ZnO +H2O ⇌ Zn(OH)2

(2)Zn(OH)2 ⇌ Zn2+ + 2OH−

(3)Zn(OH)2 ⇌ Zn2+ + 2OH−

(4)
Zn2+ + 2OH− + FA− +H2O ⇌ Zn2+(OH)2−x(FA

−)x.nH2O
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Figure 1.  Powder X-ray diffraction patterns of Zno, Fa and Zlh-Fa 
nanocomposites synthesized using 0.05 M Fa.
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ferulate anions as a host interlayer. The band attributable to 
a carboxylic group (COOH) disappeared because hydrogen 
ions in the FA molecules were removed and the FA was inter-
calated in anionic form. The ZLH-FA spectrum also shows the 
absorption bands at 1523 and 1396 cm−1 that were assigned to 
the asymmetric and symmetric carboxylate stretching modes 
of FA anions [36]. A band at 3400 cm−1 was attributed to OH 
stretching vibrations. The vibration bands of FA and ZLH-FA 
nanocomposite are listed in Table 1.

FTIR spectra of SDS and ZLH-FA/SDS nanocomposites are 
shown in Figure 6. The SDS displays two prominent vibrations 
at 2917‒2849 and 1467 cm−1, corresponding to the asymmetric 

characteristic band of FA at 1692 cm−1 corresponds to stretch-
ing vibration of an undissociated carboxylic group (COOH), 
while those at 1595 and 1428 cm−1 refer to the aromatic nucleus 
of FA [38]. The bands at 1269 and 1234 cm−1 are due to vas 
(COC) and vs (COC).

The FTIR spectrum of ZLH-FA nanocomposite illustrates 
bands characteristic of pure FA, indicating successful inter-
calation of the FA moiety into ZLH interlayers. Some of the 
bands are slightly shifted in position due to interaction between 
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Figure 2. Powder X-ray diffraction of Zlh-Fa, Zlh-Fa/sDs and Zlh-Fa/tween-80 
nanocomposites.

Figure 3. Proposed spatial orientation of Fa in Zlh inorganic interlayer.

Figure 4. 3D-molecular structure of Fa.
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The FTIR spectrum of Tween-80 shows an absorption band 
at 2925 cm−1 which belongs to a methyl group (‒CH3) while 
the band at 2862 cm−1 is due to ‒CH2 stretching The absorp-
tion bands at 1738 , 1098 and 3400 cm−1were due to stretching 
vibrations of C=O, C‒O‒C and OH groups, respectively. The 
FTIR spectrum of ZLH-FA/Tween-80 nanocomposite shows 
the characteristic peaks of CH2 at 2855 cm-1, CH3 at 2921 cm−1, 
C‒O‒C at 1127 cm−1 and a broad band due to OH groups at 
3420  cm−1. The presence of most of the peaks of Tween-80 
in the FTIR spectrum of ZLH-FA/Tween-80 nanocomposite 
supports the presence of Tween-80 on its surface. However, 
the absorption band of C=O stretching was not observed in 
the spectrum of ZLH-FA/Tween-80 nanocomposite due to the 
chemical interaction of Tween-80 with the surface of ZLH via 
the oxygen of C=O group [41]. The chemical structure of FA, 
SDS and Tween-80 were shown in Figure 7.

Elemental analysis

Elemental analysis of the ZnO and ZLH-FA nanocompos-
ite are shown in Table 2. Elemental analysis showed a high 
percentage of Zn for the pure commercial ZnO used in this 
work, with a value of 81·46%. CHNS analysis showed that the 
ZLH-FA contained 35·14% carbon (w/w), 3·55% hydrogen 
(w/w), and no nitrogen in the material. Elemental analysis 
showed 43·70% zinc (w/w). The loading percentage of the FA 
drug in the ZLH-FA nanocomposite was 56·82% (w/w). As 
expected, the ZLH-FA nanocomposite contained both organic 
and inorganic constituents, and thus supported the success-
ful intercalation of the FA drug into the interlayer galleries 
of ZLH. From the elemental analysis and thermogravimetric 

and symmetric CH2 and C‒H bending vibrations [39], whereas 
the ZLH-FA/SDS nanocomposite shows bands at 2917, 2849 
and 1513 cm−1 for the same functional groups. An absorption 
band at 3480 cm−1 was attributed to the OH stretching in the 
SDS molecule. Even though the presence was surprising, it is 
not impossible due to the absorption of moisture during prepa-
ration of the KBr pellet [40]. The band that was correspond 
to the assymmetric sulphate group can be observed in both 
FTIR spectra of SDS and ZLH-FA/SDS at 1217 and 1219 cm−1, 
respectively. However, the absorption bands of the asymmetric 
and symmetric sulphate group at 1219 and 1084 cm−1 in SDS 
cannot be observed in the ZLH-FA/SDS nanocomposite. This 
might due to the chemical interaction of SDS with the surface 
of ZLH [21].

Table 1.  Fourier transforms infrared vibration bands for Fa and Zlh-Fa nano-
composite.

Functional groups FA ZLH-FA
ν (o‒h) 3430 for o‒h in cooh 3400 in the layer, h2o
ν (c=o) in cooh 1692 –
νas (coo‒) – 1523
νs (coo‒) – 1396
ν (c=c); aromatic ring 1595 1640
  1428 1411
νas (c‒o‒c) 1269 1274
νs (c‒o‒c) 1234 1221
c‒h out of plane bending 853 856
  806 828
  752  
  689  

1000200030004000

Wavenumber/ cm-1

29
17

 

28
94

 

12
19

 

%
 T

ra
ns

m
itt

an
ce

/ a
rb

itr
ar

y 
un

it 

34
80

 

10
84

 

14
67

29
17 28
94

 

34
00

 

15
13

 

29
25

 34
00

 

28
62

 17
38

 

29
21

 

10
98

 

34
20

 28
55

 

11
27

 

ZLH-FA/Tween-80 

ZLH-FA/SDS 

Tween-80 

SDS 

Figure 6. Ftir spectrum of sDs, Zlh-Fa/sDs nanocomposite, tween-80 and Zlh-
Fa/tween-80 nanocomposite.
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Figure 7. chemical structure of (a) ferulic acid, (b) sodium dodecylsulphate and 
(c) tween-80.

Table 2. the analysed chemical compositions of Zno and the Zlh-Fa nanocom-
posites.

aestimated using chns analysis.

Sample C (%) H (%) N (%) Zn (% w/w) aFA (% w/w)
Zno – – – 81·47 –
Zlh-Fa 35·14 3·55 – 43·67 56·82
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As shown in Figure 8(a), the TGA/DTG thermograms of 
pure FA showed a single sharp weight loss of 100% at a maxi-
mum temperature of 255 °C, which can be attributed to com-
plete combustion of FA. After the intercalation process, the 
thermal behaviour of the resulting product was significantly 
different from that of the precursor. The thermal decomposi-
tion of ZLH-FA nanocomposite (Figure 8(b)) showed three 
stages of weight loss, which occurred at maximum tempera-
tures of 77, 335 and 468 °C with weight losses of 6·7, 16·6 and 

studies, the formula for the nanocomposite can be proposed as 
Zn(OH)1·29(OHCH3OC6H3CHCHCOO-)0·71.0·91H2O.

Thermal analysis

TGA and DTG profiles of the ZnO, FA, ZLH-FA nanocom-
posite, SDS, ZLH-FA/SDS nanocomposite, Tween-80 and 
ZLH-FA/Tween-80 nanocomposite are shown in Figure 8 and 
weight loss data is summarised in Table 3.
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Figure 8. tGa/DtG thermograms of (a) Fa, (b) Zlh-Fa nanocomposite, (c) sDs, (d) Zlh-Fa/sDs nanocomposite, (e) tween-80, (f ) Zlh-Fa/tween-80 nanocomposite 
and (g) Zno.

Table 3. tGa/DtG data of weight loss for Fa, Zlh-Fa, sDs, Zlh-Fa/sDs and Zlh-Fa/tween-80 nanocomposites.

Weight loss

Temperature(°C) 35–200 201–600 601–1000 Total weight loss (%)
Fa 100·0 (tmax = 255 °c) – – 100·0
Zlh-Fa 6·7 (tmax = 77 °c) 37·3 (tmax = 468 °c) – 44·0
sDs   98·3 (tmax = 273 °c)   98·3
Zlh-Fa/sDs 28·2 (tmax = 169 °c) 30·8 (tmax = 501 °c) – 59·0
Zlh-Fa/tween-80 16·1 (tmax = 154 °c) 20·7 (tmax = 465 °c) 11·9 (tmax = 615 °c) 48·7
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Figure 9. FeseM images of (a) Zno, (b) Zlh-Fa, (c) Zlh-Fa/sDs and (d) Zlh-Fa/tween-80 nanocomposites at 10 K magnification.

Figure 10. teM images of (a) Zlh-Fa nanocomposite and (b) Zlh-Fa/sDs and (c) Zlh-Fa/tween-80 nanocomposite at 100 K magnification.
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first stage of weight loss in the range 72‒131 °C was attributed 
to the removal of surface and water in the interlayer. The second 
weight loss stage was due to the loss of SDS on the surface of 
ZLH-FA/SDS nanocomposite, which usually overlapped with 
loss of an alkyl group at a temperature range from 131 to 224 °C 
[45]. The third and fourth stages of weight losses, in the region 
from 224 to 594 °C, were attributed to the fully dehydroxylation 
and elimination of intercalated FA anions.

In Figure 8(e), TGA of Tween-80 showed a strong, intense 
and sharp peak at a maximum temperature of 413 °C, with 
weight loss of 98·2%. This corresponded to complete combus-
tion decomposition of Tween-80. In contrast with ZLH-FA 
nanocomposite, the coated nanocomposite ZLH-FA/Tween-80 
exhibited a more complicated thermal behaviour, with four 
stages of weight loss. The first stage spanned the 30‒123  °C 
region, with a 7·7% weight loss, which was due to the removal 
of the surface-physisorbed water molecules. The second stage 
in the range 123‒225 °C accounted for a weight loss of 8·4%, 
and was attributed to the removal of water molecules from the 
intercalated structure, as well as decomposition of surfactant 
[46,47]. The third weight loss stage was due to dehydroxyla-
tion of the hydroxide layers, with a percentage of 13·2%, which 
could be seen at 225‒400  °C. The fourth stage spanned the 
range 400‒700  °C, with a 19·4% weight loss corresponding 
to the thermal decomposition of organic species and ferulate 
anions, leaving only a relatively less volatile, metal oxide [48].

As shown in Table 3, the total weight losses of ZLH-FA/SDS 
and ZLH-FA/Tween-80 nanocomposites were much higher 

20·7% respectively. The first stage in the region of 55‒119 °C 
can be associated with the removal of the surface-physisorbed 
water molecules. The second stage of weight loss corresponds 
to the dehydroxylation of the hydroxide layers, as well as par-
tial decomposition of the intercalated FA anions [20]. The 
third stage recorded a 20·7% weight loss with the major peak 
around 550 °C, and was due to the complete decomposition 
of intercalated FA anions [42]. As shown in Figure 8(g), TGA 
curve shows about 1% of weight loss of ZnO with no maximum 
temperature indicates that pure ZnO is a thermally stable com-
pound. A higher temperature is required for total degradation 
of ZnO thus make it perfect candidate as a starting material in 
synthesising ZLH-FA nanocomposite [43,44]. It can be seen 
that the maximum temperature region of ZLH-FA nanocom-
posite is obviously higher than free pure FA, suggesting that 
the inorganic layers of ZLH enhanced the thermal stability of 
FA, the organic moiety.

The thermal decomposition of SDS, Tween-80, ZLH-FA/
SDS nanocomposite, Tween-80 and ZLH-FA/Tween-80 
nanocomposite are shown in Figure 8(c)‒(f), respectively. In 
Figure 8(c), the SDS shows only a single stage of weight loss 
at a maximum temperature of 273 °C, attributed to the com-
plete combustion of SDS. The ZLH-FA/SDS nanocomposite 
(Figure 8(d)) exhibits a more complicated thermal behaviour 
than ZLH-FA nanocomposite. The coated nanocomposite, 
ZLH-FA/SDS, showed four major stages of weight loss. These 
occurred at maximum temperatures of 96, 169, 341 and 501 °C 
with weight loss of 8·0, 20·2, 9·2 and 21·6%, respectively. The 
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Figure 11. release profile of Fa from Zlh-Fa into phosphate buffer solution at 
ph (a) 4.8 and (b) 7.4.
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Figure 12. release profile of Fa from Zlh-Fa/sDs into phosphate buffer solution 
at ph (a) 4.8 and (b) 7.4, and from Zlh-Fa/tween-80 at ph (c) 4.8 and (b) 7.4.
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Transmission electron microscopy analysis

The TEM images of ZLH-FA, ZLH-FA/SDS and ZLH-FA/
Tween-80 nanocomposites are shown in Figure 10(a)–(c), 
respectively. The morphology of the coated and uncoated nano-
composites was slightly different from each other. After coating 
by SDS and Tween-80 surfactants, a grey and blurred contrast 
layer around the ZLH-FA/SDS nanocomposite and ZLH-FA/
Tween-80 nanocomposite was observed. The resulting mor-
phology was considered as SDS and Tween-80 coated on the 
surface of ZLH-FA nanocomposites similarly as reported by 
Li et al. [49] and Tang et al. [50].

Controlled release study of FA from interlayers of ZLH-
FA, ZLH-FA/SDS and ZLH-FA/Tween-80 nanocomposites

The release profiles of FA from the interlayer of the ZLH-FA 
nanocomposite (Figure 11) were done in phosphate buffer 
solution at pH 4·8 and 7·4. As mentioned before, a phos-
phate buffer solution with different pH values was used to 
examine whether the release of FA was affected by pH or 
not. As shown in Figure 11, the release rate of the FA from 
the interlayer of the ZLH-FA nanocomposite at pH 7·4 was 

than ZLH-FA nanocomposite. By comparing these weight 
losses, it can be concluded that the ZLH-FA nanocomposite 
was coated with 15% SDS and 4·7% Tween-80 [21]. The tem-
perature region after coating was markedly enhanced, clearly 
showing that the degradation behaviour of both coated mate-
rials improved.

Morphology analysis

The morphology of ZnO, ZLH-FA, ZLH-FA/SDS and ZLH-FA/
Tween-80 nanocomposites is shown in Figure 9. The ZnO mor-
phology (Figure 9(a)) reveals a non-uniform granular structure 
without any specific shape and size [4]. As shown in Figure 
9(b), the non-uniform structure was transformed into a plate-
like structure with irregular size and shape, as the intercala-
tion of ferulate anions into the interlayer galleries of ZLH took 
place. A slight morphological change could be observed after 
the coating process using SDS and Tween-80 surfactants. The 
plate-like structure of ZLH-FA/SDS (Figure 9(c)) and ZLH-FA/
Tween-80 (Figure 9(d)) nanocomposites were surrounded by 
small agglomeration, with smooth surface which clearly dif-
ferentiated between coated and uncoated materials.
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Figure 12 shows the release profile of FA from coated nano-
composites, ZLH-FA/SDS and ZLH-FA/Tween-80, performed 
using the same media, a phosphate buffer solution at pH 4·8 
and 7·4. At pH 4·8 and 7·4, both coated nanocomposites 
showed slower release rate of FA compared to the release 
rate of FA from the uncoated nanocomposite. The percent-
age release of FA from the interlayer of the ZLH-FA/SDS 
nanocomposite at pH 4·8 (Figure 12(a)) and pH 7·4 (Figure 
12(b)) was 73 and 70% within 300 and 360 min, respectively. 
Meanwhile, FA release from the interlayer of ZLH-FA/Tween-
80 reached approximately 62% within 300  min at pH 4·8 
(Figure 12(c)) and 58% within 330  min at pH 7·4 (Figure 
12(d)). Since the duration for the releasing of FA from the 
coated nanocomposite is longer than uncoated nanocompos-
ite, it showed that the modification on the external surface of 
the ZLH successfully enhanced the release properties of ZLH 
as the host. The slower release rates were attributed to the 
retarding effect caused by the coating of ZLH-FA nanocom-
posite [25]. Based on this observation, the coated ZLH-FA 
nanocomposite has a good potential as a controlled-release 
system for the FA drug anion.

lower than that at pH 4·8, indicating that the release rate of 
FA from the interlayer of nanocomposites was pH-dependent. 
The difference in the release rates at pH 4·8 and 7·4 may be 
due to the difference in the release mechanism of FA from 
the interlayer of nanocomposites [51]. Release of FA from 
the interlayer of ZLH-FA nanocomposite at pH 4·8 (Figure 
11(a)) showed a fast release for the first 30 min with 77%, 
which could possibly be attributed to partial dissolution of 
ZLH in acidic media. It was followed by a slower step, which 
was related to the ion exchange process between FA anions 
and the phosphate anions in the buffer solution. At equilib-
rium, the percentage release of FA reached approximately 
89% within 240 min. As shown in Figure 11(b), the release 
of FA from the interlayer of ZLH-FA nanocomposite at pH 
7·4 was rapid for the first 30 min with percentage release of 
approximately 61%, which could be attributed to the release 
of FA anions adsorbed on the outer surface of ZLH, as well 
as intercalated FA [6]. However, the release of FA from the 
interlayer of ZLH-FA nanocomposite at pH 7·4 was slower 
and more sustained, compared with the solution at pH 4·8 
with total release of 84% in 270 min. The mechanism might 
have occurred through an ion-exchange reaction.
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The fitting data of the FA release profiles from the interlayers of 
ZLH-FA, ZLH-FA/SDS and ZLH-FA/Tween-80 nanocompos-
ites based on the five kinetic models are shown in Figures 13–
15, respectively. The correlation coefficients (r2) are tabulated in 
Table 4. As shown in Table 4, it can be seen that the release of 
FA from the interlayer of the ZLH-FA nanocomposite followed 
the pseudo-second order model very well for both pH values, 
with satisfactory coefficients of 0·999 (pH 4·8) and 0·930 (pH 
7·4). It was found that the pseudo-second order kinetic model 
also provided a better fit than the other models for release of FA 
from the coated nanocomposites, ZLH-FA/SDS and ZLH-FA/

(7)t∕Mi = 1∕M2
f + t∕Mf (3)

(8)Mi∕Mf = kt0⋅5 + c (4)

(9)Mi∕Mf = ktn (5)

Release kinetics of FA from interlayer of ZLH-FA, ZLH-FA/
SDS and ZLH-FA/Tween-80 nanocomposites

In order to obtain the release behaviour of FA from the inter-
layers of the ZLH-FA nanocomposites and their coated nano-
composites, five types of kinetic models were used to fit the 
release data. The models used were zeroth order (Equation 
4) [4], first order (Equation 5) [52], pseudo-second order 
(Equation 6) [53], parabolic diffusion (Equation 7) [54] and 
Fickian diffusion (Equation 8) [55]. The x value represents the 
percentage release of FA anions at time t, while Mi and Mf are 
the initial and final concentration of FA anions, respectively. 
n is an empirical parameter describing the release mechanism 
and c is a constant. The parameter correlation coefficients, r2, 
rate constant, k and t1/2 values were calculated from the corre-
sponding equations.
 

 

(5)x = t + c (1)

(6)−log
(

1−Mi∕Mf

)

= t + c (2)
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