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 Abstract: This study aims to enhance the targeted delivery of a powerful antioxidant, 
ferulate (FA), by developing a controlled release formulation (CRF) based on the 
incorporation of layered double hydroxide and Tween-80 polymeric surfactant. The 
layered double hydroxide-ferulate (LDH-FA) synthesized by co-precipitation method was 
homogenously mixed with the Tween-80 coater under continuous stirring. The successful 
Tween-80 coating was verified with PXRD analysis and supported by FTIR. No changes 
in interlayer distance between LDH-FA (at 17.4 and 8.7 Å) and LDH-FA-T80 (at 17.6 
and 8.6 Å) were observed in the PXRD pattern. TGA/DTG analysis demonstrated good 
thermal stability of LDH-FA-T80, with the ability to withstand extreme temperatures up 
to 460 °C. The association of Tween-80 with LDH-FA progressively sustained the release 
time of FA in each aqueous solution, with a release time of up to 440 min. For both LDH-
FA and LDH-FA-T80, the release of FA is through dissolution and anion exchange release 
mechanism (regulated by pseudo-second-order kinetic model). The study's findings 
suggest practical applications of FA in the pharmaceutical industry by implying the 
retarding effect triggered by Tween-80, offering new insights for the application of CRF to 
enhance the therapeutic effect of FA. 

Keywords: controlled release formulation; layered double hydroxide; Tween-80, 
ferulate; intercalation 

 
■ INTRODUCTION 

Layered double hydroxides (LDHs) are a type of 
layered materials that have garnered considerable interest 
to be employed as hosts for controlled release 
formulations (CRFs) due to their versatile composition, 
biocompatibility, low cytotoxicity, and ease synthesis 
technique. LDH consists of infinite sheets of positively 
charged brucite-type materials, but some of the divalent 
cations of the sheets have been substituted by tetrahedral 

cations in octahedral coordination [1-2]. The 
substitution triggers the formation of an excessive 
positive charge of LDH, which allows the numerous 
potential incorporations of intercalated anions in the 
interlayer gallery LDH. The general formula of LDH is 
[M2+

(1−x) L3+
x (OH)2]x+Am−

x/m·nH20, where M2+ and L3+ 
represent divalent and trivalent metal cations, 
respectively, whereas Am− stands for the guest ion [3]. 

In CRF systems, LDHs act as host materials that are  
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responsible for holding the drugs and sustaining the 
optimum release of drugs for a longer period. The 
sustained release of drugs promoted by CRF thereby 
contributes in improving the therapeutic efficacy of drugs 
[3-4]. Despite the amazing properties offered by LDHs, 
their low solubilization in water, agglomeration, and 
unsatisfactory targeted delivery have limited the potential 
of LDHs in CRF [5]. To deal with the aforementioned 
limitations, LDHs were attempted to be incorporated with 
a wide range of new materials, including polymeric 
surfactants [6-8]. Owing to the ability of polymeric 
surfactants to manipulate the nature of LDHs, 
predominantly in terms of size distribution, size of the 
particle, morphology, surface interaction, and zeta 
potential, this ability has therefore assisted in making 
LDHs more favorable for drug encapsulation [2,7-8]. 

The use of surfactants in pharmaceutical 
formulations was preferred because of their potential in 
improving drug solubility and inhibiting protein 
aggregation. Surfactants, which may exist in different 
forms of charges, either as non-ionic, anionic, cationic, or 
zwitterionic surfactants, act by lowering surface tension 
and modifying energy relationships at interfaces [9-10]. 
In the pharmaceutical industry, non-ionic surfactants 
(charge-free head groups) are used to encapsulate 
hydrophilic and hydrophobic drugs by forming 
emulsions, micelles, and niosomes [11]. The resemblance 
of nature between non-ionic surfactants and liposomes 
has made this surfactant an appropriate substitute for 
phospholipids. Rich phase separation behavior and low 
critical micellization temperature values owned by non-
ionic surfactants are other critical features that befit them 
well for pharmaceutical purpose [12]. 

Polysorbates, also known as a tween, are synthetic 
non-ionic polymeric surfactants often used as stabilizers 
and emulsifiers in various pharmaceutical formulations 
[11-13]. Polysorbates comprise polyethoxy sorbitan fatty 
acid esters as the main components. The potential of LDH 
as a controlled release host material has been reported in 
previous studies [14-15]. However, to the best of our 
knowledge, no study has yet reported on the potential of 
incorporating polysorbate and LDH in improving the  
 

controlled release properties of ferulate. Therefore, 
throughout this study, we aimed to further explore the 
possibility of using Tween-80, polyoxyethylene-(20)-
sorbitan monooleate, as a coating material to enhance 
the physicochemical stability, kinetics, and controlled 
release mechanism of the LDH-ferulate (LDH-FA) 
nanocomposite. The chemical structures of ferulate and 
Tween-80 are shown in Fig. 1 and 2, respectively. 

The intercalated drug in the LDH-FA 
nanocomposite is ferulic acid, which is also known as 4-
hydroxy-3-methoxycinnamic acid. It is commonly used 
as a strong autophagy enhancer for neurodegenerative 
disorders, skin antioxidants, and antibacterial wound 
dressing [16-18]. Ferulic acid’s anti-inflammatory and 
antioxidant properties are also essential in maintaining 
the health of the digestive tract by protecting human 
intestinal epithelial cells [19]. To the best of our 
knowledge, no other literature has yet reported on the 
use of Tween-80 coating to improve the controlled 
release behavior of the LDH-FA nanocomposite. 

 
Fig 1. The chemical structure of ferulate 

 
Fig 2. The chemical structure of Tween-80 
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■ EXPERIMENTAL SECTION 

Materials 

Zn(NO3)2·6H2O (≥ 98% purity) and Al(NO3)3·9H2O 
(≥ 98% purity) were purchased from Systerm. Ferulic acid 
(≥ 98% purity) and the coater Tween-80 were obtained 
from Acros Organics and Fisher Scientific, respectively. 
Methanol (≥ 99% purity) that was used to dissolve the 
ferulic acid was obtained from Systerm. The release media 
used in this study, aqueous sodium chloride, phosphate 
buffer saline (PBS) solution at pH 4.8 and 7.4, were 
purchased from Sigma-Aldrich. All reagents used in this 
study were used as received without further purification, 
and all aqueous solutions were prepared using deionized 
water. 

Instrumentation 

Several characterization techniques were carried out 
on the synthesized samples to determine their 
physicochemical properties. Powder X-ray diffraction 
(PXRD) analysis was carried out using a powder diffraction 
Bruker AXS with Cu Kα radiation (λ = 1.5406 Å). The 
PXRD analysis of all samples was conducted over the 2-
theta range of 3–60°, with a scanning rate of 0.025° s−1, at 
60 kV and 60 mA. Fourier-transform infrared spectroscopy 
(FTIR) was conducted on a Thermo Nicolet 6700 Fourier 
transform infrared red. Spectra were collected over the 
range of 400–4000 cm−1. TGA/DTG curves were obtained 
using a Perkin-Elmer Pyris 1 TGA Thermo Balance. 
Thermal analyses were performed in flowing argon gas 
from 25 to 1000 °C at a heating rate of 20 °C min−1. The 
structural characterization of the samples was analyzed 
using field emission scanning electron microscopy 
(FESEM) for the morphology and transmission electron 
microscopy (TEM) for internal composition images. The 
morphologies of the samples were determined by FESEM 
at 5.0 kV and 10 k magnification. Both FESEM and TEM 
analyses were carried out using the same instrument 
model, which is a Hitachi model SU 8020 UHR. The CRF 
studies were conducted using a Lambda 25 Perkin Elmer 
ultraviolet-visible (UV-vis) spectrometer. 

Procedure 

Preparation of LDH-FA and LDH-FA-Tween 80 
nanocomposite 

The preparation of LDH-FA and LDH-FA-Tween 
80 (LDH-FA-T80) involves multiple steps, which begin 
with the co-precipitation method to synthesize LDH. 
The LDH was synthesized using Zn(NO3)2·6H2O and 
Al(NO3)3·9H2O, with a Zn/Al molar ratio, RZn/Al = 3. The 
resulting precipitated solid was stirred for 2 h under a 
nitrogen environment. The LDH-FA nanocomposite 
was prepared by intercalating 1.5 mmol FA into the 
interlamellar region of LDH using the ion exchange 
method. The synthesis method of the LDH and LDH-FA 
nanocomposite was reported in detail in our previous 
paper [20]. The loading percentage of FA in the LDH-
FA nanocomposite intercalated using this method has 
been determined using elemental analysis, which is 
found to be 35.90% (w/w) and was reported in our 
previous study as well [20]. 

The LDH-FA-T80 nanocomposite was prepared 
using Tween-80 as a coater to encapsulate the 
synthesized LDH-FA nanocomposite. The Tween-80 
coating procedure was initiated by preparing 100 mL of 
0.25 M of the Tween-80 solution. The LDH-FA 
nanocomposite (0.1 g) was then added to the aqueous 
Tween-80 and magnetically stirred for 18 h at room 
temperature to allow the Tween-80 coating procedure to 
occur. The precipitates obtained from the coating 
procedure were centrifuged and dried in an oven 
overnight. The product collected was stored in a vial and 
denoted as LDH-FA-T80. 

CRF and kinetic studies of the LDH-FA and LDH-FA-
Tween-80-coated composite 

Low-volume FA release for CRF studies were 
conducted using a UV-vis spectrometer, with deionized 
water, aqueous sodium chloride, and PBS as release 
media. Different pH pf PBS (pH = 4.8 and 7.4) were also 
set as one of the experimental parameters, so that the 
pH-dependency of the release behavior can be 
investigated as well. All release media were used at a  
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concentration of 0.1 mol L−1, except for deionized water. 
The PBS solution was prepared by dissolving the PBS 
powder and diluted in a 1 L volumetric flask. The PBS 
solution was composed of 2.7 mM KCl, 137 mM NaCl 
and 1.76 mM K2PO4. 

In this CRF study, LDH-FA (0.6 mg) was suspended 
in a cuvette containing 3.5 mL of release medium. The 
cuvette is covered with a cap and sealed with parafilm. 
The sealed cuvette was then analyzed using Lambda 25 
Perkin Elmer UV-vis spectrometer. Similar UV-vis 
measurement setups were maintained for all samples in 
this study (UV-vis measurement setting: λmax = 315 nm; 
time interval = 60 s; slit width = 1.0 nm; ordinatemax = 1.0; 
ordinatemin = 0.0). The cumulative FA release was 
measured until the absorbance curve from the UV-vis 
measurement reached a plateau, indicating that the 
diffusion equilibrium of FA was fully achieved. The 
absorbance readings obtained were then used to calculate 
the FA concentration using calibration curves of FA 
solutions generated from different concentrations of FA 
ranging from 25 to 250 μM. The data collected from the 
CRF studies will be used for the kinetic studies by fitting 
the data into zero order, first order, pseudo-second order, 
parabolic, and Fickian kinetic models. 

■ RESULTS AND DISCUSSION 

PXRD Analysis 

The PXRD patterns of the LDH-FA, LDH, LDH-
T80, and LDH-FA-T80 nanocomposites are depicted in 
Fig. 3. The PXRD patterns of the uncoated 
nanocomposite LDH-FA and the coated nanocomposite 
LDH-FA-T80 showed identical characteristic diffraction 
peaks to the LDH-FA nanocomposite at 2θ = 5°, 10°, 15°, 
21°, and 26° with significant intensity diminishment. This 
revealed that Tween-80 may form on the surfaces of LDH 
and did not lead to a phase change, thereby demonstrating 
the success of the Tween-80 coating procedure on the 
interlamellar region of the LDH-FA nanocomposite 
[5,21]. 

The PXRD pattern demonstrated no expansion of 
the interlayer distance triggered by the Tween-80 coating 
procedure, as reflected by the comparable diffraction 
peaks of the LDH-FA and LDH-FA-T80 nanocomposites, 

 
Fig 3. PXRD patterns of LDH-FA, LDH, LDH-T80, and 
LDH-FA-T80 

thereby revealing two major revelations. Although LDH 
can be associated with polymer in many manners, such 
as exfoliation and intercalation, no expansion of 
interlayer distance after the coating procedure has 
revealed that the incorporation of LDH-FA with Tween-
80 actually occurred via aggregation [5]. Unaffected 
interlayer distance also demonstrates that the presence 
of Tween-80 as the coating material did not cause any 
interference concerning the type of ions intercalated in 
the interlamellar region. Thus, signifies that the FA ions 
successfully remain intact in the interlamellar region of 
LDH-FA even after the coating procedure. The PXRD 
pattern generated proves that the LDH-FA can undergo 
the Tween-80 coating procedure without causing any 
disruption to the existing ions intercalated in their 
interlamellar region. 
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Spatial Orientation of Tween-80-Coated LDH-FA 

The values of interlayer distance obtained from the 
PXRD analysis are also important for predicting the 
spatial orientation of the FA ion in the interlamellar 
region of LDH-FA. By deducting the value of the 
interlayer distance from the thickness of the LDH layer 
(4.8 Å), the height of the interlamellar region available to 
accommodate the intercalated FA ion can be calculated. 
Based on the height of the interlamellar region, 
Chemoffice software 2008 (Cambridge, MA) was used for 
spatial orientation prediction. Therefore, the comparison 
of the interlamellar region height of LDH-FA and LDH-
FA-T80 allows the effect of Tween-80 coating on the 
spatial orientation of FA ions to be investigated. The 
proposed spatial orientation of LDH-FA and LDH-FA-
T80 is illustrated in Fig. 4. 

Based on the PXRD analysis, it was revealed that the 
interlayer distance of LDH-FA undergoes a slight 
reduction from 17.4 to 17.3 Å after this nanocomposite 
was coated with Tween-80. As illustrated in Fig. 4, the 
heights of the interlamellar regions of LDH-FA and LDH-
FA-T80 were determined as 12.6 Å and 12.5 Å, 
respectively. The difference between the height of the 
interlamellar region is not much different; hence, this 
indicates that the spatial orientation is barely affected by 
the Tween-80 coating procedure. Before the coating 
procedure, the FA ion was held in the interlamellar region 
of LDH-FA in a monolayer orientation by electrostatic 
attraction, which exists between the COO− part of the FA 
ion and the positively charged layer of LDH [20]. Minimal 

height reduction may, therefore, only cause the FA ion 
that accommodates the interlamellar region of LDH-
FA-T80 to be slightly slanted than in LDH-FA. Hence, 
presume that the monolayer orientation of the 
intercalated FA ion in the interlamellar region of LDH-
FA was preserved throughout the coating procedure. 
The interlayer distance in the PXRD diffraction peaks 
also elucidates the means by which the polymer was 
associated with the layered material, whether through 
intercalation, exfoliation, or aggregation [5]. Slight 
contraction of the interlayer distance in the PXRD 
diffraction peaks of LDH-FA-T80 has proven that 
Tween-80 interacts with LDH-FA by aggregation after 
the coating procedure [5,22]. The aggregation 
interactions between Tween-80 and LDH-FA are 
illustrated in the schematic diagram shown in Fig. 5. 

FTIR Analysis 

The results obtained from the FTIR analysis of 
LDH, Tween-80, LDH-T80, LDH-FA and LDH-FA-T80 
are tabulated in Table 1 and depicted in Fig. S1. The 
absorption bands of methyl group (‒CH3) and ‒CH2‒ 
stretching appear in the FTIR spectra of Tween-80, at 
2925 and 2862 cm−1, respectively. The absorption bands 
indicate the stretching vibrations of C=O (1738 cm−1), 
C‒O‒C (1098 cm−1) and –OH (3400 cm−1). In the FTIR 
spectra of LDH, several absorption peaks appear, which 
reflect the stretching vibrations –OH (3450 cm−1), 
symmetric stretching of nitrate (1385 and 1633 cm−1), 
metal oxide stretching mode (600 cm−1) and metal 
hydroxide stretching mode (430 cm−1) [20]. Metal oxide  

 
Fig 4. Spatial orientation of FA in the interlamellar region of LDH (a) before being coated with Tween-80 and (b) after 
being coated with Tween-80 
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Table 1. Data of FTIR analysis of Tween-80, LDH, LDH-T80, LDH-FA, and LDH-FA-T80 

Characteristics 
Wavenumber in each sample (cm−1) 

LDH Tween-80 LDH-T80 LDH-FA-T80 
‒CH3 - 2925 2926 2925 
‒CH2‒ - 2862 2852 2855 
C=O - 1738 - - 
C‒O‒C - 1098 1106 1032 
–OH 3450 3400 3469 3455 
NO3

− 1385, 1633 - - - 
M–O 600 - 607 613 
M–OH 430 - 426 428 

 

 
Fig 5. The aggregation interaction between Tween-80 and 
LDH-FA 

stretching mode and metal hydroxide stretching mode 
were also found in the FTIR spectra of LDH-T80 at 607 
and 426 cm−1, as well as in the FTIR spectra of LDH-FA-
T80 at 613 and 428 cm−1, respectively. 

The FTIR analysis also reveals that both LDH-T80 
and LDH-FA-T80 nanocomposites have characteristic 
peaks of Tween-80, which supports the presence of 
Tween-80 on the surface of LDH and LDH-FA 
nanocomposite. The main functional groups of LDH-FA-
T80 nanocomposite were ‒CH3 at 2925 cm−1, ‒CH2‒ at 

2855 cm−1 and C‒O‒C at 1032 cm−1. The same functional 
groups were found in LDH-T80 at 2926, 2852, and 
1106 cm−1, respectively. A broad band assigned to –OH 
stretching was found at 3455 and 3469 cm−1 for LDH-
FA-T80 nanocomposite and LDH-T80, respectively. 
Nonetheless, the absorption band of C=O stretch was 
undetected in the LDH-FA-T80 nanocomposite and 
LDH-T80, probably because of the chemical interaction 
of Tween-80 with the surface of LDH via the oxygen of 
C=O group [23]. 

Thermal Stability Studies 

The TGA analysis of LDH, Tween-80, LDH-FA, 
LDH-T80, and LDH-FA-T80 are shown in Fig. 6. In this 
section, the thermal degradation behavior of LDH-T80 
and LDH-FA-T80 will be compared with their uncoated 
nanocomposite, LDH, and LDH-FA, respectively (Table 
2). The thermal degradation of pure FA, LDH, and 
LDH-FA has been explained in detail in a previously 
published paper [20]. 

Founded on the results generated from the TGA 
analysis, the maximum temperature of the LDH-FA-T80 
(460 °C) was found to be lower compared to the LDH-
FA composite (663 °C). Even though there is a substantial 
reduction in their thermal stabilities, the ability of LDH-
FA-T80 to be thermally stable up to 460 °C demonstrates 
the reliability of this nanocomposite to withstand 
extremely high temperatures. 

In Fig. 6(b), the TGA analysis of Tween-80 
demonstrates a dominant and intense peak at 413 °C, 
with a weight loss of 98.2% which denoted to the 
complete degradation of Tween-80. Fig. 6(d) shows that  



Indones. J. Chem., 2024, 24 (2), 543 - 559    

 

Sharifah Norain Mohd Sharif et al. 
 

549 

 
Fig 6. TGA/DTG curves of (a) LDH, (b) Tween-80, (c) LDH-FA, (d) LDH-T80, and (e) LDH-FA-T80 

Table 2. Data of TGA analysis of Tween-80, LDH, LDH-T80, LDH-FA, and LDH-FA-T80 

Thermal degradation 
Samples 

Tween-80 LDH LDH-T80 LDH-FA LDH-FA-T80 

Stage 1 Tmax (°C) 413 139.0 95.0 67.0 61.0 
Percentage (%) 98.2 7.3 8.8 12.7 18.7 

Stage 2 Tmax (°C)  286.0 158.0 199.0 191.0 
Percentage (%)  15.4 4.0 9.1 23.1 

Stage 3 
Tmax (°C)  346.0 256.0 323.0 350 
Percentage (%)  7.5 36.4 12.7 31.6 

Stage 4 Tmax (°C)  484.0  663.0 460.0 
Percentage (%)  5.7  22.1 15.8 

Ref.  Present paper [20] Present paper [24] Present paper 
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the thermal degradation of LDH-T80 progressed through 
three major stages at maximum temperatures of 95, 158, 
and 256 °C with weight losses of 8.8%, 12.7%, and 36.4%, 
respectively. The first stage occurred in the region around 
100 °C, which is attributed to the water on the external 
surface of LDH and H2O molecules within the 
interlamellar [24]. The second stage occurred in the 
region 150–200 °C, which corresponded to the 
degradation of Tween-80 surfactant [25]. The total weight 
loss of LDH-T80 was 49.2% compared to 35.9% for LDH, 
indicating that approximately 13.3% of Tween-80 was 
formed on the surface of LDH. 

In Fig. 6(e), the TGA analysis of the LDH-FA-T80 
nanocomposite shows four major stages with a total 
weight loss of 89.2%. The first stage happened around 
61 °C with a weight loss of 18.7%, which resulted from the 
removal of H2O molecules absorbed on the surface of 
LDH-FA-T80. The second stage occurred in the 120–
220 °C region with a weight loss of 23.1% and can be 
related to the elimination of intercalated H2O molecules 
as well as the degradation of surfactant [25, 26]. The third 
stage spanned the 220–420 °C region, with the largest 
weight loss (31.6%) due to dihydroxylation of the 
hydroxide layers. The fourth stage spanned 420‒550 °C 
with a weight loss of 15.8%, which corresponded to the 
thermal degradation of organic species FA. Table 2 shows 
that the total weight loss of the LDH-FA-T80 
nanocomposite is 89.2% compared to 70.8% for the LDH-
FA nanocomposite, indicating that the LDH-FA 
nanocomposite was coated with 18.4% of Tween-80. 

TEM Analysis 

The TEM images of the LDH-FA and LDH-FA-T80 
nanocomposite are illustrated in Fig. 7. After the coating 

procedure, the TEM micrographs of LDH-FA-T80 (Fig. 
7(b)) showed a slight difference from the LDH-FA 
nanocomposite (Fig. 7(a)). As depicted in Fig. 7(b), the 
presence of LDH-FA-T80 as a dark center enclosed by a 
subtler shade of grey layer signifies that the surface of the 
LDH-FA nanocomposite was covered by Tween-80. 

Surface Morphology Analysis 

The surface morphologies of the LDH, LDH-FA 
LDH-Tween-80, and LDH-FA-T80 nanocomposite are 
illustrated in Fig. 8 FESEM images show different 
morphologies between uncoated LDH and LDH-FA 
nanocomposite when compared to their coated 
nanocomposites, LDH-T80 and LDH-FA-T80 
nanocomposites. Slight surface transformation is 
noticeable after the coating procedure, as the typical 
non-uniform, irregular agglomerates of plate-like 
structures owned by the pristine LDH and LDH-FA 
nanocomposites appeared to flatten due to the presence 
of Tween-80. LDH-T80, and LDH-FA-T80 
nanocomposites showed a smoother surface, and a stack 
of plate-like particles could not be clearly seen. These 
comparable data imply that the surfaces of the LDH and 
LDH-FA nanocomposite are successfully coated with 
Tween-80. 

CRF Study of FA Release from the LDH-FA 
Nanocomposite 

The release behavior of FA from both LDH-FA and 
LDH-FA-T80 was then studied in deionized water, 
aqueous sodium chloride (NaCl), and PBS (pH = 4.8 and 
7.4) as the release media. Varying the type of release 
media used in this study allowed the influence of 
different ions to affect the release behavior of FA, whereas  

 
Fig 7. TEM images of (a) LDH-FA and (b) LDH-FA-T80 nanocomposites at 100 k magnification 
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Fig 8. Surface morphology of (a) Tween-80, (b) LDH, (c) LDH-T80, (d) LDH-FA, and (e) LDH-FA-T80 

 
different pH of PBS was used to investigate the release 
behavior of FA in terms of pH dependency. In this 
section, the cumulative amount of FA released was 
measured until the absorbance curve from the UV-vis 
measurement reached a plateau, indicating that the 
diffusion equilibrium of FA was fully achieved. The 
accumulated percentage release of FA from LDH-FA and 
LDH-FA-T80 were shown in Fig. 9 and tabulated in Table 
3. 

For the uncoated nanocomposite LDH-FA, the 
release of FA in deionized water was complete in almost 
270 min (50.5% accumulated release of FA). In aqueous 
NaCl, a higher release rate of FA was observed, with a 
280 min release time (64.8% accumulated release of FA). 
As for the release of FA from LDH-FA in PBS of pH 4.8 
and 7.4, the absorbance curve from both UV-vis 
measurements reached a plateau at 220 min (76.9% 
accumulate release of FA) and 240 min (57.4% 
accumulate release of FA), respectively. The data collected 
in the CRF of FA from LDH-FA inferred that out of all 
release media, the rate of accumulation of FA from LDH-
FA was the slowest when aqueous NaCl was used as 
release media. A higher release rate was observed as the 
release media were replaced with deionized water, and 
PBS (pH 4.8 and 7.4). 

Different types of release media that were selected 
in this study, i.e., deionized water, aqueous NaCl, and PBS 

 
Fig 9. Release profiles of FA from (a) LDH-FA and (b) 
LDH-FA-T80 into various aqueous solutions 
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Table 3. Comparison of the accumulated percentage release of FA from LDH-FA and LDH-FA-T80 into aqueous 
solutions of deionized water, NaCl, and PBS (pH 4.8 and 7.4) 

Aqueous solutions 
LDH-FA LDH-FA-T80 

Percentage release (%) Release time (min) Percentage release (%) Release time (min) 
H2O 50.5 270 17.2 440 
NaCl 64.8 280 59.5 480 
PBS (pH 4.8) 76.9 220 72.7 300 
PBS (pH 7.4) 57.4 240 22.3 400 

 
solutions, will supply different types of anions during the 
controlled release study, which are OH−, Cl−, and PO4

3− 
anions, respectively. Considering LDH is a type of host 
layered material with great ion exchange ability, and the 
anions supplied by the release media have smaller radii, 
higher affinity, and greater charge density compared to 
the intercalated FA, exposing LDH-FA and LDH-FA-T80 
nanocomposites in these release media will, thereby, lead 
to the occurrence of anion exchange between the 
intercalated FA anions and the anions present in the 
release media. Different properties of the anions in the 
release media, particularly in terms of affinity, size, and 
charge density, will influence the release behavior of FA, 
as reflected by the varied accumulated percentage release 
and release time, as shown in the release profile (Fig. 9). 

Based on the data obtained in the release study, the 
slowest release of FA occurs when aqueous NaCl is used 
as the release medium. Slower rate of the anion exchange 
process can be related to the nature of Cl− anion, which 
existed as simple monoatomic and monovalent ions with 
lower charge density, compared to OH− and PO4

3−. Due to 
this reason, Cl− will have a lower affinity towards the 
positively charged layer of LDH, thereby undergoing an 
anion exchange process in a slower manner than the 
polyatomic OH− and PO4

3− anions. A recent study has 
reported that LDH tends to have higher selectivity 
towards OH− than Cl− [27]. The order of anion selectivity 
can be arranged according to their affinity toward LDH, 
in the sequence of CO3

2− > OH− > F− > Cl− > Br− > NO3
−, 

with CO3
2− being the most preferable anions by LDH [28]. 

The slowest release rate of FA in aqueous solution 
containing Cl−, is indeed in good agreement with many 
release studies related to controlled release formulation 
[29-31]. 

In this section, the dependency of the FA release 
rate on the pH of the aqueous solution was also studied 
using a PBS solution of different pH. The manipulated 
pH values in the study, pH 4.8 and 7.4, were selected to 
simulate acidic and basic environments so that the 
impact of the acidity or basicity of the aqueous solution 
on the release behavior of FA can be thoroughly 
investigated. Based on the release profile shown in Fig. 
9, noticeable differences between the release behavior of 
FA in PBS solution at pH 4.8 and 7.4 were observed. The 
release rate of FA in PBS solution at pH 4.8 
demonstrated a faster release process, with a higher 
percentage of accumulated release compared with the 
release of FA in PBS solution at pH 7.4. These findings 
can be related to different release mechanisms of FA 
from LDH-FA, resulting from different degrees of 
stability of LDH hold when exposed to acidic or basic 
release media. 

LDHs are generally made up of positively charged 
metal hydroxide layers that are balanced by negatively 
charged anions and water molecules positioned in the 
interlamellar region [32]. The hydroxide layer found in 
LDHs is unstable in acidic environments; therefore, it 
tends to dissolve and release the anions that were 
intercalated in their interlamellar region through the 
disintegration of the hydroxide layer and anion 
exchange process [33]. The instability of the hydroxide 
layer of LDH in an acidic environment weakens the 
electrostatic attraction that holds FA in their 
interlamellar region, making it easier for the FA to be 
exchanged with PO4

3− anion supplied by the PBS 
solution at pH 4.8. The highest percentage of 
accumulated release and fastest release rate of FA when 
using PBS solution at pH 4.8 as release media, as shown  
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in Fig. 9, has thereby supported the proposed release 
mechanism. As for the release of FA in PBS solution at pH 
7.4, a slower release of FA can be observed from the 
release profile, particularly because the hydroxide layer is 
more stable in the basic environment. Hence, only allow 
the release process to occur via ion exchange [33]. 
Therefore, these results evidently show that the release 
behavior of FA from LDH-FA hinges on the pH of the 
release environment. The high structural stability of 
LDHs in the high alkaline range is also in good agreement 
with a previous study [27]. 

As for the release of FA from the Tween-80-coated 
nanocomposite LDH-FA-T80, the absorbance curve from 
both UV-vis measurements reached a plateau in almost 
480 min release time (59.5% accumulated release of FA) 
in aqueous NaCl, 440 min (17.2% accumulated release of 
FA) in deionized water, 400 min (22.3% accumulate 
release of FA) in PBS of pH 7.4 and 300 min (72.7% 
accumulate release of FA) in PBS of pH 4.8. Therefore, the 
CRF data of FA from both LDH-FA and LDH-FA-T80 
revealed a similar trend of release behavior. The release of 
FA from both LDH-FA and LDH-FA-T80 occurred faster 
during the early phase of the release process and became 
slower before reaching equilibrium at their maximum 
accumulated release. The slowest release rate was 
recorded when aqueous NaCl was used, followed by PBS 
of pH 7.4, deionized water and PBS of pH 4.8. 

Comparatively, the release behavior of FA from both 
LDH-FA and LDH-FA-T80 showed similar trends. 
However, the release time of FA was further prolonged 
with the presence of Tween 80 as the coater. The Tween-
80 coating leads to a more progressive release, as 
demonstrated by the slower release rate of FA in all release 
media, particularly in aqueous NaCl, with the release time 
extended from 280 to 480 min. When considering the 
controlled release effect instigated by the presence of 
Tween-80, the prolonged release behavior is possibly 
related to the retarding effect triggered by the 
encapsulation effect of Tween-80 on LDH-FA [34]. 
Therefore, the prolonged effect demonstrated by the 
release data has shown the potential of using Tween-80 
coater as a promising material in enhancing the 
controlled release behavior of targeted substances. 

Kinetic Study of LDH-FA and LDH-FA-T80 
Nanocomposites Released into Various Aqueous 
Solutions 

Mathematical modeling is a significant approach 
to interpreting the release mechanism of a substance by 
providing information on its delivery manner, mass 
transfer and kinetics. Therefore, in this section, the in 
vitro release study data obtained were fitted to several 
kinetic models to gain a deeper understanding of the 
release mechanism of FA from both LDH-FA and LDH-
FA-T80 nanocomposites. The kinetic models selected to 
fit the release data collected were zeroth-order (Eq. (1)) 
[35], first-order (Eq. (2)) [36], pseudo-second-order (Eq. 
(3)) [37], parabolic diffusion (Eq. (4)) [38] and Fickian 
diffusion (Eq. (5)) [39], 
x t c   (1) 
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where x, accumulated percentage release of FA anions at 
time t, Mi is the amount of FA at the beginning of the 
release process, Mf is the cumulative amount of FA 
released when the release process is completed, n is an 
empirical parameter for the release mechanism, and c is 
a constant value for the related equations. 

Using the equations of the aforementioned kinetic 
models, the correlation coefficients, r2, rate constant, k, 
and half-time for the release process, t1/2, can be 
determined. t1/2 refers to the duration for LDH-FA and 
LDH-FA-T80 to reach half of the maximum 
accumulated percentage release of FA during the 
controlled release study. The best fit of the data to these 
five kinetic models was evaluated on the basis of the 
comparisons of r2 values of all kinetic models. A kinetic 
model with r2 nearest value of 1.00 will be deemed as the 
most appropriate fit kinetic model. 

The kinetic simulation for the release data of FA 
from LDH-FA using various kinetic models, shown in 
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Fig. 10, reveals that the linearization of kinetic models 
seems to be the most ideal when the data are represented 
using a pseudo-second-order kinetic model. The kinetic 
data obtained for the release data of FA from LDH-FA is 
tabulated in Table 4. The r2 values for the data fitted into 
this model were found to lie in the range of 0.994–0.999, 
thereby implying that the dissolution and anion exchange 
processes are mainly responsible for the release 
mechanism of FA from LDH-FA. 

The dissolution mechanism of LDHs was 
described to occur in two stages, in which rapid 
formation of surface reactive sites by –OH protonation 
takes place in the first stage, whereas the second stage 
involves gradual disengagement of metal cation [40]. 
Considering that the release of FA involves an anionic 
exchange mechanism, the intercalated FA anion must, 
therefore leave the interlamellar region of LDH-FA and 
migrate to the release media so that the unbalanced  
 

 
Fig 10. Fitting of the data for FA release from LDH-FA into various aqueous solutions for the (a) zeroth-order, (b) 
first-order, (c) pseudo-second-order, (d) parabolic diffusion, and (e) Fickian diffusion models 
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Table 4. Comparison of rate constants (k), regression values (r2), and half-life (t1/2) obtained from the fitting of the 
release data from LDH-FA into aqueous solutions of deionized water, NaCl, PBS at pH 4.8, and 7.4 

Aqueous solution 
Zeroth-order First-order Parabolic diffusion Fickian diffusion Pseudo-second-order 

r2 r2 r2 r2 r2 k (×10−2s−1) t1/2 (min) 
H2O 0.634 0.739 0.871 0.964 0.994 1.867 26.500  
NaCl 0.626 0.550 0.711 0.886 0.999 4.246 20.300 
PBS (pH 4.8) 0.425 0.607 0.711 0.842 0.999 3.208 21.500 
PBS (pH 7.4) 0.454 0.582 0.734 0.863 0.999 4.054 22.200 

 
charge caused by the migration of FA can be 
counterbalanced by the incoming anion supplied by the 
release media. 

The results obtained also show that the t1/2 calculated 
for the release of FA in PBS at pH 4.8 (21.5 min) is less 
than the t1/2 for the release of FA in PBS at pH 7.4 
(22.2 min). These results indicate that the release of FA 
occurs faster in a medium with higher acidity. The 
dissolution behavior of LDH in a mildly acidic 
environment (PBS at pH 4.8) is governed by the 
equilibrium achieved between the particle surface reactive 
sites and the dissolved species. Therefore, the dependence 
of the reaction rate on pH demonstrated in this study is in 
good agreement with those reported in a previous study 
[40]. 

As for the release of FA from LDH-FA-T80, it was 
found that the pseudo-second-order model also 
demonstrated a better satisfactory release kinetic process 
of FA from LDH-FA-T80 compared with the other 
kinetic models (Fig. 11). The plot of t/Mt vs. t for the 
release of FA from LDH-FA-T80 in Fig. 11(c) shows that 
fair straight lines were generated through the fitting. 
With the simulation of the release data of FA from LDH-
FA-T80 into all kinetic models used in the study, the r2 
values of release data fitting with pseudo-second-order 
model are in the range of 0.997–0.998, while the other 
kinetic models are in the range of 0.460–0.844 (Table 5). 
Therefore, this indicates that the release mechanism of 
FA, which is through dissolution and anion exchange 
release  mechanism,  was maintained  despite  Tween-80  
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Fig 11. Fitting of the data for FA release from LDH-FA-T80 into various aqueous solutions for the (a) zeroth-order, 
(b) first-order, (c) pseudo-second-order, (d) parabolic diffusion, and (e) Fickian diffusion models 

Table 5. Comparison of rate constants (k), regression values (r2), and half-life (t1/2) obtained from fitting the release 
data from LDH-FA-T80 into aqueous solutions of deionized water, NaCl, PBS at pH 4.8, and 7.4 

Aqueous solution 
Zeroth-order First-order Parabolic diffusion Fickian diffusion Pseudo-second-order 

r2 r2 r2 r2 r2 k (×10−1s−1) t1/2 (min) 
H2O 0.525 0.541 0.791 0.836 0.997 1.168 41.600 
NaCl 0.460 0.488 0.745 0.727 0.998 1.114 48.600 
PBS (pH 4.8) 0.464 0.548 0.739 0.699 0.997 0.381 45.300 
PBS (pH 7.4) 0.488 0.572 0.760 0.844 0.998 0.400 50.000 

 
being present as a coater for the nanocomposite. 

Even though the release behavior of FA from both 
systems (LDH-FA and LDH-FA-T80) shared the same 
release mechanisms (as indicated by the pseudo-second-
order kinetic model governed by these nanocomposites), 
a significant difference in terms of their t1/2 can be clearly 
observed from the kinetic data tabulated in Table 4 and 5. 
The t1/2 for the release data of FA in LDH-FA is in the 
range of 20.3–26.5 s, whereas for the release data of FA in 
LDH-FA-T80, the t1/2 lies in the range of 41.6–50.0 s. The 
potential of Tween-80 in prolonging the release process 
can be correlated with the nature of Tween-80. Tween-80 
is an amphiphilic substance with both hydrophilic and 
hydrophobic moieties in the same molecule [41]. The 
backbone structure of Tween-80 is a sorbitan ring with 
poly(ethylene oxide) conjugated to hydroxyl groups 
(hydrophilic region) and oleate fatty acid ester 
(hydrophobic region) associated with the 
polyoxyethylene sorbitan portion of the molecule. The 
amphiphilic nature of Tween-80 permits it to self-
assemble into micelles in aqueous solutions after reaching 
critical micellar concentrations. The hydrophilic region of 

Tween-80 is responsible for keeping the micelles stable 
and decreasing undesirable FA interactions with the 
outer medium, thereby protecting the nanocomposite 
and promoting slower and sustained release of FA. The 
presence of Tween-80 was also expected to facilitate the 
targeted delivery of FA by increasing their 
bioavailability. Recent studies have reported the 
potential of micelle formation to increase the 
permeability of drugs across biological membranes and 
enhance the aqueous solubility of hydrophobic drugs in 
vivo and in vitro [12,42]. The results obtained in the 
present work confirm that the formation of Tween-80 
micelles is an effective platform for achieving efficient 
and targeted delivery of FA. 

■ CONCLUSION 

This study highlights the potential of Tween-80 
polymeric surfactant in enhancing the controlled release 
formulation for the delivery of FA. The LDH-FA-T80 
nanocomposite was prepared for loading and 
controlling the release of FA using LDH and Tween-80 
as the host and coating materials, respectively. The 
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synthesized LDH-FA-T80 was characterized by PXRD, 
FTIR, TGA/DTG, TEM, and FESEM to verify the success 
of the coating procedure and to investigate its 
physicochemical properties. The results generated from 
the characterization study revealed the success of the 
coating procedure, and the intercalated FA was preserved 
in the interlamellar region of LDH-FA-T80. The LDH-
FA-T80 also exhibited excellent thermal stability. The 
release profile obtained reveals the potential of Tween-80 
in CRF, reflected by the significantly prolonged release 
time of FA from LDH-FA-T80. The release of FA from 
LDH-FA-T80 was also found to be influenced by the 
presence of the anions in the release media and pH 
dependence. The release process of FA from the LDH-FA-
T80 nanocomposite can be well described by pseudo-
second-order release kinetics, which signifies the 
dissolution and anion exchange process. The retarding 
effect triggered by Tween-80 promotes the sustained 
release of FA, thereby demonstrating its potential in the 
pharmaceutical industry. 
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