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Salicylic acid (SA) is a type of organic ultraviolet absorber that can cause health issues when
used at high concentrations. Zinc-layered hydroxide (ZLH) with the chemical formula of M?*
(OH)2-x(A™)wm-nH20, where M?* is a divalent cation and A™ is a counter anion with a negative
charge, was used to maximize the efficiency of SA and simultaneously reduce its side effects.
Zinc-layered hydroxide-salicylic (ZSA) was synthesized using a simple direct method and then
characterized. Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectroscopy
showed the presence of a new peak aside from the sharp peak at 560 cm™, corresponding to the
presence of zinc oxide (ZnO). A new basal spacing formed in X-ray diffraction (XRD) study at
16.05 A and a peak disappeared between 30° and 40°. Thermogravimetric analysis/differential
thermogravimetric analysis (TGA/DTG) indicated that ZSA was stable to heat exposure.
Meanwhile, field emission scanning electron microscopy (FESEM) showed that ZnO has a non-
uniform granular shape, whereas ZSA has a non-uniform flaky shape, indicating that SA was
imbedded between the ZLH interlayer regions. Brunauer-Emmett-Teller (BET) method showed
that ZSA was a mesoporous material (Type 1V) after the interleave process. The sustained release
properties were evaluated using ultraviolet-visible (UV-Vis) spectrophotometry to study the
sustained release of different simulated media solutions. In conclusion, SA can be intercalated
between the interlayer galleries of ZLH and can have a slow-release property.
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Salicylic acid (SA), which is also known as 2-
hydroxybenzoic acid (Fig. 1), is the weakest
organic ultraviolet B (UV-B) filter that has been
used as a sunblock agent. Organic UV filters
absorb radiation from the sun and produce an
excited state of molecules that gives higher energy
content, and the excess energy is dissipated by the
emission of higher wavelength or relaxation by
photochemical process [1]. Two types of organic
filters are filters in personal care products (PCPs)

for hair and cutaneous membrane protection from
sunlight, and filters for UV stabilizers used in
various products, such as plastics and paints that
protect polymers and pigments against
photodegradation and prevent discoloring [2]. UV
filter residues can be found in river water, lake
water, seawater, and groundwater. The sediments
and biota are toxic and could affect reproductive
activity [3], as well as the normal development of
aquatic and terrestrial organisms [4].

Figure 1. Chemical structure of salicylic acid
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Figure 2. lllustration of ZLH structure

The incorporation of SA into layered materials
can minimize adverse effects and increase the
efficiency of scattering and absorbing UV radiation
from the sun. Layered double hydroxides (LDHSs) are
the most common layered materials that have been
extensively studied for their capability to exchange
anions between their interlayer regions. Layered
hydroxide salt (LHS) with certain divalent metallic
cations is another type of layered material known to
have a similar capability to LDH. The structure of
LHS is known as an alternating sequence of modified
brucite-like hydroxide and interlayer anions that are
structurally similar to LDH [5]. A general formula that
defines LHS is M?*(OH)2(A™)xn-mH20, where M?*
is a divalent metallic cation and A™ is a counter anion.
Zinc-layered hydroxide is a family of LHS that
contains layers of octahedrally coordinated zinc. A
quarter of them are displaced, leaving an empty
octahedral site forming cationic centers and
tetrahedrally coordinated at the top and bottom of the
octahedral sheets [6], as illustrated in Fig. 2. The
purpose of choosing ZLH instead of LDH as the
layered compound is due to the lower interest in
investigating ZLH as one of the layered compounds or
materials.

The intercalation of SA into the interlayer
region of ZLH can be performed using a simple direct
method, in which zinc oxide (ZnO) is selected as a
starting precursor. ZnO can act as an inorganic
sunscreen agent that scatters and reflects ultraviolet A
(UV-A) and B (UV-B) radiation, as well as prevents
skin irritation and disruption of the endocrine system
[7]. Zinc is known as a type of essential mineral for
humans, which is used by certain enzymes for
synthesizing and degrading lipids, proteins, nucleic
acids, and carbohydrates [8]. Zinc is also used for its
semiconducting properties, unique antibacterial and
antifungal properties, wound healing, and high
catalytic and photochemical activity [9]. Once the
intercalation is completed, zinc-layered hydroxide-
salicylic (ZSA) will go through physicochemical tests
to determine the interaction between the inorganic-
organic hybrid compounds. In this study, the release
of ZSA in different salt solutions was studied by
simulating various actual conditions, and the kinetic
capabilities of the hybrid compound were evaluated.

MATERIALS AND METHODS

Salicylic acid (Sigma, > 99%), ZnO (R&M, 98%),
sodium hydroxide (NaOH) (R&M, 99%), sodium
carbonate (Na;COsz) (R&M, 99.5%), sodium
phosphate (NasPO4) (R&M, 99.2%), sodium chloride
(NaCl) (Sigma, 99%), and deionized water were used
throughout the experiment.

The inorganic-organic hybrid compound was
synthesized using a simple direct method, where 0.2 g
of pure ZnO was mixed with 0.8 M salicylate anion
(salicylic acid solution) in 100 mL solution with an
ethanol-to-water ratio of 2:1. The pH of the solution
was adjusted to pH 7 + 0.5 using 2 M NaOH. The
mixture was mixed and stirred well for 3 h at room
temperature. The obtained precipitate solution
underwent an aging process in an oil bath shaker at
70°C for 18 h. The obtained slurry was centrifuged
and washed thrice using distilled water. After that, the
samples were stored for characterization.

Fourier transform infrared-attenuated total
reflectance (FTIR-ATR) spectra were obtained using
a FTIR spectrophotometer (Thermo-USA) to
determine the functional groups of the hybrid
compound. The powder X-ray diffraction (PXRD)
pattern was obtained via Rigaku Mini-2 using Cu Ka
radiation to study the basal spacing value. Field
emission scanning electron microscopy (FESEM)
images were obtained using Carl Zeiss SUPRA 40VP.
Brunauer-Emmett-Teller (BET) method was used to
investigate the specific surface areas of the
nanocomposites, whereby around 1-2 g of the
nanocomposites was weighed and tested with
Micromeritics Gemini 2375. Thermogravimetric
analysis was conducted with differential thermal
analysis using NETZSCH TG 209. In this part, 10 mg
of each sample was placed in an alumina crucible and
heated at the temperature range from 37 to 800°C with
a heating rate of 10°C min‘* [10].

The investigation of the release behavior of
SA from the interlayered region was conducted using
an ultraviolet-visible (UV-Vis) spectrophotometer at
Amax = 231 nm by placing 0.3 mg of ZSA
nanocomposites in three types of 0.05 M salt solutions
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(i.e., NaCl, Na,COs, and NasPQO,) to simulate the
conditions on skin, air, and soil. The simulation was
done to understand the release of SA from the
interlayer region of LDH based on the concentration
effect of chloride ion (sweat on the skin), phosphate
ion (soil), and air (the presence of carbon dioxide).

RESULTS AND DISCUSSION

The FTIR spectra for ZnO, SA, and 0.8 M ZSA are
shown in Fig. 3. ZnO showed two significant peaks at
454 cm™ and 560 cm™ that indicated N-O vibration.
SA contained OH stretching dimer with overlapping
C-H vibration from 3300 cm? to 2600 cm™. The
presence of C=0, C=C stretching, C-O, and C-H at
1654 cm?™, 1482 cm?, 1293 cm?, and 757 cm™,
respectively, indicated the significant peaks for SA.
The FTIR peak for ZSA showed several peaks that
typically exist in a pure SA compound, whereas the
disappearance of the starting precursors indicated that
SA intercalated between the ZLH interlayer structures.
The presence of a broad peak at 3379 cm™* indicated
the presence of OH stretching dimer due to hydrogen
bond formation [11]. ZSA also showed the presence
of C=0 group, symmetric stretching of C=C group, C-
O group, and C-H group at 1623 cm'®, 1467 cm™, 1249
cm?, and 755 cm, respectively, suggesting that SA
intercalated between the interlayer regions of ZLH.
However, some of the peaks in ZSA shifted from their
original or pure SA peaks due to the interaction of the
organic anion with the ZLH interlayer structure [12,
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13]. Meanwhile, the shift of wavenumber values was
due to the possibility of host-guest interaction via
hydrogen bonding between the COO" of the organic
anion with the OH group of the interlayer region, and
guest-guest interaction through the conjugation of
phenyl groups of interlayer ions related to various
compositions and synthesis paths [14].

The PXRD patterns of intercalated compounds
of 0.8 M ZSA and ZnO are presented in Fig. 4. Five
important sharp peaks from 30° to 65° (2.8 A, 2.6 A,
2.4 A, 1.9A, 1.6A, and 1.4A) related to the reflections
of 100, 002, 101, and 102 lattice planes [6] indicated
that ZnO was a pure compound with high crystallinity
[15]. Meanwhile, for 0.8 M ZSA, the pattern showed
that the high-intensity peaks shifted to the lower
regions of 20 (ie., 16.05 A, 8.00 A, and 5.37 A),
indicating that SA intercalated between the interlayer
regions of ZLH with a well-formed and high
crystallinity structure. The shifting of ZA into the
lower area of 20 was directly related to basal spacing,
which was then followed by clear harmonic peaks,
depending on the quality of the long-range order of the
layered packing [16]. The even d-spacing values of
reflection peaks for the intercalated compound with
the ratio of 1, 2, and 3 indicated that the intercalated
compound was in a good formation with the orderly
stacked interlayer [12]. The increase in basal spacing
was due to the bigger molecular size of SA anion
compared to the size of water molecules present
between the ZLH interlayer regions.
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Figure 3. FTIR spectra for ZnO, 0.8 M SA, and ZSA
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Figure 4. PXRD patterns for ZnO and 0.8 M ZSA

The mechanisms for the intercalation of the
organic anion with ZnO followed the dissociation-
deposition mechanisms, which occurred in three steps
[17,18]. The first step was the formation of Zn(OH); layers
on the surface of ZnO when ZnO was introduced to water
(hydrolysis). Then, the newly formed Zn(OH), was more
susceptible to acid compared to ZnO, which then formed
Zn% and OH-. Lastly, Zn?*, OH-, and the organic anion
(i.e., salicylate anion (SAY)) in the solution formed the
layered compound and the process occurred continuously
until all ZnO phases and Zn(OH), phases were completely
used to form the layered compound. The increase in the

3.1

3.0

interlayer space could be calculated by considering the
average basal spacing of ZSA (ie., 16.05 A). The
calculated gallery height of 8.65 A was obtained by
subtracting the value of ZLH (i.e., 4.8 A) and 2.6 A for
each zinc tetrahedron. SA was arranged in a bilayer, where
the COO in the X-axis was positioned at the upper and
bottom of the interlayer region of ZLH, as shown in Fig. 5.
From the FESEM images, as depicted in Fig. 6, it could be
concluded that ZnO had non-uniform granular surfaces.
Meanwhile, the intercalated compound of 0.8 M SA with
ZLH showed a combination of flaky and agglomerated
shapes with a non-uniform structure.

Figure 5. Spatial orientation of SA and the illustration of SA arrangement between the ZLH interlayer regions
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Figure 7. TGA/DTG thermograms for (a) SA and (b) 0.8 M ZSA
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Thermogravimetric analysis/differential thermo-
gravimetric analysis (TGA/DTG) measurements of
SA and 0.8 M ZSA are shown in Fig. 7. SA showed
only a single decomposition peak at 204°C with 97%
decomposition. The decomposition of 0.8 M ZSA
occurred between 50 and 800°C. The first and second
decomposition at 90°C with 7.3% weight loss and
241°C with 9.7%, respectively, were attributed to the
presence of water in the composite organic-inorganic
ZSA. The decomposition was attributed to the loss of
physisosorbed water molecules in the first
decomposition and intercalated water structure [19].
The following decomposition occurred at 426°C was
attributed to the decomposition of the organic anion
with 49.7% loss. The decomposition of hydroxide
layers occurred at 737°C with 13.1% decomposition.
The TGA/DTG of ZSA and SA thermograms
indicated that the intercalated compound was stable
toward heat compared to SA in its pure state. The
stability was identified from the organic-inorganic
interaction of the negatively charged carboxylate
group (COO) organic anion (SA) and positively
charged Zn?* inorganic interlayer region. The increase
in thermal stability was due to the charge densities and
the ability of the anion to be retained between the
layers [16].

The nitrogen adsorption-desorption isotherms
of ZnO and 0.8 M ZSA are shown in Fig. 8. The
isotherms indicated that the precursor and ZSA were
Type IV isotherms, and according to the International
Union Pure and Applied Science Chemistry (IUPAC)
classifications, both were mesoporous type materials.
The adsorbate uptake for ZnO with relative pressure
from 0.0 to 0.6 and the optimum absorbed nitrogen
(N2) of 4.11 cm¥g indicated a low capacity for N
uptake [19]. Meanwhile, the intercalated compound of
ZLH and 0.8 M SA underwent adsorption at 0.0-0.8
with 23.14 c¢cm®/g. The desorption branches for both
ZnO and ZSA showed a type A hysteresis loop.
However, a narrower loop was observed in ZnO
compared to the ZSA intercalated compound, showing
a different pore texture before and after the
intercalation process. The increase in surface area
from 4.11 m?g for ZnO to 23.14 m?qg for the
intercalated ZSA compound (Table 1) indicated that
the larger surface area of the sorbent offered more
active adsorption sites and better adsorption capacity
[20]. Besides, 21.85% of C and 2.39% of H indicated
the presence of organic anion with the calculated
loading of 35.35%.
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Figure 8. Adsorption-desorption isotherms and pore size distributions of ZnO and 0.8 M ZSA

Table 1. Physiochemical properties of ZnO and 0.8 M ZSA

Surface Properties

BET BJH A Percent
verage Loadin
BET Surface  Average Diameter C% H% N% S% .
Area (m*/g) Diameter A (%)
i A)
(A)
7ZnO 4.11 345.27 315.01 nd nd nd nd -
ZSA 23.14 298.78 324.72 21.85 239 0 0 35.35

The controlled release properties of ZSA using
three different salt solutions are presented in Fig. 9. The
fast release of SA was observed during the first 500 min
for all salt solutions. The release behavior indicated that
all solutions reached equilibrium starting from 10,000
min with the release percentages of 45%, 25%, and
20% of SA into phosphate, carbonate, and chloride salt
solutions, respectively. The capability of SA to leach
from the ZLH interlayer region was due to the exchange
capability of the layered compound, which then formed
a new hybrid compound. Anions with higher negative

charge interact more strongly with the positively
charged ZLH; thus, these anions easily and readily
replace the existing anion in the ZLH interlayer region
[21]. This phenomenon can be observed from the
release properties shown in Fig. 9, whereby the release
percentage of SA into PO4* salt solution was much
higher than CO3% and CI- salt solutions. Thus, it could
be concluded that the charges affect the release
property of the anion from the ZLH interlayer region,
in the order of PO,* < COs* < CI, with the slow
percentage of SA release.

100
NazPO,
Na.COs
Q
2]
1]
o
Q
K NaCl
xR
O L 1 1 1 1 L 1 L 1 L
0 10000 20000 30000 40000 50000 60000
Time (min)

Figure 9. Controlled release of ZSA into NaCl, Na,CQOgs, and NasPO4
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The Kinetic release of SA from the interlayer
galleries of ZLH was analyzed using various kinetic
models: zero-, first-, and second-order models. The
linear correlation coefficient (R?) values were
obtained from the linear fitting, as shown in Table 1.
The values of R were calculated using zero-order (Eq.
1), first-order (Eg. 2), and pseudo-second-order (Eq.
3) models [22]:
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Ct=kt+c )
-log(1-C) =kt + ¢ 2)
t/Ct = 1/k,Ceq? + (1/ge)t 3)

where Ceq is the concentration of anion at
equilibrium, Ct is the concentration of anion at time t,
C is the percentage release of anion, and c is a
constant.

Table 2. Linear correlation coefficient, and rate constant and half-time for pseudo-second-order models

Linear Correlation Coefficient (R?)

Pseudo-Second-Order

Zero-

Pseudo-Second-

Order First-Order Order Rate Constant, k Half-Time
NaCl 0.0222 0.0225 0.9837 0.776 x 104 29.95
Na,COs 0.0168 0.0179 1.0000 0.097 1.7930
NazPOg4 0.0169 0.0195 0.9856 6.619 x 10 162.08
10
PO Zero-order
CO32_
x Cl-
0.0 . | . 1 . I . 1 . 1
0 10000 20000 30000 40000 50000 60000
Time (min)
1.0
First-order
08 PO.*
2
2 COs
B
o
Cl
0.0 " 1 L | | n 1 L 1 L
0 10000 20000 30000 40000 50000 60000

Time (min)
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Figure 10. Release profiles of SA from the nanohybrid of the aqueous media using zero-order, first-order, and
pseudo-second-order models

Based on the data tabulated in Table 2, the
zero-order model gave the lowest R? and the model
could not explain the release mechanism of SA. The
release mechanism of SA from the ZLH interlayer
region followed the pseudo-second-order Kinetic
model with the highest R? values compared to the
other two kinetic models. The release mechanism is
known to be divided into two phases, whereby the first
stage is the rapid release ‘burst effect’ phase, followed
by the second stage of the slow release phase [23]. The
release of SA is known by the dissolution of SA from
the interlayer region of ZLH through the solvent,
which followed the release of salt anion solution in the
order of POs*< COs* < CI-.

CONCLUSION

Based on the results, the FTIR-ATR spectra and
PXRD patterns are correlated with each other, where
C=0, C-O, C=C, and OH vibration modes were
present with high intensity peaks at the lower region
of 20 with a value of 16.05 A. TGA/DTG indicated
that ZSA was stable toward heat exposure, and
FESEM images showed that ZnO has a non-uniform
granular shape. Meanwhile, the ZSA non-uniform
flaky shape indicated that SA was embedded between
the ZLH interlayer regions. BET showed that ZSA
was a mesoporous compound. Finally, the release of
SA depended on the charge density of the solution that
followed the pseudo-second-order kinetic model.
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