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Abstract

Excessive exposure to ultraviolet (UV) radiation has now been found to cause
damage and can be life-threatening, such as sunburn, premature aging, eye damage,
heat stroke, and plant death. UV filters are used to reduce the intensity of UV, for
example, as a component in sunscreen to absorb or block UV rays, or in solar filters for
agriculture, etc. In this study, we have developed UV filters with various sizes and
structures such as core-shell and hollow structures to develop an effective UV filter,
that does not negatively affect the environment. The synthesis involved calcium silicate
(CazS10g4), core-shell of silicon dioxide (S102)-coated zinc oxide (ZnO) (Si02@Zn0),
and hollow ZnO nanoparticles. The Ca,SiO4 particles synthesized effectively protected
against UVC but were not suitable for further study. Synthesis of SiO>@ZnO
nanoparticles was investigated by studying the effects of solvent, core size of Si0., and
concentration of ZnO precursor. The Si02@ZnO particles were then evaluated for their
optical properties and UV protection efficiency. The appropriate conditions were
selected for etching the S10; core using sodium hydroxide at different time intervals to
obtain hollow ZnO nanoparticles. The optical property of SiO>@ZnO and hollow ZnO
nanoparticles suggest that both particles can block UVA and can be used as UV filters.

Keywords: UV filter, Sunscreen, Zinc oxide, Hollow ZnO nanoparticles
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CHAPTER 1
INTRODUCTION

1.1 Background

Titanium dioxide (TiO2), and zinc oxide (ZnO) are widely used as ultraviolet
(UV) filter. The UV filter is divided into two types, according to the mode of action:
physical and chemical UV filters [1]. Scattering and absorption of the physical or
inorganic UV filter have the advantage over the chemical or organic UV filter in
broader spectrum protection (covering both UVA and UVB) [2], while the chemical or
organic UV filter has only absorption and conformational molecular changes [3],[4].
The UV filter has been used in the field of cosmetics, pharmaceuticals, wastewater

treatment, and self-cleaning coatings for windows, etc.

As UV filters, TiO2 and ZnO are often synthesized in the form of nanoparticles
(NPs) [5]. Both TiO; and ZnO are semiconductor with a wide band gap, which could
have the disadvantage to the environment, including bioaccumulation, and the
formation of reactive oxygen species (ROS). ZnO causes sea urchin anomalies due to
Zn*" emissions, coral bleaching, and shrimp mortality [6]. They photocatalytically
degrade organic constituents upon UV exposure and cause skin damage [7]. A lot of
research have been tried to find a physical UV filter to replace TiO2 and ZnO. Mitchnick
et al. (1999) [ 8] analyzed the photodegradation of silica (Si0;) coated and uncoated
Zn0O and TiO2 NPs. The results show that both TiO2 and ZnO coated with the SiO> have
a higher photocatalytic level than the uncoated TiO> and ZnO. Rafid et al. (2022) [9]
synthesized sodium (Na)-doped ZnO NPs with spherical morphology and particle size

of 64.6-84.6 nm for photocatalytic comparison. The results showed that the



photocatalytic activity of Na-doped ZnO produced by sol-gel method was reduced by
98%, which was greater than that of the solvothermal method. The band gap in UVA

region was increased with an increasing amount of Na-doped during the UVA region.

Thus, the target of this work is to synthesize calcium silicate (Ca>Si04) and
hollow ZnO as UV filters at the nanoscale, which can reduce photocatalytic activity
while still effectively block UVR. Ca;Si0O4 serves as an inorganic UV filter with the
advantage of low photocatalytic activity [10]. In a part of ZnO is attractive as a UV
filter due to its advantageous properties, such as a high refractive index (1.7) and
minimal absorption of solar radiation in the UV range, specifically at or below 385 nm.
However, it has the disadvantage of high photocatalytic activity [11]. To remedy this
disadvantage, the synthesis of ZnO in a hollow morphology is desired. This will be
achieved by etching core-shell particles of SiOz-coated ZnO (SiO2@ZnO) using
sodium hydroxide (NaOH). All the particles will be analyzed for their UV absorption
using UV-vis spectrophotometer. The morphology and particle size will be examined
using Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS),
respectively. The functional groups and the crystallinity of the particles will be analyzed
using Fourier Transform Infrared (FTIR) spectroscopy and X-ray Diffraction (XRD),

respectively.

1.2 Objectives

1.2.1 To synthesize and characterize of Caz2Si0a4, Si02@Zn0O and hollow
ZnO NPs.

1.2.2 To study the effect of particle size of NPs prepared in 1.2.1 on the

ability to block UV.



1.3 Scopes of Work

1.3.1 Synthesis of Ca;SiO4 NPs
1.3.2 Syntheses of Si0, NPs at three different sizes.
1.3.3 Syntheses of Si02@Zn0O and hollow ZnO.
- Vary core size and concentration of ZnO precursor
- Vary etching times
1.3.4 Characterization of Ca;Si04, S102@Zn0O and hollow ZnO NPs

- UV-vis Spectrophotometer

- Transmission Electron Microscope (TEM)

- Dynamic Light Scattering (DLS)

- Fourier Transform Infrared (FTIR)

- X-Ray Diffraction (XRD)

1.4  Expected Output

1.4.1 Synthesis protocols of Ca;SiO4 NPs.

1.4.2 Syntheses protocols of core-shell SiO>@Zn0O and hollow ZnO.



CHAPTER 11

LITERATURE REVIEW

2.1 Ultraviolet radiation (UV)

Ultraviolet radiation (UV) is defined as that portion of electromagnetic radiation

lies between X-rays and visible light depending on wavelength as follow [12]:

WAVELENGTHS

SUN
uvc
100-290 nm

uve
UVC UVB UVA 200-320 nm

123
0‘1-0“E i

UVA
320-400 nm

EARTH

Figure 1 UV in various ranges as follows:

Ultraviolet A (UV-A): It has a radiation range of 320 to 400 nm. It causes skin

coloring, due to the excessive production of melanin in the outer layer of the skin.

Ultraviolet B (UV-B): It has a radiation range of 290 to 320 nm. UV-B is also

1000 times more potent and more genotoxic than UV-A.

Ultraviolet C (UV-C): It has a radiation range of 100 to 290 nm. UV-C radiation
is in the stratospheric ozone layer. It may cause eye injury and severe skin burns. It is
important to avoid direct skin contact with UV-C rays and to not look at the UV-C light

source. It may cause the risk of skin cancer and permanent vision loss.



2.2 Evaluation of UV screening efficiency

The ability of UV filter can be specified in many ways, such as UV-shielding

performance, percentage of blocking and Sun Protection Factor (SPF).

2.2.1 UV-shielding performance [12]
The Ultraviolet Protection Factor (UPF) value is used to estimate how
much the material reduces UV exposure. It can be calculated as Equation 1.

The standard grades of UPF and its classification were shown in Table 1.

400 E 2_ S A dl
[ a0 EDST(A)dA

Where;
A = Wavelength (nm)
E(L) = The relative erythema action spectrum
S(X) = The spectral irradiance (Wm™?/nm)
T(LA) = Average spectral transmittance

dA = The wavelength interval between measurements (nm)

Table 1 Standard grades of UPF and its classification.

UPF rating % of UV blocking UV protection
category
15-24 93-96% Good
25-39 96-97% Very good
40-50+ 97-99% Excellent




2.2.2 The percentage of blocking
The percentage UVR block relates to the performance of the reflect or
absorb incident UV within 290 nm to 400 nm. This includes UV-A radiation

and UV-B radiation.

2001 )aa

uv —A blocking(%) =100 — E?LTM(%) (2)
320
, 220 T(2)da
UV —-B blocklng(%) =100 — W (%) (3)
280

2.2.3 Determination of SPF

All the sunscreens available in the market have different SPF values
depending upon the protection intensity against UV radiation. SPF value is
basically the ratio of minimal erythemal dose on the sunscreen protected skin to

the minimal erythemal dose on the unprotected skin [13].

SPF = Minimal erythemal dose on sunscreen protected skin (4)

Minimal erytthernal dose on unproteted skin

SPF values can also be determined by UV-vis spectrophotometry using

Mansur mathematical equation. The constant values used for the calculation can

be found in Table 2.
320
SPF spectrophotometric = CF x Z EEA) x I(A)x Abs (1) (5)
290

Where;



CF is correction factor (=10)
EE (M) is erythemal effect spectrum
I (1) is solar intensity spectrum

Abs (M) is absorbance of sunscreen product

Table 2 Values for calculating SPF.

Wavelength (nm) EE*I
290 0.0150
295 0.0817
300 0.2874
305 0.3278
310 0.1864
315 0.0837
320 0.0180

2.3 UV filters

UV filters are materials that can partially absorb or block UV radiation. UV
filters are regularly used in cosmetics for sun protection purposes and can be classified
into two groups according to their physicochemical properties, namely chemical UV

filters (organic UV filters) and physical UV filters (inorganic UV filters) [2].

2.3.1 Classification of UV filters and mode of action

UV filters into chemical UV filters (organic UV filters) and physical UV
filters (inorganic UV filters). There are several modes of UV filtrations,
depending on chemical structure/composition, size, component, and

morphology.



2.3.1.1 Chemical UV filters (organic UV filters)

Chemical or organic UV filters are usually aromatic compounds
with a carbonyl group that absorb UVR to prevent it from reaching the
skin. Examples of chemical UV filters are avobenzone, cinoxate,

encapsule, oxybenzone, etc.

Chemical UV filters can function in 3 ways from Figure 2. The
first is to undergo conformational molecular changes Later, high-
wavelength radiation was emitted, and the incident energy was released
as heat [3],[4]. The action mode of organic is reversible so that the same
molecule can work repeatedly. In addition, the absorption of UV
photons by organic UV filters can release free radicals and cause damage
to collagen and elastin [ 14 ]. Therefore, the use of organic UV filters is

often questioned due to their side effects.

2.3.1.2 Physical UV filters (inorganic UV filters)

Physical or inorganic UV filters are generally metallic oxides,
principally working by reflecting, scattering, and absorbing UV
radiation from Figure 2. Also, they can protect against visible light,
UVB, and UVA rays. These substances include titanium dioxide (Ti0>),
zinc oxide (ZnQO), calcium carbonate (CaCQOs), calcium silicate
(CazSi04), kaolin, talc, magnesium oxide (MgO), etc [1]. It consists of
reflection which depends on refractive index (n), scatter which depends
on scattering efficiency and absorption, which often relates to

photocatalytic.



Heat release

in high 2

changes

Radiation emission

‘conformational molecular /— /

/| Organic UV filter

Inorganic UV filter

Figure 2 Action mode of organic and inorganic UV filters.

A. Refractive index (n) refers to the ratio between the speed of an

electromagnetic wave in a vacuum and its speed in another medium.

Medium 1 Medium 2
ny n2

/V

Figure 3 Light bends at the interface of two mediums.

Snell’s Law index of refraction could be calculated as

n,; sinf,

n, sinf,

(6)

Where; n; and n> are refractive indices of medium 1 and 2, 6; is

the angle of incidence, 6 is the angle of refraction, respectively.

The refractive index of a medium can be calculated using the

following formula:
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n=c/v=C/\ (7
Where;
n is the refractive index of the medium
c is the velocity of light in a vacuum (m/s)
v is the velocity of light in the medium (m/s)
A 1s the wavelength of light (m)

fis the frequency of light (s™)

Table 3 Examples of refractive index

Chemical Refractive index
Ti0; 2.7
Zn0O 1.7
CeO, 1.9
CaxSi04 1.6
Si02 I

B. Scattering is the mechanism through which light is transmitted in all
directions when it strikes a particle with a larger diameter and intensity
of scattered light is a function of the wavelength of the light ray. The

scattering efficiency is given by the Rayleigh Equation.

C K.V (8)

Where;
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Qsca 18 the scattering efficiency
C is the scattering cross-section (m?)

K is a constant whose size is a function of m, the ratio of the refractive

index of the particle
V is the particle volume (m?)
A is the wavelength of the incident light in the medium (m)

C. The Tyndall effect (Tyndall scattering) is the scattering of light by
colloidal (size). For a mixture to be a colloid, the particles must be in the
range of 1-1000 nm in diameter. The size of the scattering particles
determines the color of the scattered light and colloidal particles absorb
energy from incoming light [2] and difference between Tyndall effect
and scattering of light is that the scattering of light is the spread of light

in all directions by the particles that are present in its path.

D. A band gap is the distance between the valence band of electrons and
the conduction band. Importantly, the band gap represents the minimum
energy that is required to excite an electron up to a state in the

conduction band where it can participate in conduction.
The band gap energy can be obtained from the formula:

Band gap energy (E) =hc/ 1 9)
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bandgap

emission energy

k:
Figure 4 Direct band gap

Where;

E is the band gap energy (eV)

h is the planks constant = 6.626 x 10~* J.S
¢ is the speed of light = 3.0 x 10® m/s

A is the cut-off wavelength (m)

2.4 Literature review

2.4.1 Calcium silicate nanoparticles (CazSiOy)

CS is inorganic UV filters characterized by low photocatalytic activity.
It leaves an amount of white residue on the skin. It also has a low refractive
index of 1.6. It is highly stable for the skin and has a high SPF. It was found that
CazS104 shows the maximum absorbance in range UVB along with covering
the entire UV region from 290 to 385 nm. Also, XRD and FTIR confirmed the
good crystallinity and no chemical interaction among the components. So, it

aims to produce better quality and effective sunscreen [10].
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2.4.2 Silica nanoparticles (SiO; NPs)

SiO2 NPs are the most common materials found in the Earth's crust. It
has been observed that SiO; acts as a chemically stable shell as it cannot absorb
light in the visible region and poses no toxicological threat [ 13]. There are three
main types of SiOz: (1) crystalline SiO2 and (2) amorphous SiO, (Naturally
occurring or by-product in the form of fused silica or fume silica) and (3)
synthetic amorphous SiO; [15]. There are various morphologies of SiO> NPs

such as nonporous, mesoporous, hollow, core- shell, yolk-shell or Janus [16].

The most widely used method to synthesize SiO> NPs is the sol-gel
method, a chemical method used for the synthesis of various nanostructures,
especially oxide nanoparticles. This method is performed at low temperatures
(usually below 100°C) and in the liquid state, in which two reactions occur:
hydrolysis and condensation, starting with the formation of a homogeneous
solution between the precursor and the solvent (usually water, alcohol and
organic solvent). The hydrolysis reaction between water and a precursor occurs
in which water breaks down a complex compound into a simple compound and
allows SiO2 NPs to come together to form solid particles dispersed in the
solvent. Those SiO> NPs that are fine dispersed in the solvent phase is called
the sol formation. The next step is a condensation reaction, that has the final
product is an oxide network Si-O-Si consisting of a SiO NPs group. A
condensation reaction is that the simple molecules join together (two hydroxides
or one hydroxide (Si-OR) + one metal alkoxide (HO-Si)) resulting in -OH and

-H is released as water from Figure 5.
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Step 1: hydrolysis

(I)R (I)R
RO — ﬁi—()R - HJO P —— RO — ﬁi—()H + R-OH
OR OR

Step 2: condensation
(a) Water condensation

OR (l)R OR OR
| | |

R(')—Ti—()H + ()H—ﬁi—()l{ > ll()—!?i—()—‘\'i—()l{ + H,0
OR OR OR OR

(b) Alcohol condensation

OR OR OR  OR
|
RO—Si—OH + RO—$i—OR ===2 RO—Si—O—$i—OR + ROH
|
OR OR OR  OR

Where R is an alkyl chain. For TEOS, R = -CH,CH,

Figure 5 Hydrolysis reaction and condensation of water and alcohol [18].

2.4.3 SiO; nanoparticles as UV filter

Zhang et al. (2014) [17] synthesized two types of SiO> NPs with a
hollow core and dense spherical structure at the same particle size of ~ 50 nm,
and used pig skin as a model instead of human skin. It was found that hollow
nanoparticles have less penetrating ability than SiO; nanosphere with a dense
structure, making them safer for the skin because of a high UV-attenuating

efficiency and SPF.

Chen-Yang et al. (2011) [18] studied UV filter octal methoxycinnamate
(MCX) encapsulated in mesoporous SiO> (MCX-MS), prepared by sol-gel
method using TEOS as precursor with ionic liquid (IL) as solvent and pore-
forming agent. MCX was used as an additive. According to the comparison
between free MCX and MCX-MS, it was found that the SPF of MCX-MS

increased from free MCX by 57%. Moreover, the average particle size of MCX-
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MS emulsion droplets was large enough to prevent skin penetration damage.
Because the MCX particles are larger than 10 nm, they can prevent skin
penetration [19]. As for the UV absorption of SiO, samples, it can be found that
the UV absorption of MS is higher than dense SiO; (nonporous) because much
higher SPF values of MS (12.6) than that of MCX (8.0) indicates a synergistic
enhancement in the UV protection ability, which can be determined from the
reflection and scattering of light in the mesopores of MS. The presence of MCX
encapsulated by MS increases the UV absorption capacity between 290-400 nm
due to the presence of MCX, confirming that significant amount of the MCX

molecules was encapsulated in the mesoporous SiO> matrix.

Gallardo et al. (2010) [20] report a new class of sunscreens called
progressive sunscreens. It is based on compounds such as pre-avobenzone, pre-
diethylamino hydroxy benzoyl hexyl benzoate, and pre-OXY that undergo a
chemical change upon exposure to sunlight and produce avobenzone,
diethylamino hydroxy benzoyl hexyl benzoate and OXY, respectively. This was
done to improve the phototransformation yield and photostability to avoid the
release of the UV filter into the environment. The UV filter was encapsulated
in SiO2 by a copolymerization method using the precursor silil 3-(3-
triethoxysilyl) propoxyphenyl benzoate (precursor of the OXY UV filter) in the

sol-gel method.

2.4.4 Zinc oxide (ZnO) nanoparticles
Zn0 is an inorganic compound that is often used as the main component
of sunscreen products. ZnO is composed of two crystalline wurtzite and zinc-

blend, see Figure 6. It was found that wurtzite is preferred over Zinc-Blend due
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to its greater stability. ZnO provides effective protection against UVA rays
through reflection and scattering. The properties of ZnO are low production
cost, availability, and non-toxicity. It also has the wide band gap of 3.37 eV,
good optical transparency, high electron mobility, photostability, and
controllable shape and size. There are various factors, such as precursor
concentrations, duration, temperature, surfactant concentration, solvent
medium, and dopant. Concentration and pH of the reaction mixture, and source
of light during synthesis affecting the shape, size, and optical properties of ZnO

[21].

Figure 6 (a) Zinc-blend and (b) wurtzite type structures.

The sol-gel method is the simplest and cost-effectiveness route to
synthesize of nanoparticles. The sol-gel method also controls the composition
easily [22]. During this process, the mixture containing the reactant and the
surfactant was stirred on a magnetic stirrer until a gel was formed. The resulting

white precipitate was removed by centrifugation.
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Figure 7 Hydrolysis and condensation reactions of acetate dihydrate for ZnO.

2.4.5 ZnO nanoparticles as UV filter

The use of zinc acetate
dihydrate as a precursor

17

Zhenxiang et al. (2020) [23] synthesized Na-doped ZnO nanoparticles

by the sol-gel technique to reduce their photocatalytic activity. The particle size

was around 64.6-84.6 nm. It was found that particle size decreased as a function

of doping concentration. UV-visible results of Na-doped ZnO NPs showed less

absorption compared to undoped commercial ZnO but they exhibited less

degradation compared with commercial ZnO regarding the dye. Na-doped ZnO

NPs samples have a polycrystalline structure and very good crystallinity.



CHAPTER III

RESEARCH METHODOLOGY

3.1 Materials

The chemicals used in this research are tetraecthoxysilane (TEOS), ammonium
hydroxide (NH4OH), ethanol (C:HsO), sodium hydroxide (NaOH), zinc acetate
dihydrate (Zn(CHsCO:)::2H-0), cetyltrimethylammonium bromide (CTAB), and

calcium nitratetetrahydrate (Ca(NO3)2-4H>0)

3.2 Methods

3.2.1 Syntheses of calcium silicate nanoparticles (CS NPs) with CTAB
addition (CS_CT) and without CTAB addition (CS_NCT)
CS NPs were prepared by adding CTAB (0.004 g) and DI water (10.37
mL). Then add NH+OH 0.2664 mL to the CTAB solution as the catalyst and stir
for 1 hr at room temperature. Next, add TEOS (0.034 mL) and Ca(NO3).-4 H,O
(0.067 g) and vigorously stir for 3 hr at room temperature. Remove the excess
chemicals by centrifugation at the speed of 10,000 rpm for 10 minutes. Similar

manner was also performed in the absence of CTAB.

3.2.2 Syntheses of dense silica nanoparticles (SiO; NPs) sample 1 (size
450.9 nm)
SiO, NPs was prepared by the sol-gel method using TEOS as silica
precursor in a basic ethanol medium. Starting by mixing 38.15 mL of ethanol
and 2.32 mL of NH4OH for 10 minutes. Then add 1.317 mL of TEOS into the

prepared solution and stir for 1 hr. Then add 17 pl of TEOS into the mixture
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every 5 minutes for 10 times and stir for 8 hr. Then remove the excess chemicals

by centrifugation at the speed of 10,000 rpm for 10 minutes.

3.2.3 Syntheses of dense silica nanoparticles (SiO; NPs) sample 2, 3, 4

Syntheses of Si02 NPs were varied in a concentration of TEOS (sample
4 and 5) and NH4OH (sample 2 and 3). The first step was to add ethanol and
NH4OH to the round bottom flask but only sample 5 add DI water and stir for
10 min then add TEOS were stirred for 1 h at room temperature, then dropwise
of TEOS into the mixture and stir, after which centrifuged several times with

ethanol and water was to obtain SiO; NPs.

3.2.4 Syntheses of core-shell SiO@ZnO NPs

The synthesis of ZnO nanoparticles coated on SiO starts by mixing
Si0> particles with three concentrations of zinc acetate: 0.019 M, 0.032 M, and
0.097 M, which serves as the precursor for ZnO. The mixture is stirred at a
temperature of 60°C for 5 minutes. Then, a solution of NaOH in ethanol with a
concentration of 0.25 M is added to the mixture. The mixture is continuously
stirred for 4 hr to allow the reaction to take place. Afterward, the particles are
washed with water and ethanol to remove any residual chemicals. In the case of
varying the core size of SiO,, the same synthesis method as varying the
concentration of zinc acetate can be used. However, the concentration of zinc

acetate will be fixed at 0.097 M.
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3.2.5 Syntheses of hollow ZnO NPs

The synthesis of hollow ZnO starts by adding 0.25 M NaOH (1 mL) to
DI water (24.918 mL), followed by stirring for 10 minutes at room temperature.
Then, the S10,@ZnO (1.061 g) in DI water are added to the mixture for etching
at three different times: 15 min, 1 hr and 3 hr. At each time interval, a 10 mL

sample is washed with water and ethanol.

3.2.6 Determination of UV absorption by UV-vis spectrophotometer

A UV-vis spectrophotometer (EvolutionTM 201/220, Thermo
Scientific) will be used to measure the absorption of samples. The mass
concentration used for measuring is 0.2 mg/ml (0.2 mg with particles dispersed
in ethanol). The absorption spectra of sample in the solution were measured at

5 nm intervals in the wavelength of 200 to 700 nm. Scan speed is 300 nm/min.

3.2.7 Characterization by Transmission Electron Microscope (TEM)
The morphology of SiO;, SiO2@ZnO and hollow ZnO NPs can be
observed by TEM (JEOL 2100 Plus). Particles size and size distributions of

Si0; and SiO>@ZnO NPs were measured by Image] program.

3.2.8 Characterization by Dynamic Light Scattering (DLS)
Hydrodynamic size and size distributions of SiO2 and Si02@ZnO NPs

in ethanol were measured by DLS (MALVERN Zetasizer Nano ZSP).
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3.2.9 Characterization by Fourier transform infrared spectroscopy
(FTIR)
The functional groups of samples were measured by FTIR (Spectrum
Two FT-IR Spectrometer, PerkinElmer Scientific), from wave number of 400

to 4000 cm™".

3.2.10 Characterization by X-ray diffraction (XRD)
The crystallinity can be measured using X-ray diffraction (XRD)
(Rigaku Smartlab), where the sample is dried at 60°C for 8 hours to obtain a

solid powder form.



CHAPTER IV

RESULTS AND DISCUSSION

We were interested in three types of particle UV filters: CaxSiOs NPs,

SiO2@ZnO NPs and hollow ZnO NPs.

4.1

Syntheses of CaxSiO4

4.1.1 Effect of surfactant concentration on UV absorbance

Cetyl trimethyl ammonium bromide (CTAB), a common surfactant used
in the synthesis of Ca>Si104 particles, has an effect on particle absorbance. The
presence of CTAB 0.2 M increases the excitation energy increases which
decreases the absorbance. [24]. From Figure 8, it was found that the absorbance
of substance containing with CTAB was lower than that of substances without
CTAB. From the result in Figure 8, the Amax value is 220 nm, which is in the
UVC range while other studies on CaxSiO4 particle as UV filter show the Amax

in the UVB range. So, this Ca>SiO4 was not selected for study.
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Figure 8 UV-visible spectrum of Ca>Si04 nanoparticles in EtOH.

4.2.  Syntheses of SiO@ZnO NPs

4.2.1 Effect of TEOS and NH4OH on the particle size of SiO; NPs and
absorbance

To vary the particle size, we first varied the concentration of TEOS as
seen in Table 4. At [NH4OH] = 0.29 M, when increasing the concentration of
TEOS from 0.15 M to 0.23 M, the particle size measured from DLS increased
from 153.0 nm to 235.6 nm because TEOS can have an effect on the resulting
particle size. Increasing concentration of TEOS can enhance the rate of
hydrolysis and condensation reactions. So, higher nucleation and growth rate

lead to the formation of larger particles [25].

Next, we further control particle size by varying concentration of
NH4OH from 0.29 to 0.38 M at [TEOS] = 0.15 M. NH4OH is often used as a
catalyst or pH adjuster in the synthesis of dense SiO> particles and has an effect

on the particle size. From Table 4, increasing NH4OH from 0.29 M in sample
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2 to 0.38 M in sample 3 increase the particle size from 153.0 nm to 234.9 nm,
respectively. Increasing the NH4OH leads to larger particle sizes because
NH4OH can increase the pH of the reaction mixture, which can lead to a higher
rate of silica particle formation and growth. This higher rate of particle

formation and growth can lead to fewer nucleation sites and larger particles [26].

Table 4 SiO,with different concentrations of TEOS and NH4OH

Concentration of | Concentration of Particle size
Sample TEOS NH+OH (nm)’
(mol/L, M) (mol/L, M)
| 0.13 0.29 450.9
2 0.15 0.29 153.0
3 0.15 0.38 234.9
4 0.18 0.29 150.9
5 0.23 0.29 235.6
*Number average particle size determined by dynamic light scattering (DLS)
technique.
30
—1 (450.9nm.)
95 —2 (153 nm.)
B \ —3 (234.9 nm.)
"/ 4 (150.9 nm.)
_ 20 \ 5(235.6 nm.)
S / \
5 s i
£
4
10
5 3 N
0 ——— ——
0 100 400 500 600 700 800 900 1000

Size (nm)

Figure 8 Particle size of SiO; prepared from different concentrations of TEOS and
NH4OH.
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Figure 9 UV-visible spectra of SiO; nanoparticles.

From the UV-visible spectrum in Figure 9, sample 1 with the largest
particle size has the highest absorbance. It can be seen that if the size is larger,
it will result in higher absorbance [29], because the peak absorbance increases
with particle diameter. It absorbs in the wavelength range of 200-250 nm, which

is consistent with the research [29].

4.2.2 Effect of solvents on morphology of SiO>@ZnO NPs

Ethanol has been chosen as the solvent for the synthesis of SiO>@ZnO
NPs. Two types of ethanol were used for the study: absolute ethanol (purity >
99.9%) and antiseptic ethanol (purity > 95%). The main difference between the
two types lies in the water content present in ethanol. Size of SiO; core was
approximately 150+1 nm (according to number distribution using the DLS
method). The synthesis is carried out using a zinc acetate concentration of 0.097
M under the same conditions. The morphology of resulting SiO>@ZnO NPs

was observed using TEM, as shown in Figure 10. It can be observed that when
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antiseptic ethanol was used as the solvent, disk-like ZnO particles were formed,
and did not coat on SiO>. While ZnO NPs synthesized using absolute ethanol
(purity > 99.9%) have coated on SiO,@ZnO NPs. This difference can be
attributed to the increased amount of water content in the solvent, leading to a
change in the morphology of ZnO particles from spherical to disk-like [27]. The
polarity of the solvent plays a crucial role in determining the growth
characteristics and morphology of the particles. In solvents with higher polarity,
growth of ZnO tends to occur along the [001] direction, resulting in disk-like or
rod-like morphologies [27]. Due to the synthesis requirements of SiO>@ZnO
NPs, where ZnO needs to be coated onto the surface of SiO-, absolute ethanol
is suitable as a solvent. This is because ZnO can effectively coat the SiO»

particles.

(a)

Figure 10 TEM images of SiO@ZnO synthesized in: (a, ¢) absolute ethanol
and (b, d) antiseptic ethanol at magnification of 50K (a, b) and 100K (c, d),
respectively.
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4.2.3 Effect of concentration of zinc acetate

To study the effect of zinc acetate concentration on formation of ZnO
NPs on SiO2, SiO; core with 453+5 nm was performed because it has a higher
absorbance than other sizes, see Figure 9. The concentrations of zinc acetate as
a precursor of ZnO were varied from 0.019 M, 0.032 M, and 0.097 M. Figure
11 showed the morphology of the SiO,@ZnO NPs, i.e., dense spherical
appearance of Si0O> NPs coated with small spherical ZnO NPs on the surface.
The amount of ZnO NPs increased with increasing the concentration of ZnO
precursor Zn>" is a positively charged attracted to negatively charged on surface
of SiO; to form Si-O-Zn bond. At a zinc acetate concentration of 0.019 M, it
was observed that the ZnO derived partially attached to the SiO» core. At a zinc
acetate concentration of 0.032 M, most of the SiO, core was coated with ZnO,
although the coverage was not uniform. However, at a concentration of zinc
acetate equal to 0.097 M, it is found that the quantity of Zn** ions is sufficient
to be attracted to the negatively charged surface of the dense SiO particles
throughout the surface. Therefore, it can be concluded that at zinc acetate
concentrations of 0.019 M and 0.032 M, the amount of ZnO was insufficient to
fully coat to the surface of the Si0; core. While the concentration of zinc acetate
1s 0.097 M, ZnO can fully coat the SiO- particles with a size of 453+5 nm. This

concentration is considered suitable for the encapsulation of SiO; cores.

FITR analysis of SiO>@ZnO NPs and pure SiO> NPs powder were
shown in Figure 12. The peak of SiO>@ZnO exhibited a peak at 976.42 cm™!,
which was attributed to the bending vibration of Si-OH groups and the

symmetric stretching vibration of Si-O-Si in the structure. This peak differed



28

from pure SiO», which showed a peak at 1063.36 cm™!, indicating an asymmetric
stretching mode of Si-O-Si. Additionally, a peak at 496.53 cm™ on FTIR spectra
indicated the presence of Zn-O vibrations, as well as the emergence of Si-O-Zn
vibrations near 660 cm™!, suggesting the formation of covalent bonds between

ZnO and SiO», possibly indicating the occurrence of a core-shell structure [28].

From Figure 13, XRD patterns are shown. SiO2@ZnO and ZnO NPs
(uses the same synthesis method as the synthesis of S10>@Zn0O) are evident that
all of the diffraction peaks at the 2-theta values of 31.3, 34.8, 36.4, 48.2, 57.0,
63.2 and 68.3 index to (100), (002), (101), (102), (110), (103) and (112) were
directly indexed to the phase pure hexagonal wurtzite crystalline structure of
Zn0O. The results indicate the alteration of ZnO crystallinity due to the
increasing Zn** imply more nuclear embryos and faster nucleation rate. Both
factors contribute to the crystal growth and increase of crystallinity [28]. The

initial synthesis temperature of wurtzite ZnO is typically around 60°C [29].
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Figure 11 TEM images of SiO@ZnO with different concentrations of zinc acetate:
(a, d) 0.019 M, (b, ) 0.032 M and (c, f) 0.097 M at magnification of S0K (a, b, ¢) and
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Figure 12 FTIR spectra of SiO; and SiO>@ZnO NPs.
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Figure 13 XRD patterns of Si02, Si0,@Zn0O and ZnO, reference peaks of
Zn0O wurtzite (ICSD No. 180052).

The results of SiO>@ZnO NPs with different concentrations of zinc
acetate using SiO; with diameter of 453+5 nm as core exhibit UV absorption
characteristics as shown in Figure 14 (a). ZnO reveals a peak of UV absorption
at a wavelength of 360 nm (UVA range), indicating the characteristic peak of
ZnO [30], which differs from the absorbance of dense SiO,. After coating SiO;
with ZnO, it is observed that the absorbance values at wavelength 360 nm of all
Si0,@Zn0O are higher than that of dense SiO», indicating the enhanced
efficiency of UV absorption due to the presence of a ZnO. This suggests that
coating dense SiO> with ZnO enhances the ability to absorb UV radiation,
especially UVA region compared to dense SiO,. Zinc acetate at 0.097 M
showed the highest UV absorbance because ZnO can fully coat the SiO>

nanoparticles.

The SPF values were calculated using Mansur's equation, as described
in Equation 5, using the absorbance values in the wavelength range of 290-320

nm obtained from the UV absorption spectra shown in Figure 14 (a). The
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results of coating dense Si0, with varying concentrations of zinc acetate on SPF
values are presented in Figure 14 (b), indicating that the concentration of zinc
acetate at 0.097 M yield the highest SPF value of 20. On the other hand, the
concentrations of zinc acetate at 0.019 M and 0.032 M resulted in the same SPF
value, which is 14. These three concentrations fall under the category of very
high sun protection (SPF 12-20) as defined by the Food and Drug
Administration (FDA). The higher SPF values for the concentrations of 0.097
M of zinc acetate compared to the concentration of 0.019 M and 0.032 M can
be attributed to the rough surface of the core-shell nanoparticles, which results
in high light scattering properties. Figure 14 (¢) shows the calculation of
UVA/UVB for different concentrations of zinc acetate. It is found that at a zinc
acetate concentration of 0.097 M, the UVA/UVB value is the lowest (0.83),
indicating that at this concentration, it is more effective in blocking UVB
compared to other concentrations. This result is consistent with the UV

absorption spectra graph in Figure 14 (a).
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Figure 14 (a) UV absorption spectra, (b) SPF values and (¢c) UVA/UVB of

Si02@ZnO NPs prepared from different zinc acetate concentrations.
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4.2.4 Effect of core size of SiO>

To investigate the effect of core sizes, different SiO> NPs, i.e., 150+1
nm, 235+4 nm, and 453+5 nm were used to synthesize S10>@ZnO at the same
zinc acetate concentration (0.097 M). Figure 15 shows TEM images of all the
Si02@ZnO composite particles with different Si0; core sizes. For the SiO; core
size of 15041 nm, the ZnO coating on the SiO> particles have covered the entire
surface of the SiO, particles. Additionally, there were some particle
aggregation. At the SiO» core size of 235+4 nm, the ZnO NPs coated on the
Si0; particles have a plate-like shape. This is because a contaminating water
during synthesis and greater polar surface area leads to increased activity of the
(001) Zn face, which can be attributed to the (001) face of ZnO [23]. As for the
Si10; core size of 453+5 nm, the ZnO coating on the SiO; particles will have the
lowest density of ZnO compared to the other two SiO> sizes. Therefore, as the
size of the Si0, core increases, the density of ZnO particles coating the SiO»
and aggregration decreases. With a constant amount of ZnO precursor, the ratio
of Zn**ions decreases continuously due to the increased particle size of the SiO»
core. This is because a larger superficial area implies a lower density of
functional groups and lower surface energy [28]. The low surface energy of
Si10; results in less adhesion of ZnO nanoparticles compared to smaller particles

with higher surface energy.

The UV absorption results of SiO2@ZnO NPs with different SiO» core
sizes at the same concentration of zinc acetate (0.097 M) are shown in Figure
16 (a). It demonstrates that the UV absorption values of SiO2@ZnO NPs, for

all core sizes, are higher than that of dense SiO> at the same concentration.
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Additionally, SiO2@ZnO NPs exhibit a peak in UV absorption at a wavelength
of 360 nm. This indicates the UV absorption of ZnO NPs. It was found that SiO>
with 453+5 nm diameter gave the highest UVA absorbtion, which was 2.172
due to the large particle size of Si0, NPs, which has low surface energy, it leads
to a high particle dispersion of SiO>@ZnO NPs. There is an increased

interaction between ZnO NPs and UVR [28].

The SPF values results of different SiO» particle sizes are presented in
Figure 16 (b). The SiO2@ZnO NPs with core size of 453 nm has the highest
SPF value, which is 20. The SiO@ZnO NPs with core sizes of 150 nm and 235
nm resulted in SPF values of 11 and 16, respectively. The high SPF values are
attributed to the rough surface of the core-shell NPs, which results in high light
scattering properties. Figure 16 (¢) shows the calculation of UVA/UVB for
different core sizes of Si0O». It is found that at a S10> core size of 453.9 nm, the
UVA/UVB value is the lowest (0.83). This result indicates that at this core size,
it is more effective in blocking UVB compared to other core sizes. This result
aligns with the UV absorption spectra graph in Figure 16 (a). However, since
the UVA/UVB values are very close to each other, the difference is not

statistically significant.
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Figure 15 TEM images of SiO>@ZnO with different SiO> core size: (a, d) 150 nm,
(b, €) 235 nm and (c, f) 453 nm at magnification of 50K (a, b, ¢) and 100K (d, e, ),
respectively.
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4.3.  Syntheses of hollow ZnO NPs

4.3.1 Effect of etching time

SiO2@ZnO with a SiO; core size of 453+£5 nm and a zinc acetate
concentration of 0.097 M using NaOH as the etchant were used to study the
etching time. Etching times of 15 min, 1 hr, and 3 hr were employed. Figure 17
showed the morphology of the etched SiO2@Zn0O. It can be observed that at 15
min etching time, the SiO; core is completely etched, resulting in the formation
of hollow ZnO. However, the resulting hollow ZnO structures exhibited
irregular shapes or non-uniform morphology. On the other hand, at etching time
at 1 hr and 3 hr, it can be observed that the ZnO particle cracking caused by

excessive etching under severe conditions.

- 200

Figure 17 TEM images of hollow ZnO with different etching times: (a, d) 15 min, (b,
e) 1 hr. and (c, f) 3 hr. at magnification of 50K (a, b, ¢) and 100K (d, e, 1),
respectively.
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The UV absorbance of hollow structures with different etching times is
shown in Figure 18 (a). It is observed that the highest absorbance occurs at an
etching time of 15 minutes compared to the other etching times. Additionally, a
prominent peak of ZnO is observed at a wavelength of 360 nm. Looking at the
histogram, the absorbance at a wavelength of 360 nm is highest at the etching
time of 15 minutes, with a value of 1.701. This is due to the etching time

increases, it causes hollow ZnO particles to crack.

Calculating the SPF based on the absorbance values shown in Figure
18 (b), it was found that the etching time of 15 minutes has the highest SPF
value of 19, indicating a very high level of sun protection (SPF 12-20) according
to FDA standards. The etching times of 1 hr and 3 hrs have SPF values of 11
and 9, respectively, which fall into the category of high sun protection (SPF 8-
12) according to FDA standards. Furthermore, when comparing the SPF values
before and after etching, it is observed that the SPF value before etching is
higher than after etching. This is because the shell of ZnO particles, which
loosely adhere and still forms a hollow structure, resulting in an ununiform

particle shape and aggregation. That reduces the effectiveness of UV protection.
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Figure 18 (a) UV absorption spectra and (b) SPF value of hollow ZnO NPs with
different etching times.



CHAPTER V

CONCLUSION

In this study, we synthesized SiO@ZnO NPs with a core-shell structure using
the sol-gel method. We varied the precursor and catalyst, which were TEOS and
NH4OH, respectively. By varying these parameters, we obtained SiO, NPs with
different particle sizes, specifically 150 nm, 235 nm, and 459 nm. It was found that the
particle size of 459 nm had the highest SPF value, which was SPF 13. Subsequently,
the dense SiO; particles with a size of 459 nm were coated with ZnO using zinc acetate
as the precursor of ZnO. It was observed that at a zinc acetate concentration of 0.097
M, the SiO; particles were fully coated, and the resulting SiO2@ZnO NPs shows a high
UV absorption at a wavelength of 360 nm. The SPF value for this sample was 20, which
was higher than that of the uncoated SiO» particles. The same coating process was
performed on SiO; particles of different sizes using a zinc acetate concentration of
0.097 M. It was found that the SiO>@ZnO with SiO; core of 459 nm still had a higher
UV absorption at a wavelength of 360 nm and an SPF value of 20 compared to the other
sizes. After determining the suitable core size and zinc acetate concentration, etching
with NaOH was conducted at different etching times to obtain hollow ZnO NPs. It was
observed that after 15 minutes of etching, the SiO, core was completely etched,
resulting in hollow ZnO NPs. These hollow ZnO NPs exhibited UV absorption in the
UVA range at a wavelength of 360 nm, similar to dense ZnO. Additionally, the SPF
value was found to be 19, which was close to that of dense ZnO (SPF 18). From these
comprehensive results, it can be concluded that hollow ZnO NPs can serve as UV filters

to protect against UVA radiation like dense ZnO, while being environmentally and
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human-friendly due to the reduced amount of ZnO through the transformation into a

hollow structure.
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Table A-1 Calculate SPF of Si0,@ZnO NPs at different zinc acetate concentrations.

T Absorbance (EE*I)*Abs
aveleng "
(nm) 84 (EE*D) Zinc acetate | Zinc acetate | Zinc acetate 0.019 0.032 0.097
(0.019 M) | (0.032M) | (0.097 M)
320 10 0.0180 1.278 1.309 1.8657 0.023 0.024 0.034
315 10 0.0837 1.302 1.330 1.9118 0.109 0.111 0.160
310 10 0.1864 1.331 1.354 1.9632 0.248 0.252 0.366
305 10 0.3278 1.360 1.380 2.0170 0.446 0.452 0.661
300 10 0.2874 1.389 1.406 2.0748 0.399 0.404 0.596
295 10 0.0817 1.417 1.432 2.1342 0.116 0.117 0.174
290 10 0.0150 1.447 1.460 2.1977 0.022 0.022 0.033
Sum (EE*I)*Abs 1.362 1.382 2.024
SPF 13.62 13.82 20.24
Table A-2 Calculate SPF of SiO>@ZnO NPs at different core sizes.
Absorbance (EE*I)*Abs
Wawg]l]enl;gth CF (EE*I) Core size | Coresize | Core size
150.9 nm 235.6 nm 453.9 nm 150.9 235.6 453.9
320 10 0.0180 0.994 1.526 1.8657 0.018 0.027 0.034
315 10 0.0837 1.012 1.560 1.9118 0.085 0.131 0.160
310 10 0.1864 1.031 1.596 1.9632 0.192 0.298 0.366
305 10 0.3278 1.053 1.636 2.0170 0.345 0.536 0.661
300 10 0.2874 1.078 1.678 2.0748 0.310 0.482 0.596
295 10 0.0817 1.102 1.719 2.1342 0.090 0.140 0.174
290 10 0.0150 1.127 1.762 2.1977 0.017 0.026 0.033
Sum (EE*I)*Abs 1.057 1.641 2.024
SPF 10.57 16.41 20.24
Table A-3 Calculate the SPF of SiO, NPs at different TEOS and NH4OH.
Wavelength CF (EE#T) Absorbance (EE*I)*Abs
(nm) Dense Si02 DS A DS B DS C DS D Dense Si02 DS A DS B DS C DS D
320 10  0.0180 1.294 0.131 0.196 0.1940 0.184 0.023 0.002 0.004 0.003 0.003
315 10 0.0837 1.307 0.135 0.205 0.2006 0.193 0.109 0.011 0.017 0.017 0.016
310! 10 0.1864 1.322 0.140 0.215 0.2083 0.202 0.246 0.026 0.040 0.039 0.038
305 10[  0.3278 1.338 0.146 0.226 0.2164 0.212 0.439 0.048 0.074 0.071 0.070
300 10 0.2874 1.354 0.151 0.237 0.2246 0.222 0.389 0.043 0.068 0.065 0.064
295 10 0.0817 1372 0.192 0.296 0.2776 0.278 0.112 0.016 0.024 0.023 0.023
290 10 0.0150 1.392 0.199 0.310 0.2873 0.290 0.021 0.003 0.005 0.004 0.004
Sum (EE*I)*Abs 1.340 0.150 0.232 0.222 0.218
SPF 13.399] 1.50 232 222 2.18

Table A-4 Calculate the SPF of ZnO.

Wavelength Absorbance |(EE*I)*Abs
(nm) (el (EE*T) ZnO ZnO

320 10 0.0180 1.636 0.029

315 10 0.0837 1.674 0.140

310 10 0.1864 1.717 0.320

305 10 0.3278 1.760 0.577

300 10 0.2874 1.808 0.519

295 10 0.0817 1.853 0.151

290 10 0.0150 1.899 0.028
Sum (EE*I)*Abs 1.766

SPF 17.66




Table A-5 Calculate the SPF of hollow ZnO at different etching times.
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Wavelength Absorbance (EE*D)*Abs
(nm) CF (EE*D 15 min 1 hr 3 hr 15 60 180

320 10 0.0180 1.744 1.026 0.8524 0.031 0.018 0.015

315 10 0.0837 1.765 1.038 0.8622 0.148 0.087 0.072

310 10 0.1864 1.789 1.052 0.8739 0.333 0.196 0.163

305 10 0.3278 1.813 1.067 0.8863 0.594 0.350 0.291

300 10 0.2874 1.841 1.083 0.8993 0.529 0.311 0.258

295 10 0.0817 1.867 1.098 0.9118 0.153 0.090 0.074

290 10 0.0150 1.894 1.114 0.9249 0.028 0.017 0.014

Sum (EE*I)*Abs 1.817 1.069 0.888

SPF 18.17 10.69 8.88






