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Effect of garnet incorporation on the functional properties of sunscreens
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1. Introduction

Exposure to the sun offers benefits for humans, including the
production of vitamin D3 in the form of cholecalciferol [1]. However,
excessive exposure can lead to various skin problems such as cracks,
burns, immune suppression, wrinkles, dermatitis, urticaria, premature
aging, hypopigmentation, hyperpigmentation, and an increased risk
of cancer. Ultraviolet (UV) protection can be achieved through physical
measures by wearing protective clothing, sunglasses, hats, and using
an umbrella. Additionally, sunscreen is a commonly used form of
protection, as it can absorb or reflect UV radiation. A typical sunscreen
contains inorganic ingredients such as a mixture of titanium dioxide
(Ti02), kaolin, talc, zinc oxide (ZnO), calcium carbonate (CaCQO3),
and magnesium oxide (MgO) [2].

Although sunscreen is highly effective for UV protection,
especially at the beach, its chemical components have harmful effects
on marine life. Studies have shown that certain chemicals in sunscreen
can impair the early developmental stages of sea urchins [3] and cause
damage to coral reefs [4]. According to the U.S. National Ocean Service
[5], harmful chemicals that can negatively impact marine ecosystems
include oxybenzone, benzophenone-1, benzophenone-8, OD-PABA,
4-methylbenzylidene camphor, 3-benzylidene camphor, nano-titanium
dioxide, nano-zinc oxide, octinoxate, and octocrylene.

J MMM | Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn University.

Garnet, a silicate mineral, was investigated as a replacement for the TiO2-based compound in
sunscreen formulations. Samples containing garnet were evaluated for color shade, viscosity, sun
protection factor (SPF), and water resistance. Substituting the TiO2-based compound with garnet
reduced both viscosity and SPF but markedly enhanced water resistance. This improvement is
attributed to the physical reinforcement provided by garnet particles, which strengthen the sunscreen
film and reduce wash-off under water exposure. Garnet incorporation also altered the product’s
appearance from white to a darker brownish-beige tone, improving visual compatibility with a wider

Garnet is a silicate mineral commonly found in metamorphic and
igneous rocks, such as gneisses and schists, as well as in garnet-rich
sands formed by the erosion of these rocks. While typically red, garnet
can also be found in a range of colors, including colorless, black, brown,
yellow, and green. Its general chemical formula is A3B2Si3012, where
A represents calcium, magnesium, iron, manganese, or a combination
of these elements, and B represents aluminum, iron, vanadium,
zirconium, titanium, or chromium, or a combination of these elements.
The main garnet-producing countries are India, China, Australia,
and the United States. Garnet is primarily used as an abrasive and a
gemstone in jewelry; being employed in various industries for
applications such as water jet cutting, abrasive blasting media and
powder, as well as for filtering grains, and general abrasives grit.
[6-10].

With environmental sustainability gaining increasing importance
in the construction materials industry, garnet is being researched as
a potential fine aggregate and supplementary cementitious material
[8,11-13]. A study by Kunchariyakun and Sukmak [14] highlights
an additional advantage of incorporating garnet into cement mortar:
it enhances radiation shielding properties, improving gamma-ray
and neutron shielding by 34% and 26%, respectively, compared to
the control sample. Garnet’s radiation shielding benefits suggests
incorporation into sunscreens could elevate performance, various
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mixtures of added garnet will be evaluated by focusing on sun
protection factor (SPF), viscosity, and water resistance.

2. Experimental

2.1 Sunscreen production

The raw materials used in sunscreen production are classified into
three groups (A, B, and C) based on their functions, as detailed in
Table 1. Titanium dioxide (TiOz2) and zinc oxide (ZnO) are commonly
used UV filters, with TiO2 being more effective in the UVB range
(290 nm to 320 nm) and ZnO in the UVA range (320 nm to 400 nm) [15].

The various sunscreen formulations used in this study are presented
in Table 2. The reference formulation (Formula Ref), a standard
sunscreen base, served as the control. According to the U.S. Food and
Drug Administration (FDA) [16], erythema, or sunburn, is primarily
induced by UVB exposure. To evaluate the potential of garnet in
mitigating erythema, it was incorporated as a replacement for the TiOz-
based compound in formulations SC1 through SC7. Inadditionto UV
protection, cosmetic elegance is an important attribute of sunscreen,
defined by its invisibility on the skin and smooth spreadability, similar
to lotions or foundations [17]. However, formulations containing metal
oxides such as TiO: often produce a white cast upon application, which
reduces user acceptability [17]. To address this limitation, the present
work explores the use of garnet as a substitute for TiO2, leveraging its
inherent coloration to minimize whitening while maintaining protective
performance.

Table 1. Raw materials used in sunscreen production and their functions.

The garnet was sourced from a flotation plant in Tak, Thailand,
and the TiOz-based compound was a cosmetic-grade product obtained
from a commercial supplier of raw materials for cosmetic manufacturing.
The phase compositions of the garnet and the TiO>—based compound
were analyzed using an X-ray diffractometer (XRD, PANalytical
Empyrean), while their chemical compositions were determined with
an X-ray fluorescence spectrometer (XRF, Bruker S2 PUMA Series II).
Additionally, the wetting characteristics of these materials are determined
using a contact angle meter (Kyowa DM-CEL1), and their UV absorption
capabilities were assessed with a UV—visible diffuse reflectance spectro-
photometer (UV-Vis DRS, Shimadzu ISR-2600Plus).

To produce the sunscreen, the materials in groups A and B (Table 1)
were first mixed separately in beakers using a glass stirring rod. The group
A materials were then transferred to a homogenizer (Figure 1(a))
and mixed at 1000 rpm for 10 min. Next, the group B materials were
gradually added while increasing the mixing speed to 1500 rpm. Finally,
the group C material was incorporated and mixed for an additional minute.

Before mixing with other materials, the garnet was ground using
a planetary ball mill (Fritsch Pulverisette 6, Figure 1(b)) operated at
580 rpm with alumina balls. The alumina balls had an average diameter
of 12.33 mm and a total weight of 117.91 g. The grinding process took
18 min for 100 g of garnet. It was then sieved through mesh sizes
No. 200, 325, and 400. Only the garnet particles that passed through
the 400 mesh sieve were used in sunscreen production. Figure 1(c-e)
illustrates the garnet at three stages: before grinding, after grinding,
and after passing through a 400 mesh sieve. Additionally, the TiO2—
based compound used is shown in Figure 1(f) in its powder form.

Group No. Chemical Function
A 1 Garnet powder UV Filter
2 TiO,—based compound UV Filter
3 ZnO UV Filter
4 Hydrogenated dimer dilinoleyl Emollient, Texture enhancer
5 Dibutyl adipate Emollient, Solubilizer
6 Cocoglycerides Emollient, Solubilizer
7 C12-15 alkyl benzoate Emollient, Solubilizer, Water-resistant agent
8 Polyglyceryl-2 triisostearate O/W emulsifier
9 Cetyl PEG/PPG-10/1 dimethicone Silicone emulsifier
B 10 Water Solvent
11 Disodium EDTA Chelating agent
12 Propylene glycol Humectant, solvent
C 13 Phenoxyethanol 97%, Capryly 1 g Preservative

Table 1. Formulations used for sunscreen production.

No. Chemical Formula [wt%]

Ref SC1 SC2 SC3 SC4 SC5 SCé6 SC7
1 Garnet powder 0 1 2 3 6 10 14 20
2 TiO,—based compound 20 19 18 17 14 10 6 0
3 Zinc oxide (ZnO) 5 5 5 5 5 5 5 5
4 Hydrogenated dimer dilinoleyl 5 5 5 5 5 5 5 5
5 Dibutyl adipate 5 5 5 5 5 5 5 5
6 Cocoglycerides 5 5 5 5 5 5 5 5
7 C12-15 alkyl benzoate 10 10 10 10 10 10 10 10
8 Polyglyceryl-2 triisostearate 3 3 3 3 3 3 3 3
9 Cetyl PEG/PPG-10/1 dimethicone 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
10 Water 41.6 41.6 41.6 41.6 41.6 41.6 41.6 41.6
11 Disodium EDTA 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
12 Propylene glycol 3 3 3 3 3 3 3 3
13 Phenoxyethanol 97%, Caprylyl g 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
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Figure 1. Instruments and raw materials used in this study: (a) Homogenizer
machine, (b) high-speed ball milling machine, (c) garnet before milling, (d) garnet
after milling, (e) garnet passed through a 400 mesh sieve, and (f) TiO,-based
compound in powder form, contained in a plastic package.

Figure 2. Viscometer.

The morphology of the finely ground garnet was imaged using
a scanning electron microscope (SEM, Hitachi SU3500) equipped with
an energy-dispersive spectrometer (EDS). Additionally, the particle size
of both the finely ground garnet and TiO2—based compound used in
this study were measured with a laser particle size distribution analyzer
(Mastersizer 3000).

2.2 Physical characteristics of sunscreens

The appearance of the sunscreen samples is visually assessed.
Their viscosity was measured using a rotational viscometer (Brookfield
DV2T) equipped with an RV spindle, operated at 1.5 rpm on a 200 g
sample for 30 s to 60 s or until a stable reading was obtained, as shown
in Figure 2.

2.3 Sunscreen effectiveness

The effectiveness of sunscreen is evaluated based on its SPF and
water resistance. The SPF quantifies the sunscreen’s ability to protect
the skin from erythema caused by UV radiation exposure [18]. This was
measured using an in vitro test following the ISO 23675 standard [19].
The sunscreen was applied to a polymethyl methacrylate (PMMA)
substrate according to the procedure outlined in the ISO 24443
standard [20]. The PMMA substrate had a minimum area of 0.5 cm?,
with approximately 1.3 mg-cm™ of sunscreen applied. After application,

the coated substrate was left in a dark area for 30 min before being
analyzed using an ultraviolet transmittance analyzer (Labsphere
UV-20008) to determine SPF, following Equation (1).

400 nmE I
In vitro SPF :m—()() 0
Sro0nm EIGI T dA

Varible E(L) represents the erythema action spectrum, I()) is the
spectral irradiance of the UV source, and T(L) denotes the spectral
transmittance of the sample [21,22]. The wavelength range from
290 nm to 400 nm covers both UVA and UVB regions [15]. Each
substrate was measured nine times to determine the average in vitro
SPF value, with three substrates tested for each sunscreen formula.

According to the U.S. FDA [16], the water resistance of a sunscreen
indicates how well its labeled SPF protection is maintained after
immersion in water for a specified period. In other words, water
resistance refers to the ability of a sunscreen to maintain its effectiveness
during activities involving water exposure, such as swimming, or after
sweating for a certain period of time [23]. The water resistance of the
sunscreen was evaluated following the procedure outlined in the
ISO 16217 standard [24]. The measurement process was as follows.
After the in vitro SPF measurement, as described in the previous
paragraph, the substrate was immersed in 5 mL of deionized water
at 30°C, with the pH adjusted to 6.5 to 7.5 and a conductivity of at least
500 pS. The water was stirred using a fan rotating at 100 rpm for
20 min. The substrate was then allowed to air dry. This procedure
was repeated one more time before conducting a final in vitro SPF
measurement.

The water resistance of a sunscreen is calculated using Equation (2),
where %WRR denotes the percentage water resistance retention, and
SPFs and SPFw represent the SPF of the sunscreen before and after
the water resistance testing, respectively [25].

(SPF,—1)
(SPF,——1)

%WRR = x 100 2)

3. Results and discussion

3.1 Chemical composition and particle size analysis of
garnet and the TiO2—based compound

The XREF results for both the garnet and the TiO>—based compound
are presented in Table 3. The primary oxides identified in the garnet
are ALOs3, SiO2, MnO, and Fe;Os. In contrast, the TiO>—based compound
consists mainly of TiOz, along with other oxides such as Al203, SiOz,
Fe203, MgO, and K20.

The XRD pattern of garnet (Figure 3(a)) reveals Mn?*-bearing
almandine (PDF card no. 00-033-0658) as the primary phase, with
the chemical formula (Fe,Mn)3Al2(SiO4)3. For the TiO2-based
compound (Figure 3(b)), the dominant phase is rutile TiO2 (PDF card
no. 01-079-6029), accompanied by a secondary fluorophlogopite
mica phase (PDF card no. 01-082-2904) with the chemical formula
Koo1(Feo.s1Mg2:39)(Al092S13.08)010(00.74F 1.26). As noted by Fontan ef al.
[26] and Kim e al. [27], mica is commonly incorporated into cosmetic
formulations to impart a shimmering effect while also enhancing
protection against harmful solar radiation.

J. Met. Mater. Miner. 36(1). 2026
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Table 2. Chemical compositions of garnet and TiO,—based compound.

Material Oxide [wt %]
ALO; Si0, MnO Fe,0; TiO, MgO K,0 Others
Garnet 17.88 34.75 19.45 27.92
TiO,-based compound 6.19 1237 0.03 74.38 4.96 1.88 0.19
(a) (b)
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Figure 3. XRD patterns of (a) garnet and (b) TiO,—based compound.
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Figure 4. SEM images of (a) garnet particles and (b) TiO»-based compound particles.

Figure 4(a) shows garnet particles with a wide size distribution,
where the larger particles appear angular and relatively smooth. The
TiOz-based compound in Figure 4(b) also exhibits broad size variation,
consisting of fine particles along with larger agglomerates. Figure 5
and Figure 6 present the EDS mappings of garnet and the TiO2-based
compound, respectively, highlighting their elemental distributions.
In garnet (Figure 5), Al, Si, Mn, Fe, and O are detected, while the
TiOz-based compound (Figure 6) contains Ti, Mg, Al, Si, K, Fe, and O.
These findings are consistent with the XRF results. Particle size
distribution analysis (Figure 7) further reveals that the median particle
size of garnet is 7.43 pm + 0.04 pum, compared to 5.47 um + 0.01 um
for the TiO2-based compound.

3.2 Properties of the sunscreens
The various color shades of the sunscreen samples are presented
in Figure 6. The sunscreen from the reference formula (Ref) appears

white, which may result in a visible white cast on many skin tones.
Formula SC1 exhibits a light beige tone, while SC2 and SC3 show

J. Met. Mater. Miner. 36(1). 2026

slightly warmer beige tones. Sunscreens from formulas SC4, SC5, and
SC6 display progressively darker, more neutral, or grayish beige tones.
In formula SC7, where the TiO>—based compound is entirely replaced
with garnet, the sunscreen shows a deeper brown or slightly reddish-
brown shade.

Based on these appearances, the Ref formula may not be suitable
for most skin tones due to its whiteness. Formulas SC1, SC2, and SC3
may be better matched with light skin tones, while SC4, SC5, and SC6
may be suitable for medium to tan skin tones. For darker skin tones,
formula SC7 may offer the best match.

According to Chang et al. [28], the color change of an object
can be evaluated using its RGB values. With recent advances in
computer software, these values can be accurately extracted from
digital images [29]. In this study, the color shade of each sample in
Figure 8 was determined using the Eyedropper tool in Microsoft
PowerPoint (Microsoft 365). The obtained RGB values were then
converted to CIE Lab coordinates using Colormine [30], an online tool
for color value conversion referenced in [29].
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Figure 5. EDS mapping showing the elemental distribution in garnet.
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Figure 6. EDS mapping showing the elemental distribution in TiO,-based compound.
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Figure 7. Particle size distribution of garnet and the TiO,—based compound. Figure 8. Appearance of sunscreen samples.
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Table 3. Color measurements of the sunscreen samples.

Sample RGB values CIE Lab coordinates
R G B L* a* b*

Ref 233 230 225 91.39 0.140 2.778
SC1 221 218 209 87.05 -0.549 4.775
SC2 218 211 201 84.85 0.681 5.791
SC3 212 197 190 80.54 4.061 5.387
SC4 193 183 174 74.99 1.973 5.829
SC5 172 158 149 66.05 3.552 6.538
SC6 151 134 127 57.23 5.206 6.106
SC7 129 110 96 47.83 5.129 10.57

For shade comparison, the RGB values were converted to grayscale
values (Y) using the following Equation [3]:

Y =0.2989R + 0.5870G + 0.1140B 3)

In addition, color comparison was performed based on the color
difference (AE) between the sunscreen samples and the reference
formula, calculated from the CIE Lab coordinates as follows [29]:

AE =+ AL? + Aa® + Ab? 4)

where AL, Aa, and Ab represent the differences in the L*, a*, and
b* values of the sunscreen samples relative to the reference formula.

The RGB values and CIE Lab coordinates of the sunscreen samples
are presented in Table 4. Their corresponding grayscale values, calculated
using Equation (3), are shown in Figure 9, while the AE values, calculated
using Equation (4), are shown in Figure 10. Grayscale values typically
range from 0 (black) to 255 (white) [32], with lower values indicating
darker shades. As shown in Figure 9, the grayscale values decrease
linearly as the TiO2-based compound is progressively replaced with
garnet, demonstrating that garnet incorporation darkens the sunscreen.
Furthermore, Figure 10 shows that AE values increase with higher garnet
content, confirming that the addition of garnet significantly alters the
sunscreen color. This results in a darker shade that is more compatible
with various skin tones and may help eliminate the white cast commonly
associated with TiO2 in commercial sunscreens.

The viscosity of the sunscreen samples decreases linearly as
the TiO2-based compound is progressively replaced with garnet
(Figure 11), enhancing spreadability on the skin. As previously noted,
the median particle size of garnet is larger than that of the TiO2-based
compound. Arai ef al. [33] stated that liquids containing smaller
dispersed particles generally exhibit higher viscosity than those with
larger particles at the same volume fraction. Similarly, Wang et al.
[34] demonstrated that smaller particle sizes (with larger surface area)
promote stronger surface charge interactions, which increase resistance
to fluid flow and result in higher viscosity. Therefore, the incorporation
of garnet increases the average particle size of the mixture, weakens
interparticle interactions, and consequently reduces viscosity, as shown
in Figure 11.

According to the World Health Organization (WHO) [35], sunscreen
must have an SPF of at least 30 to provide effective protection against
skin cancer. The in vitro SPF values of sunscreen samples are shown
in Figure 12. Obviously, replacing the TiO>—based compound with
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garnet leads to a reduction in SPF, only formulas Ref, SC1, SC2, and
SC3 meet the minimum SPF requirement. Furthermore, based on the
trendline, the maximum amount of garnet that can replace the TiO2—
based compound while still maintaining adequate SPF protection is
approximately 21%.

The garnet is less effective than the TiO2—based compound in
absorbing UV radiation within the UVB range (290 nm to 320 nm),
Figure 13. Consequently, partially replacing the TiO>—based compound
with garnet leads to a reduction in the sunscreen's SPF, as observed
in Figure 12.
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Figure 9. Grayscale values of the sunscreen samples.
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Figure 10. Color difference (AE) of the sunscreen samples compared with the
reference formula.
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Figure 13. Absorption of TiO,—based compound and garnet in the UVB range
(290 nm to 320 nm).

For sunscreens containing metal oxide UV filters, the primary
mechanism of UV protection is absorption [17]. In the case of rutile
TiOg, its band gap of approximately 3.03 eV [36] enables it to absorb
photons with energies above this threshold, corresponding to wave-
lengths shorter than about 409 nm. This property allows rutile TiOz
to exhibit strong absorption across the UV region [17]. Similarly,

Kou et al. [37] reported that fluorophlogopite mica has a band gap
of 3.96 eV, which also lies within the UV range.

In contrast, absorption in garnet arises from the presence of
transition metal elements such as Mn and Fe within its crystal structure.
Zhu and Guo [38] reported that Mn?* produces characteristic absorption
peaks at approximately 408 nm, 460 nm, and 480 nm due to electronic
d—d transitions. Additionally, Izawa ef al. [39] demonstrated that Fe?*
exhibits absorption at wavelengths above 430 nm. Therefore, compared
to garnet, TiO2-based compound is more effective in absorbing UV
radiation across the relevant region.

The water resistance retention of sunscreens with initial SPF values
above 30—including formulas Ref, SC1, SC2, and SC3—is presented
in Figure 14. According to Couteau et al. [40], a sunscreen is considered
water resistant if its retention exceeds 50%. All tested formulas met
this criterion, with SC1, SC2, and SC3 demonstrating superior water
resistance compared to the Ref formula.

As highlighted by Keshavarzi ef al. [41], sunscreen water resistance
can be enhanced either by increasing hydrophobicity to repel water
or by improving adhesion to the outermost skin layer. To assess this,
garnet and the TiO2-based compound were compacted into small
discs for contact angle measurement. The results showed that garnet
is hydrophilic, while the TiO2-based compound is hydrophobic
(Figure 15). Thus, the improved water resistance observed in SC1, SC2,
and SC3 cannot be explained by increased hydrophobicity alone.

Hydrophilicity refers to a material’s ability to attract and interact
with water, typically evaluated through contact angle measurements,
with lower angles indicating stronger hydrophilicity [42]. Garnet
and TiO: are both intrinsically hydrophilic due to surface hydroxyl
groups that readily interact with water [43-47]. In contrast, Kou et al.
[37] reported that fluorophlogopite mica is hydrophobic, which accounts
for the hydrophobic character of the TiO2-based compound.
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Figure 14. Water resistance retention of the sunscreen samples.
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Figure 15. Wetting characteristics of (a) garnet, and (b) TiO,-based compound.
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The enhanced water resistance of the garnet-containing sunscreens
is therefore likely attributed to a physical mechanism. Jiang et al. [48]
investigated natural garnet-reinforced epoxy matrix composites and
found that the incorporation of garnet improved the hardness, resistance
to decomposition, and wear resistance of the composites. Similarly,
in this study, garnet particles are believed to reinforce the structural
integrity of the protective film formed on the substrate, creating a
more durable and resilient barrier. Unlike chemical repellency, this
mechanical reinforcement minimizes film degradation and wash-off
when exposed to water or sweat, thereby enhancing the overall water
resistance of the sunscreen.

4. Conclusions

The performance of garnet-incorporated sunscreens was assessed,
revealing several key effects. Garnet addition gradually shifted the
product color from white to a dark brownish beige, improving compatibility
across diverse skin tones. Substituting the TiO2-based compound
with garnet reduced both viscosity and SPF, but significantly enhanced
water resistance. This enhancement is attributed to the physical
reinforcement provided by garnet particles, which strengthen the
sunscreen film and minimize wash-off during water exposure.
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