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Abstract: The dispersion of titanium dioxide (TiO,) determines the performance of TiO,-based
formulations in cosmetic and coating applications. In particular, the chemical and structural charac-
teristics of the surfactants used to prepare TiO, dispersions are significant. However, the influence of
surfactants on TiO, dispersion quality has not been systematically investigated. In this study, we
observed the effects of the ionic character of commercial surfactants on the dispersion stability and
UV-blocking efficacy of TiO,. Among the experimental surfactant groups, anionic sodium dodecyl
sulfate was efficient in stabilizing TiO, as a water-in-oil formulation and enhancing its UV-blocking
efficacy. Furthermore, an anionic fatty acid as a surfactant with a longer alkyl chain length was
sufficient to stabilize the TiO; formulation, which also displayed the highest UV-blocking efficacy,
comparable to the values of commercial TiO;-based cosmetic products.

Keywords: adsorption; dispersion; surfactant; titanium dioxide; UV protection

1. Introduction

Cosmetics or coating formulations consist of inorganic and organic compounds, among
which titanium dioxide (TiO;) is commonly used as an inorganic pigment or filler. As TiO,
scatters or blocks ultraviolet (UV) rays by remaining on the skin or substrate surface, TiO,-
based formulations have been widely used as sunscreen-functioning products. Moreover,
TiO; is less irritating to the skin than organic compounds, such as avobenzone, and cosmetic
products containing TiO, have been used for sensitive or infant skin [1,2].

In TiO,-based formulations, the UV ray blocking depends on the stability of the
TiO, dispersion [3,4]. TiO, particles generally aggregate in media owing to the van der
Waals forces between the particles. This aggregation behavior prevents the particles from
spreading evenly in the dispersion, thus reducing the UV-blocking efficacy [5]. As a strategy
to enable particles to move far apart, adding a surfactant or dispersant is required to reduce
the aggregation behavior, reaching a suitable rheological or light scattering property of
the particle dispersions for practical usage. For example, through the adsorption of ionic
surfactants or dispersants on the surface of particles, an electrical double layer is formed at
the solid-liquid interface, and electrical repulsion prevents aggregation [6,7]. Alternatively,
the steric hindrance of the adsorbed polymeric dispersant inhibits the aggregation of TiO,
particles [8-10].

With regard to polymer adsorption on TiO; particles, Lunn et al. revealed the effect of
the architectural dispersant structure of poly(acrylic acid) (PAA) on the degree of TiO, dis-
persion quality [11]. The polymers were synthesized in linear, single-branched, short-armed
combs, long-armed combs, and star architectures. The relationship between the degree of
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dispersion and the dispersant structural architecture was investigated, and it was concluded
that linear PAA was the most effective for TiO, adsorption and dispersion. Accordingly,
the effect of the chemical structure of the surfactant or dispersant on the dispersion quality
of TiO, is important for the interpretation and designing of TiO,-based formulations.

Herein, we investigated the effect of the ionic character of a surfactant on the dispersion
stability, viscosity, morphological characterization, and UV-blocking efficacy of a TiO,
water-in-oil (W/O) formulation. We interpreted the correlation between the dispersion
stability and UV-blocking efficacy. We further investigated the effect of the alkyl chain
length of the anionic fatty acid used as a surfactant on the TiO, dispersion performance,
based on stability, viscosity, and UV-blocking efficacy.

2. Materials and Methods
2.1. Materials

DC345 (cyclomethicone) and CEH (cetyl ethylhexanoate) were purchased from Cosnet
(Seoul, Republic of Korea). Sodium dodecyl sulfate (SDS) was purchased from Duksan
Reagents (Ansan, Republic of Korea). Titanium oxide (TiO;; rutile, 98%) and cetyltrimethy-
lammonium bromide (CTAB) were purchased from Daejung Chemicals and Metals (Si-
heung, Republic of Korea). N-Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(DDAPS) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Polyoxyethy-
lene (20) and sorbitan monolaurate (Tween 20) were purchased from Tokyo Chemical
Industry (Tokyo, Japan). Rhodamine 6G (R6G), sodium hexanoic acid (fatty acid with
six carbons; FA-C¢), sodium lauric acid (fatty acid with twelve carbons; FA-Cy;), sodium
stearic acid (fatty acid with eighteen carbons; FA-C;g), and sodium oleic acid (unsaturated
fatty acid with eighteen carbons; FA-,,C1g) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All chemicals were used as received.

2.2. Determination of Critical Micelle Concentration (CMC)

The CMC of the surfactants was determined by measuring the concentration-dependent
conductivity using a conductivity meter (Orion Star™ A212, Thermo Fisher Scientific,
Waltham, MA, USA; the resolution of the conductivity meter is 0.001 puS). The conduc-
tivity of surfactants (SDS, CTAB, DDPAS, and Tween 20) or fatty acid (FA-Cg, FA-Cyy,
FA-Cy3, FA-4nC1g) aqueous solutions was measured at room temperature (24 £ 2 °C). As
per another CMC determination from a previous study [12], UV-Vis absorption spectra
and intensity (at 540 nm) were measured by using a microplate reader (Varioskan™ LUX
Multimode, Thermo Fisher Scientific, Waltham, MA, USA; the resolution of the reader
is 0.003 Abs). The absorbance of the surfactant (SDS, CTAB, DDPAS, and Tween 20) or
fatty acid (FA-Cg, FA-C1p, FA-Cyg, and FA-,,C1g) aqueous solutions mixed with R6G was
measured at room temperature.

2.3. Preparation of TiO, Dispersion in W/O Formulation

A two-phase liquid of oil and deionized water (water), that is, DC345: water (8:2)
and CEH: water (8:2), were poured into 20 mL vials, respectively. In each co-solvent, TiO,
powder was weighted using an analytical balance (LA204, Mettler Toledo, Columbus,
OH, USA; the resolution of balance is 160 mg) and added to make a fixed concentration
(0.1 wt% TiOy). Surfactants (SDS, CTAB, DDPAS, and Tween 20) or fatty acids (FA-Csg,
FA-Cqy, FA-Cyg, FA-4;nCis) were added to produce a final concentration (0.001-2 wt%
surfactant or fatty acid). The suspension was then homogenized at 10,000 rpm for 5 min
(T25 Digital Ultra Turrax; IKA, Staufen im Breisgau, Baden Wurttemberg, Germany). The
phase behavior of the dispersion was captured using a smartphone (Samsung Galaxy
523, Samsung Electronics, Suwon, Republic of Korea), and the stability of the dispersion
was quantified using the ratio of the single-phase dispersion (ratio of the height of the
single-phase dispersion to the height of the initial TiO, suspension) [13].
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2.4. Viscosity Measurement of TiO, Dispersion

DC345 (10 mL) and CEH (10 mL) were poured into 20 mL vials. In each oil, TiO,
powder was added to make a fixed concentration (1 wt% TiO;), and surfactants (SDS,
CTAB, DDPAS, and Tween 20) or fatty acid (FA-Cg, FA-Cyy, FA-Cyg, FA-;nCyg) was added
to produce the final concentration (0.1-5 wt% surfactant or fatty acid). The suspension was
homogenized at 10,000 rpm for 5 min. The viscosity of the dispersion was measured using
a rheometer (DVNext Cone/Plate Rheometer with a CP-42 spindle; Ametek Brookfield,
Middleborough, MA, USA) at 2 rpm or 10 rpm for 5 min.

2.5. Assessment of UV-Blocking Efficacy

The TiO, dispersion as a W/O formulation was prepared using DC345: water (8:2) and
CEH: water (8:2). In each co-solvent, TiO, powder was added up to a fixed concentration
(10 wt% TiOy). Surfactants (SDS, CTAB, DDPAS, and Tween 20) or fatty acids (FA-Csg,
FA-Cy,, FA-Cyg, and FA-;7,C1g) were added to produce a final concentration (0.1-5 wt%
surfactant or fatty acid). The suspension was addressed on PMMA plates (Helioplate HD6,
Helioscreen, Dijkstraat, Lokeren, Belgium) with an area of 1.5 mg/ cm? using fingertips for
1 min (Figure S1). The absorption spectra and intensities (at 300 nm) of the plates were
measured using a microplate reader.

3. Results and Discussion
3.1. CMC Determination of Surfactants

Four commercial surfactants (SDS, CTAB, DDAPS, and Tween 20) were used to dis-
perse the particles [14-17]. In this study, the following surfactants were chosen to investigate
the effect of their ionic character on the TiO; dispersion owing to their different ionic char-
acteristics: anionic SDS, cationic CTAB, zwitterionic DDAPS, and nonionic Tween 20. Their
chemical structures are shown in Figure 1a.

(a)
SNP HiCy, ,CHs
NN NS
o) (o} SCH;4
Sodium dodecyl sulfate (SDS) Cetyltrimethylammonium bromide (CTAB)
0
O\A J]\/\/\/\/\/\
HC CH3 OH XY
NN \/Mé_o O o /\%OH
|
o H%/\O /\),OH
N-Dodecyl-N.N-dinethyl-3-ammonio-I- propanesulfonate i
(DDAPS) Tween 20
(b) (c)
“Tsos . CTAB **ToDAPS *Tween20

E“"‘u E | 344 84

= o™ 3

2w 2 8" 8.

H 24 04 / o |

g, 3 g/ 8o

3 3 < / < |

? - o8]

o o 1 {

o™ o 294

Concan(r;tion(mu)v o Vc;)nc;;tra(ion.(mm o A Concemmion(n;n) o ‘Co’ncev’nm’ionin‘nﬂr) 7

Figure 1. (a) Chemical structures of sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide
(CTAB), N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS), and polyoxyethylene
(20) sorbitan monolaurate (Tween 20). (b) Determination of critical micelle concentration for SDS and
CTAB by conductivity measurement. (c) Determination of critical micelle concentration for DDAPS
and Tween 20 by UV-Vis absorption measurement.

The CMC of materials determines the critical concentration for formulating self-
assembled micelles by oil (air)-water interfacial activation and is referred to as the minimum
concentration that can disperse particles far away. In general, the CMC of surfactants is
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determined via a concentration-dependent conductivity relationship [18]. CMC of SDS and
CTAB was determined at a point of intersection between different linear slopes: 8.1 mM
(0.233 wt%) and 0.97 mM (0.035 wt%), respectively (Figure 1b). Those are comparable
(£5% variation) with values reported in the literature [19]. The conductivity values of
DDAPS were constant regardless of concentration, indicating no apparent intersection
point (Figure S2). This is because the net charge of the zwitterionic species is close to zero,
thus, they rarely contribute to the conductance [20]. For Tween 20, the conductivity could
not be measured because of the intrinsic non-charged character of the surfactant.

As an alternative method for determining the CMC of DDAPS and Tween 20, the
inflection point of the concentration-dependent absorbance was used when the surfactant
was mixed with R6G (Figure S3) [12]. CMC of DDAPS and Tween 20 was determined at
a point of intersection between different linear slopes: 4.1 mM (0.137 wt%) and 0.06 mM
(0.007 wt%), respectively (Figure 1c). These values are similar (5% variation) to that
measured in previous studies [21,22].

3.2. Stability of TiO, Dispersion upon Adding Surfactants

For cosmetic formulations containing TiO,, such as sunscreens, W/O fabrication
processes have mostly been considered [23]. As a model study of the W/O formulation,
the stability of TiO, dispersion in a mixture of two liquids (oil:water = 8:2) was evaluated
by the percentage ratio (degree) of single-phase dispersion per total suspension (values as
0-100%) and change in trend of viscosity in the dispersed formulation. Two types of oils—
nonpolar (DC345) and polar (CEH)—were chosen owing to them being the most studied
regarding TiO, formulations in the published literature [24]. Rutile TiO, was selected
because it functions as a UV-blocking compound in cosmetic formulations, with fewer skin
toxicities [25]. TiO, particles contain hydroxyl groups on their surfaces and are hydrophilic,
which is appropriate for use in W/O formulations [26-28].

We compared the degree of single-phase dispersion of TiO, suspensions by adding
different surfactants. The liquid phase of the TiO; dispersions was observed 24 h after
preparation (Figure 2). Without adding surfactants, TiO, powder (0.01 wt%) could not
be dispersed in the mixture of oil and water (Figure 2a). In the case of TiO, dispersed
in a mixture of nonpolar oil (DC345) and water, the addition of SDS produced a well-
dispersed solution in all ranges of the treated surfactant concentration (0.001-2 wt%). The
anionic surfactant SDS enables electrostatic stabilization, as recognized by the Derjaguin—
Landau—Verwey—Overbeek theory [29-31]. For CTAB, DDAPS, and Tween 20, a higher
degree of single-phase dispersion was observed with increasing surfactant concentration
(starting from 0.05 wt%). Exceptionally, the 2 wt% CTAB treatment resulted in phase
separation, indicating an unstable dispersion. The reason for this instability is as follows:
when the concentration of the added surfactant increases, the adsorption layer becomes
thicker than the distance between the particles. Then, the driving force to form micelles
between the surfactants increases the aggregation between the surfactants [32,33]. Based
on the photographic images, the qualitative results of whether single-phase dispersion
was maintained (criteria for stable dispersion were defined as more than the height of 80%
single-phase dispersion) are summarized in Figure 2c.

Quantitative values of the degree of dispersion stability (percentage ratio between the
height of a single-phase dispersion and the height of the initial suspension) were recorded in
detail (Figure S4). Based on references, the CMC value and degree of dispersion stability are
closely related; the dispersion capability is optimized at the CMC or higher concentrations
of the surfactant [32-34]. Anionic SDS produced a TiO, dispersion of ~100% in all ranges of
treated concentrations. In the case of CTAB and DDAPS, the degree of dispersion stability
increased from 70~80% to 100% as the treatment concentration increased. For non-ionic
Tween 20, TiO, was dispersed with a degree of 100% in treated surfactant concentration
(0.01-2 wt%). After one month, TiO, dispersion by adding SDS exhibited the highest
stability, followed by the case of adding Tween 20, which also kept stable dispersion.
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In contrast, most of the CTAB- and DDAPS-added samples separated and precipitated
(Figure S5).
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Figure 2. Photograph of TiO, dispersions using different surfactants after 24 h storage. (a) 0.01 wt%
TiO, was added to non-polar oil (DC345): water (8:2) with surfactant. (b) 0.01 wt% TiO, was added to
polar oil (CEH):water (8:2) with surfactant. Table of the degree of TiO, dispersion (O: >80% dispersed,
X: <80% dispersed) in a mixture of (¢) DC345 and water and (d) CEH and water.

In the case of TiO, dispersion in a mixture of polar oil (CEH) and water, SDS produced
a well-dispersed solution in the range of treated surfactant concentration (0.1-2 wt%) as
shown in Figure 2b. In the cases of CTAB, DDAPS, and Tween 20, higher dispersion stability
was observed with increasing surfactant concentration (starting from 0.01 wt%). Exception-
ally, 0.1-2 wt% DDAPS treatment resulted in phase separation, which is explained by the
same principle of surfactant aggregation when over-concentration was applied [32,33]. The
qualitative results of the dispersion stability based on photographic images are summarized
in Figure 2d.

The quantitative values of the degree of dispersion stability are presented in Figure S4.
Anionic SDS produced a TiO, dispersion with a degree of dispersion stability of ~100% at a
range of treated concentrations (0.1-2 wt%). In the case of CTAB, TiO; was dispersed with
a stability of 84-100% at treated surfactant concentrations (0.01-2 wt%), although DDPAS
enabled TiO, to disperse from 85-95% at relatively low concentrations (0.001-0.05 wt%). In
the case of Tween 20, it was not dispersed at low concentrations of 0.001 and 0.005 wt%
but then dispersed with a degree of 100% in treated surfactant concentration (0.01-2 wt%).
After one month of measurement, TiO, dispersion by adding SDS maintained stability
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at concentrations of 0.01-2 wt%, while the case of adding Tween 20 remained stable at
concentrations of 0.05-2 wt%. In contrast, most of the CTAB- and DDAPS-added samples
showed significant precipitation (Figure S5). Using FT-IR spectroscopy (Nicolet iS20 FTIR
Spectrometer, Thermo Fisher Scientific, Waltham, MA, USA), we further characterized
the chemical compounds in the well-dispersed TiO, dispersions (in the case of adding
1 wt% of the four different surfactants). The band at 600-700 cm~! associated with TiO,
and the C-H bands of the surfactants at 2916 and 2848 cm ™! appeared, indicating that the
surfactants were adsorbed onto the TiO, surface, forming TiO, dispersions (Figure S6).
To examine the surface-charged state of the particle, the size and zeta potential of TiO,
dispersions were analyzed. Light dynamic scattering (DLS) measurements indicated
that the addition of surfactants successfully reduced particle size compared to samples
without surfactants. Without surfactants, particles tended to aggregate, increasing in
size, whereas surfactant addition prevented this aggregation, resulting in smaller particle
sizes. SDS, in particular, formed the smallest and most stable particles. Furthermore, size
measurements at varying SDS concentrations showed that particle size increased with
higher concentrations, indicating a thicker adsorption layer. This increase in the adsorption
layer creates steric hindrance between particles, leading to even greater stability (Figure S7).

The zeta potential increased with concentration in the case of SDS and CTAB addition,
showing more negative and positive values, respectively, while DDAPS and Tween 20
showed no change in zeta potential. This increase in zeta potential can enhance dispersion
stability through ionic repulsion. Previous studies have shown that as the concentration
of surfactants increases, the absolute value of zeta potential (negative or positive) also
increases [35,36]. Similarly, in this study, we observed that higher concentrations resulted
in greater dispersion stability (Figure S8).

To correlate the degree of dispersion stability and the viscosity of the TiO,-based W/O
formulation, the viscosity of the TiO, dispersion was measured based on the concentration
of the treated surfactants. For non-polar oil (DC345), ionic surfactants (anionic SDS, cationic
CTAB, and zwitterionic DDAPS) showed a decreasing trend at low concentrations (0-1 wt%)
but increased at higher concentrations (2-5 wt%) of treated surfactants (Figure 3a). In the
case of Tween 20, unlike the other surfactants, the viscosity increased at low concentrations
(0-0.5 wt%) of the treated surfactants but decreased at their higher concentrations (1-5 wt%).
The non-ionic but hydrophilic ions of the surfactant do not repel when adsorption occurs
on the surface of the particles; therefore, the viscosity increases at low concentrations.
However, at high concentrations, micelles are formed between the surfactants. Meanwhile,
the amount of surfactant that can be adsorbed onto the particles decreases, reducing the
viscosity [5,6,32,37,38].

50

50
—a— SDS
a) DC345 (b) CEH —+—CTAB
40 - 40 DDAPS
a a —e— Tween20
Q <
30 304
= 2
) (72]
9 S 20
2 =
> > 10 A
0 T T T T T O T T T T T T
0 2 3 4 5 0 1 2 3 4 5
Concentration (wt%) Concentration (wt%)

Figure 3. (a) Viscosity of TiO, dispersed in non-polar oil (DC345) using different surfactants. (b) Vis-
cosity of TiO, dispersed in polar oil (CEH) using surfactants. The viscosity of the dispersion was
recorded at 10 rpm.
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For polar oil (CEH), similar to the trend of viscosity for non-polar oil, ionic surfactants
(anionic SDS, cationic CTAB, and zwitterionic DDAPS) showed a decreasing trend at low
concentrations (0-1 wt%) of treated surfactants, but increased at their higher concentrations
(2-5 wt%) (Figure 3b). In the case of Tween 20, unlike other surfactants, the viscosity
increased at low concentrations (0-0.5 wt%) of the treated surfactants but increased at their
higher concentrations (1-5 wt%).

3.3. Effects of Surfactants on the UV-Blocking Efficacy of TiO, Dispersion

The UV-ray-blocking performance depends on the degree of dispersion stability of
the W/O formulation [23]. To evaluate the UV-blocking efficacy of the TiO, dispersion, a
standard assessment was utilized [39] as follows: the TiO; dispersions in the corresponding
non-polar oil (DC3456) and polar oil (CEH) were addressed and scrubbed on plates, and
the absorption intensities were measured at 300 nm. Absorption gradually increased with
increasing surfactant concentration (Figure 4). Overall, the TiO; dispersion using anionic
SDS treatment had higher UV-absorption or UV-blocking efficacy than those using CTAB,
DDAPS, and Tween 20.

—
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Absor_‘bance_‘
=) »

o
(3]
1

0.0 -

2.0
DC345 ——3DS (b) |cEH ——SDS
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o
1

0-0 T T T T T

1

T T T

2 3 4 5 0 1 2 3 4 5
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Figure 4. UV-Vis absorption intensities of (a) 10 wt% TiO, in non-polar oil (DC345): water (8:2) with
various concentrations of surfactant (SDS, CTAB, DDAPS, and Tween 20); (b) 10 wt% TiO, in polar
oil (CEH):water (8:2) with various concentrations of surfactant (SDS, CTAB, DDAPS, and Tween 20).

We further compared the optical microscopy images of the TiO, dispersion after
anionic SDS treatment (0.001 wt% vs. 1 wt% addition). For 0.001 wt% SDS, aggregates and
clusters of TiO; (dark part: TiO,) were observed. However, evenly spread particle-like TiO,
was observed in the case of 1 wt% SDS. These results suggested that the well-dispersed
and stable TiO, formulation contributed to the UV-blocking efficacy (Figure S9). Because
the UV-blocking efficacy of the TiO, dispersion by anionic SDS treatment was the most
effective, we further investigated the effect of different alkyl chains of anionic fatty acids as
surfactants on the TiO; dispersion quality in subsequent experiments.

3.4. CMC Determination of Fatty Acids with Different Alkyl Chains

To evaluate the effect of surfactant alkyl chains on the degree of TiO, dispersion
stability, anionic fatty acids of different chain lengths (FA-C4, FA-Cj,, FA-Cyg, and FA-
unC1g) were selected. Their chemical structures are shown in Figure 5a. A comparison
between FA-Cjg and FA-,1Cyg revealed the effect of the presence of a double bond in the
middle of the alkyl chains on dispersion quality.
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Figure 5. (a) Chemical structures of sodium hexanoic acid (FA-Cg), sodium lauric acid (FA-Cyy),
sodium stearic acid (FA-Cyg), and sodium oleic acid (FA-;nC1g). (b) Critical micelle concentration
determination of FA-Cy,, FA-Cyg, and FA-;1Cyg by conductivity measurement.

The CMC of FA-Cq is approximately 1 M; however, FA-Cy is not soluble in water
(solubility < 0.2 M), making it impossible to measure via conductivity measurements [40].
CMC of FA-Cy;, FA-Cyg, and FA-,,C1g were determined at the point of intersection between
different linear slopes: 27.4 mM (0.609 wt%), 1.08 mM (0.033 wt%), and 1.98 mM (0.06 wt%),
respectively (Figure 5b).

3.5. Effect of Addition of Fatty Acids with Different Alkyl Chains on the Stability of TiO, Dispersion

We evaluated the degree of single-phase dispersion of TiO, after the fatty acid treat-
ment. In a mixture of non-polar oil (DC345) and water, FA-C¢ could not disperse TiO; at
any concentration (Figure 6a). This is attributed to the fact that the alkyl chains of the fatty
acids were too short to be adsorbed onto the surface of TiO,. In the case of FA-C5, as the
treated fatty acid concentration increased (starting from 1 wt%), a higher dispersion height
was observed. In the case of FA-Cyg and FA-,;1C1g, the degree of dispersion stability reached
100% at 3-5 wt% treated concentrations. The quantitative values of the degree of dispersion
stability are presented in Figure S10a. Anionic FA-Cy; produced a TiO; dispersion with a
nearly 100% degree of dispersion stability over a range of treated concentrations (1-5 wt%).
In the case of FA-Cyg and FA-;1Cy3, TiO; was dispersed with a degree of dispersion stability
of 100% at treated surfactant concentrations (3-5 wt%). After one month of measurement,
FA-Cyg, with its long alkyl chain, demonstrated the highest stability. This is because long
chains more effectively maintain steric hindrance compared to shorter chains, resulting in
such outcomes (Figure S11a).

In a mixture of polar oil (CEH) and water, FA-Cg4 could not disperse TiO, in solution
at all tested concentrations (Figure 6b). In the case of FA-Cj; and FA-Cyg, single-phase
dispersion was not achieved at low concentrations (0.001-2 wt%), although the disper-
sion showed approximately 100% of dispersion height at high concentrations (3-5 wt%).
In the case of FA-;nCys, as the treated fatty acid concentration increased (starting from
0.1 wt%), a higher dispersion height was observed. The quantitative values of the degree
of dispersion stability are presented in Figure S10b. Anionic FA-C;, and FA-C;g produced
a TiO, dispersion with a nearly 100% degree of dispersion stability at the range of treated
concentrations (3-5 wt%). In the case of FA-;,Cyg, TiO, was dispersed with a degree of
dispersion stability of 85-100% at treated surfactant concentrations (1-5 wt%). After one
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month of measurement, FA-,,C1g, with its long alkyl chain, exhibited the highest stability
(Figure S11b). We also characterized the chemical compounds in the TiO, dispersions with
1 wt% of the four fatty acid treatments. Bands at 600700 cm ! associated with TiO, and
the C-H bands of fatty acids at 2916 and 2848 cm ! were observed, indicating that the fatty
acids were adsorbed on the TiO,, creating a well-dispersed TiO; dispersion (Figure 512).
To examine the characteristics of the particle surface, size and zeta potential were analyzed
(Figure S13). As the chain length increased, the particle size also increased, indicating a
thicker adsorption layer. This trend was consistent with the results observed in the zeta
potential analysis (Figure 514).

DC345 : water (8:2) (b) CEH : water (8:2)

o[ 1 Tooo1 000s 001 00s[ 01

e

x 0001 0005 001
ey e e :
l w B i

"y

(c) DC345 : water (8:2) (d) CEH : water (8:2)
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(wt%)| 0 [0.001(0.005| 0.0 [ 0.05 | 04 | 1 2 3 4 5 (wt%)| 0 [0.001|0.0050.01 (0.05| 04 [ 1 2 3 4 5

Sample Sample

FAC; X X X X X X X X X X X FAC, X X X X X X X X X X X
FA-C,, X X X X X X 0 [} 0 0 0 FAC,, X X X X X X X X 0 0 [
FACy X X X X X X X X 0 0 0 FA-Cyy X X X X X X X X 0 0 0
FAwy:Cs x [ x| x| x| x|[x]x|x]o[o][o FA+.Cys X x | x| x x| x]oflo]|o]|ofo

Figure 6. TiO, dispersions using different surfactants after 24 h storage. (a) 0.01 wt% TiO, was
added to non-polar oil (DC345):water (8:2) with surfactant. (b) 0.01 wt% TiO, was added to polar
oil (CEH):water (8:2) with surfactant. Table of the degree of TiO; dispersion (O: >80% dispersed, X:
<80% dispersed) in a mixture of (c¢) DC345 and water and (d) CEH and water.

To correlate the degree of dispersion stability and the potential of the viscous W/O
formulation, the viscosity of the TiO, dispersion was measured according to the fatty
acid concentration. For both the non-polar (DC345) and polar (CEH) oils, anionic fatty
acids showed an increasing trend of viscosity with increasing treatment concentrations
(Figure 7). Fatty acids with relatively shorter alkyl chains (FA-C¢ and FA-C;,) produced
a higher-viscosity TiO; dispersion than fatty acids with longer alkyl chains (FA-Cyg) did.
Surfactants with shorter alkyl chains have more molecules per unit mass than those with
longer alkyl chains, resulting in faster adsorption onto TiO,. Consequently, a more rapid
increase in viscosity occurred than for longer alkyl chains. However, for surfactants with
shorter hydrophobic chains, the length of the chains protruding into the external oil is
shorter, making them less effective at capturing oil and thus less stable compared to longer
alkyl chains [41-43].
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Figure 7. (a) Viscosity of TiO, dispersed in non-polar oil (DC345) using different surfactants. (b) Vis-
cosity of TiO, dispersed in polar oil (CEH) using surfactants. The viscosity of the dispersion was
recorded at 2 rpm.

3.6. Effect of Fatty Acids with Different Alkyl Chains on the UV-Blocking Efficacy of TiO; Dispersion

The UV-blocking efficacy of the TiO, dispersion was evaluated based on the concen-
tration of anionic fatty acids with different alkyl chains. The UV absorption (A,,s = 300 nm)
gradually increased corresponding to the increasing concentration of treated fatty acids
(Figure 8). Among them, fatty acids with relatively longer alkyl chains (FA-Cj,, FA-Cyg,
and FA-,,C;3g) resulted in relatively more effective UV-blocking than those with shorter
alkyl chains (FA-Cg). In the case of surfactants with longer alkyl chains in the W /O for-
mulations, the length of the alkyl chain protruding into the external oil was longer than
that of the other surfactants, allowing it to successfully trap oil. This oil forms a spatial
barrier by filling the gaps between the droplets, thereby increasing stability and enhancing
UV-protection efficacy. Surfactants with double-bond structures have a higher affinity for
polar oils, leading to greater oil-trapping capability and the formation of an even stronger
spatial barrier [41,43].

15
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Figure 8. UV-Vis absorption intensities of (a) 10 wt% TiO, in non-polar oil (DC345):water (8:2) with
various concentrations of surfactant (FA-Cg, FA-C15, FA-Cyg, FA-unCys); (b) 10 wt% TiO; in polar oil
(CEH):water (8:2) with various concentrations of surfactant (FA-Cg, FA-Cq5, FA-Cqg, FA-unCig).

4. Conclusions

As a fundamental study of the structure (surfactant additives)-performance (TiO,
formulation) correlation, the effects of the chemical characteristics of the surfactants on
the dispersion stability and UV-blocking efficacy of TiO, as a W/O formulation were
investigated. In terms of the UV-blocking efficacy, the anionic SDS surfactant was the most
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effective in stabilizing the TiO, dispersion. Among the anionic fatty acids used as surfac-
tants, the fatty acids possessing relatively longer alkyl chains enabled higher UV-blocking
efficacy of the TiO;-based formulation. Observations regarding the effect of the ionic and
alkyl chain length of the surfactant on TiO, dispersion may provide insights for developing
inorganic compound-based formulations using molecular or polymer dispersants in the
cosmetic, paint, and coating industries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app142311035/s1: Figure S1. Sample coated on a PMMA plate;
Figure S2. Determination of critical micelle concentration of DDAPS by conductivity measurement;
Figure S3. Spectra at varying concentrations of (a) DDAPS and (b) Tween 20; Figure S4. Degree of
TiO, dispersion stability in oil (DC345 and CEH) using various concentrations of different surfactants;
Figure S5. Degree of dispersion stability of oil (DC345 and CEH) TiO, dispersion with various
concentrations of surfactants (SDS, CTAB, DDAPS, Tween 20) after one month of dispersion; Figure Sé.
FT-IR spectra of TiO, dispersion by 1 wt% surfactants (SDS, CTAB, DDAPS, and Tween 20); Figure S7.
(a), (b) Size according to hydrophilic ion. (c), (d) Size according to SDS concentration (0.01, 0.1, 1,
5 wt%); Figure S8. (a), (b) Zeta potenial according to hydrophilic ion. (c), (d) Zeta potenial according
to SDS concentration (0.01, 0.1, 1, 5 wt%); Figure S9. Optical microscopic images of TiO, dispersion by
adding 1 wt% SDS under (a) 100, (b) 400, (c) 1000 x magnification, and by adding 0.001 wt% SDS
under (d) 100x, (e) 400, (f) 1000x magnification; Figure S10. Degree of TiO, dispersion stability in
oil (DC345 and CEH) using various concentrations of fatty acid as a surfactant; Figure S11. Degree of
dispersion stability of oil (DC345 and CEH) TiO, dispersion with various concentrations of surfactants
(FA-Cg4, FA-Cqp, FA-Cyg, FA-4nCyg) after one month of dispersion; Figure S12. FT-IR spectra of TiO,
dispersion with 1 wt% surfactants (FA-Cg, FA-C1p, FA-Cyg, and FA-,1,Cy3g); Figure S13. (a), (b) Size
with length of alkyl chain (FA-Cg, FA-Cy, FA-Cyg, FA-;nCyg); Figure S14. (a), (b) Zeta potential with
length of alkyl chain (FA-Cg, FA-Cy;, FA-Cyg, FA-unCys); Figure S15. UV-Vis absorption intensities
(Aabs = 300, 360 nm) of commercial products (randomly named with a letter).
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