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Abstract

Titanium dioxide is used as a white pigment in cosmetics and other products, but it pos-
sesses photocatalytic activity and has become problematic for decomposing sebum when
exposed to sunlight. Consequently, titanium phosphate has been investigated as a new
white pigment, with expectations for its biocompatibility. However, this pigment had the
drawback of having particles that were too large. Therefore, in this study, as a new pro-
cess for cosmetic pigments, we prepared samples where titanium hydroxide and titanium
phosphate were coprecipitated, and we attempted to create a mixed material of titanium
oxide and titanium phosphate by heating. This method aimed to suppress photocatalytic
activity and produce a novel pigment with particle sizes suitable for cosmetics. With this
method, thorough rinsing with water is necessary to remove the sodium sulfate. Even in
samples with a low phosphorus ratio of Ti/P = 10/1, photocatalytic activity was sufficiently
suppressed. Under this Ti/P = 10/1 condition, the drawback of excessively large particle
sizes typically found in phosphate pigments is not particularly noticeable. This study is
expected to contribute to the development of new white pigments for use in cosmetics.
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1. Introduction
Titanium dioxide is used as a white pigment in cosmetics alongside zinc oxide [1–4].

Their advantages include having undergone safety testing for skin contact and being
available in various particle sizes. On the other hand, titanium dioxide is well known
as a material with photocatalytic activity [5–8]. When cosmetics containing titanium
dioxide are applied to the skin, exposure to ultraviolet light causes sebum to break down.
Methods to suppress this photocatalytic activity for use in cosmetics and other products
have been investigated, but it is difficult to suppress photocatalytic activity using a simple
method [9,10].

Phosphates are highly biocompatible materials, as evidenced by the fact that the pri-
mary components of bones and teeth are a type of calcium phosphate [11–14]. In addition,
the biocompatibility of titanium phosphate glass has been investigated [15,16]. Cosmetics
are materials that come into prolonged contact with the skin, so biocompatibility that does
not cause allergies or other adverse reactions is desirable. Titanium phosphate has been
investigated as a new white pigment to replace titanium dioxide [17]. While this compound
did not exhibit photocatalytic activity, its drawback was that the particle size was too large.
Using pigments with large particle sizes is thought to make cosmetics prone to cracking [18].
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Furthermore, if the particles are too small, the pigment can remain in pores and continu-
ously burden the skin, making it unsuitable [19]. Therefore, cosmetic white pigments are
required to lack photocatalytic activity and to be sub-micrometer-sized particles. Pigments
formed by reacting titanium dioxide surfaces with phosphates have been reported [20].
These pigments possess appropriate particle sizes, but their photocatalytic activity has
been suppressed while still being retained. In addition, white pigments co-precipitated
with cerium phosphate have been reported to suppress the oxidation catalytic activity of
cerium oxide [21]. In this research, a cerium hydroxide–cerium phosphate mixture was
precipitated in aqueous solution, then filtered and heated to obtain cerium oxide–cerium
phosphate pigment. This method demonstrated the potential to prepare samples more
easily and to suppress catalytic activity.

In this study, titanium dioxide pigments with coprecipitated phosphates were prepared
by obtaining hydroxide-phosphate mixed samples via the aqueous precipitation method
and then heating them. The objective of this research is to obtain pigments with suppressed
photocatalytic activity and particles of appropriate size.

2. Materials and Methods
The 0.5 mol/L of titanium sulfate solution and 0.5 mol/L of phosphoric acid were

mixed in Ti/P molar ratios of 10/1, 10/3, 10/5, 10/7, and 10/9. This solution was adjusted
to pH 6 using about 8 mol/L of sodium hydroxide solution. All chemicals were commer-
cially pure (FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan) and were used
without further purification. The formed precipitate was filtered and washed twice with
sufficient water. A portion of the dried sample was heated at 300, 500, and 700 ◦C for one
hour under air condition.

The crystal structures and chemical bonds of these materials were analyzed using
X-ray diffraction (XRD) patterns and infrared (IR) spectra, respectively. XRD patterns were
recorded on an X-ray diffractometer (MiniFlex, Rigaku Corporation, Akishima, Japan)
using monochromatic CuKα radiation (30 kV, 15 mA, 3◦/min, step size: 0.02º). IR spectra
of the samples were recorded by KBr disk method (Resolution: 4 cm−1, 16 times scanned)
using a HORIBA FT-IR 720 (HORIBA Corporation, Kyoto, Japan).

The color of the pigments was evaluated using a TES135 plus color analyzer (TES
Electrical Electronic Corp, Taipei, Taiwan). The L* value indicates the whiteness of the
sample powder, with 100 representing white and 0 representing black [22,23]. The a* value
indicates the redness of the material, with positive values corresponding to red and negative
values corresponding to green. The b* value indicates the yellowness of the sample, with
positive values corresponding to yellow and negative values corresponding to blue.

Particle size distributions were measured using a centrifugal precipitation-type an-
alyzer (SA-CP3L; Shimadzu Corp., Kyoto, Japan). The density used for measurement
was set at 3.7 g/cm3, based on titanium phosphate at 3.58 g/cm3, titanium hydroxide at
3.5–4.0 g/cm3, and titanium oxide at 3.9 g/cm3.

Photocatalytic activity was evaluated by the decomposition of methylene blue (MB)
ethanol solution under UV irradiation at 365 nm. A 0.01 g sample of each material was
suspended in 4 mL of a 1.0 × 10−5 mol/L MB solution. Using a UV-Vis spectrophotometer,
the absorbance at 655 nm was measured at 20-min intervals for up to 120 min.

Samples heated at 700 ◦C (0.1 g) were left to stand for 24 h in 0.1 wt% H2SO4 or
NaOH aqueous solution (100 mL), then filtered and dried. The reason samples heated to
700 ◦C were used here was that it was determined with certainty that they had undergone
a transformation from titanium hydroxide to titanium oxide. The acid and base resistance
of the samples was evaluated based on recovery percentage and color difference ∆E before
and after treatment.
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∆E* = [(L* after − L* before)2 + (a* after − a* before)2 + (b* after − b* before)2]1/2 (1)

3. Results and Discussion
Prior to this experiment, Ti/P = 10/1 samples were prepared at pH 3, 5, 6, 7, and 9.

Based on the results, samples were prepared at pH 6 in this study. Furthermore, since
initial studies showed high proportions of sodium sulfate in the precipitate samples, this
study employed washing with a larger volume of water. Furthermore, the samples were
heated at 300, 500, and 700 ◦C, and the effects of heating were examined. Samples heated at
300 ◦C and 500 ◦C exhibited weak XRD peaks for titanium dioxide. The unheated sample
contained a high proportion of particles measuring 10–20 µm in size, and heating resulted
in smaller particle sizes. This was attributed to the difference in particle size between
titanium hydroxide and titanium dioxide. Based on the above, this study primarily focused
on samples heated at 700 ◦C.

The samples prepared in this study were amorphous when unheated. This was
thought to be because the samples were obtained by precipitating the compounds in
aqueous solution, preventing the molecules from arranging in a regular manner. Figure 1
shows the XRD patterns of samples prepared with various Ti/P ratios and then heated at
700 ◦C. All samples exhibited titanium dioxide peaks [24]. The peaks at 25.4, 37.9, 48.1,
54.0, and 55.1◦ are due to the (101), (004), (200), (105), and (211) crystal planes. In samples
with a higher phosphorus content, TiP2O7 peaks were observed [25]. This compound
has a Ti/P ratio of 1/2, exhibiting a significantly higher phosphorus content than the
synthesis conditions used in this study. This compound is considered relatively easy
to form, and its peak intensity increases as the phosphorus content rises. Additionally,
samples under conditions with a high phosphorus content showed a detectable peak for
sodium sulfate [26]. It was confirmed that sodium sulfate, which could not be completely
removed even by washing with a large amount of water, was present in the sample. It was
thought that the precipitation of phosphate ions made sulfate ions more likely to precipitate,
resulting in a higher concentration of sulfate ions in the sample.

Figure 1. XRD patterns of samples prepared at various Ti/P ratios (700 ◦C), (a) 10/1, (b) 10/3,
(c) 10/5, (d) 10/7, (e) 10/9, •; TiO2, ■; TiP2O7, ▼; Na2SO4.
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Figure 2 shows the IR spectra of samples prepared with various Ti/P ratios and then
heated at 700 ◦C. The broad peak at 400–800 cm−1 originates from oxides, while the peak
near 1000 cm−1 is due to P-O stretching of phosphate ions [27,28]. As the phosphorus
content increased, the oxide peak weakened while the phosphate peak strengthened.
This peak shift is judged to correspond to the ratio of oxides and phosphates present in
the sample.

Figure 2. IR spectra of samples prepared at various Ti/P ratios (700 ◦C), (a) 10/1, (b) 10/3, (c) 10/5,
(d) 10/7, (e) 10/9.

Table 1 shows the L*a*b* values of samples prepared with various Ti/P ratios and
then heated at 700 ◦C. All samples exhibited L* values of 98 or higher, corresponding to
high whiteness. The a* and b* values were all close to zero, indicating that the sample did
not possess any specific color.

Table 1. L*a*b* values of samples prepared at various Ti/P ratios (700 ◦C).

Ti/P L* a* b*

10/1 98.7 0.76 1.81
10/3 98.8 −0.01 3.20
10/5 99.6 −1.08 1.55
10/7 99.3 −0.10 1.16
10/9 99.2 −0.83 2.45

Figure 3 shows the particle size distribution of samples prepared at various Ti/P ratios
and then heated at 700 ◦C. The sample prepared at Ti/P = 10/1 exhibited a significantly
higher proportion of smaller particles compared to the other samples. This corresponds to
previous reports indicating that titanium phosphate possesses relatively large particle sizes.
Specifically, it was considered that the Ti/P = 10/1 sample had a low phosphate content,
which prevented the particle size from increasing.

Figure 4 shows the photocatalytic activity of samples prepared with various Ti/P
ratios and then heated at 700 ◦C. For use as a white pigment in cosmetics, it is desirable that
the photocatalytic activity of the sample be low. Compared to titanium dioxide, the samples
prepared in this study exhibited suppressed photocatalytic activity. This suppression was
sufficiently pronounced even in samples with relatively low phosphorus content.
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Figure 3. Particle size distribution of samples prepared at various Ti/P ratios (700 ◦C), (a) 10/1,
(b) 10/3, (c) 10/5, (d) 10/7, (e) 10/9.

Figure 4. Photocatalytic activity of samples prepared at various Ti/P ratios (700 ◦C), (a) blank,
(b) TiO2, (c) 10/1, (d) 10/3, (e) 10/5, (f) 10/7, (g) 10/9.

Table 2 shows the acid and base resistance of samples prepared at various Ti/P ratios
and then heated at 700 ◦C. The recovery rate of all samples after immersion in acid or base
solution was 50–70%, indicating moderate acid and base resistance. ∆E is approximately
3 or less, indicating that the color does not change even when immersed in acid or base
solution. When used outdoors as pigments in paints and similar products, a recovery rate
of 80% or higher and a ∆E value of 3 or less are required; however, the samples produced
in this study fell slightly short of these standards. However, since cosmetic white pigments
are not intended for long-term use in strongly acidic or strongly basic conditions, the values
obtained for the samples in this study were sufficient.
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Table 2. Acid and base resistances of samples prepared at Ti/P ratios (700 ◦C).

Acid Base

Ti/P Yield/% ∆E Yield/% ∆E

10/1 55.8 1.53 53.5 3.02
10/3 67.0 1.93 65.3 2.55
10/5 53.2 1.81 65.5 2.22
10/7 62.7 0.74 62.4 0.63
10/9 69.5 0.95 58.7 0.68

4. Conclusions
Titanium dioxide coprecipitated with phosphate was proposed as a new white pig-

ment by heating a mixed hydroxide–phosphate precipitate using an aqueous solution.
This method requires sufficient water washing to remove sodium sulfate. Compared to
conventional white pigments, the distinctive characteristics of this pigment are as follows.
(1) Even in samples with a low phosphorus ratio of Ti/P = 10/1, photocatalytic activity
is sufficiently suppressed. (2) Under Ti/P = 10/1 conditions, the weakness of excessively
large particle sizes observed in phosphate pigments does not become significantly apparent.
This pigment has the potential to inhibit the breakdown of sebum caused by exposure to
sunlight and provide a smooth application; ultimately, it contributes to the development of
new cosmetics.

Author Contributions: Conceptualization, H.O.; methodology, H.O. and Y.K.; formal analysis, Y.K.;
investigation, H.O.; resources, H.O.; data curation, Y.K.; writing—original draft preparation, H.O.;
writing—review and editing, H.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Swiatczak, D.; Belica-Pacha, S.; Zawisza, A.; Kisielewska, A.; Swiatly-Blaszkiewicz, A.; Kupcewicz, B.; Bartosewicz, B.; Jankiewicz,

B.J.; Malecka, M. Comparative study of titanium dioxide to improve the quality of finished cosmetic products. Int. J. Cosmet. Sci.
2023, 45, 315–328. [CrossRef]

2. Amorello, D.; Ferrara, M.; Orecchio, S. Titanium dioxide in face powers and eyeshadows: Developing an analytical methodology
for accessing customer safety. J. Cosmet. Dermatol. 2024, 23, 3388–3394. [CrossRef] [PubMed]

3. Geppert, M.; Schwarz, A.; Stangassinger, L.M.; Wenger, S.; Wienerroither, L.M.; Ess, S.; Duschl, A.; Himly, M. Interactions of TiO2

Nanoparticles with Ingredients from Modern Lifestyle Products and Their Effects on Human Skin Cells. Chem. Res. Toxicol. 2020,
33, 1215–1225. [CrossRef] [PubMed]

4. Deravi, L.F.; Cui, I.; Martin, C.A. Using cephalopod-inspired chemistry to extend long-wavelength ultraviolet and visible light
protection of mineral sunscreens. Int. J. Cosmet. Sci. 2024, 46, 941–948. [CrossRef] [PubMed]

5. Molina-Reyes, J.; Romero-Moran, A.; Uribe-Vargas, H.; Lopez-Ruiz, B.; Sanchez-Salas, J.L.; Ortega, E.; Morales-Sanchez, A.;
Lopez-Huerta, F.; Zuniga-Islas, C. Study on the photocatalytic activity of titanium dioxide nanostructures: Nanoparticles,
nanotubes and ultra-thin films. Catal. Today 2020, 341, 2–12. [CrossRef]

6. Wanag, A.; Sienkiewicz, A.; Rokicka-Konieczna, P.; Kusiak-Nejman, E.; Morawski, A.W. Influence of modification of titanium
dioxide by silane coupling agents on the photocatalytic activity and stability. J. Environ. Chem. Eng. 2020, 8, 103917. [CrossRef]

7. Pirgholi-Givi, G.; Farjami-Shayesteh, S.; Azizian-Kalandaraph, Y. The influence of irradiation intensity and stirring rate on the
photocatalytic activity of titanium dioxide nanostructures prepared by the microwave-assisted method for photodegradation of
MB from water. Phys. B Condens. Matter 2020, 578, 411886. [CrossRef]

8. Kuo, C.Y.; Jheng, H.K.; Syu, S.E. Effect of non-metal doping on the photocatalytic activity of titanium dioxide on the photodegra-
dation of aqueous bisphenol A. Environ. Tech. 2021, 42, 1603–1611.

https://doi.org/10.3390/ma19143052

https://doi.org/10.1111/ics.12836
https://doi.org/10.1111/jocd.16422
https://www.ncbi.nlm.nih.gov/pubmed/38898670
https://doi.org/10.1021/acs.chemrestox.9b00428
https://www.ncbi.nlm.nih.gov/pubmed/32088960
https://doi.org/10.1111/ics.12993
https://www.ncbi.nlm.nih.gov/pubmed/39030969
https://doi.org/10.1016/j.cattod.2018.05.033
https://doi.org/10.1016/j.jece.2020.103917
https://doi.org/10.1016/j.physb.2019.411886
https://doi.org/10.3390/ma19143052


Materials 2026, 19, 3052 7 of 7

9. Sun, S.; Ding, H.; Wang, J.; Li, W.; Hao, Q. Preparation of a microsphere SiO2/TiO2 composite pigment: The mechanism of
improving pigment properties by SiO2. Ceram. Intern. 2020, 46, 22944–22953. [CrossRef]

10. Kim, N.; Kim, Y.; Yun, J.-M.; Jeong, S.-K.; Lee, S.; Lee, B.Z.; Shim, J. Surface Coating of Titanium Dioxide Nanoparticles with a
Polymerizable Chelating Agent and Its Physicochemical Property. ACS Omega 2023, 8, 18743–18750. [CrossRef] [PubMed]

11. Jin, P.; Liu, L.; Cheng, L.; Chen, X.; Xi, S.; Jiang, T. Calcium-to-phosphorus releasing ratio affects osteoinductivity and os-
teoconductivity of calcium phosphate bioceramics in bone tissue engineering. BioMed. Eng. Online 2023, 22, 12. [CrossRef]
[PubMed]

12. Xiao, D.; Zhang, J.; Zhang, C.; Barbieri, D.; Yuan, H.; Moroni, L.; Feng, G. The role of calcium phosphate surface structure in
osteogenesis and the mechanisms involved. Acta Biomater. 2020, 106, 22–33. [CrossRef] [PubMed]

13. Müller, W.E.G.; Neufurth, M.; Ushijima, H.; Munoz-Espi, R.; Müllerm, L.-K.; Wang, S.; Schöder, H.C.; Wang, X. Molecular and
biochemical approach for understanding the transition of amorphous to crystalline calcium phosphate deposits in human teeth.
Dent. Mater. 2022, 38, 2014–2029. [CrossRef] [PubMed]

14. Alkarad, L.; Alkhouli, M.; Dshash, M. Remineralization of teeth with casein phosphopeptide- amorphous calcium phosphate:
Analysis of salivary pH and the rate of salivary flow. BDJ Open 2023, 9, 16. [CrossRef] [PubMed]

15. Neel, E.A.A.; Knowles, J.C. Physical and biocompatibility studies of novel titanium dioxide doped phosphate—Based glasses for
bone tissue engineering applications. J. Mater. Sci. Mater. Med. 2008, 19, 377–386. [PubMed]

16. Lakhkar, N.J.; Park, J.H.; Mordan, N.J.; Salih, V.; Wall, I.B.; Kim, H.W.; King, S.P.; Hanna, J.V.; Martin, R.A.; Addison, O.; et al.
Titanium phosphate glass microspheres for bone tissue engineering. Acta Biomater. 2012, 8, 4181–4190. [CrossRef] [PubMed]

17. Onoda, H.; Yamaguchi, T. Influence of ultrasonic treatment on preparation and powder properties of titanium phosphates. J.
Mater. Chem. 2012, 22, 19826–19830. [CrossRef]

18. Rättö, P.; Hornatowska, J.; Barbier, C. Influence of the distribution of the shape and size distribution of pigment particles on
cracking in coating layers during creasing. Nord. Pulp Pap. Res. J. 2012, 27, 714–720. [CrossRef]

19. Braun, J.H.; Baidins, A.; Marganski, R.E. TiO2 pigment technology: A review. Prog. Org. Coat. 1992, 20, 105–138. [CrossRef]
20. Onoda, H.; Matsukura, A. Influence of pH-Control in phosphoric acid treatment of titanium oxide and their powder properties.

Mater. Res. Bull. 2015, 66, 151–155. [CrossRef]
21. Onoda, H.; Yamaoka, K.; Charoonsuk, T.; Pulphol, P.; Vittayakorn, N. Synthesis of Cerium Dioxide-Based Pigments with

Co-Precipitated Phosphate: Tuning Oxidation Catalytic Activity for Cosmetic and Paint Applications. J. Aust. Ceram. Soc. 2025,
61, 1537–1544. [CrossRef]

22. Lv, K.; Liang, X.; Zhang, L.; Zhang, Z.; Gao, Y. A black pigment that shows strong near-infrared reflectivity for solar heat control.
Ceram. Intern. 2024, 50, 16901–16908. [CrossRef]

23. Sun, Q.; Zhao, J.; Hu, Z.; Zhang, J.; Yan, J.; Sheng, J. Novel fabrication of rod-like CoAl2O4/halloysite hybrid pigment derived
from C0-MOF/nano-clay and mechanism explpration. Dyes Pigm. 2022, 201, 110216. [CrossRef]

24. John, A.K.; Palaty, S.; Sharma, S.S. Greener approach towards the synthesis of titanium dioxide nanostructures with exposed {001}
facets for enhanced visible light photodegradation of organic pollutants. J. Mater. Sci. Mater. Electron. 2020, 31, 20868–20882.
[CrossRef]

25. McMurdie, H.F.; Morris, M.C.; Evans, E.H.; Paretzkin, B.; Wong-Ng, W.; Zhang, Y.; Hubbard, C.R. Standard X-Ray Diffraction
Powder Patterns from The JCPDS Research Associateship. Powder Diffr. 1987, 2, 41–52. [CrossRef]

26. McMurdie, H.F.; Morris, M.C.; Evans, E.H.; Paretzkin, B.; Wong-Ng, W.; Zhang, Y.; Hubbard, C.R. Standard X-Ray Diffraction
Powder Patterns from The JCPDS Research Associateship. Powder Diffr. 1986, 1, 334–345. [CrossRef]

27. Seesanong, S.; Seangarun, C.; Boonchom, B.; Laohavisuti, N.; Chaiseeda, K.; Boonmee, W. Composition and Properties of Triple
Superphosphate Obtained from Oyster Shells and Various Concentrations of Phosphoric Acid. ACS Omega 2021, 6, 22065–22072.
[CrossRef] [PubMed]

28. Seesanong, S.; Seangarun, C.; Boonchom, B.; Sronsri, C.; Laohavisuti, N.K.; Chaiseeda, K.; Boonmee, W. Recrystallization of Triple
Superphosphate Produced from Oyster Shell Waste for Agronomic Performance and Environmental Issues. Minerals 2022, 12, 254.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19143052

https://doi.org/10.1016/j.ceramint.2020.06.068
https://doi.org/10.1021/acsomega.3c00734
https://www.ncbi.nlm.nih.gov/pubmed/37273586
https://doi.org/10.1186/s12938-023-01067-1
https://www.ncbi.nlm.nih.gov/pubmed/36759894
https://doi.org/10.1016/j.actbio.2019.12.034
https://www.ncbi.nlm.nih.gov/pubmed/31926336
https://doi.org/10.1016/j.dental.2022.11.013
https://www.ncbi.nlm.nih.gov/pubmed/36424205
https://doi.org/10.1038/s41405-023-00141-z
https://www.ncbi.nlm.nih.gov/pubmed/37041136
https://www.ncbi.nlm.nih.gov/pubmed/17607512
https://doi.org/10.1016/j.actbio.2012.07.023
https://www.ncbi.nlm.nih.gov/pubmed/22835676
https://doi.org/10.1039/c2jm33952h
https://doi.org/10.3183/npprj-2012-27-04-p714-720
https://doi.org/10.1016/0033-0655(92)80001-d
https://doi.org/10.1016/j.materresbull.2015.02.052
https://doi.org/10.1007/s41779-025-01190-3
https://doi.org/10.1016/j.ceramint.2024.02.164
https://doi.org/10.1016/j.dyepig.2022.110216
https://doi.org/10.1007/s10854-020-04602-1
https://doi.org/10.1017/s0885715600012239
https://doi.org/10.1017/s0885715600012045
https://doi.org/10.1021/acsomega.1c02660
https://www.ncbi.nlm.nih.gov/pubmed/34497900
https://doi.org/10.3390/min12020254
https://doi.org/10.3390/ma19143052

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

