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Abstract Sedimentation field-flow fractionation—inductively
coupled plasma—mass spectrometry (SAFFF-ICP-MS) was
successfully applied to investigate particle size distribution of
titanium dioxide (TiO,) in sunscreen samples after hexane
extraction to remove organic components from the samples.
Three brands of sunscreen products of various sun protection
factor (SPF) value were used as samples. Different particle
size distribution profiles were observed for sunscreen
samples of various brands and SPF values; however, the
particle size distributions of titanium dioxide in most
sunscreen samples investigated in this work were larger than
100 nm. The titanium dioxide concentrations were higher for
the products of higher SPF values. By comparing the results
obtained from online SAFFF-ICP-MS and those from the off-
line ICP-MS determination of titanium after acid digestion,
ICP-MS was found to effectively atomize and ionize the
titanium dioxide particle without the need for acid digestion
of the samples. Therefore, the online coupling between
SAFFF and ICP-MS could be effectively used to provide
quantitative information of titanium dioxide concentrations
across particle size distribution profiles.
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Introduction

Ultraviolet (UV) radiation including UV-A (320-400 nm)
and UV-B (290-320 nm) can cause skin cancer and other
harmful effects to humans [1-4]. To avoid unwanted skin
effects from the sun it is necessary to use sunscreen filters.
Titanium dioxide (TiO,), which is a physical UV filter, can
reflect and scatter UV radiation very efficiently [5], and it
is, therefore, often used to formulate sunscreen products
with a high sun protection factor (SPF) value [6]. Accord-
ing to the European legislation, titanium dioxide is the only
inorganic UV filter permitted to be used in sunscreen
products with the maximum allowable concentration of
25% (w/w) [7]. The radiation reflection and scattering
efficiencies of titanium dioxide depend on its concentration
and particle size, with a particle size of approximately 60—
120 nm the most effective in UV reflection and scattering
ability [5]. Therefore, the analysis of sunscreen cosmetics in
terms of the concentration and particle size of titanium
dioxide should be considered.

Although the official methods for determining titanium
dioxide particles in sunscreen cosmetics, either in terms of
quantitative element content or the particle size distribution,
have never been documented, several analytical techniques
have been reported for determination of titanium dioxide in
sunscreen. These techniques include the classical volumet-
ric method [8], atomic absorption spectrometry [9], induc-
tively coupled plasma optical emission spectrometry [8,
10], and X-ray fluorescence spectrometry [11, 12]. For
particle size characterization, flow field-flow fractionation
(FIFFF) has been reported for titanium dioxide particles in a
commercial sunscreen product [13] and titanium dioxide
nanoparticles imprinted for tyrosine [14].
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Field-flow fractionation (FFF) is a flow-assisted tech-
nique for size characterization of particles in the nanometer
to sub-micrometer scale. The fractionated particles can be
further characterized by various detection methods [15, 16].
The principle [16, 17] and applications [18, 19] of FFF
have been described elsewhere. Depending on the type and
the particle size of samples, various types of external field
forces may be applied. These external fields give rise to an
assortment of FFF sub-techniques, including gravitational,
sedimentation, flow, electrical, and thermal FFF. Sedimen-
tation FFF (SAFFF) and FIFFF are most commonly used.
As the particle size of titanium dioxide in sunscreen
products is in the sub-micrometer size range, SAFFF may
be used [18]. Previous works indicated that sedimentation
FFF was successfully used to separate titanium dioxide
microparticles [18-20].

An online coupling between SAFFF and inductively
coupled plasma—mass spectrometry (SdFFF-ICP-MS) was
proposed to provide the quantitative information of titanium
dioxide concentrations across particle size distribution
profiles of the sunscreen samples. The necessity for sample
preparation before SAFFF particle size characterization was
evaluated. Various initial field strengths were employed in
SAFFF fractionation to check for the reliability of the
resulting particle size distribution information. The ability of
ICP-MS as an online detector for the fractionated titanium
dioxide particles was examined. The developed SAFFF-ICP-
MS method was applied to investigate size distribution of
titanium dioxide particles in various sunscreen products of
various SPF values.

Experimental
Chemicals and samples

Polystyrene latex standards having diameters of 0.35, 0.53,
and 0.72 pm from Postnova Analytik (Landsberg, Germany)
were used for SAFFF calibration. A carrier liquid was 0.02%
(v/v) FL-70 detergent (Fisher Scientific, PA, USA) contain-
ing 0.02% (w/v) NaN; (Merck, Darmstadt, Germany) to
prevent bacterial growth. FL-70 is a mixture of anionic
and non-ionic compounds containing the following active
components: oleic acid, sodium carbonate, tergitol, tetra-
sodium EDTA, polyethylene glycol, and triethanolamine
[21].

Three brands of commercial sunscreen cream products
of various SPF values (0 and 50 SPF for brand A; 0, 15,
and 30 SPF for brand B; and 0 and 15 SPF for brand C)
were purchased from a local supermarket. Hexane, which
was employed to remove some organic components, was
purchased from Labscan (Bangkok, Thailand). Ti elemental
standard solution of 100 pgmL ' (AccuStandard, New Haven,
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CT, USA) was used to prepare the ICP-MS calibration
solution.

Preparation of sunscreen sample

Sunscreen cream products (0.01 g) of various brands and
SPF values were weighed and diluted in 1 mL of deionized
water to obtain the sunscreen sample of 1% (w/v). Before
injection into SAFFF, a 50-uL volume of 1% (w/v) of
sunscreen cream sample in deionized water was mixed
thoroughly by vortex.

Preparation of defatted sunscreen sample

To defat or remove some organic components from
sunscreen cream products, 1 mL of hexane was applied to
soak 0.01 g of sunscreen cream samples for 12 h at room
temperature. Hexane containing organic components was
removed and the defatted part was diluted with deionized
water to 1% (w/v). To study particle size distribution in
sunscreen cream samples, a 50-pL volume of 1% (w/v) of
defatted sunscreen cream sample in deionized water was
mixed thoroughly by vortex before SAFFF analysis.

Acid digestion of sunscreen sample

Sunscreen cream products (0.05 g) were weighed and
digested at approximately 350 °C with 10 mL of H,SOy, in
the presence of 4 g of (NH4)SOy. Then, 25 mL of HCI and
30 mL of deionized water were added to the mixture and
heated until the clear solution was obtained. Subsequently,
the digested solution was diluted with deionized water
before ICP-MS determination of Ti concentration.

Instrumentation

The SAFFF system (Model S-101 Particle/Colloid Fraction-
ator, Postnova Analytik, Landsberg, Germany) was used in
this study. The SAFFF channel was 89.5 cm long, 2.0 cm
wide, and 0.0254 cm thick, with a rotor radius of 15.1 cm. The
channel volume was calculated to be 4.45 mL. The carrier
solution was introduced into the SAFFF channel by an HPLC
pump (model PN1122, Postnova Analytik). A UV detector
(model UV2075, Jasco, Essex, UK) was set at 254 nm to
monitor light attenuation of the eluted particles. Samples of
50 uL were injected into SAFFF via a Rheodyne injector.
An ICP-MS instrument (model Sciex/ELAN 6000,
Perkin Elmer, CT, USA) was used as an element detector
sequentially after the UV absorption detector. Owing to the
similarity of the SAFFF channel and ICP-MS sample flow
rates typically used for analysis, the ICP-MS cross-flow
nebulizer was connected directly to the UV detector outlet
with a 30-cm length of poly(tetrafluoroethylene) tubing
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(0.58 mm id). The operating conditions of SAFFF and ICP-
MS measurements are summarized in Table 1.

Data treatment

Raw fractograms were translated into size distribution
profiles using the Postnova FFF Analysis software version
2.0 (Postnova Analytik, Landsberg, Germany). Peak eval-
uation, baseline adjustment, and integration were performed
using PeakFit™ (SPSS, IL, USA).

Results and discussion

The need for sample preparation before particle size
characterization of titanium dioxide in cosmetics
by using SAFFF

By knowing the exact geometry of the SAFFF channel, the
field, flow rate, and the density difference between particle
and carrier liquid, diameter of the separated particle can be
calculated directly from the experimental retention time
[22]. The average density of titanium dioxide particles was
4.05 gmL™" [23], and therefore, the density difference
between the particles and the carrier liquid (Ap) was
3.05 gmL". To apply SAFEF for particle size characterization
of titanium dioxide in sunscreen samples, various experimental
conditions were examined to demonstrate the reproducibility
and reliability of SAFFF for particle size characterization of
titanium dioxide in sunscreen products. Various initial field
strengths (500, 600, and 800 rpm) were applied to fractionate
titanium dioxide particles in a 30 SPF sunscreen as illustrated
in Fig. 1. Fractograms of 1% (w/v) 30 SPF sunscreen (brand
B) showed two separated peaks at different retention times.
With higher field strength, the peaks shifted towards longer

retention times (Fig. 1a). Nonetheless, the particle size
distributions obtained from various experimental condi-
tions did not agree well with each other, indicating the
erroneous results in particle size determination by the
SdFFF technique. This error might be due to the fact that
the cosmetic sample contains not only the titanium dioxide
particles, but also some other types of particles. Alterna-
tively, it might be due to the fact that the titanium dioxide
particles were coated by some organic components in the
sunscreen sample, which could make the approximation of
the particles density of 4.05 gmL™' to be incorrect.
Therefore, it was necessary to carry out sample prepa-
ration before introduction of sunscreen samples into SAFFF
channel. To remove the organic components from the
titanium dioxide particles, hexane extraction was performed
[13]. Hexane removes the organic compounds contained in
the sunscreen products, which could cause some interaction
between organic component and SAFFF channel, and
affected on particle size fractionation of sunscreen sample.
With hexane removal of organic components from the
sunscreen samples, the resulting samples were called
“defatted sunscreen samples.” Various initial field strengths
(400, 500, and 600 rpm) were applied to fractionate
titanium dioxide particles in the defatted sunscreen as
illustrated in Fig. 2a with the resulting particle size
distributions shown in Fig. 2b. The particle size distribu-
tions in Fig. 2b obtained from various experimental
conditions were all similar showing the particle size range
of 0.1-0.6 um with the peak maximum at around 0.52 pum.
This suggests that the particle size determination of
titanium dioxide in sunscreen products is possible with
SAFFF with the necessity of sample preparation before
analysis, and hexane extraction is considered effective for
such purpose. The initial field strength of 400 rpm was
selected for further use as it was sufficient to separate the

Table 1 SAFFF and ICP-MS

operating conditions SAFFF operating conditions

SAFFF channel dimensions (cm?)
SdFFF rotor radius (cm)

Carrier liquid

Channel flow rate (mLmin ")
Equilibration time (min)

Power field programming

ICP-MS operating conditions

Rf generator frequency (MHz)
Rf power (W)

Nebulizer gas flow rate (Lmin ")
Coolant gas flow rate (Lmin ")
Auxiliary gas flow rate (Lmin ')
Isotopes monitored (m/z)

89.5%2.0x0.0254

15.1

0.02% (v/v) FL-70 containing 0.02% (w/v) sodium azide
1.0

10

initial applied field, 400 rpm [obtained field,
397 rpm or 26.6xg] for 8 min; field decay parameter, —64;
final field, 50 rpm [obtained field, 49 rpm]

40
1,150
0.99
15
1.0

. Qe
“TTj and “Ti
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Fig. 1 Effect of field strength on fractionation of 30 SPF sunscreen
(brand B). a Raw fractograms and b particle size distributions of 30
SPF sunscreen (brand B) obtained from various initial fields as 500
(diamond), 600 (square), and 800 rpm (triangle). The SAFFF
operating condition was as follows: initial field hold time 8 min, field
decay parameter —64, final field 50 rpm, and Ap=3.05 gmL"'. The
channel flow rate was constant at 1 mLmin'

particles from the void fraction with minimized analysis
time.

Particle size distribution of titanium dioxide in sunscreen
products of various brands and SPF values

With the selected SAFFF operating conditions, particle size
distributions of titanium dioxide in the defatted sunscreen
products of various brands and SPF values were investi-
gated by using SAFFF-ICP-MS. With the UV detector, the
particle size distributions of sunscreen samples are shown
in Fig. 3. It can be seen that different brands of sunscreen
products showed different particle size distribution patterns.
For a particular brand of sunscreen products, the sample
with higher SPF values showed larger particle size than that
of the smaller SPF values. With the ICP-MS detector, the
particle size distributions of titanium dioxide in sunscreen
samples were obtained as illustrated in Fig. 4. For brand A,
the signal of titanium was only slightly observed for
sunscreen of 0 SPF value, whereas the distribution of
titanium was found in the range of 0.1-0.5 um for the
sunscreen of 50 SPF value. For brand B, the distribution of
titanium in sunscreen of various SPF values were different,
but ranging between 0.1 and 0.4 pm. Titanium was found
to present in a smaller particle size for the sunscreen of 15
SPF values as compared to that of 0 and 30 SPF values,
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suggesting that the manufacturer might have different
strategies to formulate the products of different SPF values
within the same brand. The manufacturer of brand B might
not use the same titanium dioxide particle size for the
products of different SPF values. For brand C, the
distribution of titanium in sunscreen of 0 and 15 SPF
values were found in the range of 0.2-0.6 pum. Higher
titanium content was found in the product of higher SPF
value.

Particle size distributions of titanium dioxide in all
sunscreen samples investigated in this work were larger
than 100 nm size range, except for the brand B of 15 SPF
value. The particle size distributions of titanium dioxide in
the defatted sunscreen samples (Fig. 4) were not well
corresponded with the particle size distribution profiles
(Fig. 3) except for the sunscreen brand A. For brand B,
titanium (Fig. 4b) was found to associate with the small
particle size range of the particles found in the defatted
sunscreen samples (Fig. 3b). For brand C, titanium (Fig. 4c)
was found to associate with the large particle size range of
the particles found in the defatted sunscreen samples
(Fig. 3c). These data suggest that the manufacturer of
brand A might use titanium dioxide solely to adjust the SPF
values of their products, whereas the manufacturers of
brands B and C might adjust the SPF values of their
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Fig. 2 Effect of field strength on fractionation of the defatted 30 SPF
sunscreen (brand B). a Raw fractograms and b particle size distributions
of 30 SPF sunscreen (brand B) obtained from various initial fields as
400 (diamond), 500 (square), and 600 rpm (triangle). The SAFFF
operating condition was as follows: initial field hold time 8 min, field
decay parameter —64, final field 50 rpm, and Ap=3.05 gmL'. The
channel flow rate was constant at 1 mLmin'
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Fig. 3 Particle size distributions of defatted sunscreen samples. a
Brand A, where diamond and square represent 0 and 50 SPF,
respectively. b Brand B, where diamond, square, and triangle
represent 0, 15, and 30 SPF, respectively. ¢ Brand C, where diamond
and square represent 0 and 15 SPF, respectively

products by adding both organic and inorganic components
other than titanium dioxide as UV filters.

Titanium dioxide concentrations in sunscreen samples

Not only the particle size information, but it is also
important to provide quantitative information on the
titanium dioxide concentration in the sunscreen products,
as its maximum allowable concentration in the sunscreen
products has been declared by many countries such as
European Union, Japan, and USA. In the European Union
legislation, titanium dioxide is the only inorganic UV filter
which is allowed at 25% maximum concentration [7]. The
determination of titanium dioxide content (% w/w) in

sunscreen products of various brands and SPF values was
carried out using ICP-MS detection of titanium.

In this study, ICP-MS determination of titanium concen-
trations was performed with various approaches as follows: as
an online detector for SAFFF, off-line detection of the
collected fraction from SAFFF after acid digestion, and direct
detection of the acid digested samples. The titanium dioxide
concentrations in all sunscreen samples from various
approaches are summarized in Table 2, which illustrates that
the concentrations found from all approaches were similar.
The closeness in the titanium dioxide concentrations
obtained from the collected fraction from SAFFF after acid
digestion with those directly determined after acid digestion
of the samples indicates that titanium dioxide was not loss
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Fig. 4 Particle size distributions of titanium dioxide in defatted
sunscreen samples. a Brand A, where diamond and square represent 0
and 50 SPF, respectively. b Brand B, where diamond, square, and
triangle represent 0, 15, and 30 SPF, respectively. ¢ Brand C, where
diamond and square represent 0 and 15 SPF, respectively. Data were
smoothed with Savitzsky—Golay function (PeakFit, SPSS, Chicago,
IL, USA) with a smoothing level of 10%

@ Springer



978

A. Samontha et al.

Table 2 TiO, concentrations in sunscreen samples of various brands
and SPF values

Samples TiO, concentration (% w/w) [average+SD], n=3
Method A Method B Method C

0 SPF brand A n.d. n.d. <0.04

50 SPF brand A n.d. n.d. 3.84+0.28

0 SPF brand B n.d. n.d. 0.09+0.02

15 SPF brand B n.d. n.d. 0.37+0.05

30 SPF brand B 0.84+0.10 0.74+0.10 0.82+0.20

0 SPF brand C  n.d. n.d. 0.12+0.02

15 SPF brand C  1.16%0.16 0.94+0.06 0.93+0.05

LOQ <0.06 <0.03 <0.04

The concentration of titanium is represented as TiO, percentage in the
sample (% w/w). Method A is an online SAFFF-ICP-MS. The
concentration of titanium dioxide in the samples was obtained by
online SAFFF-ICP-MS measurement with external calibration using
standard solutions prepared in the SAFFF carrier liquid. Total titanium
dioxide concentration was determined by integration of the signal
through the whole fractionation time using a PeakFit™ program
(SPSS, IL, USA). Method B is an off-line SdFFF and ICP-MS
determination of titanium dioxide in the fractionated samples. Method
C is ICP-MS determination of titanium after acid digestion of samples

n.d. not determined

during the SAFFF fractionation of samples. The closeness in
the titanium dioxide concentrations obtained from the online
SAFFF-ICP-MS with those from the SAFFF fraction after
acid digestion suggests that the ICP-MS could effectively
atomize and ionize the titanium dioxide particle without the
need for acid digestion. Therefore, the online coupling
between SAFFF and ICP-MS could be effectively used to
provide the quantitative information of titanium dioxide
concentrations across particle size distribution profiles.

For all sunscreen samples in this study, the titanium
dioxide contents were below the maximum allowable
concentration (25%) as set by the European legislation.
Different brands of sunscreen products showed different
titanium dioxide contents. Nevertheless, higher titanium
dioxide contents were observed for the sunscreen of the
same brand but with increasing SPF values.

Conclusions

SAFFF-ICP-MS was demonstrated feasible to provide
quantitative information of titanium dioxide concentrations
across particle size distribution profiles. Nonetheless,
sample preparation was necessary prior to SAFFF particle
size characterization. Various brands and SPF values of
sunscreen products showed different particle size distribu-

@ Springer

tions and different titanium dioxide contents. The informa-
tion obtained from SAFFF-ICP-MS can be useful for quality
control of the finished sunscreen products.
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