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Titanium dioxide incorporated in cellulose
nanofibers with enhanced UV blocking

performance by eliminating ROS generationf
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Eun-Yi Moon,? Jin Won Song® and Young-Soo Seo & *

The preparation of sunblocks with dispersion stability, ultraviolet blocking, and photocompatibility remains

a considerable challenge. Plant-derived natural polymers, such as cellulose nanofibers (CNF), show versatile

traits, including long aspect ratio, hydrophilic nature, resource abundance, and low material cost. In the

present study, a facile and cost-effective strategy is reported for the fabrication of nanostructured

inorganic materials by incorporating natural polymers as interspersed, systematically nanosized titanium
dioxide (TiO,) particles onto CNF. Among all experiments, the optimized TiO,@CNF3 showed higher
ultraviolet blocking performance and less whitening effect. The outstanding performance is attributed to

the engineering of equally dispersed nano-sized TiO, particles on the CNF surface and stable dispersion.
Significantly, TiO,@CNF3 exhibited excellent compatibility with avobenzone (80%), an oil-soluble
ingredient used in sunblock products, illustrating the photoprotection enhancement under ultraviolet A
(UVA) and ultraviolet B (UVB). Moreover, only 14.8% rhodamine B (Rho-B) dye degraded through
photocatalytic oxidation process with the TiO,@CNF3, which is negligible photocatalytic activity
compared to that of TiO, (95% dye degraded). Furthermore, commercial inorganic and organic sunblock
products with SPF lifetimes of 35" and 50" were modified using CNF, significantly enhancing the

Received 12th October 2022
Accepted 14th November 2022

transmittance performance compared to that of the pure sunblock. However, it was also observed that

hydrophilic CNF tended to demulsify the creams due to electrostatic disequilibrium. This CNF-based

DOI: 10.1039/d2ra06444h

rsc.li/rsc-advances applications, such as cosmetics.

1. Introduction

Long-term exposure to ultraviolet (UV) radiation causes severe
damage to humans, such as skin burns and cancer.! In this
regard, antioxidants can be considered promising candidates
for enhancing the endogenous capacity of the skin by neutral-
izing reactive oxygen species (ROS) induced by external factors,
such as UV radiation. Therefore, antioxidants, along with UV-
blocking agents, are vital ingredients in many skin care prod-
ucts. To effectively block UV radiation, both inorganic and
organic materials have been developed based on the UV-
blocking mechanism. During the last few decades, consider-
able attention has been given to the development of UV pho-
toprotective materials, especially inorganic UV blockers that is,
zinc oxide (ZnO), silicon dioxide (SiO,), aluminum oxide
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modified TiO, system is a new window to replace effective sunblock products in high-value-added

(Al,03), and titanium dioxide (TiO,) embedded in a polymer
matrix>* that can absorb UV radiation and exhibit good
stability. Nano-sized TiO,-based photoprotectors are extensively
employed in sunblock products as inorganic UV blockers
because they can scatter and reflect ultraviolet A (UVA) (320-400
nm) and ultraviolet B (UVB) (280-320 nm) in sunlight. More-
over, they are cost-effective, environmentally friendly, durable,
and chemically and thermally stable, with low toxicity and
a wider shielding range.>*

Under sunlight, the use of TiO, nanoparticles has been
limited in cosmetics because of their notable photocatalytic
activity, which can damage cellular components, such as lipids,
proteins, and DNA.”™* To eliminate the photocatalytic activity of
TiO, nanoparticles, many studies have focused on fabricating
hybrids such as illite/TiO,,"* TiO,@fabric,”* and lignin/TiO, **
and TiO, coated with silica shells.">'® However, excessive inor-
ganic coating leads to poor light absorption and transmittance
in UV blockers, eventually hindering their application in skin
care products. Instead, various di- and triblock copolymers,
such as poly(methyl methacrylate-b-acrylic acid) and poly(-
ethylene oxide)-b-poly(2-(dimethylamine)ethyl methacrylate)-b-
poly(styrene), have been used to reduce the photocatalytic
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activity without sacrificing the UV-blocking performance.'”'®
The drawbacks of these block copolymers are that the synthesis
process is complex and expensive, and the rising demand for
biodegradability and biocompatibility has led to the consider-
ation of using natural materials as substitutes for synthetic
materials.

In recent years, natural sunblock products have gained
considerable attention. Natural products such as Rosa kordesi,
extract of Carica papaya, green coffee oil, and Helichrysum are-
narium are proven to have a reasonable UV radiation protection
function.”?* In-demand natural sunblock is prepared using
natural ingredients that are often expensive and commercially
limited on a global scale. Cellulose nanofiber (CNF) (a few
microns long and ~10 nm wide) fabricated from cellulose,
which is the most abundant natural polymer, is a renewable
“green” material that is easily dispersed in water due to its
hydrophilic nature.”® It can be used as a moisturizer and
dispersive agent for nanoparticles.>* CNF have never been used
as sunblock in cosmetics. The high-end large-scale application
of industrial CNF is still under exploration. Therefore, CNF with
TiO, as a photoprotective material may be a viable option in the
cosmetics field.

The objective of this work was to prepare uniformly
dispersed nanosized TiO, nanoparticles (NPs) on the surface of
CNF by employing a simple and facile sol-gel reaction and to
investigate the properties of the sunblock. The introduction of
TiO, NPs onto the CNF surface resulted in a higher UV shielding
performance, even at low quantities of TiO, due to good
dispersion. The photocatalytic activity of the TiO,@CNF
composite and pristine TiO, was examined using rhodamine B
(Rho-B) as a model contaminant under UVA and UVB illumi-
nation, confirming that the composite exhibits a significantly
lower photocatalytic effect than that of pristine TiO,. In addi-
tion, its photostability was studied by blending with avo-
benzone (Avb), which is a representative organic UV blocker.
More than 80% photoprotection was observed for the
composite, whereas 60% was observed for pristine TiO, parti-
cles after UVA and UVB illumination, indicating remarkable
photoprotection. This new hybrid is a promising option for
improving sunblock performance in cosmetics. Additionally,
the transmittance performance of four commercial sunblock
products with SPF lifetimes of 50" and 35" were tested by
blending with CNF. As expected, CNF enhanced the trans-
mittance performance of the local sunblock products because
of its good dispersion. Although the underlying mechanism
remains to be elucidated, it was attributed to the synergistic
effect between the CNF and TiO, particles in the lotions, as well
as the hydrophilic property of CNF.

2. Experimental detail
2.1 Materials

Absolute ethanol (CH3;CH,OH, 98.0%, My, = 46.07) and dieth-
anolamine (HN(CH,CH,O0H),, 98.0%, My, = 105.14) were ob-
tained from Sigma Aldrich. Titanium tetra-n-butoxide
((CH;CH,CH,CH,0),Ti, 97.0%, My, = 340.32 g mol ') was
purchased from the Chuo-ku (Tokyo, Japan). CNF was directly
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purchased by Moorim P&P (Ulsan, Korea). They have produced
the CNF through re-fined method, which is white odorless gel
with 2.2 wt% solid content. In addition, the full length and
width of the fiber was approximately 100 pm and 50 nm,
respectively.

2.2 Synthesis method of the TiO,@CNFx nanocomposite

TiO, NPs were synthesized on the CNF surface using a facile and
cost-effective sol-gel process. The sol-gel synthesis layout is
presented in the ESL.{ Titanium tetra-n-butoxide (TBT) and
diethanolamine (DEA) were added dropwise into the CNF
ethanol solution at a concentration of 5 mg mL ™" at 60 °C under
continuous stirring for two hours (h). The white precipitate was
separated by centrifugation and washed three times with
ethanol and deionized (DI) water to ensure the removal of
undissolved impurities. The sample was dried in a convection
oven at 100 °C overnight and named the TiO,@CNF hybrid. The
prepared samples were stored in a desiccator for further
analysis.

In addition, pristine TiO, NPs were synthesized using the
conventional sol-gel process, as described earlier.*® Briefly,
stoichiometric amounts of the starting materials, that is, TBT (5
mL) and DEA (1.5 mL), were dissolved in 50 mL of ethanol with
continuous stirring for 2 h at 60 °C. White precipitates were
obtained using vacuum filtration. The samples were washed
three times with a water and ethanol mixture (1 : 2 by volume) to
remove undesired impurities. The resulting samples were
stored in a desiccator.

2.3 Dispersion stability test

DI water was added to approximately 0.1 and 0.5 wt% quantities
of pristine TiO, and TiO,@CNF hybrid, respectively. The
suspension was then homogenized using an ultrasound for
5 min. Finally, all the samples were maintained for approxi-
mately 24 h.

2.4 Preparation of CNF based sunblock

Four inorganic and organic sunblock products with SPF life-
times of 35" and 50" were purchased from manifold companies
as follows: “HERA Sun Mate daily” (35", inorganic sunblock 1,
ioSB1), “The Face shop” (50", inorganic sunblock 2, i0SB2),
“MediFlower” (50*, organic sunblock 1, 0SB1), and “V10 UV
shield” (50", organic sunblock 2, 0SB2). Then, each sunblock
was blended with CNF as follows: 1.90 g of sunblock was mixed
with 3 or 5 g of CNF (2 wt%) hydrogel and the concentration of
the sunblock was adjusted to 0.1 and 0.2 mg mL ™" by adding DI
water with magnetic stirring overnight. The transmittance was
then measured using a UV-visible (vis) spectrometer. Detailed
information regarding the active and inactive ingredients of the
inorganic and organic sunblock is provided in the ESI, S2-S5.

2.5 Photocatalytic test

The photocatalytic and photolysis activities were validated
using a photoreactor consisting of a combination of 12 UVA and
UVB lamps with 48 W power. Approximately 2 mL of an aqueous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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suspension of rhodamine-B (Rho-B) with an initial concentra-
tion of 0.026 wt% and a specific quantity of as-prepared catalyst
(5 mg) were mixed in a 40 mL quartz beaker and stored for
3600 s under UVA and UVB light, respectively. After that, 3 mL of
the aqueous suspension was withdrawn every 1 h, and then the
samples were immediately centrifuged at 7000 rpm for 10 min
at 20 °C. The supernatants were trickled through a pre-cleaned
0.2 pm membrane filter (cellulose acetate; Advantech, Japan).
The maximum absorbance of Rho-B was measured at a wave-
length of 555 nm using a UV-vis-NIR spectrophotometer (Cary
5000). The degradation efficiency (%) of Rho-B was evaluated
Co - Ct

using the following equation: % degradation = 100 x ———,
o

where C, is the concentration at time ¢t = 0 and C, is the
concentration after the treatment time ¢ (min), which was
described by analyzing the relative intensity of the respective
absorption A,/A,. The net degradation was gauged by subtract-
ing the dye removal under dark conditions. Furthermore, the
photocatalytic activity mechanism was identified by trapping
active species using scavengers such as isopropyl alcohol (IPA)/
furfuryl alcohols (FFA), oxalate ammonium (AO), and p-benzo-
quinone (BQ) for "OH, h" and "0, respectively. Briefly, 1 mM
of each scavenger was initiated for the TiO,@CNF hybrid in the
presence of the Rho-B dye and then kept in the photo-reactor
under UVA and UVB irradiation for a duration of 3600 s.
Thereafter, 3 mL of the sample was collected after 1 h intervals
and centrifuged at 7000 rpm for 10 min at 20 °C.

2.6 Avobenzone compatibility

In brief, 12 uM avobenzone and 0.5 mM Brij-10 solution with
0.026 wt% Rho-B were prepared in water and the mixture was
treated using ultrasound for 4 h and stored in the dark over-
night. Approximately 8 mL of the reaction solution was kept in
a quartz cell with continuous stirring and then placed in
a photoreactor equipped with six UVA and six UVB lamps. As
synthesized TiO, NPs and several TiO,@CNF hybrids were
tested using Avb weight ratios (Avb : TiO,@CNF of 1:10, 1: 20,
1:30, and 1:40 (w/w)). Thereafter, 3 mL of the aqueous
suspension was collected every 1 h and centrifuged (7000 rpm
for 10 min at 20 °C) and the maximum absorbance of avo-
benzone was measured at 362 nm using a UV-vis spectrometer.

EtOH

Stirring at 60 °C

,_j«
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2.7 Material characterization

The morphology analysis was carried out using field-emission
scanning electron microscopy (FE-SEM; HITACHI S-90-X) at an
accelerating voltage of 15 kv and applied current of 10 pA in the
dark field mode after the sample was drop-casted on the silicon-
wafer with one mint coating. Furthermore, transmission elec-
tron microscopy (TEM) images were taken with a FEI Tecnai G2
F30 microscope operated at 300 kV. The elemental composition
was further analyzed by the energy dispersive X-rays spectros-
copy. The electronic chemistry was characterized through X-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi (Thermo
Scientific) X-ray photoelectron spectrometer with mono-
chromatic Al Ko (1486.6 eV) radiation as the excitation source).
The UV shielding performance and photocatalysis activity was
investigated under quartz cell with 4 mL sample by UV-vis-NIR
(Cary 5000) spectroscopy. The photodegradation experiment
was conducted on the UV-chamber (DYMAX-2000 model) with
48 W UVA and UVB lamps.

3. Results and discussion
3.1 Morphological analysis

Scheme 1 illustrates the preparation of the TiO,@CNF hybrid
using a simple sol-gel reaction. TiO, NPs were attached to the
CNF surface. The morphology of the TiO,@CNF hybrid
synthesized at various concentrations was explored through
transmission electron microscopy (TEM) at low and high
magnification, and the results are depicted in Fig. 1(a-i).
Fig. 1(a—c) reveals that the TiO, nanosized spherical particles
were attached to the CNF surface as TiO,@CNF1 with a TBT
concentration of 0.12 wt% in the reaction solution, as shown in
low and high magnifications. The TEM images display
a morphology similar to that of TiO,@CNF2 with 0.15 wt%
(Fig. 1(d-f)). Under similar synthesis conditions, except for the
loading amount of TiO, precursors for TiO,@CNF3, a similar
size (5.3 nm) was observed, and TiO, particles were tightly
attached and homogeneously dispersed on the CNF surface
even at the higher concentration of 0.19 wt% (Fig. 1(g-i)).
Moreover, the surface of CNF was completely wrapped by
aggregative larger-sized TiO, particles at the 0.24 wt% for
TiO,@CNF4, and the particle size was noted to be approxi-
mately 30 nm, as shown by the micrograph presented in ESI,

\—o“
po-Ti-0

1+ OH-
condensatmn E _A-

H,_O + TiO2- I

.\{/‘) —

~
T\

Scheme 1 Graphical illustration for the TiO,@CNF hybrid synthesis process with derived structure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Microscopic analysis of TiO,@CNF hybrids at the various concentrations of TiO, NPs and pristine TiO, NPs: (a—c) TiO,@CNF1 (TBT : CNF
=5:1), (d-f) TIO,@CNF2 (TBT: CNF = 10:1), (g—i) TIO,@QCNF3 (TBT: CNF = 15:1).

S6.1 TiO, without CNF showed an aggregative-like morphology
and an approximate 27 nm of size was observed (ESI, S71).

Energy dispersive X-ray (EDX) analysis was carried out to
detect elements, their wt%, and their composition; the results
are illustrated in Fig. 2(a—c). The EDX spectrum of TiO,@CNF1-
3 confirmed the presence of three elements, carbon (C), oxygen
(0), and titanium (Ti), respectively. A higher weight percentage
of Ti was observed for the TiO,@CNF3 hybrid, owing to the
higher precursor amount. The amounts (%) of these three
elements were found to be 34.36, 33.36, and 32.36% for C; 45.6,
42.6, and 37.40% for O; and 20.04, 24.04, and 30.24% of Ti were
obtained from TiO,@CNF1, TiO,@CNF2, and TiO,@CNF3,
respectively, implying an excellent composition. Furthermore,
the yield of TiO, was determined by calcination of the sample,
where the as-prepared sample in triplicate aluminum dishes
was completely dried in an oven and then placed in a furnace at
250 °C for approximately 30 min and then at 500 °C for 2 h. The
yield was 78% for the TBT concentration of 0.19 wt%, which is
close to that of TiO, synthesized without CNF (pristine TiO,) of
85%. At 0.12 wt% and 0.15 wt%, the yield was obtained by 65%
and 70%, respectively, which is a significant value for applica-
tion in the field of cosmetics, especially sunblock products
(Fig. 2d).

Furthermore, the valence states and chemical composition
of the pristine TiO, and optimized TiO,@CNF3 hybrid were

33656 | RSC Adv, 2022, 12, 33653-33665

studied using X-ray photoelectron spectroscopy (XPS)
measurements. Fig. 3(a) shows the survey spectra of the pristine
TiO, and TiO,@CNF3 hybrid, demonstrating all the peaks of C
1s, O 1s, and Ti 2p. Fig. 3(b and d) show the Ti 2p element
binding energy XPS profile with an intense symmetrical doublet
at 459.8 eV and 465.4 eV, owing to Ti 2pz,, and Ti 2py,, for
pristine TiO, and TiO,@CNF3 hybrid, respectively.?**” The peak
positions and difference of energy AE values between Ti 2p,,
and Ti 2ps,, was approximately 5.6 eV, demonstrating that the
element of Ti in TiO,@CNF3 hybrid is mainly Ti**.?® The main
peaks at 530.8 eV and 530.9 eV in the O 1s XPS profile can be
ascribed to the O in the form of the O-Ti bond, whereas the
peak positioned at 532.0 eV can be ascribed to the H-O from the
absorbed water on the surface.””*® These results are illustrated
in Fig. 3(c and e). For the C 1s XPS profile shown in Fig. 3(f), XPS
spectra exposes the three peaks at 284.6 eV, 285.5 eV, and
286.2 eV, which can be ascribed to the C-C natural bond, C-O,
and O-C-0.% Based on these results, it was concluded that TiO,
was successfully synthesized on the CNF surfaces.

3.2 UV shielding performance of TiO,@CNF hybrids

The UV-shielding performance of the TiO,@CNF hybrids was
further validated using a UV-vis spectrophotometer. Fig. 4(a)
shows the enhancement in the UV absorption of the TiO,@CNF
hybrid with increasing amounts of TiO, precursors at 220-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDX analysis for TiO,@CNF hybrids at the various concentrations of TiO, NPs and pristine TiO, NPs: (a) TiO,@CNF1, (b) TiO,@CNF2, (c)

TiO,@CNF3 and (d) the yield (%) of TiO, in terms of TBT concentration.

400 nm. The UV absorption drastically increases at 0.12 wt%,
0.15 wt%, and 0.19 wt%, after which the enhancement becomes
insignificant at the 0.24 wt% of concentration. The phenomena
can be explained as follows: the TiO, NPs are attached
uniformly to the CNF surface at the 0.12-0.19 wt% of concen-
tration (good dispersion), the UV absorption is drastically
enhanced, and the results are comparable to the previous
reports.”>*>* Once the surface of the CNF was completely
blocked by TiO, NPs, the UV enhancement decreased owing to
the high aggregation. When the TiO, NPs with a size of 30 nm
were incorporated with CNF, the TiO,@CNF4 hybrid was able to
block the UV radiation at 220-400 nm, and the visible light
transparency reduced by 40%. UV light below 400 nm was effi-
ciently blocked, whereas the visible light transparency was still
high, which is further illustrated in Fig. 4(b) at wavelengths of
220 nm and 800 nm. The UV absorption of the pristine TiO, NPs
was significantly lower than that of the other hybrid samples.
This indicates a larger particle size (approximately 27 nm) and
an aggregative-like structure. It is well known that aggregative
particles scatter more visible light and deteriorate the
transparency.*?

Interestingly, the TiO,@CNF4 hybrid exhibited a higher UV
absorption performance than pristine TiO,, even though the
size of the TiO, NPs was larger, demonstrating the CNF effect in

© 2022 The Author(s). Published by the Royal Society of Chemistry

the hybrid product. Additionally, the CNF without TiO, NPs can
also absorb UV light, as shown in Fig. 4(a). Generally, the UV-
shielding performance of nanosized particles can be ascribed
to scattering and absorption.**** Thus, the UV shielding
performance of TiO,-based NPs mainly depends on the absor-
bed energy and scattering effect on light, which are correlated
with the particle size, morphology, and intrinsic properties of
the samples. Because the particle size and morphology of the
three TiO,@CNF1-3 hybrid nanostructures are similar, their
scattering effect on light may be similar. Therefore, the differ-
ence in UV absorption may be due to the intrinsic optical
properties of the TiO, NPs.

A dispersion stability test was performed in DI water. As
shown in Fig. 4(c), pristine TiO, NPs in DI water cannot be
stabilized for a long time at lower and higher concentrations,
whereas the hybrid nanostructures show stable dispersion in
water owing to the hydrophilic nature of CNF (CNF was used as
a binder polymer). The dispersion stability mechanism can be
ascribed to the depletion force in terms of nanoparticle size and
polymer dimensions.*® It is well accepted that longer polymer
dimensions may promote strong and long-range depletion
interactions between NPs.*” In this scenario, CNF may trigger
a strong interaction at a greater distance between the TiO, NPs
and prevent aggregation.

RSC Adv, 2022, 12, 33653-33665 | 33657
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digital images for all samples to assess the whitening effect.
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A drop-casting method was employed to further investigate
the whitening effect of the products. It is well known that
pristine TiO, shows a whiter chalk-like layer when applied to the
skin. As can be seen in the digital image in Fig. 4(d), the
TiO,@CNF1-3 hybrid suppresses the whitening effect due to
the incorporation of hydrophilic CNF, whereas the pristine TiO,
and TiO,@CNF4 hybrid show a white color, which is mainly due
to the larger size of particles as well as aggregations. This proves
that TiO,-based CNF as a hybrid product can be used in
cosmetics for skincare formulations because of the hydrophilic
CNF, which means that these particles are effectively soluble in
water (enhancing the dispersion stability).

3.3 Photocompatibility of avobenzone with the TiO,@CNF
hybrid

The photocompatibility of UV-shielding materials is of great
importance for their practical application in cosmetics. An
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organic UV absorber, avobenzone (Avb), was illuminated under
UVA and UVB radiation in a solution of TiO,-based NPs. Avb as
a sunblock ingredient can shield the skin from UVA radiation,
which is largely present in an enol form that can photodegrade
under UVA-UVB exposure through a photo-induced enol-keto
transformation mechanism.*® Various sunblock products can
be stabilized either by quenching the excited states or by
competitive light absorption. As avobenzone is widely used as
a sunblock ingredient, it is important to develop compatibility
with the new nanosized particles to evaluate the extent to which
it can be involved in the photodegradation of Avb.

Fig. 5(a-h) show the photodegradation of avobenzone after
UVA and UVB illumination for 300 min with several TiO,@CNF
concentrations (0.12, 0.15, and 0.19 wt%). Approximately 6-7%
degradation of Avb was obtained under UVA and UVB illumi-
nation with the TiO,@CNF1 hybrid (0.12 wt%) at 362 nm,
respectively. When the concentration was increased to
0.15 wt%, with ~13 and ~8%, photodegradation were detected
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Fig.5 Avobenzone (Avb) compatibility with TiO,@CNF hybrid at the low and high concentrations under UVA and UVB illuminations for 300 min,
respectively, (a—c) TiO,@CNF1, TiO,@CNF2 and TiO,@CNF3 hybrid with Avb (0.2 ug L™1) under UVA, respectively. (d—f) TiO,@CNF1, TiO,@CNF2
and TiO,@CNF3 hybrid with Avb (0.2 ng L™ under UVB, respectively. (g and h) Degradation efficiency (%) with respect to the UVA and UVB

illuminations, respectively. Notice: LTiO,, HTiO, means the lower and
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under UVA and UVB illumination, respectively. More impor-
tantly, the Avb absorption spectral intensity gradually decreased
after exposure to UVA/UVB illumination at a 0.19 wt% of
concentration. More than 80% photoprotection was observed
even at the higher concentrations of the TiO, NPs on CNF under
UVA and UVB illumination. Pristine TiO, NPs were also exam-
ined for photoprotection under the same conditions (ESI, S8-
S117). It is shown that ~40, 36.1% and 60, 54% degradation of
Avb was obtained in the presence of TiO, without CNF under
UVA and UVB illumination, respectively, demonstrating that the
TiO, NPs do not have the ability to retain the photoprotection
with avobenzone (Fig. 5(g and h)). The photoprotection of the
pristine Avb (the same concentration) in water was also exam-
ined with UVA and UVB illumination for approximately 300 m.
Approximately 30% and 21% Avb spectrum was degraded with
the initial spectrum of Avb with UVA and UVB illumination,
respectively, which indicated that pristine Avb does not have
enough stability under UVA and UVB illumination (ESI, S12 &
S137). It is interesting to note the excellent photoprotection of
the new hybrid TiO,@CNF even at a higher concentration of
TiO, NPs on CNF, suggesting good compatibility with Avb.
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3.4 Transmittance performance of the modified commercial
sunblock’'s with CNF

Generally, commercial sunblock products are categorized into
two categories based on their active ingredients: inorganic and
organic. Both commercial inorganic and organic sunblock
products with SPF lifetimes of 35" and 50" were mixed with
CNF, and their transmittance performance was investigated.

Fig. 6(a and b) shows the transmittance spectra of inorganic
sunblock products mixed with CNF gel (2 wt%) at 0.1 and 0.2 mg
mL . After the addition of 3 g¢ CNF gel to i0SB1 (SPF 35%), the
transmittance was dramatically enhanced by ~43% at 0.1 mg
mL ™" in the visible region, and by ~52% in the case of 5 g CNF
gel addition, as seen in Fig. 6(a). For i0SB2 (SPF 50%), trans-
mittance increased by ~13 and 24% after the addition of 3 and
5 g of CNF gel compared to that of without CNF, respectively, as
shown in Fig. 6(b). When the amount of sunblock was increased
from 0.1 to 0.2 mg mL ™", the transmittance decreases.

Similar effects were observed for organic sunblock products
0SB1 (SPF 50') and 0SB2 (SPF 50'). For 0SB1, transmittance
increased by ~25% and ~32% after the addition of 3 gand 5 g
CNF gel, respectively, in the visible region at 0.1 mg mL ", as
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Fig. 6 Transmittance performance of the commercial inorganic and organic sunblock’s with SPF life 35* and 50* containing different CNF
amounts in the 200—800 nm of wavelength ranging. The corresponding SPF 35" and 50" sunblocks (ioSB1 and ioSB2 are inorganic while oSB1
and oSB2 are organic sunblocks) were purchased by the multiple companies and used as a reference. (a) HERA sun mate daily cream; modified by
the CNF (ioSB1(35%) + 3 and 5 g CNF gel), (b) the face shop natural sun block eco super perfect with SPF life 50*; modified by CNF i.e., ioSB2(50%)
+ CNF gel with 3 and 5 g (c) MediFlower brand sunblock; modified by CNF (0SB1(50") + CNF with 3 and 5 g) (d) V10 UV shield; modified by CNF
(0SB2(50™) + CNF with 3 and 5 g). Solid and dotted lines indicate 0.1 and 0.2 mg mL™?, respectively.
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shown in Fig. 6(c). For oSB2, transmittance increased by ~20%
and ~33% after the addition of 3 g and 5 g CNF gel, respectively,
as shown in Fig. 6(d).

A further increase in the amount of CNF in the sunblock
products did not improve the transmittance of either inorganic
or organic sunblock. Although the underlying mechanism
remains to be elucidated, transmittance enhancement through
CNF may be related to improved dispersion of sunblock active
ingredients as well as enhanced emulsion stability by CNF.>**

In addition, the whitening effect of these CNF-based
sunblock products at high and low concentrations was investi-
gated; the results are illustrated ESI, S14.1 The pure sunblock
products, i0SB1(35"), 10SB2(50"), 0SB1(50'), and 0SB2(50"),
clearly show a white color compared to the sunblock products
mixed with CNF. Therefore, it is indicated that CNF can
decrease the whitening effect and increase the transmittance
effect.

3.5 Photodegradation test using Rho-B

It is well known that reduction kinetics can be examined
through spectroscopic measurements based on the color
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changes that participate in photocatalysis reactions.””**> Rho-B
absorption spectra at 555 nm wavelength showed negligible
absorption over the UVA and UVB illuminations for 300 min
(ESI, S15 & S16t). The TiO,@CNF1, TiO,@CNF2, and TiO,@-
CNF3 hybrids and pristine TiO, NPs were added to the Rho-B
solution, and the corresponding spectra under UVA illumina-
tion are shown in ESI, S17-S20.7 Approximately 8.7, 12, and
14.8% of Rho-B degradation occurred, and the results are pre-
sented in Fig. 7(a). It is inferred that the degradation rate of
Rho-B for TiO,@CNF3 is slightly increased owing to the higher
concentration of the TiO, precursors, that is, 0.19 wt%. A rapid
decomposition of the Rho-B in the solution of the pristine TiO,
NPs was observed, and more than 95% of Rho-B was decom-
posed after 240 min of UVA illumination, indicating higher
photocatalytic performance of the pristine TiO, NPs. UVB irra-
diation was also applied to TiO, modified with the hybrid at
different concentrations and pristine TiO, NPs for 300 min
(S21-S24%). The degradation results were similar to those of
UVA illumination, as shown in Fig. 7(b).

Few researchers have used the coating method to reduce the
photocatalytic activity of TiO, particles using SiO,, silica, and
Al,O3,'>10434 where the core-shell structure is formed. Even
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Fig.7 Photocatalysis activity of the TiO,@CNF1-3 hybrids and pristine TiO, NPs. (a and b) Change of Rho-B concentration against UVA and UVB
illumination time, respectively and (c and d) change of Rho-B concentration against UVA and UVB illumination time using various scavengers

such as FFA, IPA, AO and BQ, respectively.
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Table 1 TiO,@CNF hybrid with the outcomes
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Experiment name  UV-blocking performance  Photocatalysis activity

Photocompatibility of the AVB Yield of the TiO, on CNF

TiO,@CNF1 1.64 a.u. in UV region 8.7% Rho-B dye degraded
TiO,@CNF2 1.78 a.u. in UV region 12% Rho-B dye degraded
TiO,@CNF3 1.85 a.u. in UV region 14.8% Rho-B dye degraded
TiO, 1.34 a.u. absorbance 95% Rho-B dye degraded

6-7% under UVA and UVB

13 & 7% under UVA and UVB
About 20% under UVA and UVB
60 & 40% under UVA and UVB

0.12 wt% (65% productivity
0.15 wt% (70% productivity
0.19 wt% (78% productivity
0.19 wt% (85% productivity

(SRR

Table 2 Compared studies with previous researchers for the investigation of photocatalysis property under different conditions

Reduction in

Experiment name Ilumination/time (min) degradation% Dyes Ref.
TiO,@CNF3 UV lamp/300 14.8 Rho-B Present work
Pristine TiO, UV lamp/300 95 Rho-B Present work
Silica-ZnO Xenon lam/100 39 Rho-B 47
Silica-ZnO Xenon lamp/100 42 MB 48
Silica-ZnO Xenon lamp/150 45.9 Rho-B 49
PVP-silica@ZnO Xenon lamp/120 45.4 Rho-B 50
PVP-capped ZnO — 36.6 Rho-B 51

2:1 CHI/TiO, UV lamp/120 60.5 Ccv 52

2:1 CHI/TiO, UV lamp/120 41.7 CvV 52
TiO,@Y,05(10 Wt%) UV lamp/30 36.4 cv 53
TiO,@Y,05(5 wt%) UV lamp/30 47.5 cv 53

Sg1 and SV1 Xenon lamp/30 40-30 Rho-B 54

6 wt% Mn-ZnO UV lamp/210 36 MB 55

2 wt% Mn-ZnO UV lamp/210 47 MB 55

though the photocatalytic activity of TiO, was suppressed, the
UV shielding performance was not enhanced. Therefore, the
attachment of nanosized TiO, particles on the CNF surface
could remove this challenge, and the TiO,@CNF hybrid
exhibited a higher UV shielding performance as well as
abridged photocatalytic activity. The detail experimental
performance about the TiO,@CNF with outcomes are shown in
Table 1 and the photocatalysis activity comparison performance
was shown in Table 2. These attributes are strongly suggested in
the field of cosmetics owing to their safe and effective usage of
sunblock on a global scale.

Furthermore, to understand the mechanism of the photo-
catalytic activity, radical quenching was employed. Scavengers,
that is, IPA/FFA, AO, and BQ, were used to quench ROS such as
"OH, h* and "0, respectively, under UVA and UVB illumina-
tion, as shown in Fig. 7(c and d).>***¢ For TiO,@CNF3, only
~2.24, 3.01% and 1.34, 1.98% of Rho-B degradation have been
observed in the presence of the IPA and FFA, demonstrating
that these scavengers controlled the ‘OH reactive radical
species. It is indicated that the degradation is observed in
hybrid experiments in the order of photocatalytic oxidation
(PCO), owing to the repeated attacks of the "OH radicals in the
photocatalyst experiment. Briefly, the three scavengers can be
quenched in the sequence: IPA/FFA > AO > BQ, indicating that
ROS plays a major role in the degradation of Rho-B rather than
that of h* under UVA and UVB illumination. Based on these
results, it can be concluded that "OH is the most important
reactive species in the TiO,@CNF3 catalyzed PCO path of Rho-
B.

33662 | RSC Adv, 2022, 12, 33653-33665

4. Conclusion

A simple and cost-effective sol-gel strategy was used to
synthesize TiO, NPs on CNF as a TiO,@CNF hybrid. The hybrid
exhibited an excellent UV-blocking effect owing to the uniformly
dispersed nanosized particles on the surface of the CNF. The
photocompatibility of the hybrid with the avobenzone particles
was also investigated. It is interesting to note that more than
80% photoprotection was observed with the hybrid under UVA
and UVB illumination at higher concentrations for 300 min
than that of pristine TiO, NPs (<60%), thus indicating excellent
photostability. Furthermore, the TiO, photocatalytic activity
was examined from a cosmetic perspective. Less than 20% of
Rho-B dye was degraded through the POC process during
hybridization at higher content of the TiO, after exposure to
UVA and UVB illumination for 300 min, respectively, than that
of pristine TiO, NPs (more than 95%), suggesting a safe and
effective TiO,-incorporated CNF photoprotector. CNF was
further employed in commercial inorganic and organic
sunblock products with SPF lifetimes of 35" and 50", respec-
tively, owing to the above-mentioned versatile attributes. The
transmittance effect of the inorganic sunblock products ioSB1
and i0SB2 (with SPF lifetimes of 35" and 50") increased by 52
and 24%, whereas that of the organic sunblock products 0SB1
and oSB2 (with SPF life 50") increased by 32 and 33% with of 5 ¢
CNF gel, respectively. This was attributed to the synergistic
effect of CNF and other active ingredients in the sunblock, as
well as the hydrophilic nature of CNF. This study demonstrated
the potential of CNF with other active ingredients in value-
added cosmetics.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Abbreviations

CNF Cellulose nanofiber
TiO, Titanium dioxide

DEA Diethanolamine

TBT Titanium tetra-n-butoxide
Avb Avobenzone

ioSB1 Inorganic sunblock 35"
ioSB2 Inorganic sunblock 50"
0SB1 and 0SB2 Organic sunblock 50"
UVA Ultraviolet-A

UVB Ultraviolet-B

Rho-B Rhodamine-B

MB Methylene B

FFA Furfuryl alcohol

AO Ammonium oxalate

BQ p-Benzoquinone

IPA Isopropyl alcohol

ROS Reactive oxygen species
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