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Abstract: Natural compounds are becoming increasingly popular in the fields of pharmaceuticals
and cosmetics. One such compound is lignin, a plant-derived aromatic polymer that serves as a
natural anti-ultraviolet agent. Conventional methods for extracting lignin from plant materials
typically involve performing procedures in harsh environments, such as dissolving it in highly
alkaline solutions or subjecting it to treatment in acidic conditions. In this study, lignin was extracted
from coconut husk under milder conditions, using neutral solvents and ultrasonic treatment, which
allowed us to obtain lignin with significantly improved properties. The developed method facilitated
the creation of light-colored lignin, which was employed as a natural ingredient in sunblock cream.
Furthermore, for the sake of comparison, lignin was extracted under more rigorous conditions
using the traditional method. The research findings confirm that the light-colored lignin sample
exhibits a higher level of UV absorption. Furthermore, light-colored lignin demonstrates a synergistic
effect when combined with commercial moisturizing creams and sunscreens, leading to a significant
enhancement in their SPF performance against both UVA and direct sunlight exposure. This study
highlights the potential value of incorporating lignin as a valuable natural ingredient in sunblock
and cosmetic products.

Keywords: lignin; lignin color; UV absorption; sunscreen; cream

1. Introduction

The sunlight that reaches the Earth’s surface encompasses ultraviolet (UVB, 290-320 nm
and UVA, 320-400 nm), visible (VIS, 400-700 nm), and infrared (IR, 700-1000 nm) wave-
lengths [1]. Prolonged exposure to ultraviolet (UV) radiation can lead to various skin
problems, such as sunburn, pigmentation spots, wrinkles, and skin cancer, which is the
most common type of cancer [2,3]. Therefore, there is increasing interest in sunblock prod-
ucts, and clinical studies endorse the use of broad-spectrum (UVB + UVA) sunscreens
to alleviate the damage linked to prolonged or frequent sun exposure. The efficacy of
sunscreens in preventing UVB-induced sunburn is indicated by their sun protection factor
(SPF). For instance, an individual using the recommended dose of SPF 20 sunscreen can
stay in the sun without suffering sunburn 20 times longer than if not wearing sunscreen.
Broad-spectrum sunscreens also effectively block a substantial portion of skin-aging UVA
radiation. This involves ensuring that 10% of the protection provided by the sunscreen
is for UVA, a characteristic measured by the UVA protection factor (UVA PF) [4]. Broad-
spectrum chemical sunscreens are creams containing synthetic organic compounds that
absorb both UVB and UVA rays [5]. In contrast, mineral-based (physical) sunscreens often
feature nanoparticles of titanium dioxide (TiO,) and/or zinc oxide (ZnO), which disperse
and reflect UV rays [6,7]. However, the synthetic compounds used in chemical sunscreens
not only pose risks to human health but also have adverse impacts on the environment.
Additionally, it has been discovered that ZnO nanoparticles from physical sunscreens can
harm coral reefs when released into the environment [8,9]. Therefore, there is currently
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a trend in the cosmetic industry to replace synthetic sunscreen agents with natural and
more cost-effective substances. Lignocellulosic biomass is the most abundant renewable
natural resource on Earth, primarily composed of cellulose, hemicellulose, and lignin.
Lignin, a heterogeneous and phenolic polymer, is present in most plants, constituting
approximately 15 to 40% of the dry mass, and is the second most common renewable
resource on Earth after cellulose [10]. Due to the presence of phenolic -OH groups, methoxy
groups, carbonyl groups, and several other functional groups, lignin possesses excellent
UV protection properties and has been incorporated into various materials for UV radiation
protection [11,12]. Additionally, lignin and lignin-based products have been found to be
non-cytotoxic and can be introduced into cells [13]. Lignin has been reported to significantly
enhance the effectiveness of skin protection when added to sunscreen [14-17]. However,
the dark color of lignin-based sunscreens presents a significant marketing challenge [18-20].
High temperatures and strongly alkaline pH values used in extraction processes typically
lead to structural modifications of native lignin in lignocellulosic biomass, resulting in
darkening [21-24].

In this study, ultrasonic extraction was employed to extract lignin from lignocellulosic
(coconut husk) biomass under mild conditions: the mixture’s temperature was maintained
below 30 °C, and the pH value was kept neutral to prevent lignin color alteration. The
resulting light-colored lignin was compared with dark lignin extracted using a mixture of
ethanol and NaOH. Potential benefits of adding lignin to commercial creams for enhancing
their sun protection properties were investigated. This research marked the first-time
utilization of lignin extracted under gentle conditions using ultrasonic treatment as a
component in sunblock cream.

2. Materials and Methods
2.1. Material

Sulfuric acid, 1,4-Dioxane, sodium hydroxide (NaOH), toluene, and ethanol were
purchased from Merck (Darmstadt, Germany). The pure cream used was LOREN’s soft
moisturizer. The UV-filtering sunscreen used was LOREN SUN CARE protection with SPF
20 sun protection. Coconut husk was taken from fresh coconuts in Vietnam. The coconut
husks were sun-dried, cut into 2 x 3 cm pieces, and then further dried at 105 °C for 4 h.
Subsequently, the dried coconut coir pieces were crushed and sieved through a 0.1 mm
mesh sieve to obtain the initial biomass.

2.2. Lignin Preparation

Lignin was extracted using the method described in [25]. The process diagram is de-
picted in Figure 1. Lignin yield was determined by comparing the dried lignin amount with
the total lignin content in the coconut husk, which was approximately 30% by weight [26].

Method 1: Biomass was added to the solvent (95% ethanol) at a ratio of 1:20 (biomass
weight to solvent volume). The mixture was stirred using a magnetic stirrer while heating
to 80 °C for 4 h. Then, NaOH was added to the mixture in a 1:4 mass ratio to biomass, and
the resulting mixture was stirred at 80 °C for 2 h. The mixture was then cooled to room
temperature and filtered to collect the solution containing lignin. Sulfuric acid (pH 2) was
added to this solution, causing lignin to precipitate. The obtained lignin was washed three
times with water using a centrifuge to remove water-soluble impurities. Then, the resulting
lignin was dried at 65 °C for 8 h (sample M1).

Method 2: Biomass was soaked in toluene at a ratio of 1:10 for four days, after which
it was filtered. The precipitate was then added to 95% 1,4-dioxane at a ratio of biomass
to 1,4-dioxane as 1:15. The mixture was placed in an ultrasonic bath (100 w), with the
temperature maintained below 30 °C. The total ultrasonication time was 7 h, after which the
mixture was allowed to stand for an additional two days. The mixture was then filtered to
separate the precipitate from the filtrate using a Biichner funnel. The filtrate was evaporated
in a rotary evaporator at 40 °C until it became viscous. To precipitate lignin, the obtained
viscous liquid was added to distilled water in a 1:10 volume ratio. The resulting lignin was
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washed three times with water using a centrifuge to remove water-soluble impurities. The
lignin was dried using sublimation drying (sample M2).
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Figure 1. Process diagram for lignin extraction from coconut husk.

2.3. Characterization of Lignin

FT-IR spectra of lignin were acquired using a spectrophotometer (Prestige-21, Shi-
madzu, Kyoto, Japan) in the frequency range of 4000-500 cm~!. About 1 mg of dried lignin
sample was mixed well with 100 mg of dried KBr powder in an agate mortar. The mixture
was finely ground and then compressed to form a tablet for FTIR analysis.

Proton 'H NMR spectra were recorded for the extracted lignin using a Bruker Biospin
AvanceNEO 600 MHz. The samples were dissolved in NaOD/D,O solvent for NMR acquisition.

The UV-Vis method was used to determine the total phenolic hydroxyl (phOH) [27,28].
Lignin (1 mg/mL) was diluted in a mixture of dioxane and 0.2 M NaOH (1:1), and the
solution was filtered through a 0.45 pm microfilter. The filtrate was further diluted in 0.2 M
NaOH to obtain a concentration of 0.08 mg/mL. The UV spectrum was recorded in the
range of 200-600 nm using a UNICO 2804 spectrophotometer, with lignin at pH 6 as the
reference. The absorbance of the maximum spectra at 300 and 350 nm was used to calculate
the total phOH using Equation (1):

mmol 1 10
) = (0.425 X A300nm) + (0.812 X A350nm) X xa X 17

phOH( €))

where A is absorbance, c stands for lignin concentration, and a is path length (1 cm).

2.4. Preparation and UV Absorption Measurement of Creams with Added Lignin

Samples of lignin, M1 and M2, were added to a plain cream and a sunscreen cream,
and then mixed on a magnetic stirrer at a speed of 500-600 rpm for 24 h. The entire mixing
process was conducted at room temperature in the dark. After 24 h, it was observed that the
lignin mixed well with the sunscreen cream, and no precipitation was observed, consistent
with data from the literature [16].

The cream and sunscreen mixture with lignin was applied to a 3M Transpore Tape
(4.5 cm?) attached to the surface of a clean quartz cuvette (applied at 2 mg/cm?). The
samples were evenly spread over the surface and dried in the dark for 15 min [17]. UV
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transmittance was measured using a UNICO 2804 spectrophotometer equipped with a
holder for solid samples. Four points were scanned for each sample, and each scan was
measured in the range from UVB (290-320 nm) to UVA (320-400 nm). After measur-
ing UV light transmittance, the in vitro sun protection factor (SPF) was calculated using
Equation (2) [16,17,29-31]:

400,
Y200mm EA X Sa
Y300 Ey xSy x 10~ (A1 xC)

SPFvitro = (2)

where S, is the ultraviolet irradiance, W-m~2-nm~; A is the wavelength of the source,
A, is the optical absorption of the sample, and C is a constant coefficient for spectrum
correction. The spectrum shape, reflecting the specific combination of UV filters in the
tested product, remains constant [29]; E is the erythema action spectrum according to CIE
(1999), calculated in relative units at each wavelength using the formulas [30]:

E =1 for wavelengths 250 nm < A < 298 nm, 3)
E = 10009428 = A) for wavelengths 298 nm < A < 328 nm, 4)
E = 100015140 = A) £ wavelengths 328 nm < A < 400 nm. (5)

The UVA protection factor (UVA PF) was calculated using Equation (6) [32]:

YA E ) % I x AA

UVAPF =
YA EL x Iy x 10740 x AA

(6)

If AA is sufficiently small, the equation for the UVA protection factor can be simplified.
In this case, where I represents the biological action spectrum for UVA, both E, and I, are
equal to one for all UVA wavelengths, as proposed by Ferrero et al. [32].

2.5. UV Irradiation Effects

Sunscreens, with and without the addition of lignin, were exposed to UV light to
investigate the effects of UV irradiation. The samples were prepared in the same way as
for SPF measurement, by applying them to a quartz plate and then irradiating them with
UV. Following exposure to UV radiation, transmittance was measured in the range from
290 nm to 400 nm.

2.6. Solar Radiation Effects

The creams, with and without the addition of lignin, were exposed to direct sunlight
(at 12 noon, with a temperature of 21 degrees Celsius and a clear sky) to investigate their
performance under real sun exposure. The samples were prepared in the same manner as
for the SPF measurement by placing them on a quartz plate and then exposing them to
sunlight. UV transmittance was measured from 290 nm to 400 nm during the exposure.

3. Results and Discussion
3.1. Characteristics of the Obtained Lignin Samples

In this study, the yields of lignin M1 and lignin M2 extracted from coir were determined
to be 34% and 19%, respectively, based on the weight of the biomass. The color of lignin
samples M1 and M2 extracted from coir were visually compared. As depicted in Figure 2,
M1 appeared as dark brown while M2 appeared as pale yellow.



ChemEngineering 2024, 8, 69

50f 14

(@) (b)

Figure 2. Images of the obtained samples M1 (a) and M2 (b).

The dark brown color of lignin M1 is probably due to the formation of condensation,
decomposition and oxidation products during separation under high temperature and
pH conditions. Using Equation (1), the contents of phenolic OH groups in samples M1
and M2 were determined, and the results in Table 1 show that M1 had a total content of
phenolic OH groups of 2.82 mmol/g, while for M2, it was 3.15 mmol/g. M2 exhibited
a higher phenolic OH group content than M1, likely due to the cleavage of 3-O-4 bonds
and/or condensation reactions of lignin. This process augments the phenolic hydroxyl
group content, leading to increased active sites on the side chain and the formation of more
conjugated structures [33-35].

Table 1. Phenolic hydroxyl group content (phOH).

Sample Total phOH (mmol/g)
M1 2.82+£0.22
M2 3.15+0.10

FT-IR spectra, depicted in Figure 3, were acquired for samples M1 and M2. The IR
spectra exhibited a broad peak at 3400 cm !, indicating the stretching vibration of phenolic
and aliphatic hydroxyl groups present in the lignin samples. Two adjacent signals at
2935 cm ! and 2847 cm ! were attributed to the stretching vibrations of C-H bonds in the
-CH; and -CHj3 groups [36]. The peak at 1710 cm !, which corresponds to C=0 stretching in
«, p-unsaturated aldehydes, unconjugated ketones, or esters, is not clearly observed in the
spectrum of lignin M1 as it is in the spectrum of lignin M2. This is presumably due to the
harsher conditions in obtaining the M1 sample and the bond cleavage. Additionally, there
is a broad peak at 1650 cm ™!, indicating the stretching of C=0 in p-substituted conjugated
aryl ketone, which can be attributed to the formation of quinoid structures responsible
for the darker color of lignin M1 [19,36,37]. The absorption peaks of aromatic skeleton
vibrations at 1601 cm~! and 1510 cm~! may be enhanced by the cleavage of 3-O-4 bonds
and/or condensation reactions. These processes can lead to an increase in the number of
phenolic OH groups (auxochromes) and/or the formation of conjugated structures, such
as coniferaldehyde (chromophores). A deformation of the peak at 1451 cm ™!, related to
C-H and methoxy groups, is observed. The peak at 1423 cm~! was only detected in the
spectrum of lignin M1, indicating the formation of new conjugated double bonds during
the lignin separation process [17,21,38]. The stretching of G and S rings is observed at
1370 cm ™. The vibration of the benzene ring of S units is detected at 1325 cm~?, and for G
units, it occurs at 1271 cm ! and 1218 em ! [37,39]. Additionally, the peak at 1160 cm ™!
corresponds to conjugated C=0 in the ether of lignin of the H-G-S type, but in both spectra
of M1 and M2, the signal is too weak, indicating that the lignin fraction studied in this
work is primarily of the G-S type. The peak observed at 1121 cm~! indicates the presence
of a syringyl group in lignin, as it represents the stretching of the C-H structure of S [36].
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Figure 3. FTIR spectra of extracted lignin.

The signal observed at 1070 cm ™! in the spectrum of lignin M2 is characteristic of
the stretching of C-O in secondary alcohols and fatty ethers. These functional groups
are preserved due to the less harsh conditions used for extracting lignin from sample
M2 compared to lignin M1. On the other hand, the spectrum of lignin M1 only shows
the signal of G units at 1028 cm ! [39,40]. Peaks at 912 cm~!, 875 ecm ™!, 820 em !, and
775 cm ™! in the lignin M2 spectrum indicate the presence of G rings [36-40], suggesting
a higher content of aromatic rings (specifically G rings) in lignin M2 compared to M1.
Moreover, commercial sunscreens often contain aromatic compounds as active ingredients
(e.g., octocrylene, ethylhexyl salicylate, butyl methoxydibenzoylmethane, and ethylhexyl
triazone) [17]. Therefore, lignin extracted from biomass with a higher content of aromatic
rings may provide better protection against UV radiation.

The chemical structure of the extracted lignin and the associated functional groups
were further characterized using 'H NMR spectroscopy, as shown in Figure 4. The peaks
between 0.8 and 2.0 ppm corresponded to the aliphatic hydrocarbon region, mainly consist-
ing of primary, secondary, and tertiary alkyl groups [41-43]. The peaks between 1.4 and
2.2 ppm correspond to the proton of aliphatic acetates, while the signals at 2.2 to 2.5 ppm
represent the proton of aromatic acetates [43,44].
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Figure 4. 'H NMR spectra of extracted lignin.

0 ppm

0 -

The proton signals of the methoxy group, which are associated with the G and S unit
ratio, are observed in the peaks between 3.1 and 4.0 ppm [42,45]. The resonance signal
around 4.2 to 4.5 ppm is due to the presence of hydrogen within the -HC-O-CH,- group,
which is connected through an ether linkage [46]. The signal around 5 ppm could be a trace
of water (in D,O solvent and/or in the sample). The peaks corresponding to the presence
of aromatic protons in lignin appear between 6.5 and 8.5 ppm. The signals corresponding
to the aromatic protons in the syringyl (S) propane appear between 6.1 and 6.7 ppm [47,48].
The spectral resonance signals observed in the 6.5 to 7.5 ppm range could be attributed to the
aromatic protons, encompassing guaiacyl, syringyl, and p-hydroxyphenyl components [49].
Overall, most of the functional groups corresponding to the lignin structure were preserved
and present in the extracted lignin, indicating that the lignin extraction process did not
significantly alter the native structure of the lignin, preserving the majority of functional
groups. The M2 and M1 spectra demonstrate almost similar peaks, but the intensity of the
signals is higher for the M2 sample spectra. The integrated intensity of a signal in a 'H
NMR spectrum provides a ratio for the number of hydrogens contributing to the signal.
This indicates that although both lignin samples have similar functional groups, M2 lignin
has a higher number of functional groups than M1 lignin. Consequently, this result signifies
the higher total phenolic content of the M2 lignin sample [50].

3.2. Ultraviolet Absorption Potential of Lignin

To investigate the absorbance capacity in the range of 200 nm to 600 nm, solutions of
samples M1 and M2 were prepared in 0.1 M NaOH. Figure 5 displays the UV absorption
spectra, with both types of lignin exhibiting prominent peaks: M1 in the range of 200 nm to
230 nm, associated with non-conjugated phenolic groups (7-7t*), and M2 in the range of 280
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to 303 nm, attributed to conjugated phenolic groups (n-7t*) [51,52]. The presence of aromatic
rings, methoxy groups, and conjugated double bonds in lignin contributes to its ultraviolet
absorption [53]. However, M2 exhibits a broader and stronger absorption across the entire
ultraviolet region (280-400 nm) compared to the M1 sample. M2 shows higher absorption
both in the ultraviolet A range (320-400 nm) and the ultraviolet B range (280-320 nm),
indicating more effective ultraviolet screening. This is attributed to the higher content of
phenolic groups (-OH), methoxy, carbonyl, and other functional groups [15,53,54].

2.0

[
W
1

Absorption
=)
1

0.5+

0.0
200 300 40 500 600
Wavelength, nm

Figure 5. UV-absorption activity of the isolated lignin.

3.3. Assessing the UV Protection of Lignin in Combination with a Commercial Moisturizing Cream

The effectiveness of lignin samples as ultraviolet protection agents was assessed by
blending them with a commercial moisturizing cream (LOREN) and evaluating their sun
protection factor (SPF). Table 2 presents the SPF values for creams containing different
concentrations (1 wt.%, 5 wt.%, and 10 wt.%) of lignin samples M1 and M2. The LOREN
cream exhibited minimal UV absorption in both the UVA and UVB ranges, with an SPF
value of approximately 1.1. However, the addition of lignin samples to the cream resulted
in a proportional increase in SPF values. Notably, the SPF value increased to 10.7 with the
concentration of lignin M2 at 10 wt.%.

Table 2. SPF of the moisturizing cream blended with lignin.

Lignin 0% Lignin 1% Lignin 5% Lignin 10% Lignin

SPF Value (wt.%) (wt.%) (wt.%) (wt.%)
SPF of cream with lignin M1 . 19+0.1 37+01 8.7+03
1.1£01
SPF of cream with lignin M2 24£01 7.6+£02 10.7 £ 04

! The SPF value of the cream without lignin addition.

It is worth mentioning that lignin sample M2 demonstrated stronger ultraviolet ab-
sorption compared to lignin sample M1. Consequently, lignin sample M2 holds greater
promise as a natural ingredient in sunscreen formulations.

Further investigations were carried out on cream-lignin sample mixtures under UV
radiation (7.5 mW /cm?) and direct sunlight at noon. The SPF indices were measured over
a specified period, and the results are presented in Figures 6 and 7. The obtained results
indicate that the addition of lignin to a regular moisturizing cream enhances its SPF. While
the samples with 1% M1 and 1% M2 did not show significant changes in SPF when exposed
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to UV rays, increasing the concentration of lignin resulted in higher SPF values, especially
after 20 min of UV exposure.

14 1 . 7 .
12 1 v §
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Figure 6. The impact of UV radiation on the SPF of the moisturizing cream blended with lignin.
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Figure 7. Effect of direct sunlight on the SPF of the moisturizing cream mixed with lignin.

The hydroxyl groups play a key role in higher SPF values, as demonstrated in Figure 6.
The increase in SPF over time of UV exposure can be attributed to the chemical interaction
between lignin hydroxyl groups and the moisturizing cream under UV radiation [15].

For the cream samples with lignin exposed to direct sunlight, the SPF value signifi-
cantly increased after 10 min but remained nearly constant during the following 30 min
of exposure. These results confirm that lignin is a natural polymer with excellent UV
resistance, and lignin M2 is an effective component for sun protection. Lignin incorporated
into the sunscreen absorbs UV radiation, as shown in Figure 8. Sunscreen containing lignin
functions as a UV filter, as their mode of action involves absorbing UV radiation, which
results from several chemical changes in lignin molecules. When lignin is exposed to UV
radiation, part of the incident energy is released as heat, while the remaining energy causes
the phenolic hydroxyl groups of lignin to first form phenoxyl radicals, which later become
quinonoid structures [15,19,55]. Combining lignin with other organic UV filters present in
commercial sunscreens is an effective way to enhance protection against a broad spectrum
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of UV radiation (UVA and UVB) and increase the SPF (sun protection factor), thus creating
a new, more efficient sun protection product.
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Figure 8. Mode of action of lignin UV filters on the epidermis [15,55].

3.4. Mixture Effects of Lignin with Commercial Sunscreen

Samples of lignin M1 and M2 were blended with a commercial sunscreen cream
(LOREN SPF 20). The efficacy of UV radiation blocking was assessed, and the results are
presented in Table 3. Introducing M1 or M2 at a concentration of 4% by mass into the
sunscreen cream led to nearly a twofold increase in SPF and UVA-PF values. It is considered
that lignin is compatible with organic sunscreen agents, and the UV protection of lignin
is provided by its aromatic rings and functional groups. The observed synergistic effect
in mixed sunscreens with lignin can be explained by non-covalent 7-interactions between
the -bonds of the aromatic rings present in lignin and the active chemical components

of sunscreens.

Table 3. Sunscreen protection factor (SPF) and ultraviolet A protection factor (UVA PF) of sunscreen

cream with lignin additives.

M1 M2
Lignin
(Wt.%) SPF UVA PF SPF UVA PF
(290-400 nm) (320-400 nm) (290-400 nm) (320-400 nm)
0% 20.0 +£0.32 324013
1% 24.6 + 0.4 3.8+0.1 273 £ 0.5 40402
2% 26.7 + 0.3 49402 302 +0.2 54402
3% 29.8 + 0.6 5.6+ 0.1 34.4 + 05 62 +0.1
4% 327 +0.7 7.8 +£0.2 36.1 + 0.8 89403

2 The value of SPF for the sunscreen cream without the addition of lignin. 3 The value of UVA PF for sunscreen
cream without the addition of lignin.

Furthermore, the effect of adding lignin to the sunscreen cream on its ability to block
UV radiation over time was investigated. Samples of sunscreen cream with and without
lignin were exposed to UV radiation (7.5 mW /cm?) for a specific duration, and SPF values
were determined. Figure 9 shows that the SPF value of the sunscreen cream without
lignin decreased after 5 min of exposure, but after 20 min of exposure, the SPF value
remained almost unchanged. In contrast, the samples of sunscreen cream with added
lignin showed an increase in SPF value after 20 min of UV exposure, and the SPF value
reached its maximum between 60 to 80 min. This increase in SPF was proportional to the
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concentration of lignin in the original sunscreen cream. This can be explained by the fact
that UV irradiation could cause lignin to react with some active ingredients of sunscreen,
forming conjugated color groups more efficiently [14,15].
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Figure 9. Effects of UV rays on sunscreens with and without lignin.

A comparison of sunscreen without lignin and with the addition of 1% by weight of
M1 and M2 is presented in Figure 10.

e -

Figure 10. Photographs of the sunscreen without lignin (a) and with the addition of 1% by weight of
lignin M2 (b) and M1 (c).

The results showed that the sunscreen with the addition of lignin M2 resulted in a
more appealing cream color. Additionally, sunscreens mixed with lignin M2 demonstrated
better UV absorption.

4. Conclusions

In this study, lignin obtained from coconut husk using the ultrasound method under
mild conditions was used for the first time as a natural protective agent against ultraviolet
radiation. The obtained lignin samples (M1 and M2) demonstrated high protection against
ultraviolet radiation and sunlight, especially when mixed with commercial cream. In
comparison to M1, which was obtained under harsh conditions (dissolution in alkaline
environments at pH 14 and subsequent treatment in acidic pH 2, at temperatures exceeding
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80 °C), M2 had a lighter color. M2 also demonstrated a synergistic effect with commercial
sunscreens, as the SPF of products containing M2 increased from 20.0 to 36.1 after exposure
to UV radiation and direct sunlight. The study demonstrates that lignin M2 has great
potential as a natural ingredient in sunscreens and cosmetics.
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