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Organosolv lignin is an emerging bio-additive for creating functional properties in
various products with its advantages in high-purity, sulfur-free, biocompatibility,
and solubility in green solvents. In this study, effects of thermal and physical
modification on alterations of functional properties and particle size distribution of
isolated organosolv lignin from sugarcane bagasse (OLB) were studied. Thermal
treatment of OLB at increasing temperatures from 170 to 230°C in 70%w/w
aqueous ethanol led to alteration of phenolic hydroxyl content, while
ultrasonication resulted in homogeneous size distribution of the modified OLB
according to laser diffraction and scanning electron micrograph. The highest
ultraviolet light absorbance and antioxidant activities were obtained at 190°C
treatment which were correlated to the highest phenolic group content.
Application of the modified OLB at 3% w/w in a base cream formulation
resulted in enhancement of the anti-UV activity to exceed SPF 50 with
increasing antioxidant activity in the product. The work provides basis on
modification of organosolv lignin for application as a potent functional additive
in cosmeceutical products.
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1 Introduction

Biorefinery is a promising industry in which lignocellulosic biomass is converted into
diverse biobased products through multidisciplinary technologies (Vu et al., 2020).
Typically, three major components found in lignocelluloses are cellulose, hemicellulose,
and lignin. The polysaccharide constituents (cellulose and hemicellulose) have been used for
a wide range of applications such as for production of biofuels, commodity chemicals, and
biomaterials through different biological and chemical processes. In contrast, the use of
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lignin is more challenging due to its heterogeneous and recalcitrant
structure. Currently, less than 2% of lignin is used for production of
value-added products besides its conventional use in heat and
energy generation (Cao et al., 2018).

Lignin valorization has appeared as an essential requirement for
a feasible biorefinery platform. Due to its structural complexity, a
comprehensive study on lignin chemical structure and their relevant
properties is crucial for an effective lignin utilization scheme. Owing
to the presence of phenolic groups in its structure, lignin contains
free radical scavenging ability which led to an excellent antibacterial
and antioxidant properties (Dong et al., 2011; Qian et al., 2015; Kaur
et al., 2017; Lu et al., 2022). Moreover, there are abundant UV-
absorbing functional groups found on lignin structure such as
conjugated phenolics, intramolecular hydrogen bonds, quinoids,
and ketones (Lin et al., 2021; Zhang and Naebe, 2021). This led
to an increasing interest on application of lignin as a bio-additive for
creating functional properties in various products.

The use of lignin as a natural UV-blocker in cosmeceutical
products has been recently reviewed (Tran et al., 2021). Studies on
cell cytotoxicity of different technical lignins proved their safety on
human cells (Ugartondo et al., 2008; Tortora et al., 2014; Gil-Chávez
et al., 2019). Several studies on sunscreen formulation using lignin as a
functional additive for Sun light protection were reported (Qian et al.,
2016; Zhang et al., 2018; Lee et al., 2019). Further modifications on
lignin structure, especially on functional group modifications and
micromorphology assemble for UV protection enhancement were
reported (Qian et al., 2017; Zhang et al., 2019a; Wu et al., 2019;
Widsten et al., 2020). In this study, organosolv lignin from ethanosolv
processing of sugarcane bagasse obtained in a pre-pilot scale pulp
production unit was thermallymodified to enhance its UV-absorption
and antioxidant properties. The influences of temperature on
chemical structures (hydroxyl contents and molecular weights
(Mw)) of the modified lignin and their relationship to functional
properties were comprehensively studied. Ultrasonication was applied
in the precipitation of modified lignin by an anti-solvent to recover a
well-distributed microparticle lignin for sub-kilogram scale. The
synthesized lignin was used as a functional additive and blended
with a base cream for creating antioxidant and SPF enhancing
properties. Sunscreen performance of the formulated creams were
evaluated and compared with a commercial sunscreen product to
demonstrate its potential application in cosmeticeutical products.

2 Methodology

2.1 Raw material

Sugarcane bagasse (BG), from sugarcane harvested in March
2021 (Petchaboon, Thailand), was obtained from Thai Roong Ruang
Sugar Mill (Petchaboon, Thailand). The biomass was collected on-
site, immediately oven dried at 60°C to achieve less than 8.0 wt%
moisture, milled to less than 4 mm in particle size and kept in
vacuum sealed packages prior to further experiments. The
composition of raw BG was analyzed according to the standard
NREL Laboratory Analytical Procedures (LABs) (Sluiter et al.,
2010). 2,2-Diphenyl-1-picrylhydrazyl (DPPH), butylated
hydroxytoluene (BHT), and 2-chloro-4,4,5,5-tetramethyl1,3,2-
dioxaphospholane (TMDP) applied were purchased from Sigma-

Aldrich. Analytical grade organic solvents (methanol, ethanol, and
tetrahydrofuran) were purchased from RCI Labscan Ltd., Thailand.

2.2 Ethanosolv fractionation of BG

Lignin was isolated from BG by an ethanosolv process using
aqueous ethanol (70%v/v) as the solvent in a 50-L high pressure
batch reactor. The process parameters including (i) temperature
(150–190°C) and (ii) acid catalyst concentration (1.0%–2.0% w/w)
were investigated. The biomass was mixed with aqueous ethanol at
10% (w/v) solid loading and heated to the target temperature under
an initial pressure of 10 bar by nitrogen gas for 30 min. Afterward,
the fractionated BG pulp was separated from the liquid fraction by a
stainless filter mesh (50 micron) and washed with distilled water
until neutral pH obtained. The pulp was dried at 65°C for 36 h and
left in a desiccator until constant weight was achieved. The
composition of fractionated BG pulp was analyzed by the
standard NREL method mentioned and calculated for mass
fraction retained in the pretreated solid. The liquid fraction
(black liquor) was collected for subsequent thermal modification
and precipitation of lignin by addition of distilled water as an anti-
solvent. The separated lignin was collected as powder using a filter
press and air dried for further characterization.

2.3 Thermal modification of organosolv
lignin

The liquid fraction from ethanosolv process of BG (4 L) was loaded
to the 7 L high-pressure reactor (Parr Instruments, Moline, Illinois,
United States). The reaction system was pressurized with 10 bars of
nitrogen gas and heated to the desired temperature (190°C–230°C) for
1 h with stirring at 100 rpm. Subsequently, various ratios of distilled
water were added to the modified lignin solution to precipitate the
modified lignin with ultrasonication (690W Sonication bath,
10–30 min). The lignin suspension obtained was divided into
fractions for particle morphology analysis, sunscreen formulation,
and filter pressed as powder for further characterization. An
overview of the described scheme is shown in Figure 1. The lignin
suspension obtained at different ethanol concentrations (distilled water
ratio) and at different sonication time were sampled for lignin
precipitation yields by vacuum filtration and air dried. The lignin
precipitation yields were calculated according to total Klason lignin
(Sluiter et al., 2008) in the applied black liquor.

2.4 Phosphorus-31 nuclear magnetic
resonance analysis

31P-NMR analysis was applied for a quantitative analysis of
lignin hydroxyl groups using Bruker Ascend™ 500 MHz
spectrometer (Bruker, Zürich, Switzerland). The 31P-NMR
solution was prepared according to Meng et al., 2019 (Meng
et al., 2019). Endo-N-hydroxy-5-norbornene-2,3-dicarboximide
(NHND) was used as internal standard. The internal standard
solution was prepared by mixing 5.0 mg of chromium (III)
acetylacetonate, 18.0 mg of NHND, and 1.0 mL of solvent
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mixture (anhydrous pyridine: deuterated chloroform (1.6:1 v/v)).
Approximately 30 mg of oven-dried lignin samples were dissolved in
0.5 mL of the solvent mixture and stirred overnight at room
temperature to fully dissolve the samples. 0.1 mL of the internal
standard solution was then added to the sample solution. The mixed
solution was reacted with 0.1 mL of a phosphitylation reagent (2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP)) for
2 min with stirring. The phosphitylated lignin solution was
transferred into a 5 mm NMR tube for 31P NMR acquisitions
(inverse gated decoupling pulse sequence, 0.8 s acquisition time,
64 scans, and 25 s pulse delay). Bruker Topspin software was applied
for spectra processing and analysis.

2.5 Scanning electron microscopy

The morphology of precipitated lignin (suspension) was
analyzed using the S-3400 N Type II SEM (Hitachi, Tokyo,
Japan). An electron beam at 10.0 kV energy voltage was applied
for the scanning electron micrograph. The lignin suspension
samples were dropped on glass slide and air dried prior to the
gold coating process for the analysis.

2.6 Size exclusion chromatography

The recovered lignin powder samples were dissolved in
tetrahydrofuran (THF) to a final concentration of 2.0 mg/mL and
stirred overnight at room temperature to fully dissolve the samples.

The dissolved samples were injected to the high-performance liquid
chromatography model WATER e2695 (Waters, Milford, MA)
through an Agilent PLgel 10 µm MIXED-B column for molecular
weight determination. A standard calibration curve was prepared
using sodium polystyrene sulfonate standards (1530, 4950, 16,600,
and 34,700 g/mol) for weight average molecular weight (Mw) and
number average molecular weight (Mn) determination of the
acquired chromatograms.

2.7 Lignin blended sunscreen formulation

Lignin blended sunscreen creams were prepared by mixing base
cream or cream SPF 30 (Watsons, Thailand) with the lignin
suspensions to reach the target lignin concentration (1–5%w/v
lignin) and the mixtures were then centrifuged at 1500 rpm for
10 min to remove the suspension supernatant. Subsequently, the
lignin blended sunscreen creams were spread onto a 1 × 2 cm strip of
3M Transpore tape to form an even layer of 2.0 mg/cm2 sample and
attached to a quartz plate for further SPF determination by UV
transmittance analysis (Qian et al., 2015).

2.8 Determination of sun protection
factor (SPF)

Lignin powder samples were redissolved in 70%v/v ethanol to
reach a final concentration of 1–5%w/v and transferred into a quartz
cuvette for UV transmittance analysis. The cuvette with 70%v/v

FIGURE 1
Organosolv fractionation and modification scheme os ligin for functional additive development.
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ethanol was used to zero the UV spectrometer Shimadzu UV-3600
(Shimadzu, Kyoto, Japan). In case of the sunscreen cream samples, A
quartz plate with 3M Transpore tape without sunscreen cream was
used to zero the UV spectrometer. The UV transmittance was
measured within wavelength 240–600 nm which cover UVB
(290–320 nm) and UVA (320–400 nm) range. For each sample,
five spots were scanned and measured for an average transmittance
value. The SPF values were calculated according to the following
equation:

SPF � ∑400
290

EλSλ/∑400
290

EλSλTλ

Where Eλ represents CIE erythemal spectral effectiveness
(McKinlay, 1987), Sλ represents solar spectral irradiance
(Schmalwieser et al., 2002), and Tλ represents spectral
transmittance of the sample.

2.9 Antioxidant activity evaluation

Antioxidant activity of the lignin samples were evaluated in vitro
by the reported method using 2,2-diphenyl-1-picrylhydrazyl
radicals (DPPH) (Dizhbite et al., 2004). A commercial
antioxidant 2,6-Di-tert-butyl-4-methyl-phenol (BHT) was applied
as a control antioxidant. One milliliter of sample solution
(10–200 µg/mL) was mixed with 2.5 mL of DPPH methanolic
solution (100 µg/mL) and was incubated at 25°C in the dark for
40 min. The absorbance of solutions were measured using
microplate reader (Enspire® Perkin Elmer, Waltham,
Massachusetts, United States) at wavelength 517 nm prior to the
incubation (A0) and after 40 min of incubation (A40). All
experiments were carried out in triplicate with relative deviations
less than 5%. The radical scavenging activity (% RSA) was calculated
according to the following equation:

Radical scavenging activity %RSA( ) � 1 − A40

A0
( ) × 100

The % RSA was plotted as a function of the sample
concentration and determined for IC50 (sample concentration
required to achieve 50% RSA).

3 Results and discussion

3.1 Extraction of organosolv lignin from BG

Raw BG used as the starting material in this study contained 23.9%
w/w lignin together with cellulose (34.8%w/w) and hemicellulose
(33.8%w/w) as the major constituents with 5.0%w/w ash. Treatment
of BG by the ethanosolv process at 150°C–175°C in the presence of
H2SO4 as an acid catalyst led to an increasing trend of lignin and
hemicellulose removal along with the effect on de-ashing, while the
cellulose fraction was highly conserved (Figure 2A). Slightly higher
lignin content in the solid residue at 190°C was observed which could be
due to the repolymerization of lignin and/or saccharide derived
compounds into insoluble polymeric compounds (i.e., humin) and
these could be misanalysed as being insoluble lignin by the standard

NREL method. During hydrothermal pretreatment, the carbonium ion
intermediates of fragmented lignin could be repolymerized via C-C
formation with other lignin derived molecules and/or saccharide
derived furans (furfural and hydroxymethyl furfural) when severe
pretreatment conditions were applied (Leschinsky et al., 2008).
Addition of H2SO4 markedly resulted in an increasing efficiency of
hemicellulose and lignin removal at 175°C compared to the reaction in
the absence of acid catalyst (Figure 2B). The reaction condition at 175°C
with 1%H2SO4 led to the highest lignin removal of 83.8%w/w as seen by
the lowest lignin content in the solid residue. Under this condition, the
majority of hemicellulose was solubilized, while 97.1%w/w of cellulose
was retained in the solid fraction.

Separation of lignin from the liquid phase by precipitation using
water as an anti-solvent under this condition led to a lignin yield of
156.1 g/kg BG, equivalent to a recovery yield of 65.3%w/w compared to
the lignin content in rawmaterial. The obtained lignin was high in purity
(97.5%) based on Klason lignin with a Mw of 2,976 g/mol (Table 1).

3.2 Thermal treatment of the extracted
organosolv lignin

Since the major product for this organosolv fractionation scheme
was paper pulp (cellulose enriched solid pulp, Figure 1) whereas

FIGURE 2
Composition of bagasse before and after ethanosolv fractionated
at various temperatures (1%H2SO4,60 min) (A) and at various H2SO4

concentration (175°C, 60 min) (B).

Frontiers in Chemical Engineering frontiersin.org04

Chotirotsukon et al. 10.3389/fceng.2023.1099010

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2023.1099010


organosolv lignin was considered as value-added product, the current
pretreatment conditions were chosen to achieve the highest lignin
removal from solid pulp with highest cellulose recovery in pretreated
pulp possible. According to our previous studies (Chotirotsukon et al.,
2019; Pongchaiphol et al., 2021), the optimized organosolv
fractionation conditions for sugarcane-based pulp production were
between 165°C and 175°C with pH adjusted to 2.0 using acid catalysts.
Pretreatment of bagasse under milder conditions was insufficient to
effectively extract lignin from the solid fraction whereas the harsher
conditions resulted in excessive cellulose degradation and lignin
repolymerization. Therefore, further thermal treatments of black
liquor from the optimized organosolv extraction of BG (175°C, 1%
H2SO4) at the elevated temperatures (190°C–230°C) were performed
after the pretreatment and solid pulp recovery process to acquire both
paper pulp and lignin functional additive for a feasible organosolv
pulping pre-pilot unit. According to a preliminary analysis,
production cost of the organosolv lignin between 6-9 USD/kg was
estimated. This suggested potential on using the modified lignin as an
additive in cosmetic products while relatively higher cost is acceptable
compared to its use in commodity products. Thermal treatments of
the organosolv lignin at elevated temperatures resulted in the isolated
lignin with lower Mw with decreasing yield after precipitation
(Table 1). Hydroxyl groups in the lignin samples were analyzed in
detail by 31P-NMR. Aliphatic hydroxyl groups were most abundant in
the isolated ethanosolv lignin prior to the thermal modification (BG-
lignin) with the OH content of 1.43 mmol/g, followed by C-5

substituted (Syringyl OH, 5-5′, 4-O-5’, and β-5 linkages),
p-hydroxyphenyl, and guaiacyl phenolic hydroxyl groups with
the OH content of 1.06, 0.95, and 0.6 mmol/g, respectively.
Carboxylic hydroxyl groups were found as a minor OH
content of 0.24 mmol/g. Modification of lignin by treatment at
190°C–230°C led to decrease in aliphatic OH with remarkable
increases in phenolic types of OH groups. Among them, C-5
substituted OH represented the most abundant OH group in the
modified lignin obtained at all temperatures (Figure 3). The
decreased aliphatic OH and increased phenolic OH content
represents the depolymerization of lignin at the dominant
lignin linkage (β-O-4 ether linkage) via acid-catalyzed route
which results in aliphatic OH loss and phenolic OH
augmented molecule (Li et al., 2018). The described hydroxyl
group contents found in the thermally modified lignin were
coupled with the decreasing trend of lignin molecular weight
at the elevated temperature. Increasing treatment temperature
led to decreasing trends on phenolic OH, while the carboxylic
acid OH was relatively unchanged. This could also be explained
by the condensation of lignin derived intermediates where the
insoluble polymeric compounds were formed rather than the
phenolic OH augmented molecules when severe conditions were
applied. The repolymerized polymeric compounds are complex
in structure and mostly separated as slurry from the treated black
liquor prior to the lignin precipitation by anti-solvent. As a result,
the modification of BG extracted lignin at 190°C provides

FIGURE 3
Aliphatic and phenolic hydroxyl content in organosolv lignin extracted from bagasse before and after thermal modification.

TABLE 1 Characteristics and recovery yield of organosolv lignin extracted from bagasse before and after thermal modification.

Lignin sample Lignin recovered (%) Lignin purity (%) Mw (g/mol) Aliphatic-OH (mmol/g) Phenolic-OH (mmol/g)

BG-lignin 65.3 ± 5.1 97.5 ± 2.1 2976 1.43 ± 0.02 2.60 ± 0.01

Lignin 190°C 47.3 ± 6.2 95.4 ± 1.9 2245 0.66 ± 0.04 9.25 ± 0.05

Lignin 210°C 46.4 ± 7.9 97.2 ± 2.2 1824 0.74 ± 0.05 7.22 ± 0.07

Lignin 230°C 39.6 ± 8.2 95.6 ± 3.4 1056 0.31 ± 0.05 6.04 ± 0.08
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modified lignin with the highest total phenolic OH content of
9.25 mmol/g. Theoretically, lignin polymers were made up of
three different monomers including coumaryl-, coniferyl- and
sinapyl alcohol which can be fragmented and fully degraded to
phenols, guaiacol, and syringol, respectively. These
monophenolic products were differently methoxylated thus
contain different phenolic-OH content (phenol: 10.62 mmol/g,
guaiacol: 8.05 mmol/g, and syringol: 6.49 mmol/g) (Kleinert and
Barth, 2008). According to our previous study, lignin recovered
from sugarcane bagasse using sulfuric acid catalyzed
solvothermal process contain 32, 25, and 42% relative molar
abundance of coumaryl-, coniferyl- and sinapyl alcohol,
respectively (Imman et al., 2021). Therefore, the theoretical
limit of phenolic-OH content for bagasse lignin fragmented
mixture was 8.19 mmol/g. Demethylation of guaiacol and
syringol to pyrocatechol (phenolic-OH content = 18.16 mmol/
g) and pyrogallol (phenolic-OH content = 23.76 mmol/g) could
be a possible approach to further increase the phenolic-OH
content of bagasse lignin fragmented mixture to a theoretical
limit of 18.23 mmol/g. In this study, thermal treatment was
applied on organosolv lignin to fragment their polymer
structure. At the optimized treatment condition, the modified
lignin showed highest phenolic-OH content of 9.25 mmol/g
which resulted in the highest antioxidation and UV absorption
properties. The result assumes both fragmentation and partial
demethylation on the modified lignin recovered. Demethylation
of lignin derived compounds by acid catalysis approach have also
been reported (Bomon et al., 2021).

3.3 UV absorption and antioxidant
performance of the extracted and modified
organosolv lignin

Performance of the lignin samples prior and after the thermal
modification on UV absorption was analyzed by redissolving the
lignin sample powder in 70%v/v ethanol to the final concentration

of 1% and 5%w/v for UV transmittance spectroscopy in the
wavelength range of 240–390 nm (Figure 4). All lignin samples
have relatively higher absorption for UVB (290–320 nm) than
UVA (320–400 nm). The isolated BG-lignin has the lowest UV
absorption efficiency under this condition as reflected by the
highest UV transmittance. Increasing lignin concentration from
1%w/v to 5%w/v resulted in higher UV absorption. At both lignin
concentrations, the modified lignin tended to show higher UV
absorption efficiency compared to the BG lignin. The modified
lignin obtained at 190°C showed the highest performance on UV
absorption compared to those obtained from treatment at higher
temperatures. Calculated from the spectral transmittance data, the
lignin modified at 190°C provides highest SPF value of 44.55 which
is 2.5 time higher than that of the unmodified one at the same
concentration (5% w/v).

Antioxidation property of the lignin samples were tested using
DPPH scavenging assay. Modification of lignin by treatment at
190°C led to a marked increase of the radical scavenging activity
which represented in the lower IC50 of 10.96 μg/mL compared to
that of the unmodified one (13.10 μg/mL). Decreasing radical
scavenging activity was observed when the lignin was modified at
210 and 230°C. However, the antioxidant efficiency of all lignin
sample provided in this study was higher compared to BHT
(commercial antioxidant) used as the benchmark agent. The
UV absorption and antioxidant activity of lignin sample
modified at different temperatures were also corresponded
with the altered phenolic OH content trend (Table 2). This
emphasizes the potential of organosolv lignin from bench scale
production for using as a functional additive for antioxidant and
SPF enhancer properties. The increase in functional properties of

FIGURE 4
UV transmittance of solvent (70%v/v ethanol) containing 1%w/v
and 5%w/v organosolv lignin extracted from bagasse prior and after
thermal modification.

TABLE 2 Antioxidation property and SPF organosolv lignin extracted from
bagasse before and after thermal modification.

Lignin sample IC50 (µg/mL) SPF value (5%w/v)

BG-lignin 13.10 ± 1.86 17.90 ± 0.08

Lignin 190°C 10.96 ± 0.37 44.55 ± 0.02

Lignin 210°C 12.36 ± 1.30 19.88 ± 0.01

Lignin 230°C 12.50 ± 1.96 17.32 ± 0.02

BHT 16.63 ± 0.45 -

FIGURE 5
Organosolv lignin precipition yield at various solvent dilutions
after assisted by sonication for different times.
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the modified organosolv lignin is related to alteration in its
structure. Several studies reported correlation between phenolic
OH content and antioxidant performance of lignin due to radical
scavenging ability of phenolic as hydrogen donor groups
(Ugartondo et al., 2008; Vanderghem et al., 2011).
Furthermore, pretreatment of lignin to increase its phenolic
hydroxyl content for antioxidant property enhancement via
homogenous acid approach (e.g., diluted H2SO4, HCl, and
H3PO4) has been reported (do Nascimento Santos et al., 2020;
Lourençon et al., 2021). The phenolic-OH content of lignin was
increased from 69.7 to 303.6 mg/g when diluted H2SO4

pretreatment was applied which led to antioxidant capacity
enhancement (IC50 decreased from 173.4 to 38.5 μg/mL) (You
et al., 2022).

3.4 Formulation and performance of lignin
blended sunscreen cream

The formulation of lignin blended sunscreen cream was done by
mixing the suspensions of lignin precipitated from BG extracted or
modified black liquor with base cream. After lignin particles were
blended well with the cream, the excess suspension supernatant was
separated from the final product by low-speed centrifugation. The lignin
particle size distribution had influences on the quality and homogeneity
of the acquired lignin blended sunscreens which also affected their
antioxidant and SPF properties. Typically, organosolv lignin can be
precipitated from the extracted solvent by antisolvent approach as lignin
solubility is greatly related to the solvent concentration. Organosolv
lignin was found precipitated from ethanosolv liquor within pH 2-
7 when ethanol concentration was diluted to less than 40wt% and the

optimum precipitation condition was found when the ethanol
concentration was within 17.9–19.9%wt. Although these optimum
precipitation conditions gave the fastest and highest lignin
precipitation yield, the particle size of lignin precipitate tended to be
larger as the ethanol concentration was more diluted (Beisl et al., 2020).
Therefore, this study applied sonication to assist the lignin precipitation
by antisolvent approach at less dilute ethanol concentration to ensure an
excellent homogeneity of lignin blended sunscreen result.

The effects of sonication on %yield of lignin were studied at
varying times and ethanol concentrations (Figure 5). The black
liquor from thermal modification process at 190°C was selected
for the formulation of lignin blended sunscreen as the sample
provides highest UV absorption and antioxidant activity. Prior to
sonication, lignin precipitation yields by antisolvent at highest
dilution (17.5%v/v ethanol) gave the highest lignin yield of 76.6%
w/w. This result was comparable to our previous study on
fractionation of bagasse by hydrothermal/ethanosolv process
using a flow-through reactor (Pongchaiphol et al., 2021). In
contrast, the lignin precipitation yields by antisolvent at
lowest dilution (35.0%v/v ethanol) gave only 64.7%w/w lignin
yield. However, the highest lignin yield of 86.6–89.9%w/w was
obtained after the sonication was applied for 20 min with no
significant difference (p > 0.05) in yield for the samples obtained
at different ethanol concentrations. This led to 21.9%w/w
improvement in the lignin yield compared with that obtained
with no sonication at 35.0%v/v ethanol concentration. The
morphologies of the lignin isolated from different ethanol
concentrations are shown in Figure 6. Lignin precipitated at
17.5% ethanol concentration showed agglomerated
morphology. In contrast, isolation of lignin from the
suspension of 35.0%v/v ethanol showed homogenous spherical

FIGURE 6
Morphology of organosolv lignin precipitated by solvent dilution at 17.5%v/v ethanol (A) and 35.0%v/v ethanol (B).
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particle with the size range between 0.5 and 2.0 µm. The results
thus indicate the effects of ethanol concentration on the
morphological properties of lignin obtained from the
precipitation step.

The obtained lignin precipitated at 17.5–35.0%v/v ethanol was used
for sunscreen formulation with the base cream and tested for UV
absorption efficiency (Figure 7). The base cream can only slightly
absorb UV compared to the samples containing lignin. The sunscreen
formulated using lignin precipitated at less diluted ethanol concentrations

provided better UV absorption due to the superior homogeneity. This is
represented by the increasing SPF trend of 7.4, 8.4, and 32.0 in the base
cream blend with 1%w/v lignin precipitated at 17.5, 23.3, and 35.0%v/v
ethanol suspensions, respectively. A well-dispersed micro/nanoparticles
was reported to express 30% enhancedUVprotection performance when
compared with that of native state lignin (Li et al., 2016). Several studies
on sunscreen formulation using micro/nanoparticle lignin as SPF
enhancer showed outstanding performance due to the exceptionally
high surface area and chromophores on the lignin micromorphology

FIGURE 7
UV transmittance of cream SPF30 (commerical) and cream containing 1–5%w/v of thermal modified organosolv lignin (190°C) precipitated at
various solvent dilutions.

TABLE 3 Antioxidation property and SPF of cream SPF30 (commercial) and cream containing 1–5%w/v of thermal modified organosolv lignin (190°C) which
precipitated at various solvent dilutions.

Cream sample % Radical scavenging activity (100 µg/mL) SPF

Cream SPF30 27.25 ± 1.77 39.28 ± 0.07

Base cream 6.57 ± 0.06 1.10 ± 0.05

Base cream + lignin 1%w/v (17.5%v/v EtOH) 75.61 ± 3.61 7.38 ± 0.03

Base cream + lignin 1%w/v (23.3%v/v EtOH) 80.54 ± 4.21 8.40 ± 0.04

Base cream + lignin 1%w/v (35.0%v/v EtOH) 82.86 ± 3.11 31.99 ± 0.08

Base cream + lignin 2%w/v (35.0%v/v EtOH) 86.65 ± 2.27 33.56 ± 0.09

Base cream + lignin 3%w/v (35.0%v/v EtOH) 87.84 ± 3.21 55.15 ± 0.07

Base cream + lignin 4%w/v (35.0%v/v EtOH) 88.64 ± 2.73 72.00 ± 0.05

Base cream + lignin 5%w/v (35.0%v/v EtOH) 89.83 ± 3.41 110.79 ± 0.08
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(Wang et al., 2018; Zhang et al., 2019b; Wu et al., 2019; Lee et al., 2020).
Increasing lignin loading in the base cream led to increasing efficiency on
UV absorption. At 3%w/v of the modified organosolv lignin (optimized
in phenolic OH content and particle size) blended with the base cream,
SPF value of the formulated sunscreen (55.1) exceed the SPF value of the
commercial SPF30 cream (39.3). Furthermore, the lignin additives in this
studyweremodified to concentrate theirUV-absorbing functional groups
(phenolic groups) which absorb a broader spectral range of UV from
250 to 400 nm (Sugiarto et al., 2022) whereas compound used in the
commercial SPF-30 sunscreen (TiO2) provides 290–400 nm spectral
range of UVA II and UVB protection due to its UV absorption and
scattering properties (Serpone et al., 2007). The use of lignin additive
could benefit the future property of cosmeceutical products for protection

of UVC radiation (200–290 nm) which must be taken into account
according to the depleting global ozone layer (Wang et al., 2010).
Addition of the modified organosolv lignin at higher concentration
further enhanced the SPF value of the formulated sunscreen
(Table 3). Compared to other studies on sunscreen formulation using
lignin as SPF enhancer, the modified lignin in this study offers
comparable SPF improvement with lower concentration added.
Typically, about 5–10%w/v of lignin was added to SPF 15 sunscreen
or base cream and resulted in 8–70 boosted SPF value (Qian et al., 2015;
Kai et al., 2016; Qian et al., 2016; Qian et al., 2017; Wang et al., 2018;
Zhang et al., 2019a; Zhang et al., 2019b; Lee et al., 2019;Wu et al., 2019; de
Araújo Padilha et al., 2020; Lee et al., 2020;Widsten et al., 2020) (Table 4).
Similar trends were found for the antioxidant activity enhancement when

TABLE 4 Summary of current study and other recent research on production of lignin-based cosmeceutical products.

Lignin source Modification method Performance Ref.

Organosolv lignin as black liquor direct
from pre-pilot scale ethanosolv pulp
production unit

Ethanosolv extraction followed by thermal
modification and anti-solvent precipitation with
ultrasonication

Modified lignin shown great antioxidant activity
(IC50 = 10.96 µg/mL). SPF of pure cream reached
55.2 with 3% addition of thermos-physically modified
lignin

This study

Alkaline lignin purchased from Sigma-
Aldrich Co. Ltd. (St. Louis, MO,
United States)

Native form from soda pulping process (96% purity
lignin with 4% sulfur)

Enhance SPF 15 commercial sunscreen to SPF
77.0 with 10% lignin additive

Qian et al.
(2016)

Enzymatic-hydrolyzed lignin supplied by
Shenquan Co. Ltd. (Jinan, Shandong,
China

Native form from enzymatic hydrolysis of biomass
using commercial cellulose enzyme Cellic CTec2

Enhance SPF 15 commercial sunscreen to SPF
23.6 with 10% lignin additive

Organosolv lignin purchased from
Chemical

Native form Enhance SPF 15 commercial sunscreen to SPF
91.6 with 10% lignin additive

Point UG (Deisenhofen, Germany)

Milled wood lignin Native lignin from milled Miscanthus sacchariflorus
which was purified using 95% aqueous ethanol and
dioxane

Enhance SPF of pure cream from 8.4 to 24 with 4%
lignin additive

Lee et al. (2019)

Organosolv lignin from lab scale acetic
acid pretreatment

Lignin color reduction by UV irradiation treatment
with hydrogen peroxide

Enhance SPF of sun block lotion from 21.6 to
32.0 with 5% lignin additive

de Araújo
Padilha et al.

(2020)

Alkaline lignin purchased from Sigma-
Aldrich Chemicals (Singapore)

Structural modification via atom transfer radical
polymerization with PEGMA

Enhance SPF 15 commercial sunscreen to SPF
38.53 with 10% lignin copolymer additive

Kai et al. (2016)

Alkaline lignin supplied by Shuntai
technology Corp (Huaihua, Hunan,
China)

Alkali-acid treatment Enhance SPF 15 commercial sunscreen to SPF 50 with
10% lignin additive

Qian et al.
(2015)

Industrial kraft lignin precipitated using
carbon dioxide from the black liquor of
kraft pulp mills.

Kraft lignin dimethylated via CatLignin method and
nanoparticle synthesis

Enhance SPF of pure cream to 22 with 10% modified
lignin additive

Widsten et al.
(2020)

Organosolv lignin purchased from
Chemical Point UG (Deisenhofen,
Germany)

Colloidal spheres preparation SPF of pure cream reached 15 with 10% addition of
nanospheres

Qian et al.
(2017)

Organosolv lignin extracted from rice
husk was provided by SugarEn (Yongin,
Korea)

Solvent extraction followed by purification using acetic
acid and anti-solvent precipitation then fabricated into
nanoparticles via solvent shifting method combined
with ultrasonication

Enhance SPF of pure cream from 5.4 to 30 with 5%
lignin nanoparticles additive

Lee et al. (2020)

Alkali lignin purchased from Sigma-
Aldrich Co. LLC. (Shanghai, China)

Demethoxylation, grafting modification, and reverse
self-assembly

Modified lignin shown great antioxidant activity
(IC50 = 25 µg/mL). SPF of pure cream reached
56.1 with 10% addition of lignin reverse colloidal
spheres

Wu et al. (2019)

Acetic acid bamboo lignin supplied by
Beijing Konglong Chemical Technology
Co., Ltd.

Solvent extraction and self-assembly Enhance SPF 15 commercial sunscreen to SPF
87.2 with 8% lignin microsphere additive.

Zhang et al.
(2019b)
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the modified lignin was added to the base cream. Addition of lignin
precipitated from all ethanol concentrations at 1% loading in our study
led tomarked increase in radical scavenging activity compared to the base
cream and the standard SPF30 cream. At 1% lignin concentration, lignin
precipitated at less diluted ethanol concentrations resulted in increasing%
radical scavenging activity (at 100 µg/mL) from 75.61% to 82.86%.
Further increase in lignin concentration from 2% to 5% led to a slight
increasing trend on radical scavenging activity (at 100 µg/mL) from
86.65% to 89.83%. The antioxidant activity of themodified lignin can add
on beneficial property to the cosmetic products (Arulselvan et al., 2016).
The results thus indicate the advantages of using the modified lignin as
the functional ingredient with dual activities in cream formulation.

4 Conclusion

An efficient thermal and physical modification on organosolv
lignin obtained from the bench-scale bagasse pulp production for
improving the sunscreen and antioxidant properties of lignin using as
functional bio-additive in cosmeceutical products was reported. The
increased phenolic hydroxyl content affected by thermal treatment of
black liquor boosted the UV absorption and free radical scavenging
ability of the modified lignin. The ultra-sonication assisted solvent
exchange method resulted in a well-distributed microsphere lignin
colloidal which further enhanced the Sun protection and antioxidant
performance of the formulated product. The work provides value
addition strategy for lignin as co-product from green pulping
production process in cosmeceutical application.
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