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When attempting to obtain light-color lignin from lignocellulosic biomass or industrial lignin, the available
options based on chemical or morphological modification suffer from low yield, high cost, and lack of
availability at the required scales. In this study, we adopted a polyhydric-alcohol-based deep eutectic
solvent (PA-DES) to directly extract light-color lignin from natural biomass, which is even whiter than
native cellulolytic enzyme lignin (CEL). The isolated lignin possessed a high recovery yield (97.36%),
regular micro-spherical morphology, enriched p-ether linkage of 58/100Ar, low phenolic hydroxyl
content of 1.25 mmol g~ minimal carbonyl content of 0.70 mmol g7, and less condensed structures,
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thus yielding a lower content of chromophores. This lignin showed excellent sunscreen effects, which
could enhance the SPF of a commercial sunscreen from 15 to 40 with only 5 wt% addition. This study can
provide essential guidance for the scale-up production of light-color lignin and obtaining near-complete
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1. Introduction

In the context of carbon neutrality, there is an urgent need to
explore and develop renewable and sustainable resources to
reduce the growing energy consumption and environmental
problems caused by overreliance on fossil fuels.'
Lignocellulose, which consists of cellulose (30-50%), hemi-
cellulose (10-35%), and lignin (15-35%), is the most abundant
and sustainable green carbon resource on Earth.” Utilization
of lignocellulosic biomass is a feasible approach for achieving
carbon neutrality. However, the natural recalcitrant structure
and stubborn lignin-carbohydrate complex (LCC) frameworks
make it difficult to valorize lignocellulose.* Thus, fractionation
of biomass becomes an essential prerequisite for obtaining
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digestible cellulose for further saccharification.

high value-added chemicals and products. Conventionally,
carbohydrate-centered processes focusing on (hemi) cellulose
utilization are the mainstream, including dilute sulfuric acid
treatment, kraft cooking, or sulfite processes, while in these
methods, lignin is irreversibly degraded or converted to a con-
densed product with dark color, which makes it difficult to be
utilized.* Recently, methods such as organic acid® and organo-
solv fractionation® have been widely investigated for the pre-
treatment of biomass and isolation of lignin for value-added
upgrading. Although these fractionation strategies can extract
lignin with a relative high reactivity, the recovered lignin still
features a dark color.” The undesired dark color of isolated
lignin greatly constrains its high-value applications, such as
dye disperser and sunscreen additives. Therefore, it is impor-
tant to whiten lignin, especially during its isolation process, to
an acceptable color to expand its valorization.

Bamboo is a perennial gramineous plant which is widely
distributed in China. There are 300 species belonging to
44 genera which are native to China, covering a bamboo forest
of ~76 000 km” and accounting for 3.3% of total forest area.®
Bamboo shoots after a spring rain can grow over 100 cm
day',’ which could be harvested in 1-5 years. Similar in com-
position to hardwood, bamboo is mainly composed of cell-
ulose (30%-50%), hemicellulose (10%-30%) and lignin (15%-—
35%)."° Cellulose (glucan) in bamboo is a linear bio-macro-
molecule connected by 1,4-f-glucosidic bonds, while hemi-
cellulose is a heterosaccharide including main xylan and
minor araban with branched chains.'* The lignin in bamboo
is primarily made up of three phenylpropane monomers,

This journal is © The Royal Society of Chemistry 2024
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including guaiacyl (30%-50%), syringyl (50%-70%) and
p-hydroxyphenyl (5%-15%), which are mutually cross-linked
via C-0-C (50%-70%) and C-C (10%-20%) bonds."* The S/G
ratio of bamboo is ~2:1, meaning that the methoxy group is
abundant in bamboo lignin. One research hotspot is for fer-
mentable sugar production usually by sequential pretreatment
and enzymatic saccharification.”® The pretreatment methods
include hydrothermal,™* diluted alkaline,’® organic solvent,®
ionic liquid and/or combined pretreatments.'” Although these
pretreatment methods could well convert carbohydrates into
its corresponding mono sugars, the lignin utilization of
bamboo is still in its infancy. Therefore, it is of great sense for
establishing a sustainable method for realizing lignin
valorization.

Deep eutectic solvents (DES) consist of one hydrogen bond
acceptor (HBA), usually a quaternary ammonium cation with a
halide anion (e.g., benzyltrimethylammonium chloride
(BTEAC) and choline chloride), and at least one hydrogen
bond donor (HBD) such as organic acids and polyhydric alco-
hols, which possess a lower melting point than that of each
constituent.'® ChCl and BTEAC are the most commonly used
HBAs, and both of them have a similar performance, price and
recyclability, but BTEAC has poor thermal stability and high
toxicity."® Therefore, ChCl is the better HBA due to its good
thermal stability and very low toxicity, and it is also added as a
vitamin to chicken feeds. Compared with ionic liquids, the
DES have outstanding properties such as environmental
friendliness, low cost, biodegradability, and non-flammability
and show excellent dissociation of lignin and hemicellulose
while preserving cellulose during  lignocellulose
fractionation.”>*! However, previous DES fractionation pro-
cesses paid too much attention to the isolation of lignin and
hemicellulose to enhance cellulose accessibility, while neglect-
ing the lignin quality and its upgrading potential, with a
common dark color issue. For example, Shen et al. established
a ChCl/lactic acid system for Eucalyptus fractionation, which
obtained a 94.3% glucan saccharification yield, while the
recovered lignin was greatly depolymerized, accompanied by
severe condensation reactions.”> Another study using ChCl/
p-hydroxybenzoic acid for poplar fractionation obtained a
glucose yield of over 90%, but this process also faced severe
degradation and condensation reactions for the recovered
lignin.*® Excessive degradation and condensation of the iso-
lated lignin greatly reduce the reactivity of lignin and darken
the color of lignin, which limit lignin valorization in dye dis-
perser or sunscreen additives. The lignin degradation and con-
densation reactions were greatly determined by the HBD type.
For example, organic acid HBDs such as lactic acid, oxalic acid
and p-toluenesulfonic acid could provide protons to cleave the
aryl-ether of the lignin and facilitate the condensation.
Accompanied by these common organic acid HBDs, polyhydric
alcohol (PA) HBDs have a little cleaving ability for the bonds of
lignin while possessing an excellent solubility and protection
ability for lignin, thus they could isolate lignin without scarify-
ing its structure. However, the natural recalcitrance of lignin-
carbohydrate compounds (LCC) of lignocellulose greatly con-
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strains the lignin isolation when using the PA type as the HBD.
To solve this, acidic chemicals such as sulfuric acid, oxalic
acid and Lewis acids are good candidates for assisting the
lignin isolation process by cleaving the LCC bonds. Herein,
the principles for selecting the HBD should base on the lignin
dissolving assisted by the LCC bond cleavage rather than the
severe degradation of lignin.

Natural lignin is light brown and has a strong UV-shielding
property, which is considered an ideal choice for sunscreen
production.>® However, during lignin isolation, especially
under harsh conditions (e.g., strong acidity, high temperature,
and a long fractionation time), various chromophore groups
induced by the formation of carbon-carbon double bonds con-
jugated with aromatic rings, quinone methides, quinones,
chalcone structures, or metal complexes with catechol struc-
tures darken lignin.'®***° The dark color of the lignin is one
of the main obstacles for its application as a sunscreen.
Numerous strategies have been proposed to decrease chromo-
phore groups and whiten lignin by modifying its morphology
and/or chemical structure. For example, ground lignin with
tiny particles is obviously color-reduced by more than three-
fold compared with untreated lignin.*” In addition, significant
color fading of Kraft lignin was obtained through the
rearrangement of chromophores by self-assembly into col-
loidal spheres.’® In another study, acetylation treatment was
used to protect the phenolic hydroxyl groups to change the
color of alkaline lignin from black to brown.*® In brief, pre-
vious processes to obtain light-color lignin mainly relied on
the decoloration of commercial lignin by complicated pro-
cesses with a very low yield (<10%), whereas the direct output
of light-color lignin by the combination of morphology
mediation and structural stabilization from lignocellulose
biomass in one pot at the same time obtaining a digestible
cellulose-rich solid has not yet been reported.

Recently, we found that polyol as the HBD in DESs for
lignocellulose fractionation could protect lignin from further
degradation and condensation. Thus, it is plausible that this
method could reduce the color of the isolated lignin. In this
study, light-color lignin was obtained by various PA-DES pre-
treatments of natural bamboo under mild conditions (110 °C
for 1 h). This study unveiled the formation mechanism of
light-color lignin through morphology regulation and chemi-
cal structure stabilization, which will provide promising gui-
dance for methods and mechanisms to obtain high-yield and
light-color lignin at the same time enhancing cellulose sac-
charification for the high-value upgrading of lignocellulose.

2. Results and discussion
2.1. DES viscosity and its KamLet-Taft empirical parameters

The viscosity representing the permeation and swelling effect
of a DES is considered one of the essential parameters for the
lignocellulose fractionation.>® As shown in Table S1,T the visc-
osities of the different PA-DESs differed a lot at a lower temp-
erature of 30 °C which were 110 (GLDES), 108 (BDDES) and
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60 mPa s (EGDES), while all of them significantly decreased as
the temperature increased, and finally reached a very similar
value of ~7 mPa s. This result indicated that the viscosity of
different DES systems at mild pretreatment temperatures
might greatly determine the fractionation performance, while
it possibly has a little influence in a severe pretreatment.

Generally, the fractionation ability of lignocellulose might
have a relationship with the KamLet-Taft empirical parameters
represented by a, g, and n* parameters which quantified the
hydrogen-bond donating ability (acidity), hydrogen-bond
accepting ability (basicity), and dipolarity/polarizability of
DESs, respectively.>® In order to better understand the pretreat-
ment efficiency of the prepared DESs, the KamLet-Taft empiri-
cal parameters, including «, f and =n*, were determined
(Table S2t). After analyzing the data carefully, we found that
the GLDES system possessed higher a-f and n* values, indicat-
ing the higher hydrogen-bond donor ability and stronger dipo-
larity/polarizability, which might have a more efficient frac-
tionation ability. However, the f values of the DESs were nega-
tive and have an opposite trend to the values of a-f and =%,
indicating that a lower f value might be favorable for the ligno-
cellulose fractionation performance.

2.2. Selective degradation of lignin and hemicellulose

After pretreatment, ethanol solution was added to sufficiently
separate and recover the cellulose and lignin. The cellulose-
rich solids in the mixture were separated by filtration, and the
lignin was recovered by evaporating the ethanol and adding
the antisolvent of water, while xylan substantially degraded in
the liquid which is hard to recover. The ChCl/glycerol/AlCl;
(GLDES) system was first used to determine the optimal pre-
treatment conditions for PA-DES. As shown in Fig. 1A, the
solid yield significantly decreased from 73.28% to 58.63% as
the temperature increased from 100 °C to 110 °C, while it
remained nearly constant as the temperature enhanced to
120 °C. For the variations of the major constituents in the pre-
treatment from 100 to 120 °C, xylan removal increased from
62.98% to 86.40%, and lignin removal also showed the same
trend from 22.86% to 70.74%. In the case of glucan, its recov-
ery remained constant (94.15%-95.32%) despite the increase
in temperature, implying that glucan was very stable during
GLDES treatment. Further increasing the temperature might
result in the decrease of lignin removal (data are not shown)
by generating unproductive lignin condensation and pseudo
lignin which could cause damage to the quality of lignin and
subsequent  carbohydrates’  saccharification  process.°
Considering the satisfactory removal of lignin (66.20%) and
xylan (80.23%) and the near-complete preservation of glucan
(95.32%) at 110 °C, this temperature was chosen for the inves-
tigation of other PA-DES pretreatments.

ChCl/ethylene glycol/AlCl; (EGDES) and ChCl/butanediol/
AlCl; (BDDES) were studied using the same procedures and
compared with GLDES. The composition analyses of the
different PA-DES systems are shown in Fig. 1B. The solid yield
of EGDES was 67.81% and that of BDDES was 59.29%, slightly
higher than that of GLDES, but it still showed significant frac-
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tionation performance. Furthermore, xylan removal was
65.97-80.23% in different PA-DES treatment systems, in which
EGDES showed the lowest xylan removal, while GLDES
obtained the highest one. The excellent hemicellulose removal
in GLDES might be ascribed to the stronger H-bond inter-
action, because GL with three OHs has a higher H-bond donat-
ing ability.*" In addition, lignin removal also depended on the
PA type, which increased from 55.07% (EGDES) to 66.20%
(GLDES) but reached the highest value of 70.63% for BDDES.
This trend indicates that the H-bond quantity alone cannot
determine the pretreatment performance; other factors, such
as the inherent solvent properties, also have a significant
effect.

For cellulose, the glucan recovery yields could reach
95.32-99.04% throughout the different PA-DES systems,
suggesting that all the PA-DES fractionations could preserve
the cellulose. Benefitting from the degradation of hemi-
cellulose/lignin, the pretreated solids exhibited excellent enzy-
matic saccharification yields (Fig. S1f). Raw bamboo had a
limited saccharification yield, with only 12.63% glucan and
1.74% xylan saccharification yields (Fig. S1%). After EGDES pre-
treatment, the glucan and xylan saccharification yields dra-
matically increased to 86.82% and 95.78%, respectively, which
were enhanced by 6.87 and 50.05 times compared to the raw
bamboo, respectively. Both GLDES and BDDES led to over 90%
of glucan and xylan saccharification yields, outperforming
other conventional DESs such as ChCl/formic acid,** ChCl/
oxalic acid,*® and ChCl/p-hydroxybenzoic acid.”® These results
implied that our PA-DESs could easily achieve satisfactory
carbohydrate conversion through enzymatic hydrolysis.

2.3. Lignin characterization

2.3.1. Lignin recovery, carbohydrate analysis and elemental
quantification. After DES fractionation, lignin recovery yield
and its components were determined (Table S371). It can be
seen that the isolated lignins of PA-DESs showed near-com-
plete recoveries (94.62-97.36%), which are higher than most
reported fractionation systems such as alkaline** and organo-
solv processes,®?® indicating that the proposed PA-DES frac-
tionation system could easily regenerate lignin from ligno-
cellulose. We also performed the pretreatments using tra-
ditional ChCl/lactic acid (LADES) and ChCl/oxalic acid
(OADES); the lignin recovery yields in these methods were only
79.65% and 75.68%, respectively. This is likely because lignin
in conventional acid DES pretreatment usually suffers from
serious degradation and condensation that precipitate back
onto the substrate surface. In contrast, PA-DES partially pro-
tected the lignin degradation products from being depolymer-
ized and condensed, which resulted in an intact lignin struc-
ture, thus decreasing its loss during the anti-solvent precipi-
tation process and facilitating its recovery.

Considering the high lignin recovery yields and significant
xylan removal during the fractionation processes, polysacchar-
ides may be present in the recovered lignin, which is detrimen-
tal to further valorization. Thus, component analysis was con-
ducted to analyze its purity (Table S3t). Surprisingly, only trace
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Fig. 1 Components of fractionated bamboo and lignin morphology analysis. (A) Component analysis after GLDES pretreatment at different temp-
eratures and (B) different PA-DES systems at 110 °C; (C) digital photographs of the recovered lignins; (D) L*, a*, and b* values of the recovered

lignins, and (E) the brightness of the recovered lignins.

polysaccharides were tested in the regenerated lignin (less
than 0.11% glucan and 0.16% xylan), implying the high purity
of the recovered lignin. The high-purity lignins recovered from
our PA-DESs were favorable for further valorization.

The difference in elemental composition of the lignin,
extracted from bamboo using different DES systems, was not
so distinct (Table S4t). For CEL, it contains 59.04% C, 5.69%

This journal is © The Royal Society of Chemistry 2024

H, 0.29% N. Compared with CEL, the lignin recovered from
the organic acid-based DES of Lyapgs and Loapgs possessed a
higher C content, while the lignin isolated by PA-DES had a
lower C content, especially Lgipgs. The content of C element
in the Loapes Was the highest, 60.64%, followed by Lyapgs
(59.04%), and was the lowest in the Lgipgs. During the lignin
isolation process, lignin condensation reactions result in more
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C-C bonds which could lead to a higher content of C element.
This assumption will be further discussed in the following 2D
HSQC NMR quantification result. As for the H element, it is
higher in the PA-DES induced lignin than the lignins extracted
using organic acid-based DESs. In addition, the N element in
the DES lignin was quite higher than the CEL, and this result
could be ascribed to the ChCl residual in the isolated lignin.

2.3.2. Color appearance and morphological analysis. The
appearance of the recovered lignins is shown in Fig. 1C; lignin
extracted through the PA-DES systems exhibited a light brown
color, which was even whiter than that of the native CEL. In
contrast, lignin isolated from organic acid-based DESs (LADES
and OADES) featured a dark brown color. The bulk density of
the isolated lignins was macroscopically quantified. The
lignins recovered from both the OADES and LADES systems
have a high bulk density of 0.58 and 0.55 g cm™", respectively
(Fig. S2t). However, the bulk density of lignins recovered from
the PA-DES fractionation system ranged from 0.24 to 0.28 g
em™, over 50% lower than that of the OADES and LADES, indi-
cating their bulk macrostructure. Specifically, the visible color
of the recovered lignins was negatively correlated with their
bulk density, suggesting that a higher bulk density might have
a tight structure and result in a dark color.

To quantify the differences in the color of the recovered
lignins, the lignin samples were further evaluated using
L*a*b* values and brightness. As shown in Fig. 1D, the L*, a*,
and b* values in the native bamboo CEL were 69.32, 4.72, and
26.75, respectively. The lignins recovered from the PA-DESs
had similar L*a*b* values, close to that of native CEL, which
explained why our PA-DESs could yield light-color lignin. In
contrast, lignins from both organic acid-based DESs had extra-
ordinary lower L*a*b* values, especially Lospgs, Which pos-
sessed L*a*b* values of 34.33, 3.61, and 10.71, respectively. For
brightness, it is 22.39% ISO for native CEL. After traditional
acidic OADES and LADES fractionation, lignin brightness
decreased significantly to 5.59 and 7.69% ISO, respectively
(Fig. 1E). Importantly, the lignin extracted from PA-DES had a
higher brightness than that of the native CEL. Specifically, a
brightness of 22.62% ISO and 25.91% ISO was observed for
Lgppes and Lggpgs, respectively. Furthermore, Lgipgs pOS-
sessed the highest brightness of 29.84% ISO. These results
suggest that our PA-DESs, especially the GLDES system, can
isolate light-color lignin whose brightness even exceeds that of
native lignin. Lignin color is generally related to the chromo-
phore content and micromorphology. Therefore, the mecha-
nism of our PA-DES recovered lignin with a light color was
revealed from the micromorphology and chemical structure,
which will be illustrated later.

2.3.3. Micromorphology analysis. The micromorphology of
the lignins obtained from the PA-DES fractionation was deter-
mined using FE-SEM. As shown in Fig. 2A1-C3, all lignins fea-
tured a uniform spherical shape and were termed lignin
microparticles (LMPs). The average size of the LMPs varied
from 550 to 3254 nm, with a narrow PDI of 0.30-0.40 depend-
ing on the type of PA-DES (Fig. 2D1-D3). Specifically, LMPs
isolated by the GLDES system had the smallest average size
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(550 nm) and narrowest PDI (0.30), corresponding to the light-
est color. The other two LMPs had much larger average sizes of
1080 nm (EGDES) and 3254 nm (BDDES). This result indicated
that the PA-DES could directly generate uniform LMPs with
different PAs as the HBD, which probably resulted from the
structural modification with PA (e.g., connecting bonds, mole-
cular weight, and hydroxyl groups) during the fractionation
process. Interestingly, it was found that the color degree
(L*a*b* and brightness) of the LMPs was negatively correlated
with the size of the LMPs, in which smaller LMPs have a
lighter color. In general, LMPs with a small average size can
increase the specific surface area and simultaneously enhance
the interval spaces, resulting in a low bulk density. In this
vein, it is likely that lignin containing similar amounts of
chromophores with a low bulk density can decrease the con-
centration of chromophores at the macroscopic scale, thus
resulting in the light color of lignin.?”

In contrast, the CEL and lignins recovered from the organic
acid-based DES by adopting the same procedures as the polyol-
based DES featured irregular block-like shapes, which were
wrapped by disordered lignin debris (Fig. 2E1-G3). This result
suggests that our PA-DESs possess special functionalities for
directly extracting lignin from lignocellulose and upgrading it
into uniform LMPs. Importantly, the block-like shape of the
lignin isolated from the organic acid-based DES was also
associated with its dark color because of its low specific
surface area and interval spaces compared with those of the
LMPs.

2.3.4. Structural analysis of the isolated lignins. To better
analyze the characteristics of the different DES-extracted
lignins, we compared them with that of CEL, by observing
them with FTIR. As shown in Fig. S3,f multiple adsorption
bands were simultaneously present in the DES lignin and CEL,
indicating a similar lignin structure. All the detailed signals of
the FTIR spectra were identified according to previous
publications.>*® A wide adsorption band at 3427 cm™" in CEL
originates from the O-H stretching vibrations of aliphatic and
phenolic hydroxyl groups. Its intensity got stronger in the
Lerpes and Lgppes, which might be induced by the grafted GL
and BDO onto the a-position of the lignin sidechain, thus
enhancing the aliphatic hydroxyl group contents.?® The peaks
at 2938 and 2843 cm™ ' are ascribed to the C-H asymmetric
and symmetrical stretching vibrations of the ~-CH,- and CH;
groups, respectively. As expected, these peaks’ intensities of
Liapes and Loapgs decreased due to the departure of formal-
dehyde through the C, route during the lignin degradation
process. However, these peaks got sharpen in the Lgypes and
Lgppes, proving that less lignin degradation through C,
routes*® and possible PA-grafted reactions occurred during the
fractionation process. In addition, the typical adsorption
peaks of other functional groups in the lignin structure can be
detected, such as the stretching vibrations of unconjugated
C=0 groups in the carboxyl groups at 1695 cm™", aromatic
ring skeletal vibrations of the phenylpropane groups at 1595,
1508 and 1419 cm™?, the vibrations of C-H deformation com-
bined with aromatic rings at 1458 cm™, the breathing

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM images of isolated LMPs and their size distribution. (A1-A3) Images of Lgipes, (B1-B3) Legpes and (C1-C3) Lgppes and the size distri-
butions of (D1) Lgipes, (D2) Legpes and (D3) Leppes; (E1-E3) morphology of CEL and lignins isolated from organic acid-based DES systems of (F1-F3)

LADES and (G1-G3) OADES.
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vibrations of syringyl and condensed guaiacyl at 1326 cm™",
guaiacyl ring breathing with C-O stretching at 1267 cm™, C-C
and C-O plus C=0O stretching at 1219 cm™", the in-plane aro-
matic C-H deformation vibrations at 1028 cm™, and the C-H
out-of-plane stretching at 834 cm™". All these typical absorp-
tion peaks demonstrate that the lignin extracted with a DES
retained its native structure. The peak of unconjugated C=0
groups (1695 cm™") was more significant in the Lospgs, indicat-
ing that severe lignin degradation existed in the Loapgs.
Compared with the PA-DES, the guaiacyl peak (1267 and
1219 em™') intensity of the Loapgs and Lyapgs Was stronger,
indicating that more guaiacyl groups were preserved. In con-
trast, the peak intensity of syringyl at 1326 cm™" was wealker in
Loapes and Liapgs, implying that syringyl groups degraded
severely during the fractionation.

The molecular weights (M,, and M,) and polydispersity
indices (PDI) are determined to unveil the variation of lignin
structures (Fig. S4t). For CEL, the M,, was 12 322 g mol~*, and
it significantly decreased after all the pretreatments, implying
the existence of lignin depolymerization during fractionation.
Specifically, PA-DES generated lignin with a high M,, in the

ppn
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order of Lgiprs > Legpes > Leppes. In contrast, lignins isolated
from the organic acid-based DES had a much lower M,, of 3906
and 3026 g mol™", which are significantly lower than that of
lignins isolated from the PA-DES systems. It is well known that
the molecular weight of lignin is positively correlated with the
content of aryl ether linkages, suggesting that our PA-DES has
the unique ability to preserve the lignin structure. Notably, the
color degree of lignin represented by L*a*b* and brightness is
also positively related to its M,, which implies that high-M,,
lignin possesses fewer chromophores. In addition, the lignin
recovery yield was found to be positively correlated with M,
because intact lignin can be easily recovered.*’** In addition,
the PDI of lignin significantly decreased with decreasing M.

To analyze the variation of the lignin structure in the DES
pretreatment, 2D-HSQC NMR was conducted, and CEL was
used as a contrast. The HSQC spectrograms of the side-chain
and aromatic regions of the CEL and the recovered lignins are
shown in Fig. 3 and 4, and the reaction mechanism of lignin
during fractionation is also proposed (Fig. 5). The main lignin
cross-signals’ assignment of the spectrogram was labeled
according to previous publications.**™*?
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Fig. 3 H-3C HSQC NMR of lignin side-chain regions. (A) CEL; (B) GLDES; (C) EGDES; (D) BDDES; (E) LADES; (F) OADES.
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The aliphatic regions (Fig. 3A) of the CEL of $-O-4 (A,), p-p
(By), and B-5 (C,) exhibited strong signals at 5¢/6y 71.61/4.83,
84.72/4.64, and 86.85/5.40 ppm. Unambiguous signals related
to p-O-4 (Ag), B—P (Bp), and B-5 (Cp) were also observed at 86.1/
4.05 (Ap for S) and 83.4/4.33 (Ag for G), 53.5/3.05, and 52.4/
3.45 ppm, respectively. The y-position of p-O-4 (A,), p-p (B,),
and p-5 (C,) signals was centered at 59.5/3.69, 71.0/4.16-3.79,
and 62.3/3.70 ppm, respectively. A signal belonging to
y-acetylated p-O-4 linkages (A’,) was clearly recognized,'? imply-
ing that the LCC structure exists in bamboo. The quantifi-
cation of CEL and the isolated lignins is shown in Table 1. In
CEL, the p-O-4 linkages’ content was 59.19/100Ar, and it
greatly reduced after the PA-DES fractionation, which ranged
from 13.76 (Lgrpgs) to 9.36 (Lggprs) and 4.73/100Ar (Lgppes),
indicating that the p-O-4 linkages’ content was greatly deter-
mined by the type of PA-DES. With the reduction of the signal
of p-O-4 linkages, a strong signal at 80.05/4.49 ppm appeared,
which was ascribed to the PA-functionalized p"-O-4 (A",)

This journal is © The Royal Society of Chemistry 2024

through a-OH etherification in the lignin side chains (see the
red circles in Fig. 3B-D). Notably, this functionalization result-
ing from PA could significantly stabilize the $-O-4 linkages in
lignin, protect it from degradation during fractionation, and
efficiently inhibit lignin repolymerization reactions.*>*® This
functionalization made the total p-O-4 linkages (A, and A”",)
maintained as high as 52.51 (Lggpgs)-58-01/100Ar (Lgrpes)
which equivalently account for 88.71-98.01% of the CEL. It is
widely acknowledged that p-ether cleavage is accompanied by
the generation of potential chromophores of phenolic
hydroxyls, which can be readily converted into ketones, alde-
hyde and quinoid structure.?” The existence of these structures
is regarded as one of the dominant reasons for the darkening
of lignin.*® Notably, lignin protection by PA could significantly
hinder the formation of phenol hydroxyl, thus greatly restrict-
ing the formation of phenol hydroxyl and avoiding the dark
color of lignin. The other C-C linkages, including - and -5,
slightly decreased after PA-DES fractionation, indicating that

Green Chem., 2024, 26, 8298-8314 | 8305
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Table 1 Quantification of CEL and isolated lignins (per 100Ar) by HSQC NMR

S (%) G (%)

Sample Lignin removal (%) Total Condensed Total Condensed S/G p-0-4 (%) p"-0-4 (%) Total p-O-4 (%)
CEL — 43.39 0 45.82 — 0.95 59.19 0 59.19

LeGoEs 55.07 49.23 8.83 43.98 3.20 1.12 9.36 43.15 52.51

LGLpes 66.20 48.42 7.82 47.70 1.52 1.10 13.76 44.25 58.01

Lepbes 70.63 53.52 9.32 40.81 2.58 1.31 4.73 48.52 53.25

Liabes 34.56 50.92 8.28 41.71 2.51 1.22 28.49 0 28.49

Loabes 42.32 38.77 24.72 43.56  43.56 0.89 0 0 0

the C-C linkages were stable during the treatment (Table S57).
Moreover, the B-ether content in the recovered Ljspgs greatly
decreased to 28.49/100Ar and was absent in Loapgs. As for the
C-C linkages, the p-f and -5 in Lyapgs decreased to 2.46 and
4.21/100Ar, respectively, and both of them finally disappeared
in Loapgs (Table S5%). These results implied that p-ether and
other C-C linkages could be easily cleaved without PA protec-
tion. Significant p-ether cleavage greatly facilitated the gene-
ration of potential conjugated chromophores of aldehyde-con-

8306 | Green Chem., 2024, 26, 8298-8314

taining monomers and Hibbert’s ketone, which could be con-
verted into conjugated chromophores by aldol condensation,*°
thus darkening the color of lignin.

To clarify lignin functionalization, a mechanism was pro-
posed, as shown in Fig. 5. In common acid fractionation
systems, a carbocation at the a-position of lignin side-chains
can be easily formed by H' attack (process A in Fig. 5), which
partially results in condensation reactions with the adjacent
lignin fragments.”® Furthermore, f-ether acidolysis occurs

This journal is © The Royal Society of Chemistry 2024
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mainly via two pathways: one leads to the cleavage of Cpg-C,
with aldehyde-containing lignin fragments and formaldehyde
(C, pathway of F) and the other forms Hibbert’s ketone lignin
fragments (C; pathway of D) under acidic conditions. Both
types of carbonyl monomers may undergo further aldol con-
densation (pathway H) or condensation with C, or C¢ on the
lignin aromatic rings.*® During these p-ether cleavage and con-
densation reactions, the formation of the conjugated C=O
and C=C structures (products 8 and 9 in Fig. 5) might be the
pivotal reason for the darkening of lignin in most acid frac-
tionation processes, including the contrastive systems of
LADES and OADES in this study. In the PA-DES process, PA
can readily graft onto the a-position of the carbocation inter-
mediates (pathway C), thus significantly hindering the clea-
vage and condensation reactions of the p-ethers and leading to
an intact lignin structure with low chromophores, such as
CEL. Although minor p-ether of lignin might undergo acidoly-
sis by C, and C; parthways during PA-DES fractionation, PA
(e.g., EG) could also stabilize the acidolysis products or
inherent carbonyl groups through acetal protection (pathways
E and G, Fig. 5), thus quenching the potential chromophoric
carbonyl groups. Overall, the significant protection induced by
PA could result in an intact lignin structure which has almost
no chromophore formation during fractionation, thus leading
to light-color lignin.

In the aromatic regions (Fig. 4A), signals of the guaiacyl (G),
syringyl (S), oxidized syringyl (S'), and p-hydroxyphenyl (H)
units were clearly observed in the CEL. In addition, ferulate
(FA) and p-coumarate (PCE) signals were clearly identified. The
cross peaks of S, ¢ and S',/6 were located at d¢/dy 104.0/6.72
and 106.3/7.21 ppm. The signals ascribed to guaiacyl (G) were
at 111.0/6.97 ppm (G,), 114.8/6.69 ppm (G;s), and 119.1/
6.81 ppm (Gg). The p-hydroxyphenyl (H) signal was located at
8clby 127.9/7.19 ppm (H,e). After PA-DES fractionation, the
S2/6 signals showed no distinct shifts. Specifically, only a small
amount of condensed S units was found throughout the frac-
tionation, ranging from 7.82/100Ar (Lgrpgs) to 9.32/100Ar
(Lgppes)- It was even negligible throughout the PA-DES pre-
treatment for the condensed G units (1.52-2.58/100Ar). The
small amounts of condensation reactions suggested that our
PA-DES could preserve the lignin structure well, thus obtaining
a light-color lignin similar to CEL. The S/G ratio increased
slightly from 0.95 to 1.31, suggesting that G units were easily
reacted during the treatment. In addition, the H units
decreased after PA-DES fractionation. As for the FA content,
representing the variation of LCC linkages, it disappeared after
PA-DES fractionation, while the PCE remained nearly constant
(Table S5t). These results may be due to significant hemi-
cellulose degradation during pretreatment. In contrast, Lyapgs
also had low amounts of condensed G (2.51/100Ar) and S
(8.28/100Ar), which might be ascribed to its limited lignin iso-
lation (only 34.56% lignin removal) at 110 °C for 3 h. When
fractionation occurred in a relatively harsh OADES system, the
condensed S units dramatically increased to 24.72/100Ar,
whereas the G units completely condensed (43.56/100Ar).
Condensed lignin containing conjugated C=O and C=C

This journal is © The Royal Society of Chemistry 2024
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structures with phenolics might be mainly responsible for the
dark color of lignin.*® In addition, the H unit content of the
Loaprs increased significantly, while the PCE decreased signifi-
cantly (Table S5%). This result might have resulted from the
PCE transformation into H units, indicating that the lignin
structure changed significantly during fractionation.

The OH contents, including aliphatic, phenolic, Cs substi-
tuted (syringyl and other types of condensed 5-substituted),
and carboxylic acid, were quantified by lignin phosphorylation
followed by *'P NMR. As illustrated in Fig. 6A, the aliphatic
OH content in CEL was 3.61 mmol g™, accounting for 72.17%
of the total OH groups. After PA-DES fractionation, it slightly
decreased and ranged from 2.69 (Lgppgs) to 2.95 mmol g~
(LgLpes), but was still predominant in the total OH contents
(66.33%-67.17%). In addition, the phenolic OH content in
CEL was 1.18 mmol g~', accounting for 23.61% of the total
OH. After pretreatment, the total phenolic OH increased negli-
gibly and was maintained at ~1.25 mmol g™, suggesting that
there was no extra generation of phenolic OH during our
PA-DES fractionation. This result is also consistent with the 2D
HSQC NMR results, implying that our PA-DES could signifi-
cantly constrain the generation of potential chromophoric
groups through PA etherification stabilization. In contrast, the
aliphatic OH in Liapgs and Loapgs is much lower than the
lignin recovered from PA-DES, which is 1.38 and 0.94 mmol
¢7!, respectively. However, the total phenolic OH of both
Lyapgs (1.86 mmol g7) and Loapgs (2.73 mmol g') is much
higher than that of PA-DES’ lignin. These results imply that
lignin isolation without PA protection in common organic acid
DESs will result in a great increase in the potential chromo-
phore of phenolic OH with a substantial sacrifice of the p-O-4
ether bonds. In addition, the Cs-condensed OH in these acidic
systems was far beyond that of the PA-DES system, suggesting
severe condensation reactions during fractionation. The
increased lignin condensation, including the possible aldol
condensation of lignin debris containing the conjugated C=0
and C=C structures, might be one of the main reasons for the
enhancement of lignin color.

It is widely acknowledged that conjugate structures in
lignin determine the color of lignin, whether yellow, brown, or
dark. These groups mainly include conjugated phenolic-,
furan- and quinone structures,” as can be seen in Fig. 6C.
Among the known chromophores in lignin, nearly all of them
possess carbonyl groups; thus, we quantified the carbonyl
groups including ketone, aldehyde, and quinone of the CEL
and recovered lignins by derivatization with 4-(trifluoromethyl)
phenylhydrazine, followed by '’F NMR (Fig. 6B) to better
explain the reason for the light-color lignin. It can be seen that
the ketone, aldehyde and quinone groups in CEL were 0.31,
0.25 and 0.74 mmol g™, respectively. After GL- and EGDES iso-
lation, each of these groups reduced, in which the Lgipgs pos-
sessed the lowest carbonyl contents of 0.13 (ketone), 0.11
(aldehyde) and 0.47 mmol g* (quinone), with a total carbonyl
content of 0.70 mmol g™, indicating that our PA-DES could
quench the inherent carbonyl chromophores during its iso-
lation. For Lgppgs, the carbonyl groups were almost unchanged
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and very close to the CEL. In the case of the acid DES (LA- and
OADES), the total carbonyl content of the dark-color lignins
recovered from the organic acid-based DES of Lispgs and
Loapes Was 2.10 and 3.10 mmol g™, respectively, far beyond
that of the lignins isolated from the PA-DES systems. As
expected (Fig. S51), the brightness of lignins had a significant
negative correlation with the carbonyl group content of
ketones (R*> = 0.94), aldehydes (R* = 0.92), quinones (R* = 0.84),
and total carbonyl groups (R> = 0.90), suggesting that carbonyl-
derived chromophores were the main reason for the dark color
of lignin.

Overall, the carbonyl-conjugated chromophore groups gen-
erated by aldol condensation during the conventional lignin
isolation processes mainly contribute to the dark color of the
lignin. This study successfully hindered the cleavage of
B-ethers and aldol condensation reactions via PA-grafting reac-
tions to avoid the generation of chromophoric groups of phe-
nolic conjugated C=O and C=C structures, as well as the
potential chromophores of phenolic OH groups or quenching
of the inherent chromophores of natural lignin in ligno-

8308 | Green Chem., 2024, 26, 8298-8314

cellulose, thus yielding a light-color lignin. In contrast, dark-
color lignins isolated from the organic acid-based DES systems
without PA protection showed severe cleavage of $-O-4 lin-
kages, lignin condensation, and increased carbonyl content,
especially in the OADES system, generating more chromopho-
ric groups and resulting in darker-color lignins. Notably, this
process proposed a low-cost production method for obtaining
light-color lignin with a well-preserved structure, significantly
lower than the conventional MWL.

2.4. UvV-protecting properties of light-color LMPs

Considering the highest brightness of lignin recovered from
the GLDES system, we chose Lgipgs for testing its application
as a sunscreen agent. The light-color lignin used in sunscreen
was investigated by mixing it with pure cream or commercial
SPF 15 sunscreen. As shown in Fig. 7A, the color of the pre-
pared sunscreen with the naked eye slightly increased from
white (1 wt% addition) to pale yellow (5 wt% addition) as the
lignin content increased, while all these colors were close to
our human skin, thus satisfying the makeup requirements. As

This journal is © The Royal Society of Chemistry 2024
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for the sun protection properties (Fig. 7B and C), the pure
cream had almost no absorbance in the UV (290-400 nm) area
and its corresponding SPF was only 1.04. As lignin was intro-
duced into the pure cream, the UV transmittance declined and
its corresponding SPF value was significantly enhanced. The
transmittance decreased with increasing lignin loading. As the
lignin content increased to 5%, the transmittance of the lignin
sunscreen in the UVA (320-400 nm) and UVB (290-320 nm)
areas was lower than 30%, and the SPF value was enhanced to
5.11 (Fig. 7C), ~5 times higher than that of pure cream, indi-
cating that the light-color Lgrpgs is a very good natural candi-
date for sunscreen.

Although having excellent sunscreen performance in pure
cream, it still cannot match the SPF values of the commercial
sunscreen; therefore, we added Lgpgs to the commercial SPF
15 sunscreen to enhance its performance, in order to rival

This journal is © The Royal Society of Chemistry 2024

commercial SPF 30 or SPF 50. For the commercial SPF 15
(Fig. 7D), the UV transmittance of the partial regions of UVA
(386-400) and UVB (290-297) was still over 10%, while it sig-
nificantly declined as the lignin addition increased, and all of
them decreased to <8% with the addition of 5% lignin. As
shown in Fig. 7E, the commercial SPF 15 sunscreen had an
SPF value of 14.57, which dramatically enhanced to 25.72 (1%
lignin addition) and exceeded common commercial SPF 30
after 3% lignin addition with SPF of 33.11. When the lignin
content was further increased to 5%, the SPF value reached
42.91. In a previous study, the SPF value easily reached a
plateau or even declined with increasing lignin addition
because of its poor dispersity.>® In this study, the SPF continu-
ally increased to as high as 42.91 with an increase in lignin
content. This result might be due to the excellent dispersibility
of the regular spherical microspheres in our Lgrpgs.
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2.5. Biorefining mass balance

Mass balance was performed using 1000 g of raw biomass as
the starting feedstock using the GLDES system at the fraction-
ation temperature of 110 °C for 1 h. As shown in Fig. 8,
586.28 g cellulose-rich solid was recovered after the fraction-
ation, which contained 391.77 g glucan, 25.27 g xylan and
107.75 g lignin. The subsequent enzymatic saccharification
process yielded 433.12 g glucose and 28.72 g xylose which
could be converted into fuels and chemicals. In addition,
205.15 g of lignin was isolated and 199.74 g of light-color
lignin microspheres with a 97.36% lignin recovery yield were
obtained using a simple antisolvent method, which possessed
a conspicuous UV shielding performance as a sunscreen
agent. In the fractionation liquor, 11.35 g xylose and 14.12 g
furfural were quantified, which could also be isolated and con-
verted into fuels and chemicals.

3. Future prospective

Although the light-color lignin possesses an excellent perform-
ance as a sunscreen agent, its other natural properties such as
antibacterial and antioxidant are also meaningful to be investi-
gated. In addition, the relationship between lignin structure
and the activity of animal cells should also be further studied
to expand the high-value application in human life. Apart
from lignin utilization as the sunscreen and cellulose sacchari-
fication upgrading, the degraded 80 wt% xylan should also be
processed into valuable chemicals and fuels. Therefore, the
degradation routes and the mechanism of xylan should also
be investigated to provide a reliable theory to design a feasible
route for xylan valorization.

4. Conclusion

The potential of lignin as a dye dispersant or sunscreen addi-
tive facilitates its high-value valorization. However, current
lignin fractionation methods focus too much on delignifica-
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tion while neglecting the lignin quality, forming large
amounts of chromophores that darken the lignin. Researchers
have tried various methods to whiten lignin, while low yield,
complicated processes and even using toxic chemicals still
limit the application of lignin. Herein, we first proposed a sus-
tainable polyol-DES fractionation system directly using ligno-
cellulose biomass as the starting feedstock for the preparation
of light-color lignin, which innovatively combined chemical
stabilization and morphological modification in “one pot” for
the reduction of chromophores. The recovered lignin pos-
sessed 29.84% ISO whiteness with a regular microspherical
morphology, a high recovery yield (97.36%), enriched f-ether
linkages of 58/100Ar, a low phenolic hydroxyl content of
1.25 mmol g7, a minimal C=0 content of 0.70 mmol g~* and
a less condensed structure. The mechanism for the generation
of light-color lignin was systematically analyzed. The recovered
lignin showed excellent performance in sunscreen appli-
cations, which could easily enhance the sun protection factor
of commercial SPF 15 to SPF 40 with the addition of 5 wt%
lignin. The recovered cellulose-rich residue obtained 99.47%
enzymatic saccharification yield, which could be further con-
verted into fuels. Overall, this study elucidated the mechanism
for obtaining light-color lignin while simultaneously enhan-
cing the enzymatic saccharification yield, which could provide
an essential reference for producing light-color lignin and
digestible cellulose.

5. Materials and methods
5.1. Materials

Bamboo (Phyllostachys edulis) harvested in Zhejiang Province
(China) was processed into chips in a local pulping factory.
After being received, the bamboo chips (~50 mm length,
30 mm width and 7 mm thickness) were washed and
immersed in DI water overnight, and then subjected to fibrilla-
tion using a twin-screw extruder. Finally, the fragmented feed-
stock (~1 mm length and 10 pm width) was air-dried and
transferred to a bag for further use. Cellulase (Cellic® CTec2,

This journal is © The Royal Society of Chemistry 2024
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Novozymes, 250 FPU g~') and xylanase (X2753-50g, 3490 U g™ )
were obtained from Sigma-Aldrich (Shanghai, China). Pure
NEVEA soft moisturizing cream (75 mL) and Curél SPF 15
sunscreen were purchased from Alibaba. Choline chloride
(ChCl), ethylene glycol (EG), glycerol (GL), 1,4-butanediol (BD),
AlICl;, oxalic acid (OA), lactic acid (LA) and ethanol were
ordered from Sinopharm Chemicals (Beijing, China).

5.2. DES synthesis, pretreatment, and LMP formation

DESs were synthesized in a three-neck flask using a glycerin
bath by weighing ChCl, polyhydric alcohols (PA), and AICl; at a
molar ratio of 25:50: 1 with constant stirring at 200 rpm until
a transparent and homogeneous liquid was formed at 90 °C.
In addition, organic acid-based DESs, including oxalic acid
(OA)- and lactic acid (LA)-based DESs, were prepared by mixing
ChCl and organic acids at a molar ratio of 1:2 using the same
procedures. According to the variety of HBDs, the DES systems
were shortened to EGDES (ChCl/EG/AICL;), GLDES (ChCl/GL/
AlCl,), BDDES (ChCI/BD/AICI;), OADES (ChCI/OA), and LADES
(ChCl/LA), respectively. Detailed procedures could be found in
a previous publication.>

For the treatment process, 10 g of dry bamboo was blended
with 100 g of DES at the target temperatures of 100-120 °C at a
heating rate of 2 °C min~"' with constant stirring for 1 h.
Notably, considering the poor lignin isolation of the LADES
system,”” the LADES pretreatment was conducted for 3 h at
110 °C. At the end of each reaction, 300 mL of ethanol/water
(1:1, v:v) was poured into the reactor to terminate the treat-
ment, and the mixture was transferred into a beaker and mag-
netically stirred for 2 h. Next, the solid and liquid were separ-
ated by vacuum filtration, after which 200 mL of fresh ethanol
solution was added to wash the solid thrice. The collected
lignin-rich liquid was then evaporated to remove ethanol, and
500 mL of water was added to precipitate and recover the
lignin. After being washed with excess DI water to neutral pH,
lignin was finally obtained by freeze-drying.

5.3. Enzymatic saccharification

Enzymatic saccharification was performed in 150 mL flasks by
adding substrates, cellulase (25 FPU per g-glucan), xylanase
(150 U per g-xylan), acetate buffer (pH ~ 4.8), and DI water at a
substrate concentration of 2.5%. The flasks were incubated in
a shaker (50 °C, 150 rpm) for 72 h. At the end of the incu-
bation, 1 mL of liquid was sampled, diluted, and analyzed by
high-performance liquid chromatography (HPLC).

5.4. Characterization of the DES solvents

The viscosity of the DESs was determined at different tempera-
tures, including 30, 60, 90 and 110 °C. The reported viscosity
was the average value of four measurements and was measured
with a viscosity meter according to previous publication.>**°
The KamLet-Taft empirical parameters (e.g., @, f, ©*) of the
DESs, which quantified the hydrogen-bond donating ability
(acidity), hydrogen-bond accepting ability (basicity) and
polarity of the solution, were determined by solvatochromic
parameter measurements.*>*>>® The corresponding dyes were

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

first dissolved in methanol with a concentration of 1.0 x 1073
mol L. The dye solution (50 pL) was transferred into a centri-
fuge tube. After removing the methanol in a vacuum-drier
(40 °C, 40 min), 2.0 g DES was introduced into the centrifuge
tube with ultrasonication for 20 min to form a homogeneous
dye-DES solution. Subsequently, the generated dye-DES solu-
tion was put into a quartz cell with 1.0 cm light path length.
The adsorption spectra were recorded on a UV-vis spectro-
photometer at 25 °C.

Nile red was used to determine the value of n*, which was
calculated on the basis of the following equation:

k= (19.839 — vyg)/2.9912

In this equation, vxg = 1/[Axg) max X 10~*], where A(nr) max
represents the maximum absorption wavelength of Nile red.

For determining the value of pg, 4-nitroaniline was
employed, and the g value was calculated using the following
equation:

3580

f=11.134 — —1.125 x n*

(NH,) max
In this equation, Anm,) max iS the maximum absorption
wavelength of 4-nitroaniline.
For determining the value of a, Nile red was used, and the
a value was calculated using the following equation:

a=19.9657 — 1.0241 x T * —VNr/1.6078

5.5. Characterization of the lignin

The lignin recovery yield was calculated according to the
extracted lignin in the liquid, and the corresponding equation
is as follows:

Ligninyield (%) =
Lignin recovered from the treatment liquid (g)
Total removed lignin from the initial substrate (g)

x 100%

(1)

Sugar analysis of the recovered lignin was conducted using
the NREL (National Renewable Energy Laboratory) protocol as
previously described.” Cellulolytic enzyme lignin (CEL) was
obtained following a ball-milling, enzymatic digestibility and
dioxane extraction process.*?

FTIR (Fourier transform infrared) was applied to character-
ize the functional groups of the CEL and isolated lignins. The
test was conducted using a Bruker TENSOR27 spectrometer in
transmittance mode with 32 scans at 4 cm™ "' resolution over
the wavenumber range of 4000-400 cm™ . Elemental analysis
of the CEL and recovered lignin was performed using an
elemental analyzer (Unicube, Elementar, Germany). All
samples were tested three times and the mean values were cal-
culated as the final data.

The lignin bulk density was tested in a 5 mL cylinder
according to a previous publication.”” The bulk density was
obtained based on the weight of the lignin and the recorded
volume. The color of the recovered lignin was analyzed using
digital photographs, and its brightness was quantitatively
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measured using an L&W brightness and brightness tester
(Elrepho 070, Sweden). The tested items contained brightness
and CIE L*a*b* values.** The micro-morphology variations of
the recovered lignins were observed by field-emission scanning
electron microscopy (FE-SEM, S-3400N II, HITACHI Company,
Japan). Prior to the test, the lignins were taped onto electronic
conductive tape and sprayed with gold. The average size (Z-ave)
and size distribution of the LMPs were analyzed using a
Zetasizer (Nano ZS, Malvern Instruments, UK). Before the ana-
lysis, the lignin samples were homogeneously dispersed in DI
water (1 g L") by sonication for 10 min.

The molecular weight of the lignin was quantified by gel
permeation chromatography (GPC, Agilent, USA). Before the
test, lignin was acetylated using pyridine/acetic anhydride
(1:1, v:v) by magnetic stirring for 24 h. The acetylated lignins
were then THF-dissolved and analyzed by GPC using a UV
detector at 260 nm. Lignin samples (~150 mg) for two-dimen-
sional 'H-">C (2D) Heteronuclear Single-Quantum Correlation
(HSQC) Nuclear Magnetic Resonance (NMR) analysis were pre-
pared by being dissolved in DMSO-ds (0.6 mL). For quantifi-
cation of hydroxyl groups by *'P NMR, ~20 mg of dried lignin
was mixed with 0.4 mL anhydrous pyridine and deuterated
chloroform (1.6:1, v/v) to form a solution in an NMR tube,
and then 0.15 mL of a mixed solution containing an internal
standard (cyclohexanol) and relaxation agent (chromium
acetylacetonate) was injected with a Hamilton syringe. Before
the test, an excess phosphitylation reagent (~0.1 mL of
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) was
introduced to react with the solution. For the '°F NMR test,
lignin was first derivatized with 4-(trifluoromethyl) phenylhy-
drazine. Briefly, ~60 mg of lignin was weighed into a flask, fol-
lowed by the addition of 1 mL of DMF/water (v:v, 1: 1) solvent
containing 110 mg of 4-(trifluoromethyl) phenylhydrazine.
After stirring for 24 h at RT in the dark, the lignin was precipi-
tated by introducing 20 mL of hydrochloric acid (pH ~ 2.0)
and then frozen. Upon melting, the derivatized lignin was
washed, recovered by centrifugation, and then vacuum-dried at
50 °C for 24 h. The dried samples were dissolved in 0.6 mL
DMSO-dg containing an internal standard (3-trifluoromethoxy-
benzoic acid, 10 mg mL™") and external standard (hexafluoro-
benzene, 10 mg mL™"). 2D HSQC NMR, *'P NMR and '°F NMR
were performed using a Bruker AscendTM 600 MHz spectro-
meter, and the detailed sample preparation procedures and
acquisition parameters were obtained from previous
publications.>">>>¢

5.6. Substrate characterization

The compositions of the raw and recovered substrates were
analyzed by two-stage acid hydrolysis using the NREL proto-
col.”” Glucan, xylan and lignin were separated by sequential
concentrated and diluted acid hydrolysis. The glucan and
xylan were hydrolyzed into glucose and xylose and quantified
by HPLC. The soluble lignin was determined by analyzing the
hydrolysis liquid using an ultraviolet spectrophotometer at
205 nm, and the content of insoluble lignin (Klason lignin)
was obtained in a muffle furnace at 600 °C for 24 h.
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5.7. Preparation of LMP sunscreen samples and
determination of sun protection factor (SPF)

All the LMP based sunscreens were prepared by blending the
LMPs (1-5 wt% addition) and pure cream with constant mag-
netic stirring.>® For example, 1 wt% LMP sunscreen was syn-
thesized by mixing 0.01 g LMPs and 0.99 g cream at 200 rpm
for ~5 h in a dark room at RT. For SPF measurement, transpar-
ent tape was attached to a clear quartz slide with a thickness
of 2 mm, and the experimental area was 12.5 cm” using a 2 mg
em~? sunscreen loading, according to a previous publication.*®
Prior to the test, each sample was dried for 15 min in the dark.
For each sunscreen cream, a minimum of six non-overlapping
spots were selected for UV transmittance measurement using
UV-8000 (METASH, China) per nm in the wavelength range of
290-400 nm in the transmittance mode (7). The SPF value was
calculated using the following equation:

400 400
SPF = Z E;S;/ ZE,lSATA (2)
290 290

where E, is the erythemal spectral effectiveness, S, is the solar
spectral irradiance, and T, is the spectral transmittance of the
sample.
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