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Understanding lignin structural transformations during DES pretreatment would facilitate to
produce lignin with tailor-made properties based on intended applications. To unravel the
structural variant of lignin in the DES, the alkali lignin (AL) was pretreated in choline chloride/
formic acid (ChCI/FA) (the ratio of 1:2) at 80-120 °C. Characterization of the AL and
regenerated lignin samples were determined to understand lignin structure, such as
linkage in lignin, phenolic OH content, molecular weight, and aromatic products. ChCl/
FA DES pretreatment resulted in large amounts of the dissociation of $-O-4' bonds, partial
cleavage of carbon-carbon bonds (i.e., p-p’, -5'), dehydration of hydroxyl radicals in
lignin’s side-chain, and demethoxylation reaction. Furthermore, various monomeric
phenols derived from AL were also determined in spite of low combined yields, which
facilitate the production of fine chemicals in the future. Detailed unmasking of lignin
structural transformation during the DES process is conducive to the optimizing
preparation of homogeneous lignin with low molecular weight.

Keywords: lignin, deep eutectic solvents, pretreatment, nuclear magnetic resonance, structural transformation

INTRODUCTION

Lignocellulose, mainly consisting of carbohydrates (cellulose and hemicellulose) and aryl-
biopolymers (lignin), is the richest, green and renewable bioresource, which can be used to
produce various fuels, materials, and fine chemicals (Zhang et al., 2017; Liu et al., 2019b; Dong
et al, 2020). The transition from fossil fuels to biomass-based products using renewable
lignocellulose has recently been gained considerable interest in biorefinery industries. However,
biomass recalcitrance, especially the presence of lignin, would always hinder the successful
conversion of lignocellulose to a variety of valuable co-products (Himmel et al., 2007; Ragauskas
et al, 2014). Biomass pretreatment, which aims to destroy the inner recalcitrance, is an important
step (Rastogi and Shrivastava, 2017; Huang et al., 2019; Soltaniana et al., 2020). Among pretreatment
processing, lignin fractionation from lignocellulose remains the key step.

Recently, deep eutectic solvents (DES) have drawn increasing interest, which can be used as
promising green solvents for lignocellulosic biomass process and delignification (Chen et al., 2018b;

Frontiers in Energy Research | www.frontiersin.org 1

October 2020 | Volume 8 | Article 573198


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2020.573198&domain=pdf&date_stamp=2020-10-30
https://www.frontiersin.org/articles/10.3389/fenrg.2020.573198/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.573198/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.573198/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.573198/full
https://www.frontiersin.org/articles/10.3389/fenrg.2020.573198/full
http://creativecommons.org/licenses/by/4.0/
mailto:ytq581234@bjfu.edu.cn
https://doi.org/10.3389/fenrg.2020.573198
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles
https://www.frontiersin.org/journals/energy-research#
https://www.frontiersin.org/journals/energy- research#editorial-board
https://www.frontiersin.org/journals/energy- research#editorial-board
https://doi.org/10.3389/fenrg.2020.573198

Hong et al.

Lin et al., 2019; Lin et al., 2020). DES are considered to be a
eutectic mixture made up of hydrogen bond acceptor and
hydrogen bond donor through hydrogen bond interactions,
and its melting point is much lower than the individual
components (Smith et al., 2014). As compared to conventional
solvents and ionic liquids, DES owns some superiourities, such as
ease of synthesis, availability, cost effectiveness in raw materials,
good recyclability, and biocompatibility (Satlewal et al., 2018).
Francisco et al. first showed high lignin solubility and low
cellulose solubility in a range of DESs (Francisco et al., 2012).
After that, various types of DES, such as ChCI/FA, ChCl/lactic
acid, and ChCl/glycerol, have been prepared and applied to
improve the saccharification efficiency of cellulose and
delignification (Zhang et al., 2016; Hou et al,, 2018; Tan et al,
2019). Yu and co-workers designed a microwave-assisted DES
pretreatment method to achieve ultrafast fractionation of
lignocellulose in 3 min (Liu et al, 2017a; Liu et al., 2017b).
Wan and co-workers further revealed that ChCl/lactic acid
pretreatment can extract 65-72% lignin from lignocellulose for
only 45s with microwave irradiation (Chen and Wan, 2018).
Meanwhile, Song group systematically investigated the structural
transformation of lignin during ChCl/lactic acid process via the
experiments of isolated lignin and a series of B-O-4’ lignin model
compounds and unraveled multiple pathways simultaneously
occur during ChCl/lactic acid process, such as cleavage of
B-O-4', the repolymerization of active species, the production
and derivation of mono products (Wang et al., 2020). Numerous
DESs, especially carboxylic acid DES, have achieved the
extraction of high-yield lignin among mild conditions.
However, a significant amount of DES extracted lignin is still
underutilized.

As the only renewable aromatic biopolymer in nature, lignin
(ca.15-40 wt%) consists of three phenylpropanoid units linked
through various ether bonds and carbon-carbon bonds (Sun et al.,
2018). To achieve the upgrading of lignin extracted in the DES, it
is necessary to unmask lignin structural transformation during
DES pretreatment. Zhang and co-workers reported that ChCl/
lactic acid pretreatment fractionated a large amount of lignin
fragments with high purity from woody biomass, due to the
breakage of 3-O-4' bonds in lignin and the suppression of lignin
recondensation (Alvarez-Vasco et al., 2016). After that, Shen et al.
illustrated that acidic DES pretreatment resulted in not only the
depolymerization but also the condensation of the lignin fraction
(Shen et al,, 2019a; Shen et al.,, 2019b). However, Wan group
found that acidified DES was able to remove more than 76%
lignin under mild conditions, and the resulting lignin preserved
B-O-4' bonds and the structure was similar to the native lignin
(Chen et al., 2018a, Chen et al., 2018b). As stated above, lignin
suffered different chemical and structural changes via diverse
DES pretreatment.

To investigate the lignin structural transformation during DES
pretreatment, ChCl/FA was applied to pretreat AL at different
temperatures (80, 100, and 120°C) for 6 h. The structure of the
regenerated lignin was comprehensive analysis by nuclear
magnetic resonance (NMR), gel permeation chromatography
(GPC), and Fourier Transform Infrared (FT-IR) to verify the
structural transformation of lignin in the selected DES. The

Lignin Structural Transformations During DES

depolymerized products of lignin were systematically
determined via gas chromatography-mass spectrometry (GC-
MS).

METHODS AND MATERIALS

Materials
Triploid of Populus tomentosa Carr (6 years old) were obtained

from the Shandong province, China. The poplar was ground, then
extracted in a Soxhlet extractor with toluene-ethanol (2:1 v/v) for
6 h, finally milled for 1 h in ZrO, bowl. Ball-milled wood (100 g)
was treated with 1,500 ml of sodium hydroxide (1%) at 75°C for
3 h. The alkali lignin (AL) was separated based on the previous
literature (Wen et al., 2014). The chemical composition of AL was
analyzed according to NREL standard analytical procedure
(Sluiter et al., 2008). The AL is composed of lignin (97.3%),
total carbohydrates (1.1%), and others (1.6%). Choline chloride
(ChCl) and formic acid (FA), purchased from Sigma-Aldrich,
were used to synthesize DES at molar ratios of 1:2.

The Dissolution of Alkali Lignin

0.3 g AL and 6.0 g DESs were loaded in a pressure tube, which
was treated at different temperatures (80, 100, and 120°C) for 6 h
with 500 rpm. After finishing, samples were cooled down to
room temperature. Then, the mixture was slowly added to acidic
water (pH = 2) (40 ml) with 800 rpm for 20 min. Finally, the
solid was collected via centrifugation at 10,000 rpm for 20 min,
and then washed with acidic water for triplicate. The solid
sample was lyophilized for 24h to gain the regenerated
lignin sample that was labeled as FA-X (e.g., FA-80).
Meanwhile, the 50 ml supernatant was extracted with 400 ml
ethyl acetate at room temperature. The mixture was stratified to
take the organic phase. Subsequently, after removing the ethyl
acetate at 35°C by rotary evaporation, lignin oil was obtained
and label as F-X (e.g., F-80). FA and F referred to DESs type. X
referred to the DES reaction temperature. All experiments were
conducted two times.

RESULT AND DISCUSSION

The alkali lignin (AL) under the mild alkaline treatment was used
as lignin model compounds due to the relatively low
carbohydrates, no significant structural changes to the polymer
backbone, nor condensation, which was close to the structure of
protolignin in lignocellulose (Sun et al., 2000). Meanwhile, NMR
analysis showed that AL remained various chemical linkages (e.g.,
62.0% of B-O-4' linkages) and no condensation occurred in the
mild alkaline condition (Figures 1 and 2), which was similar with
Liu group’s AL in mild alkaline treatment (Liu et al., 2019a).
ChCI/FA was selected to treat AL, due to its high delignification
ability (Muley et al., 2019; Kohli et al., 2020). Herein, AL was
pretreated with ChCl/FA DES at different temperatures, and then
precipitated as the regenerated lignin. Results suggested that 58%
of the regenerated lignin was obtained at 80°C after DES
pretreatment (Table 1). The relatively low recovery vyield
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FIGURE 1 | Side-chain regions in the 2D-HSQC spectra of lignin samples.
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indicated that some lignin fragments were degraded to small and
soluble lignin fragment during DES pretreatment. Moreover, with
the rise of pretreatment temperature, the recovery yield of lignin
after DES pretreatment slightly decreased. The detailed structural
transformation of the regenerated lignin was characterized by
NMR, GPC, and FT-IR. The depolymerized products acquired
after ChCI/FA DES processing were analyzed by GC-MS
technology.

Structural Analysis of the Regenerated
Lignin

Fourier Transform Infrared Analysis

FT-IR spectra were used to assess the lignin structural changes
during DES pretreatment (Supplementary Figure S1). The peaks
were assigned according to previous literatures (Faix, 1991). All of
the regenerated lignin presented a similar peak pattern, while the
intensity of these peaks was diminished as compared to that of
AL. The wide FT-IR band at 3,448 cm™" (hydroxyl groups) did
not change strikingly, thus needing further analysis by >'P
spectra. Supplementary Figure S1 showed that the peak
intensity at 2,938 cm™' (C-H stretch in methyl and methylene
group) started to decrease slightly after pretreatment, implying
that the DES pretreatment could result in demethoxylation
reaction. The intensity of bond at 1,657 cm™' (conjugated
carbonyl absorption) became weak, whereas the newly
appeared absorption peak around 1739 cm™' (unconjugated
ketone carbonyl and carboxyl carbonyl groups) was observed
in the regenerated lignin. The possibility is that the acidic DES
pretreatment resulted in the breakage of B-O-4’ bonds, thus

appearing the unconjugated carbonyl groups, which is agreement
with the subsequent GC-MS result of forming of Hibbert’s ketone
(unconjugated carbonyl chemicals). Recently, Song group proposed
reaction pathway of B-O-4' bonds breakage in lignin using acidic
DES, and also found the monoketone compound with the
unconjugated carbonyl groups (Wang et al, 2020). Another
reason was that esterification may also occur between COOH
group in FA and OH groups of y position in lignin. The typical
characteristic peaks at 1,600, 1,502, and 1,459 cm™' represent
aromatic skeletal vibrations, and 1,416 cm™" corresponds to the
C-H deformation combined with aromatic ring vibration.
Particularly, the intensity of bonds at 1,330, 1,120, and 835 cm™"
decreased greatly, suggesting that S-type units could be degraded
after the DES pretreatment. In addition, the signal at 1,024 cm™"
(aromatic C-H in-plane deformation) gradually got weak after the
pretreatment, suggesting that condensation reactions prevented the
in-plane deformation of aromatic C-H. The results indicated that
DES pretreatment can destroy the lignin structure. However, the
detailed transformations of the lignin structure need further
confirmation by NMR spectra.

2D-HSQC Analysis

The interunit linkage changes of lignin samples before and after
DES pretreatment can be characterized by 2D-HSQC. This
technology is able to measure the specific carbon-hydrogen
functionalities, which cannot be determined in '>C NMR.
According to the previous literatures, the detailed signals of
lignin were assigned in Supplementary Table S2 (Marita
etal,, 2001; Hallac et al., 2010; Sette et al., 2011; Meng et al., 2019).
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FIGURE 2 | Aromatic regions in the 2D-HSQC spectra of lignin samples.

TABLE 1 | Recovery yield of regenerated lignin samples and molecular weight of

the lignin.

Samples AL FA-80 FA-100 FA-120
Yield (%)% 100 58 54 44
M., (g mol™) 5,080 2,230 1,640 1,650
My (@ mol™) 3,190 1900 1,360 1,360
PDP 1.59 117 1.20 1.21

“The yield was the mass ratio of lignin before and after the DES pretreatment.
PPDI = M,/M,, polydispersity index.

In the side-chain regions (Figure 1), the peaks of p-O-4'
substructures and methoxyl groups were dominant in the
regenerated lignin. After ChCl/FA DES process, the interunit
linkages of lignin fragments changed. When comparing the
spectra of AL and FA-80, the novel signals (marked with
black) were observed, which was attributed to DES
components. The signals of C,-H, in A substructures got
weak at 80°C, and then completely disappeared at the high
temperature, indicating that C, in AL during DES pretreatment
was modified. Moreover, the signals of Cg-Hp in the A
substructures declined with the elevated temperature under
DES pretreatment, indicating dissociation of B-O-4' bonds.

Note that the signal of C,-H, in A’ substructures was
observed at 80 °C, suggesting that acylation could occur
between y-OH groups of lignin and COOH groups of FA.
Nevertheless, ~ the  signal ~ of A}  substructures
entirely disappeared at the harsh condition, possibly due to
the deacylation reaction. Besides, the signals of the B and C
substructures became weak with the increased temperature,
which implied that partial C-C bonds (e.g., B-p’ and B-5)
were degraded. Some studies also reported that C-C bonds
could break down during DES pretreatment (Shen et al,
2019a; Hong et al., 2020; Wang et al., 2020). The quantitative
analysis of the interunit linkages revealed that amounts of ether
bonds and C-C bonds decreased when the pretreatment
temperature increased (Figure 2).

In aromatic regions (Figure 2), signals of syringyl (S) and
guaiacyl (G) substructures were detected. After DES
pretreatment, the chemical shift of S units were altered, which
implied that condensation could occur. Meanwhile, the signal of
C,-H, in G units gradually diminished as the increased
temperature, indicating the possible formation of the
condensed G units. Furthermore, S/G ratio of lignin was also a
reliable method to evaluate the structural variant of the
regenerated lignin samples. Supplementary Table S1 clearly
showed that S/G ratio in the regenerated lignin was relatively
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TABLE 2 | Quantification of the functional groups in the lignin samples by quantitative 3TP-NMR method.

Samples Carboxylic group Aliphatic OH Syringyl OH
AL 0.18 3.81 0.18
FA-80 0.22 3.72 0.76
FA-100 0.25 2.95 1.24
FA-120 0.29 1.52 2.41

4C, condensed.
PNC, non-condensed.

higher as compared to that in AL, and sharply raise when the
temperature elevated. The possible reason for this result was
that G-type units in lignin were prone to degraded or removed
during DES pretreatment. Besides, it probably indicated that
G-type units in lignin degraded more quickly than the S-type
units. However, under the acidic lithium bromide trihydrate
system at 110 °C, native lignin was depolymerized in the solid
state with minimal condensation (Li et al., 2018). To effectively
separate depolymerized lignin with a less condensed form from
biomass, it is necessary to optimize DES pretreatment
conditions.

STP-NMR Analysis

The depolymerization and condensation reaction in lignin
significantly influence the content of hydroxyl groups (OH)
that have a significant effect on lignin valorization. The
variations of OH content in lignin before and after
pretreatment can be probed by *'P NMR (Table 2;
Supplementary Figure S2). It was found that the COOH
amount in the regenerated lignin samples slightly increased
after ChCI/FA DES pretreatment, suggesting that aliphatic OH
may be oxidized into COOH. On the contrary, the content of
aliphatic OH declined as the temperature increased, because of
the dehydration and acylation reaction. For AL, the amount of
guaiacyl OH was more than that of syringyl OH, which indicated
that S-type substructures were inclined to form ether bonds. In
addition, the significant increase of condensed guaiacyl OH was
clearly observed. The result indicated that lignin experienced
repolymerization, being in line with 2D-HSQC result.
Furthermore, the amounts of phenolic OH in the regenerated
lignin were more than that of AL. This was mainly because of the
dissociation of -O-4' bonds, which was consistent with the result
of 2D-HSQC analysis. However, the temperature did not
significantly influence on the content of phenolic OH. This
implied that significant amount of ether bonds was cleaved at
the low temperature. In short, depolymerization and
repolymerization of lignin could simultaneously occur during
ChCl/FA DES processing, likewise observed in 2D-HSQC
analysis.

3C-NMR Analysis

To deeply explore the structural change of lignin in DES system,
BC NMR was used for the determination of AL and the
regenerated lignin. The distinct peaks were identified as
follows, such as 119.4 ppm (Gg), 115.1 ppm (Gs), 111.3 ppm
(G,) and 104.4 ppm (S,¢), confirming that the lignin from poplar

Guaiacyl OH p-hydroxylphenyl OH Total phenolic OH
(o NC®
0.04 0.38 0.02 4.43
0.15 0.79 0.13 5.55
0.22 0.59 0.1 6.12
0.48 1.06 0.28 5.75

TABLE 3 | The assignment and quantification of the signals of the 13C-NMR
spectra (results expressed per Ar).

8 (ppm) Assignment AL FA-120
155.0-140.0 Aromatic C-O 1.93 1.88
140.0-124.0 Aromatic C-C 1.66 1.98
124.0-102.0 Aromatic C-H 2.40 213
58.0-54.0 -OCHg 1.65 1.40

is S-G type lignin (Supplementary Figure $3. The C,, Cg, and C,
of B-O-4' bonds in lignin were located in 86.2, 72.4, and
59.8 ppm. These signal intensity of B-O-4' bonds, etherified S,
(138.4 ppm) and S; 5 (152.7-152.3 ppm) units declined after DES
pretreatment, while the increased intensity of non-etherified S; 5
and G; units (147.2-147.4 ppm) were observed as compared to
that of AL. The results proved that the ether linkages were
dissociated during DES pretreatment. It was speculated that
the signal located at 162.7 ppm was assigned to FA according
to 2D-HSQC analysis. Quantification analysis of >C NMR
showed that the content of aromatic C-C in AL was relatively
lower (1.66/Ar) than that in FA-120 (1.98/Ar), while the content
of aromatic C-H was also observed to reduce from 2.40/Ar in AL
to 2.13/Ar in FA-120 (Table 3). This result proved that ChCl/FA
DES pretreatment also can result in repolymerization reaction,
which was according to 2D-HSQC and *'P NMR analysis.
Besides, the content of -OCH; in FA-120 was relatively lower
(1.40/Ar) than that in AL (1.65/Ar). The reduced content of
-OCHj; indicated that demethoxylation reaction occurred during
DES pretreatment.

Molecular Weights Analysis

The changes of molecular weights in lignin have the great effect
on the structure of lignin. The depolymerization reactions are
conducive to decreasing molecular weights of lignin, while the
formation of heterogeneous lignin structure with the increasing
molecular weight is mainly attributed to the condensation
reaction. In the present study, the weight average molecular
weights (M,,), number average molecular weight (M,), and the
polydispersity index (PDI) in lignin were showed in Table 1.
Herein, M., of AL was 5,080 g mol 'and PDI was 1.59. However,
the M,, of the lignin samples after ChCl/FA DES pretreatment
sharply declined (2,230-1,640 g mol ") with respect to that of AL,
implying that depolymerization of lignin during DES
pretreatment was the dominating reaction. Furthermore, PDI
of lignin fragments after pretreatment was lower (1.17-1.20) with
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relation to that of AL, which showed the formation of more
homogeneous lignin structure. In brief, ChCI/FA DES
pretreatment can obtain the homogeneous lignin with the
relatively low molecular weight.

Analysis of Lignin Oil

To improve the understanding of lignin structural transformation
during DES pretreatment, the depolymerized compounds
generated at the different temperature were identified by GC-
MS analysis. After separating the regenerated lignin, the leftover
liquid was extracted by ethyl acetate. After removing ethyl acetate,
lignin oil containing degradation products of lignin was obtained
(Supplementary Figure S4). The results were summarized in
Supplementary Table S3. The depolymerized products were
determined based on the previous literatures (Xiao et al., 2017;
Lan et al, 2019; Li et al, 2019). These lignin oil included
guaiacylacetone, guaiacyldiketone, syringaldehyde,
syringylacetone, syringyldiketone and methylparaben, which
were mainly composed of syringyl and guaiacyl derived
phenolic  compounds.  Further, guaiacyldiketone and
syringyldiketone were generated, indicating that the cleavage
of ether bonds and oxidation reaction occurred after DES
process. As depicted in Fig S5, the identified compounds
enormously contained guaiacyl units with few syringyl units.
This result indicated that G-type lignin could be prone to
depolymerize than S-type lignin. However, the vyield of
depolymerized compounds was still low overall, due to the
weak depolymerization of lignin in DES pretreatment. In
addition, it was found that the reaction temperature notably
impacted on the degraded products. The results showed that few
degraded products were formed at a mild reaction pretreatment
(i.e., 80°C), while the amount and kinds of degraded products
increased when the temperature rose. This result implied that the
higher temperature favored the depolymerization of lignin.

CONCLUSIONS

The present study deeply investigated the impact of the
temperatures of ChCl/FA DES pretreatment on the structure
and depolymerized products of lignin. The recovery yield of the
regenerated lignin samples was around 44-75%, indicating a
portion of lignin fraction was decomposed after pretreatment.
Large amounts of B-O-4' bonds with a fraction of carbon-
carbon bonds (ie., B-B', B-5') were cleaved when the reaction
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