10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Effective biomass fractionation and lignin stabilization using a diol DES system
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Abstract

A sustainable and renewable biorefinery will increase the economic viability of
lignocellulose-derived products. In this study, a diol-based deep eutectic solvent (DES)
was developed to reduce the recalcitrance of bamboo, facilitate saccharification and
valorize the lignin fraction. The DES pretreatment dramatically enhanced glucan
digestibility by the effective removal of lignin (as high as 85.45%) and xylan (91.12%).
Notably, the recovered lignin from DES pretreatment was protected during the

fractionation, showing well-preserved B-O-4 structures (31.82%-59.06%). The
1



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

A7

48

49

mechanism of lignin protection was analyzed to be accomplished by incorporating the
diol hydroxyl functional groups into the a position of the lignin B-O-4 structure via
etherification. This study highlighted that diol DES is a promising pretreatment solvent
to valorize both cellulose and lignin fractions with high enzymatic hydrolysis yield and
high-quality lignin co-product.

Keywords: diol DES, delignification, lignin protection, lignin valorization

1. Introduction

The depletion of fossil fuels and the consequent environmental issue have
forced society to seek renewable, sustainable, and eco-friendly alternatives [1].
Lignocellulosic biomass is the most abundant renewable resource on earth and
has been deemed as an ideal alternative to petroleum [2]. Lignocellulosic
biomass is composed primarily of cellulose, hemicellulose, and lignin [3], in
which cellulose and hemicellulose are mainly comprised of sugars that can be
depolymerized and further converted into chemicals and fuels. As to lignin, it is
constituted of guaiacyl (G), syringyl (S), and/or p-hydroxyphenyl (H) units,
which are bonded through a variety of C-O (e.g., a-O-4, B-O-4 and 4-O-5) and
C-C (e.g., B-5, B-B, 5-5, and B-1) linkages [4]. As widely acknowledged that
lignin and hemicellulose are covalently crosslinked with each other and interact
with cellulose via hydrogen bonds and van der Waal forces, resulting in the
natural recalcitrance of biomass [5]. Therefore, pretreatment has been
investigated as a pivotal processing step for the effective biomass conversion [6].

In a conventional biorefinery or pulping processes, lignin is often treated as
waste by either being combusted for heat generation or just discarded [7].

Recently, lignin-first biorefinery concept has been emphasized to make full use

2
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of biomass. These studies are targeted at obtaining reactive lignins that could be
used as the ideal candidate for catalytic depolymerization into aromatic
monomers, such as phenol, guaiacol, 4-ethyltoluene and others [8]. This
objective necessitates the preparation of lignin with a similar structure to the
native lignin, i.e., abundant B-O-4 bonds and few condensed structures. However,
lignin isolation is still challenging due to its inherent heterogeneity, complexity,
and the tendency to suffer from irreversible degradation and condensation
reaction [9]. In recent years, several pretreatment solvents such as alkaline
solution, organic solvents, and ionic liquids have been applied to fractionate good
quality of lignin effectively. However, these methods have not fully addressed
the aforementioned issues. Alkaline lignin showed a relatively abundance of
impurities, low molecular weight uniformity, and condensed structure [10].
Organosolv and ionic liquid lignins also frequently contain undesired lignin
condensation products due to high temperature and acidic conditions [11,12]. In
order to protect the intact lignin structure and prevent the condensed reactions,
Shuai et al. [13] developed a formaldehyde stabilization strategy preserving
lignin structure for near theoretical monomers yield in the subsequent
hydrogenolysis. Despite the high conversion yield, using toxic 1,4-dioxane and
formaldehyde is unavoidable during the processing. To replace these toxic
solvents, alcohol solvent-based pretreatments have been also studied. For
instance, Wen et al. [ 14] found that the ethanol solution pretreatment resulted in
a-etherification of lignin side chains. Morteza et al. [15] also reported that
glycerol incorporation could significantly prevent lignin condensation and lead
to the preservation of -O-4 linkage-rich lignin. These studies may offer a guide

for the lignin-first strategy.
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DES pretreatment has recently been considered a promising approach to
dissociate and recover lignin (i.e. DESL), at the same time enhance the
digestibility of the resulting substrates. DESL preparation features mild reaction
conditions, high purity and uniformity [16,17]. Additionally, compared to
traditional ionic solvents, DES is biocompatible, biodegradable, low-cost, and
environmentally-friendly, significantly facilitating its application in biomass
pretreatment [18]. DESs comprise at least one hydrogen bond acceptor (HBA)
and one hydrogen bond donor (HBD) counterpart, forming a transparent liquid
characterized by the low freezing point at mild conditions [19]. Previous studies
[20,21] have illustrated that the glycosidic (C-O-C) bonds in both hemicellulose
and lignin-carbohydrate complex (LCC) could be cleaved during DES
pretreatment. Up to now, a large number of different DES systems such as using
organic acid (ChCl/ lactic acid and ChCl/ formic acid), alcohol ((ChCl/ ethylene
glycol and ChCl/ glycerin), and lignin-derived compounds (ChCl/p-
hydroxybenzoic acid and ChCl/guaiacol) have been investigated [18,21].
Typically, they can result in over 70% delignification and over 90% enzymatic
saccharification. However, the structural integrity of the recovered lignin in
reported articles is frequently significantly altered even under mild conditions
[22]. For instance, Shen et al. [23] demonstrated that the B-O-4 linkages had been
degraded from 69.52/100Ar (CEL) to 11.84/100Ar (110 °C) in the pretreatment
of eucalyptus using ChCl/lactic acid. Wang et al. [24] also illustrated the
significant degradation of B-O-4 bonds from 53.24/100Ar (CEL) to 5.35/100Ar
(120 °C) in the pretreatment of hybrid Pennisetum using Lewis acid catalyzed

ChCl/glycerol. Thus, these DES-induced lignin changes make it difficult to
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utilize further. The exploitation of reactive lignin seems to be the key in the
application of lignin-first DES pretreatment.

To avoid undesired lignin condensation in traditional DES pretreatment, we
herein proposed to use 1,4-butanediol (BDO), a carbocation scavenger, as the
HBD, with the aid of trace AICl;. With this system, a high level of delignification
could be achieved at a relatively mild pretreatment condition. Heteronuclear
single quantum coherence (HSQC) nuclear magnetic resonance (NMR) results
revealed that this strategy significantly preserved the -O-4 substructure without
compromising lignin removal and glucan digestibility. The mechanism of the
lignin protection during the pretreatment was systematically analyzed. To the
best of our knowledge, this study for the first time reports the protection of the
lignin’s integrity during the DES pretreatment, which could increase the value of

DES lignin and benefit the whole DES based biorefinery processing.

2. Experimental section
2.1 Material preparation
2.1.1 Feedstock and chemicals preparation.

Moso bamboo culms were provided by Xianhe Paper Industry Co. Ltd
(Zhejiang Province, China). Bamboo culms were first immersed in tap water for
12 h and then fibrillated by a twin-screw extruder (TSE). After being dewatered
and air dried (containing 7.27% water), the crushed bamboo was stored at RT
before use. Cellulase (CTec 2, Novozymes) and xylanase (X2753) were obtained
from Sigma-Aldrich (Shanghai, China). All other chemicals were purchased

from Macklin Biochemical Co., Ltd (Shanghai, China) and used as received.
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2.1.2 DES Synthesis, pretreatment and lignin recovery.

We synthesized the DES by mixing ChCl, 1,4-BDO, and AICl; into a 500
mL three-neck flask at a molar ratio of 25:50:1, and then heated in an oil bath at
90 °C with constant agitation until forming a homogeneous and transparent
liquid. The DES was sealed and stored in a desiccator for further use. For the
DES pretreatment, 10 g dry biomass was mixed with 100 g DES in a three-neck
flask which was then transferred into an oil bath at various temperatures of 80-
140 °C for 1 h with constant agitation. After pretreatment, the mixture was
immediately transferred into a 1 L beaker containing 300 mL of acetone/water
(1:1, v/v). After magnetic stirring for 2 h, the mixture was vacuum filtrated and
then washed with another 200 mL fresh acetone/water (v/v, 1:1) twice. The solid
portion was further washed using DI water until neutral pH, then stored in a
refrigerator for further analysis. The filtrate (including the additional 200 mL
acetone/water) was collected and rotary-evaporated at 50 °C to remove the
acetone. Next, 1 L DI water was introduced to regenerate the dissolved lignin
fraction. Finally, the precipitated lignin was separated by centrifugation, and then
water-washed three times, and freeze-dried. The dried lignin was sealed and then
stored in a desiccator in dark for further study. After the lignin precipitation, the
DES was recovered through rotary evaporation to remove the water at 70 °C, and
the recovered DES was weighed to determine the recovery yield.

2.2 Substrates characterization

2.2.1 Enzymatic hydrolysis
Enzymatic hydrolysis was conducted in 150 mL flasks with a solid loading
of 2.5% at a 20 mL working volume. In brief, 0.5 g (dry weight) of raw bamboo

and pretreated substrates were weighed into the flasks, followed by 1 mL 1 M
6
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acetate buffer to regulate the pH around 4.8. Cellulase (25 FPU/g-glucan) and
xylanase (150 U/g-xylan) were then introduced. Finally, DI water was
supplemented to provide a total volume of 20 mL. The sealed flasks were then
transferred into a shaker (at 50 °C and 150 rpm), and incubated for 72 h. After
enzymatic hydrolysis, an aliquot of 1 mL was taken for measuring the sugars
output through the high-performance liquid chromatography (HPLC).
2.2.2 Compositional analysis of raw and pretreated bamboo

The chemical compositions of the samples in this study were analyzed in
accordance with the procedure proposed by the National Renewable Energy
Laboratory (NREL) [25]. Briefly, 0.3000 g samples (20-80 mesh) were first
hydrolyzed with 3.0 mL of 72 (w/w)% sulfuric acid in a shaker (at 30 °C) for 1
h. Water was then added to dilute sulfuric acid to 4 (w/w)%, which was finally
autoclaved at 121 °C for another 1 h. All the monomeric sugars in this study were
measured by high-performance liquid chromatography (Agilent 1260 series,
Agilent Technologies, Santa Clara, CA) equipped with a Bio-Rad Aminex HPX-
87H column.
2.2.3 Substrates characterizations

X-ray diffraction (XRD) studies were conducted on a Bruker Advanced D8
diffractometer (Bruker, Germany) equipped with a Cu-Ka X-ray generator at a

40 kV voltage and a 40 mA current. The test was performed within 26 range of

10°-40° at a 2°/min scanning rate. The crystallinity index (Crl) was calculated
based on the flowing equation:
ooz -1
Crl= M x 100%
loo2
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ooz 1s the maximum intensity of the diffraction peaks at ~18°, and I, is the
minimum intensity at ~22° of the amorphous portion [26].

Cellulose degree of polymerization was measured according to a viscosity
procedure (termed as DP,). Prior to the test, a-cellulose was acquired
according to the method detailed in the supporting information. The limiting
viscosity of the samples was measured through the ISO 5351 standard [27].
First, 100 mg of completely dried sample was weighed into the flask, and then
adding 10 mL DI water. The suspensions were mixed with magnetic stirring
until it was completely dispersed. Then, 10 mL of bi(ethylenediamine) copper
(IT) hydroxide solution was added to dissolve a-cellulose. Finally, the flasks
were placed in awater bath (25 °C) for the viscosity test with a Ubbelohde-
viscosity meter. The measurement was performed in triplicate, and the final
result represented an average. The DP, values were calculated based on the

limiting viscosity values using the flowing equation:

0.75 x [n] 0.905
0.0050246256405154

DP, = (

Where [n] was obtained from the published study according to the
correction parameter of the viscometer and the time interval between two scale
lines.

Fourier transform infrared (FTIR) analysis was conducted to investigate the
chemical structure variations of bamboo during the pretreatment. It was
accomplished with a Bruker TENSOR27 spectrometer in transmittance mode
with 32 scans at 4 cm ! resolution over the wavenumber range of 4000-400 cm-!.

Microstructure morphology of the original and pretreated bamboo was
observed with a Hitachi 3400-N scanning electron microscope (Hitachi, Japan)

8
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using a 15 kV accelerating voltage. Samples were first mounted on an aluminum
stub through electric tapes and then spray-coated with gold.
2.2.4 Lignin Characterization

The lignin recovery yield was calculated based on the removed lignin after DES
pretreatment, and the calculating equation was shown as follows:

Lignin recovered from the lignin - rich liquid (8)
Total removed lignin from the initial bamboo (8)

Lignin recovery yield (%) =
x 100%

Raw bamboo's cellulolytic enzyme lignin (CEL) was isolated by sequential
enzymatic hydrolysis and dioxane extraction. The details of preparing CEL can
be found in our previous publication [6]. Two-dimensional heteronuclear single
quantum coherence nuclear magnetic resonance (2D-HSQC NMR) were
performed through a Bruker Ascend™ 600 MHz spectrometer. The acquisition
parameters were as follows: 166 ppm spectral width in F1 (13C) dimension with
256 data points and 12 ppm spectral width in F2 ('H) dimension with 1024 data
points, a Jc.y of 145 Hz, a 1.0 s pulse delay, and 128 scans.

According to our previous study, the lignin hydroxyl groups were
determined by 3'P NMR [6]. It was also performed on the Bruker 600 MHz
instrument. In brief, oven-dried lignin samples (~20 mg) were dissolved in a
solvent (~0.4 mL), which was composed of anhydrous pyridine and deuterated
chloroform (1.6:1, v/v). chromium acetylacetonate and cyclohexanol were used,
respectively, as the relaxation and internal standard. An excess amount of 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) (~0.1 mL) was
added as a phosphitylation reagent to react with the mixed solution. The mixture

was immediately transferred into the NMR tube and then subjected to the test.
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The regenerated lignin’s microstructural changes and surface characteristics
were observed with a field emission scanning electron microscopy (FE-SEM,
Regulus 8100, Hitachi, Japan) working at 10 kV acceleration voltages. Prior to
the SEM analysis, the samples were first oven-dried overnight at 50 °C. The dried
samples were mounted on an aluminum stub through electric tapes and then sputter

coated with gold.

3. Results and discussion
3.1 Substrates characterization

3.1.1 Compositional analysis of the raw and pretreated bamboo.

This study adopted a twin-strew extruder to fibrillate the bamboo culms
which is superior to the normal milling process in terms of the low energy
consumption and ease to operation. The fibrillated bamboo was then subjected
to the DES pretreatment and the solid recovery of the pretreated biomass is
summarized in Fig. la. As shown, the solid recovery yield of the pretreated
bamboo decreased from 88.63% to 51.20% with the pretreatment temperature
increasing from 80 °C to 120 °C, indicating that more lignocellulose was
dissolved as the pretreatment temperature increased. However, solid recovery
increased from 51.20% to 55.95% when further increasing the temperature from
120 °C to 140 °C. This was induced by the formation of pseudo lignin under
severe condition [28], and further discussion will address this later. The recovery
yields of glucan, xylan and lignin removal were calculated based on the dry
weight of original and pretreated bamboo. As shown in Figure 1b, hemicellulose
and lignin were readily removed from biomass solids during the DES

pretreatment. At 80 °C, 79.39% hemicellulose was retained with 18.65%
10
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delignification. As the pretreatment temperature increased, the recovery yield of
hemicellulose was reduced considerably from 79.39% (80 °C) to 55.02% (90 °C),
36.55% (100 °C), 27.74% (110 °C) and 8.88% (120 °C), and no hemicellulose
was detected using a temperature of 140 °C. At the same time, the delignification
efficiency was substantially increased from 18.65% (80 °C) to 85.45% (120 °C),
indicating the highly effective delignification by the proposed DES. However,
further increase of temperature beyond 120 °C decreased the lignin removal, with
values of 77.25% and 61.69% at 130 °C and 140 °C, respectively. This effect was
ascribed to the agglomeration of the dissolved lignin and the formation of pseudo
lignin that precipitated on the substrate surface. Nevertheless, the glucan
recovery yield was maintained at nearly 95% (94.29%-97.79%) during the
pretreatment, confirming that glucan was barely hydrolyzed or degraded
throughout the pretreatment. It should be noted that the sole ChCl/BDO without
the addition of AICIl; was incapable of removing xylan and lignin (data not
shown), even at high temperatures, indicating AICIl; as a key promoter in the

proposed DES [18].
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258 Fig. 1 Solid yield of substrates (a) and detailed components variations (b).
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260 3.1.2. SEM analysis of substrates before and after pretreatment
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SEM analysis was applied to investigate the microstructure changes of
biomass during the DES pretreatment. As illustrated in Fig. S1, discernible
variations of the bamboo fibers were observed during the pretreatment. The size
of pretreated substrates decreased with the pretreatment temperature increasing.
At 80 °C and 90 °C, the bamboo fiber length was close to that of the raw sample,
and their surface was clear and smooth (Fig. S1b and c¢). When the DES
pretreatments were performed at higher temperatures of 100-140 °C, the fiber
length clearly decreased, and some cracks were evidently observed on the
pretreated samples (Fig. Sle-h). Moreover, spherical-shaped and nub-like lignin
debris were observed on the bamboo fibers' surface (see white arrows in Fig. S1).
It has been widely reported that the small debris could be ascribed to the lignin
migration of inner regions to the external surface, and the generation of pseudo
lignin [23].

3.1.3 Impact of the pretreatment on the substrates crystallinity and cellulose
degree of polymerization (DP,)

The Crl (crystalline index) of the original and pretreated bamboo are shown
in Fig. 2. The Crl of the untreated bamboo was 59.63%, and it gradually
increased to 67.03% with the temperature increasing from 80 to 120 °C. This
change was mainly ascribed to the removal of amorphous lignin and
hemicellulose throughout the pretreatment. After that, the Crl of pretreated
bamboo slightly decreased from 67.03% to 65.17% with the temperature
increasing from 120 to 140 °C, which was possibly due to the swelling effect on
the crystalline zone induced by the permeation of DES solvent under harsher

reaction conditions [26].

12



286
287

288
289
290

291

292

293

294

295

296

297

298

299

300

301

800

70 - CI'I -DP
60 E _700 C?
. —600°§

50 4
] - 500 :8
=X 404 I o
=40 L4005
= =)
“ 304 300 2.
| N
S
20+ —200 >
] =
10 -100 S
0- Lo
110

Temperature (°C)

Fig. 2 The Crl of substrates and cellulose DP, from original and pretreated

bamboo
Cellulose DP, is another important character affecting cellulose
saccharification. As shown in Fig. 2, the cellulose DP, of raw bamboo was 718,

clearly lower than woody biomass like poplar and eucalyptus, which is because
of the abundance of short parenchyma cells in bamboo [6]. Following the
pretreatment, the cellulose DP, was significantly decreased to 559, 461, 439, 420,
368, 346, and 330 as the temperature increased from 80 °C to 140 °C. The results
indicated that the DES could cleave the glycosidic bond in cellulose and expose
more reducing ends that facilitate the enzymatic hydrolysis of the substrates.
3.1.4 FTIR spectroscopy analysis of the raw and the pretreated bamboo

FTIR spectroscopy is widely employed in investigating the structure
changes of the raw and pretreated substrates. As shown in Fig. S2, peaks at 896,

1101, 1056 and 1426 cm™! are ascribed to C-O-C stretching in amorphous

13
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cellulose, C-O vibration in crystalline cellulose, C-O stretching of cellulose, C-
H stretching of cellulose and C-H deformation (asymmetric) of cellulose [29].
Clearly, these signals significantly increased after the pretreatment, indicating
cellulose enrichment in the pretreated biomass solid. Additionally, the peak at
1730 cm!, which is assigned to carbonyl groups in branched hemicellulose, was
observed to be weakened with increasing pretreatment temperature and
eventually disappeared at 130 and 140 °C, this is caused by hemicellulose
removal and the degradation of LCC (lignin-carbohydrate complex) structures
[30]. In addition, the peaks at 1602 and 1507 cm™! correspond to aromatic skeletal
vibration of lignin, and the peak at 1237 cm™! was assigned to the C-O vibration
of the guaiacyl ring of lignin [29]. The intensity of these peaks became
inconspicuous, especially under severe DES pretreatment conditions, which was
attributed to the lignin removal. However, the peak at 1315 cm! relating to C-O
vibration in syringyl ring of lignin became conspicuous with increasing
pretreatment temperature. This result revealed that the G unit was more readily
removed from biomass in the pretreatment.
3.1.5 Enzymatic digestibility of the raw and pretreated bamboo

Enzymatic hydrolysis was performed to evaluate the impact of the DES
pretreatment on sugar release. As shown in Fig. 3, after 72 h enzymatic
hydrolysis, the saccharification yield of glucan and xylan of the raw bamboo was
only 9.25% and 1.43%, respectively. After the DES pretreatment, the enzymatic
hydrolysis was considerably enhanced. Specifically, the glucan saccharification
yield was increased from 9.25% (raw substrate) to 24.24%, 41.40%, 81.92%,
91.16% and 100% at temperatures of 80, 90, 100, 110, and 120 °C, respectively.

The same trend was also found in the xylan digestibility which increased from
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1.43% to 100%. Remarkably, the glucan hydrolysis yield ranged from 41.40% to
100% as the temperature increased, 4 to 11 times higher than that of the raw
bamboo. Generally, hemicellulose and lignin in the cell wall are two factors
inhibiting enzymatic digestibility, in which they are crosslinked with each other,
forming a networked structure that covers the cellulose. Moreover, non-
productive adsorption of lignin to the enzyme generates a lignin-enzyme
complex, which also significantly lowers saccharification efficiency [31]. To
evaluate the importance of hemicellulose and lignin removal, the relationship
between glucan saccharification ratio and the removal of lignin and xylan was
characterized. As shown in Fig. S3, a strong linear correlation between the glucan
hydrolysis yield and lignin removal (R?>=0.9451) as well as xylan removal
(R?=0.9386) was observed, implying that the removal of both lignin and
hemicellulose highly reduced the recalcitrance and thus significantly improved
saccharification efficiency.

Furthermore, as described in Fig. S4, a strong negative correlation between
the glucan hydrolysis yield and DP, (R>=0.8624) was also observed. This result
indicated that the enzymatic hydrolysis yield was significantly enhanced with the
decrease of cellulose DP,, which was induced by the depolymerization of
cellulose chains, thus increasing the specific surface area of cellulose and

exposing more reducing ends [32].
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Fig. 3 Glucan and xylan saccharification yields of the raw and the DES pretreated

bamboo under different pretreatment temperatures.

3.2 Lignin characterization

3.2.1 Carbohydrates Analysis of Regenerated Lignin.

As shown in Fig. S5, the recovery yield of the DES-induced lignin was over
80% for all the pretreatment runs (except 80 °C), which was significantly higher
than conventional pretreatment methods such as alkaline and some organosolv
processes [33-35].

Compositional analysis was performed to investigate the purity of these
regenerated lignins. As shown in Table S1, only trace carbohydrates were
detected (less than 0.3% glucan and 2.01% xylan). In addition, with the
pretreatment temperature increasing, the amount of the associated carbohydrates
declined, and they were barely detected at temperature higher than 120 °C,

indicating the high purity of our regenerated lignin. The nearly pure lignin
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prepared in this study is favorable for the lignin valorization, such as catalytic
depolymerization and nanocomposites manufacturing.
3.2.2 FTIR spectroscopy analysis of the original CEL and regenerated lignin

The lignin of the original and regenerated lignin exhibited similar FTIR
spectra, indicating the structural integrity of the regenerated lignins (Fig. S6).
The characteristic signals at ~1700 cm! attributed to C=0 stretching vibrations
in carbonyls, non-conjugated ketones, and ester of lignin groups [36] were
strikingly enhanced as the pretreatment strengthened. Additionally, the
absorption bands at 1602, 1459 and 1513 cm’! corresponded to the lignin
aromatic skeleton have no significant variation [37]. This data implied that the
aromatic skeleton of regenerated lignin was not significantly disintegrated during
the treatment. Further, the peaks at 1148, 1032 and 1357 cm! attributed to the
characteristic signals of guaiacyl unit [38] were weakened in all the runs. The
peak at 1255 cm™! corresponded to syringyl unit, and the peak at 832 cm™! related
to p-hydroxyphenyl (H) unit [36] indicated no significant change with the
temperature increasing. These results suggested that the regenerated lignin
contains more S units but less than G units, and the 2D-HSQC NMR analysis
further confirms this.
3.2.3 Morphology of the regenerated lignins

The morphological features of the CEL and recovered lignin were
investigated via SEM, as shown in Fig. 4. The CEL featured as irregular and
lump-shaped agglomerates, which is composed of interconnected and
homogeneous ellipse-like particles. Interestingly, after our DES pretreatment, all
the regenerated lignin had a spherical shape. DES lignin in previous article was

in flake-like or unregular shapes [39]. Uniquely, herein, the BDO DES generated
17
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lignins with a regular sphere shape. The size of the lignin spheres was observed
to be several microns and it seems to be enlarged with increasing the temperature.
The possible mechanism of generating the regular spherical lignin was proposed (Fig.
S7) [40]. In brief, after adding water to the lignin-abundant DES, lignin nuclei were
formed through aggregating the large and homogenous hydrophobic lignin, and then
the nuclei gradually grew into micro spherical lignin through absorbing the small lignin
particles, which formed a hydrophobic nucleus and a hydrophilic shell. During the
nucleation process, lignin started to aggregate through the hydrophobic interaction
which formed stable nuclei, and the surface of the nuclei was hydrophilic. After that,
the hydrophilic lignin debris adsorbed onto the surface of the nuclei, thus promoted the
nuclei to grow into micro spherical lignin. Besides, the BDO grafted onto the a-position
of lignin aliphatic side chain during our DES pretreatment could increase the
hydrophilicity of the lignin, which further promoted the swelling growth process of the
lignin spheres. Further studies concerning the mechanism and application of the lignin

microspheres are ongoing and will be reported in our future studies.
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Fig.4 SEM images of CEL (al-a3), recovered lignins at different temperatures
0f' 90 °C (b1-b3), 100 °C (c1-c3), 120 °C (d1-d3), and 140 °C (el-e3).

3.2.4 HSQC NMR analysis of CEL and recovered lignin

For the detailed structural information of the recovered lignins in different
pretreatment conditions, 2D-HSQC NMR analysis was conducted. CEL was
prepared as a control to observe the structural changes during the pretreatment
process. The side-chain (8¢/6y 50.0-90.0/2.50-6.0 ppm) and aromatic (6¢/0y
100.0-150.0/9.0-5.5 ppm) regions of the HSQC spectra of the regenerated lignins
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413 are shown in Fig. 5 and Fig. 6. The main lignin cross-signals of the 2D-HSQC
414 spectra, as demonstrated in Table S2, were referred to the previous publications

415 [23,39,41].

ppr

90°C "100C

CEL OMe__

A(G/H)

Ba o 0
Ca X
N ™o %ﬁ-ﬁ ©

110C
G
416 -
L
417 A (B-0-4) A'y (B-0-9) A" (B-O0-4) B (B-5) C (B-B)
418

419 Fig. 5 Side-chain regions of CEL and the regenerated lignin fractions in the 2D-
420 HSQC NMR spectra under different pretreatment temperatures.

20



421

422
423

424
425
426
427

428

429

430

431

432

433

CEL $'2/6 D S2/6 90°C o S2,6 .I,,-?Ondenced llgmn " 100C ¥ 25 S26 ::,%ongmccd Tigain] m
6@ X = p G'2 =
G i 5
FAG 2 PCEg 1o Go PCEs o PCEg 1o
Gs B o= G;_‘, I G5 —
G6 v Go - G6 Lo
Ha/6 PCEp, Ha6
. Hg,a ,6 _—
PCE2,6 ¢ e © e° o
‘:»m PCE7 140 PCE7 Fl
=> PCE7 = <>
,,,,,,,,,,,,,,,,,, N P B 7 E— . . 150
85 80 7.5 7.0 65 d gj _._pm 85 0 75 5 0 65 o endn ppm 85 80 5 5 0 Cni d g'i i pom
m | pp ppm
0T gy i PRTINT gy Thgaro o M0, A Sl
26 .- I LR 526 3 f
¢ o o E 900y L, ‘ G E
P PCEg F1o @"“ ° PCEg Eio & o PCEg Fio
G i < e o5 TR
Gé 120 9Gg o 120 2 Gg 120
H26 PC]
PCE2,6 & E26 PCE
= 130 c’ F130 2’%::_ > 130
= o e
140 F1a0 L
PCE7 PCE7 :
150 T 150— - T - - - B ':Ij(>
5 80 7 70 65 60 pom 83 §0 15 70 63 60 pom 85 0 15 0 65 60 o
JF‘\ -0 wnnn
L P e
H,CO /[\,‘«;/\mm3 H,CO ‘C;’ OCH, Y
0. ] R

G (Guaiacyl unit)

0.

A

9,0~ .0
0} j
778

)
\./4

0

o]

FA (Ferulic acid)

R

S (Syringyl unit)

S' (Oxidized syringyl unit)

p-CE (p-Coumarate)

H (p-hydroxylphenyl unit)

Fig. 6 Aromatic regions of the CEL and regenerated lignin fractions in the 2D

HSQC NMR spectra under different pretreatment temperatures.

In the side-chain region (Fig. 5), CEL showed pronounced signals of 3-O-4

(A, B-B (By), and B-5 (C,) linkages at 71.62/4.85, 84.73/4.65, and 86.83/5.42

ppm. Additionally, the y-acetylated B-O-4 linkages (A,’) were also observed,

indicating the existence of LCC structure in bamboo [42]. After the DES

pretreatment, the A, signal of regenerated lignin was weakened even at the mild

temperature of 90 °C. Meanwhile, a new signal was discovered at 80.05/4.49

ppm in the recovered lignin HSQC NMR spectra (see red rings in Fig. 5). This
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data was assigned to B-O-4 structure derivatives (A”,) which is caused by the
graft of 1,4-BDO onto the a-position of the B-O-4 linkage (Fig. 7, route A)
[16,31]. During the pretreatment, the position of the B-O-4 structure was
hydrolyzed to form a positively charged carbon by the departure of leaving
groups, which normally lead to the condensation in most cases (Fig. 7, route B).
However, in this study, 1,4-BDO acted as a nucleophile to attack the carbocation
intermediates, forming the a-etherified lignin that suppressed the condensation
[16,43]. In addition, as shown in Fig. S8, lignins regenerated at the temperature
lower than 110 °C all exhibited a brown color, similar to native CEL, and in
evident contrast to lignin recovered from severe conditions of L140 °C, which
has a very dark color, suggesting more condensed structures [44]. As expected,
the proposed DES system protected the lignin structure and preserved B-O-4
linkage in regenerated lignins (Table 1). The B-O-4 bond content in regenerated
lignins was as high as 59.06/100Ar (90 °C), 51.95/100Ar (100 °C), and
46.47/100Ar (110 °C), which is close to the native CEL (59.19%). Previous
reports concerning DES pretreatment only focused on the delignification and
lignin recovery, while the lignin quality was not considered as much as the
quantity [18,45,46]. In this study, we proposed a novel strategy by introducing
carbocation scavenger into the DES system, which generated lignins possessing
a similar structure to the native lignin. Even at the temperature of 120 °C, -O-4
bond content can still reach 31.82%, indicating a strong protective effect of our
system. Nevertheless, no aryl ether was detected when further increasing
temperature to 140 °C. In the case of B-B and B-5, they were barely affected
during the DES pretreatment except that at 140 °C where no B- or -5 was

found.
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Fig. 7. Lignin extraction in normal case (route B), and the lignin protection by our DES

(route A).

In the aromatic region (Fig. 6), guaiacyl (G), syringyl (S), and p-
hydroxyphenyl (H) units signals were clearly recognized in bamboo CEL.
Besides, the signals of oxidized syringyl units (S’), p-coumaric acid (p-CE), and
ferulic acid (FA) were also unambiguously observed. After the DES
pretreatment, no distinct signals shift of the S, and Gs was observed with
increasing temperature. This result is possibly due to the quenching of the o
position of the -O-4 structure by the 1,4-BDO, thus reducing the condensation
reaction [31]. As to the content of FA, which existed as the LCC linkages, it
gradually decreased and finally disappeared at temperature higher than 110 °C.
On the contrary, the p-CE was almost unaffected by the pretreatment. For more
detailed information about the lignin structure changes after the DES

pretreatment, the main constituents of the ratio of S/G were calculated based on

23



AT

478

479

480

481

482

483

484

485

486

487

488

489

490

491
492

the previous study method [47]. As shown in Table 1, the contents of S and G
units of bamboo CEL were 43.39/100Ar and 45.82/100Ar, respectively. With the
pretreatment temperature increasing, the S/G gradually increased and reached
1.16 at 140 °C. Notably, although the protection of the 1,4-BDO, some lignin
condensation was also observed during the pretreatment. Minimal lignin
condensation occurred at a low reaction temperature (up to 110 °C). The
condensed S unit increased from 6.35 to 9.10/100Ar (accounting for 14.07%-
19.87% of the total S unit, see Table 1), and condensed G unit was barely
observed. Further increasing the temperature, lignin condensation reactions were
increased. Finally, at 140 °C, 29.18/100Ar condensed S unit was observed,
accounting for 53.01% of the total S unit, and all the G unit was transformed into
the condensed form. This result confirmed the conclusion above that our strategy
could perform well at various temperatures (lower than 120 °C), which protects
the lignin structure with minimal sacrifice to delignification.

Table 1. Quantification of CEL and Regenerated Lignin (results expressed as per

100 Ar).

Sample

Lignin Lignin S G
SIG  B-O-4

removal (%) yield (%) Total Condensed Total Condensed

B’ 7_0_4

CEL

L90 °C

L100 °C

L110°C

L120 °C

L140 °C

43.3
- - 9 0 4582 - 0.95 59.19

45.1
26.35 79.00 6.35 46.91 1.14 096 18.83

45.6
53.15 83.01 7.74 4594 1.99 0.99 14.65

45.7
70.10 86.49 9.10 4774  2.54 096 9.37

52.3
85.30 85.11 16.67 4770  10.24 1.10  5.96

61.69 89.18 55.0 29.18 4495 44.95 1.16 -

40.23

37.30

37.10

25.86
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3.2.5 Quantitative 3'P NMR analysis of the CEL and recovered lignins

The changes of OH groups including aliphatic, phenolic, and carboxylic
acid OH before and after DES pretreatments were investigated by 3'P NMR.
According to a previous publication, the peaks of syringyl OH and other
condensed 5-substituted phenolic OH are overlapped in the NMR spectra;
therefore, they are counted together as the Cs-substituted phenolic OH content
[6]. As shown in Fig. 8, in CEL, the aliphatic OH group, with a content of 3.61
mmol/g representing 58.38% of the total OH groups, is dominant. After our DES
pretreatment at 90, 100 and 110 °C, the aliphatic OH contents slightly decreased
but still dominate the OH content (with content of 2.85 mmol/g at 90 °C, 2.47
mmol/g at 100 °C and 2.59 mmol/g at 110 °C). It was also determined that the
total phenolic OH was almost unchanged at these temperatures. These results
supported the HSQC NMR result indicating that the B-O-4 structure was
protected successfully during the extraction at low temperatures. Besides, the Cs
substituted units representing the condensed lignin OH varied from 0.29 (90 °C)
t0 0.26 (100 °C) and 0.32 mmol/g (110 °C), this slight variation of Cs substituted
units also suggested that our DES could sufficiently suppress the lignin
condensation. However, when the pretreatment temperature was further
increased from 110 °C to 140 °C, the aliphatic OH contents decreased
significantly from 2.59 (110 °C) to 1.61 (120 °C) and 1.04 mmol/g (140 °C),
while the phenolic OH increased from 1.19 (110 °C) to 1.49 (120 °C) and 1.69
mmol/g (140 °C), and the C5 substituted OH increased from 0.32 (110 °C) to

0.55 (120 °C) and 0.65 mmol/g (140 °C). These results indicate the B-O-4
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517 structure was partially ruptured which increased the relative contents of phenolic
518 OH compared to the aliphatic OH, accompanied by more condensed reactions

519 occurring under harsher pretreatment conditions.

4.0 H B Aliphatic OH Bl C5 substituted OH

] Bl Guaiacyl OH B »-Hydroxyphenyl OH
3.5 _ B Carboxylic acid OH Total phenolic OH
3.0 1

N
N
1

OH content (mmol/g)
> v ¢

o
()}
]

o
S
(-

OQ OC) oCJ OQ OQ

KPS
2% O
520
521 Fig. 8 Quantification of different OH groups in CEL and regenerated lignins by 3'P

522 NMR.
523
524 3.3 DES reuse and mass balance

525 The recyclability of the DES has been deemed as a main promoter for the
526 DES-based lignocellulose pretreatment. Our studies demonstrated that the BDO
527 DES showed excellent recyclability, as shown in Fig. S9. After recovery and
528 testing seven times at 120 °C for 1 h, over 90% of DES could be recovered in
529 each recycling stage. Besides, the lignin removal and the enzymatic hydrolysis
530 yield were also investigated. It can be seen that the lignin removal gradually

531 decreased but still maintained at ~70% in 2-4 cycles; thereafter, it decreased
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suddenly and finally was 42.78% after the 7™ circulations. Nevertheless, the
glucan enzymatic hydrolysis yield in all the cycles could still reach 100% even

after the 7 circulation (Fig. S10).

The mass balance after DES pretreatment (based on 100 g raw bamboo) is shown
in Fig. 9. The raw bamboo contains 41.00 g glucan, 12.78 g xylan, and 30.99 g
lignin. After DES pretreatment, the recovery of xylan in the pretreated solid was
3.54 g which was completely hydrolyzed into xylose by enzymes. Furthermore,
0.42 g of xylan was depolymerized into xylose during cooking which was
accompanied with 0.51 g acetic acid and 0.50 g furfural. As to the regenerated
lignin, 18.78 g lignin was recovered and possessed well-preserved structure.
Furthermore, the glucan recovery approached a theoretical maximum yield of
39.13 g, which could be enzymatically hydrolyzed into glucose (39.24 g). It is
worth noted that the DES could be recovered with a 94.24% yield after separation

of the solid and liquid, which will make the process sustainable and renewable.

Soluble lignin (21.45 g) Recovered liginin (18.78 g)

Insoluble lignin (9.54 g) F z
a

e .
549
Unknown (7.97 g) l I

Glucose (1.04 g)

Lignin (30.99 g)

Xylan (12.78 g)

Xylose (3.89 g)

Pretreated with DES

Glucan (41.00 g) Glucose

(39.24 g)

=
o
S
=
o
°
a
£
@«
a
o
a
o
=

Glucan (39.13 g)

Enzymatic hydrolysis

Ash, extracts, and
others (15.23 g)

Fig. 9 Schematic diagram and mass balance of the proposed biorefinery sequence.

4. Future perspectives
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Although the pretreatment approaches discussed above showed excellent
ability to obtain lignins with well-preserved structures, as well as a high
saccharification yield of glucan, the exploitation of hemicellulose remains to be
determined. Under the acid DES, xylan is liable to degrade and generate xylose as the
first production [48,49]. Further, xylose could be easily transformed into xylulose, and
the xylulose normally dehydrates and generates furfural owing to the low activation
energy. At more severe conditions, furfural could be transformed into furfuryl alcohol,
and then produce levulinic acid through a ring-opening reaction. In addition, there is
another degradation route of xylan, in which xylulose was transformed into
glycolaldehyde and glyceraldehyde through anti-aldol condensation [50]. Next, the
glyceraldehyde could dehydrate into methylglyoxal. At more sever condition, the
methylglyoxal further transformed into methylglyoxal, formaldehyde, acetaldehyde,
1,1-dihydroxy acetone, acetic acid, lactic acid and formic acid.

In this study, a minimal amount of furfural was detected. However, a series
of other hemicellulose degradation chemicals such as acetic acid, levulinic acid,
and lactic acid were detected after the DES pretreatment (see Table S4), which
made the conversion of hemicellulose intractable and complicated. We could not
even make a mass balance of hemicellulose, which indicates that other unknown
intermediate products (such as methylglyoxal, acetaldehyde, glycolaldehyde,
glyceraldehyde, 1,1-dihydroxy acetone, and methylglyoxal) existed in the
system. We also discovered that the accumulation of lactic acid was remarkably
increased from 0 (1%t circulation) to 4.91 g/L (7% circulation). This may be
induced by the transformation of xylose to lactic acid during the AICI; assisted
DES system [50], but it only showed a very low yield in this study. Therefore,

future research endeavors should be directed towards hemicellulose valorization,
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which could help to develop a tailor-made pretreatment process for desired
products from the whole biomass and thus contribute to the sustainable
biorefinery configuration.

5. Conclusions

This study systematically investigated the pretreatment of bamboo using a
diol-based DES, reaching over 80% lignin removal while preserving almost all
glucan. Besides, the hydrolysis digestibility of the substrate was significantly
improved after the pretreatment. Importantly, the regenerated lignin possessed
quite an intact structure with very high p-O-4 content (31.82%-59.19%), which
is beneficial to the downstream lignin processing. Finally, the DES showed

excellent recyclability even after the seven circles.
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