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Abstract: Achieving the balanced valorization of lignocellulosic components is
essential for improving atom economy and sustainability in biorefinery, yet remains
challenging. Herein, a green and scalable strategy was developed for the synergistic
conversion of lignocellulosic biomass to polyphenoliclignin and lignocellulosic
nanofibers (LCNFs) using customized acidic deep eutectic solvents (DESs). The
acidity and hydrogen-bonding capability of the designed DESs were regulated by
altering the hydrogen bond donors, including formic, acetic, lactic, and oxalic acids.
Kamlet-Taft solvatochromic analysis and DFT calculations showed that the oxalic
acid-based DES (OD) had the strongest hydrogen-bonding ability (f= 3.340) and
acidity (a= 1.882). This efficiently disrupted the hydrogen-bonding network and
selectively cleaved lignin ether bonds and glycosidic bonds in amorphous cellulose.
Consequently, LCNFs with a high crystallinity index (Crl) of 83% and an average
diameter of 7.64 nm were obtained. Simultaneously, high-quality lignin (ODL) was
produced with a yield of 63.3%, phenolic hydroxyl content of 11%, nearly 100%
purity, and a low molecular weight of 2038 Da. Structural characterization revealed
that ODL exhibited substantially reduced f-O-4 and f-f linkages, with guaiacyl (G)
and syringyl (S) units accounting for 54.5% and 44.3%, respectively, demonstrating
the selective cleavage and structural regulation of lignin by acidic DESs. Furthermore,
the DES system was successfully scaled up to a processing capacity of 100 kg
lignocellulose per day. This work provides a scalable and mechanistically informed
platform for the integrated production of high-purity lignin and LCNFs from

lignocellulosic biomass.
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1. Introduction

Lignocellulose, the most abundant renewable biomass resource, has attracted
considerable attention as a sustainable feedstock because of its carbon neutrality, low
cost, and wide availability [1-3]. However, efficient valorization of lignocellulose
remains challenging due to its complex hierarchical structure, in which cellulose,
hemicellulose, and lignin are interconnected through extensive hydrogen bonding and
covalent interactions, forming a stable lignin-carbohydrate complex (LCC)
architecture. This intrinsic recalcitrance severely restricts selective component
separation and high-value conversion. Various deconstruction strategies, including
organosolv fractionation [4-6], hydrothermal treatment [7], acid/alkali treatment [8, 9],
and enzymatic hydrolysis [10, 11], have been developed to overcome biomass
recalcitrance. These approaches generally rely on strong physicochemical or
biochemical driving forces to disrupt lignocellulose structures by cleaving lignin
C-0O/C-C bonds, breaking lignin-carbohydrate linkages, and weakening hierarchical
supramolecular networks. However, owing to the distinct chemical and structural
features of lignin and carbohydrates, current fractionation strategies are typically
designed toward lignin-first or cellulose-first conversion pathways [12, 13].
Thermochemical processes facilitate lignin depolymerization but often suffer from
lignin condensation and uncontrolled degradation, whereas enzymatic hydrolysis
provides excellent selectivity but mainly enables component-specific conversion,
limiting the valorization of associated fractions. Therefore, developing selective
deconstruction strategies capable of achieving balanced and synergistic conversion of
multiple lignocellulosic components remains highly desirable.

Deep eutectic solvents (DESs) have emerged as promising media for
lignocellulose biorefinery due to their tunable composition, environmental
compatibility, and facile synthesis [14-16]. By rationally selecting hydrogen bond
donor (HBD) and hydrogen bond acceptor (HBA) pairs, the hydrogen-bonding
capability, polarity, acidity, and chemical reactivity of DESs can be precisely
regulated, thereby enabling selective interactions with specific lignocellulosic
components. For instance, Liu et al. demonstrated that tailoring HBD components and

functional groups effectively modulated the hydrogen-bonding ability and polarity of



DESs, strengthening DES-lignin interactions and achieving lignin dissolution
efficiency of 48.6 wt%. Conversely, Wang et al. [17] designed cholinium-amino acid
based DES systems through compositional regulation, enabling preferential
carbohydrate deconstruction. The optimized DESs achieved 44.6-62.1%
hemicellulose removal with only 23.6-36.8% lignin removal, demonstrating that DES
composition plays a critical role in governing fractionation selectivity and the
structural characteristics of the resulting biomass fractions. These studies highlight the
critical role of DES composition in directing lignocellulose fractionation selectivity
and conversion pathways.

Among various DES formulations, acidic DESs have attracted particular
attention due to their strong proton-donating capability and catalytic activity toward
lignocellulose deconstruction. Our previous work [18] revealed that acidic DESs
could simultaneously disrupt hydrogen-bond networks and promote nucleophilic
cleavage of aryl ether bonds, enabling efficient lignin extraction with high purity,
enhanced reactivity, and reduced molecular weight. Furthermore, a betaine/oxalic
acid-based DES system was demonstrated to regulate cellulose structures through
acid-assisted hydrogen-bond network disruption, improving cellulose accessibility
and facilitating subsequent nanofibrillation. The resulting cellulose nanofibrils
exhibited an average diameter of 43.7421.7 nm and a high aspect ratio of 24.6 [19].
Collectively, these findings demonstrate that acidic DESs provide a versatile platform
for regulating lignocellulose depolymerization selectivity. However, the fundamental
relationship between DES acidity, molecular interactions, and balanced lignocellulose
conversion remains insufficiently understood. Furthermore, the rational optimization
of acidic DES systems and their scalability toward practical applications remain
challenging.

In this work, an acidity-regulated DES strategy was developed to optimize
solvent-lignocellulose interactions, enabling the integrated conversion of lignin and
cellulose fractions. By regulating hydrogen bond donors (formic, acetic, oxalic, and
lactic acids), the physicochemical properties of DESs were tailored, and the choline
chloride-oxalic acid (OD) exhibited enhanced hydrogen-bonding competitiveness and

proton-donating capability. This optimized DES system effectively disrupted LCC



structures through competitive hydrogen-bond interactions, while promoting selective
cleavage the ether bond in lignin and glycosidic bonds in cellulose amorphous regions.
Consequently, phenolic hydroxyl-rich lignin and cellulose nanofibrils with preserved
crystalline structures were simultaneously obtained. The yield, purity, structural
characteristics, and physicochemical properties of the resulting fractions were
systematically investigated to elucidate the mechanisms underlying the synergistic
transformation of lignocellulosic components. Based on the 100 kg-scale scale-up
trial, the practicality and scale-up feasibility of the process under this synergistic
conversion strategy were verified. This work provides mechanistic insights into
acidity-regulated DES design and establishes a scalable strategy for integrated

lignocellulose valorization.

2. Experimental

2.1 Materials

Poplar sawdust (Guilin Thousand Bamboo Workshop Bamboo Industry Co., Ltd.,
Guangxi), Choline chloride (ChCl), Formic acid (FA), Acetic acid (AA), Lactic acid
(LA), Oxalic acid (OA), Nile Red, 4-nitroaniline, 4-nitroanisole, Methanol (CH30H),
Acetyl bromide, Tetrahydrofuran, 1,4-dioxane, NaOH, Monosodium phosphate,
Disodium phosphate, and ds-DMSO were all purchased from Macklin Reagent and
used directly without purification.
2.2 Synthesis of DES

Four deep eutectic solvents (DESs) were prepared by mixing ChCl as HBA
withFA, AA, LA, and OA as HBDs at the molar ratios specified in Table 1. The
mixtures were stirred at 300 rpm at 80 °C until homogeneous and transparent
solutions formed. The resulting DESs were designated as FD, AD, LD, and OD,
respectively (Table 1).
2.3 Depolymerization of poplar sawdust

The prepared DES was mixed with poplar sawdust at a mass ratio of 15:1, and
the mixture was depolymerized at 100°C for 6 h. After pretreatment, the
depolymerized mixture was negative pressure filtered through 0.45 um neutral filter
paper to separate the liquid and solid products. The crude lignin was then washed with

10% ethanol/water solution, filtered, and dried to afford the purified lignin. The



residual solid samples were collected and washed with 10% ethanol/water solution to
remove impurities. The washed lignocellulosic solid residue was dispersed in water at
a volume ratio of 1:100, and then subjected to homogenization for five cycles to
obtain LCNF. The designations of all samples are listed in Table 1.

Table 1. Composition of DESs, pKa of HBDs and nomenclature

Composition Nomenclature
pKa of
Molar ratio Residual
HBA HBD HBD DES Lignin )
(HBA/HBD) solid
.J
P e 1:2 3.75 FD FDL FDR
FA
q“‘
e
s 1:2 4.76 AD ADL ADR
4 /.’ ?
. ‘5) &4
"{.;‘ S AA
i g o«
». . —e
ChCl A 1:2 3.86 LD LDL LDR
LA
."
>—9
= 1:1 1.23 OD ODL ODR
OA

3. Results and Discussion
3.1 Physicochemical properties and solvent effects of DES

With reference to the Kamlet-Taft solvatochromic parameters [20, 21], the
absorbances of DES at different peak wavelengths were measured in three dyes: Nile
red (NR, 550-650 nm), 4-nitroaniline (NH2, 300-450 nm), and 4-nitroanisole (OMe,
300-350 nm). As shown in Figure S1 and Figure 1a, calculated by Equations (1-3),
AD exhibited the strongest hydrogen bond accepting ability (5= 3.340), indicating a

weak proton-donating ability of this system and consequently a low hydrogen bond



acidity (o= 1.204). Notably, OD exhibited the highest hydrogen bond acidity (a=1.882)
among the tested DESs, indicating its strongest hydrogen bond donor capacity, which
is favorable for the competitive disruption of intermolecular and intramolecular
hydrogen bonds in lignocellulose.

_ 19.9567-1.024x" -vyg

1.6078 (1)
- 1 '035V0Me+2~64'VNH2
p= 2.80 (2)

« 34.12-v0ue

2.343 (3)

a represents the hydrogen bond donor ability (hydrogen bond acidity) of the solvent,
f represents the hydrogen bond acceptor ability (hydrogen bond basicity), @*
represents the polarizability, v represents the maximum absorption wavenumber of
the probe molecule in the test solvent (cm™).

The optimized geometries shown in Figures 1b-e revealed that both Ch* and Cl~
participated in hydrogen bonds with the HBDs. Specifically, the carboxyl hydrogens
of FD, AD, and LD formed O-H:--Cl hydrogen bonds with bond lengths of
2.061-2.073, 2.080-2.100, and 2.070-2.076 A, respectively, while OD exhibited the
shortest O-H---Cl distance of 1.908 A, corresponding to the strongest
hydrogen-bonding interaction. This was primarily attributed to the dicarboxylic
structure of OD, which provides additional hydrogen-bonding sites and a more
concentrated charge distribution, thus enhancing its hydrogen bonding capacity with
chloride ions. Additionally, the strong hydrogen-bond interaction induces an electron
delocalization effect, which contributes to the enhanced acidity of OD-based DESs,

consistent with its highest a value.
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Figure 1. FD, AD, LD, and OD of a and f values (a), atomic distances (b-¢), and band gaps (f-1).
Furthermore, the LUMO-HOMO orbitals of the four DESs were calculated using
Gaussian DFT to evaluate their reactivity [22]. As shown in Figures 1f-i, the
HOMO-LUMO band gaps were 6.002eV for ChCI-FA, 6.161 eV for ChCI-AA,
6.079 eV for ChCI-LA, and 4.406 ¢V for ChCI-OA. Among them, OD exhibited the
smallest band gap (4.406 eV), indicating that less energy was required for electronic
transitions and suggesting potentially higher reactivity. This result was consistent with
the aforementioned analysis of hydrogen bond acidity and the molecular structure
optimization. The charge distribution in the hydrogen-rich network DESs was studied
through the molecular surface electrostatic potential analysis, in which the red regions
denote strongly electropositive sites, the dark blue regions indicate strongly
electronegative sites, and the white transitional zones correspond to neutral character.
As shown in Figures 2a-d, the electrostatic potential ranges for the FD, AD, LD, and
OD systems were —43.04 to 42.91, —46.13 to 40.66, —46.66 to 48.33, and —51.32 to
47.11 kcal/mol, respectively. As to quantitative distribution of electrostatic potential,

significant differences in electrostatic potential surface area distributions were



observed between the AD and LD systems. In contrast, OD exhibited the strongest
negative potential and a more uniform distribution, indicating that it possessed
stronger solvation capability and a more stable supramolecular structure. This
property is expected to provide a favorable solvation environment for the dissolution

and functionalization of lignocellulose.

(a) (b) ;
4’1.91 kcal/mol D ?Ase kcal/mol AD
+ (_; v 50
> - n P 2
. T L b P S <
9. < A 5%
) e ] g [ 5, - <
4 - © 10 Y o b Q.9 . 2
P i ;}4 4 .
Q “ 6’ b R ° ﬂ 10
Peger SR Y.
< 7 43.04 keall 0 -46.13 kealimol - —
0 2 9 20 L Electrostatic potential (kcalimol)
Electrostatic potential (kcal/imol)
(d) .
Lo J<-51.32 keal/mol op
) “ & ) A o
1 . 20
e "7 <30 - o o
3 g < &
# f; Y 3 7 , -9 A <
o TR 3 E, - . , g
( e oy < ’_‘(’D.. P - .
g \ oid . ¥ 4
S » ?B.GBkcallmo’l y - o
N 0 47.11 kcallmol
48.33 keal/mol “ 2 ¢ » “© 40 20 0 20 )

Electrostatic potential (kcal/mol) Electrostatic potential (kcal/mol)

Figure 2. Electrostatic potential distribution and quantitative analysis of molecular surface
electrostatic potential for FD (a), AD (b), LD (c), and OD (d).

3.2 Acidic DES-mediated lignin extraction and structural regulation

As illustrated in the schematic diagram of the lignocellulose fractionation
process in Figure 3a, poplar sawdust was subjected to depolymerization by four acidic
DESs to obtain lignin and lignocellulosic residues. As shown in Figure 3b, lignin
extraction yields varied considerably across DES systems: FD, AD, and LD gave only
9.9%, 3.5%, and 3.5%, respectively, whereas OD achieved a markedly higher yield of
63.3%. This efficient delignification was further reflected in the yield of residual solid:
OD treatment left only 49.0% of the original wood powder, compared to 73.6%,
86.8%, and 83.3% for FD, AD, and LD, respectively (Figure 3c). Collectively, these
trends correlate consistently with the acidity order of the DES systems. The relative
purity of the extracted lignin was evaluated by the Klason method. The purities of
ADL and LDL were both below 80%, whereas ODL exhibited the highest purity,
approaching 100% (Figure 3d). The high yield and high purity of lignin obtained with
the OD system can be primarily attributed to its strong acidity and the highest
hydrogen bond donor ability, which provides more acidic protons to effectively

disrupt the lignin-carbohydrate complex (LCC) structure in lignocellulose, thereby



enabling the high-purity, high-yield separation of lignin. Furthermore, the phenolic
hydroxyl contents of ADL, LDL, and FDL were 4.04%, 4.08%, and 5.16%,
respectively, whereas ODL exhibited a substantially higher content of 11.0% (Figure
3e). This pronounced improvement was primarily attributed to the greater ionization
of oxalic acid, which released more H" that protonated the C,-OH groups of lignin,
leading to p-O-4 bond cleavage and the concomitant formation of new phenolic

hydroxyl groups [23].
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Figure 3. Schematic diagram of the lignocellulose separation and purification in DES systems (a).
Yield of various lignin (b) and residual solid (c), relative purity (d), phenolic hydroxyl content (e)
and FTIR spectra (f) of different lignin samples.

FTIR spectroscopy was employed for preliminary structural the characterization
of the various lignin samples. The FTIR spectra of all lignin samples exhibited similar
absorption features (Figure 3f). The absorption bands at 3400, 2927/285S5,
1600/1503/1455 cm™ were assigned to stretching vibration of O-H, -CH3/-CH> and

skeletal vibrations of benzene ring. The absorption band at 1724 cm™' was assigned to



the C=0O stretching of non-conjugated carbonyl or carboxyl groups, suggesting
esterification during lignin extraction. The bands at 1265, 1222, and 1038 cm™ were
assigned to guaiacyl (G) units, while those at 1325 and 1124 cm™! originated from
syringyl (S) units, collectively confirming that all extracted lignin were predominantly
G/S-type structures. Additionally, the weak peak at 1165 cm™ indicated the presence
of small amounts of H-type units in all lignin samples.

2D HSQC was used to further analyze the detailed structures of lignin samples.
As shown in Figures 4a-d and Table S1, characteristic signals of the -O-4, f-f, and
-5 linkages were detected in all samples. Specifically, the Cq-Hy correlation of f-O-4
linkages appeared at dC/0H 72.8-71.6/4.89-4.81 ppm; Cp-Hp correlations of S-O-4
structures attached to guaiacyl (G) and syringyl (S) units appeared at 6C/6H
84.1-83.6/4.30-4.26 ppm and 86.5-85.5/4.18-4.03 ppm, respectively, while the C,-H,
correlation was located at oC/0H 59.6-59.5/3.66-3.60 ppm. For f-f resinol
substructures, the Cp-Hp, C,-H,, and C,-H, correlations were detected at 6C/0H
53.5-53.2/3.08-3.03, 71.4-71.2/4.18-3.73, and 85.9-84.1/4.68-4.60 ppm, respectively.
The Cu-Hq and Cy-Hy correlations of the -5 (phenylcoumaran) substructure appeared
at 0C/OH 87.9-87.2/5.54-5.42 and 62.4-62.2/3.71-3.70 ppm, respectively [24-26].
Notably, in the ODL sample, several signals in the side-chain region were markedly
attenuated, which was attributed to extensive cleavage of side-chain bonds under the
strongly acidic DES. Subsequently, the major structural units in lignin were quantified
by 2D HSQC NMR. The results were expressed per 100 aromatic units (Ar) and are
summarized in Table 2. The relative content of f-O-4 linkages dropped sharply from
43.0, 41.1, and 37.0 per 100Ar in ADL, LDL, and FDL, respectively, to only 9.7 per
100 Ar in ODL. This acid-driven depolymerization proceeds via protonation of
benzylic hydroxyl groups to form carbocation intermediates, which subsequently
trigger f-aryl ether scission. The reaction is further facilitated on S units due to the
higher electron density on aromatic rings. Accordingly, the S/G ratio decreased from
0.51 in ADL to 0.41 in LDL, confirming that the initial mild acidity selectively
cleaved S-unit-associated f-O-4 bonds. With further increases in acidity, the S/G ratio
rose from 0.62 of FDL to 1.23 of ODL, indicating that the more acidic DES

intensified the release of S-unit-rich fragments. Overall, higher acidity of the DES led



to more extensive cleavage of ether bonds, with the OD system exhibiting the
strongest effect.

GPC analysis confirmed that the acidic DES systems induced pronounced
depolymerization, leading to markedly reduced molecular weights. As shown in
Figure S2, ADL, LDL and FDL possessed weight-average molecular weights (M) of
2481, 2457 and 3648 g/mol, respectively, with corresponding polydispersity indices
(PDI) of 1.42, 1.46 and 1.48. For the ODL, the combined action of hydrogen-bond
competition within the LCC and acid-catalyzed f-aryl ether scission synergistically
promoted the release of highly homogeneous lignin fragments, as reflected by its

particularly low My of 2038 g/mol and narrow PDI of 1.31.
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Figure 4. HSQC spectra and related substructures of FDL (a), ADL (b), LDL (c), and ODL (d).



Table 2 Relative abundance of different structural units in lignin samples

Lignin B-O-4/100Ar  B-B,/100Ar B-B,/100Ar S/100Ar  G/100Ar H/100Ar  S/G

ADL 43.0 4.6 2.7 31.1 61.1 7.8 0.51
LDL 41.1 2.6 1.7 28.4 69.4 2.2 0.41
FDL 37.0 3.6 3.6 37.5 60.6 1.9 0.62
ODL 9.7 0.6 2.5 54.5 44.3 1.3 1.23

3.3 Acidic DES-mediated structural evolution of Lignocellulose residue and
LCNF

The morphological and chemical structures of the separated cellulose residues
were characterized and analyzed. As shown in Figure S3, the untreated poplar wood
powder exhibited a rod-like morphology with a dense and uniform structure. After
treatment with FD, AD and LD, the wood surfaces displayed evident etching, yet the
overall rod-like shape was largely retained. This indicated that the hydrogen-bond
competition exerted by these three DESs was insufficient to fully disrupt the
lignin-carbohydrate complex (LCC) structure. In contrast, through the synergistic
action of hydrogen-bond competition and acid-catalyzed degradation, OD effectively
promoted the depolymerization of lignocellulose and the hydrolysis of cellulose
amorphous regions and hemicellulose. This yielding a cellulose residue with a loose,
fragmented structure and significantly reduced particle size (Figure 5a).

The FTIR analysis shown in Figure 5b revealed that the characteristic peaks
observed in all samples at 3396, 2912, 1433, 1156, and 1058 cm™ were assigned to
O-H stretching, -CH»2- asymmetric stretching, C-H shearing, antisymmetric C-O-C
bridge stretching, and C-O stretching, respectively. This indicated that the DES
treatment did not alter the native cellulose backbone. Meanwhile, the attenuated
aromatic skeletal vibrations at 1600 and 1512 cm™ reflected the partial removal of
lignin. Furthermore, all cellulose residue samples exhibited a characteristic ester
carbonyl peak at 1743 cm™, confirming that the acidic hydrogen bond donor esterified
with the surface hydroxyl groups of cellulose. XRD analysis confirmed that all
residual solid samples retained the cellulose I crystal structure (Figure 5c). The
crystallinity index (Crl) changes during DES treatment are driven by two competing
effects, as shown in Figure 5d. The preferential removal of amorphous lignin and

hemicellulose raises Crl, lifting the value from 52.1% in raw poplar wood to 59.5%,



56.7%, 56.1%, and 54.8% for FCR, ACR, LCR, and OCR, respectively. As DES
acidity increases, higher proton concentrations intensify acid hydrolysis of exposed
crystalline cellulose, disrupting its lattice and shrinking crystallite size. This

degradative effect outweighs the Crl-boosting gain from deeper delignification,

causing Crl to decrease progressively across the treatment groups.
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Figure 5. Infrared spectra (a), XRD patterns (b), and crystallinity (c) of cellulose residues, and
surface morphologies of FCR, ACR, LCR, and OCR.

Owing to the effective disruption of the LCC structure by the OD system, the
depolymerized cellulose residue (OCR) could be readily processed into
lignin-containing cellulose nanofibers via high-pressure homogenization. TEM
images revealed that the homogenized fibers exhibited a nanoscale elongated fibrous
structure (Figure 5e). And statistical analysis showed that the diameter distribution of

the LCNF exhibited an approximately normal distribution, with an average diameter



of 7.64 nm (Figure 5f). This is comparable to values reported in the literature [27].
This fibrillation was mainly driven by the high-speed shear, intense collision, and
cavitation effects generated during homogenization, which effectively disrupted the
interfibrillar interactions and promoted microfibrillation [28]. Meanwhile, the
amorphous region structure was disrupted, thereby increasing Crl to 86% (Figure S4).
Additionally, the irregular nanoparticles observed in the TEM images likely originated
from residual lignin on the fiber surface. FTIR spectrum of LCNF displayed the
characteristic peaks of aromatic skeleton at 1500, 1453, and 1428 cm™!, verifying the
presence of residual lignin in the LCNF (Figure S5). XPS was performed to
characterize the surface chemistry of the LCNFs. The high-resolution Cls spectrum
was deconvoluted into three peaks at binding energies of approximately 284.8, 286.5,
and 288.0 eV, corresponding to C-C/C=C/C-H, C-O/C-O-C, and O-C-O/C=0,
respectively, which might be attributed to the esterification of LCNF and the presence
of residual lignin (Figure S6). Collectively, these results demonstrate that
OD-mediated depolymerization of lignocellulose not only enables -efficient
nanofibrillation but also yields LCNF with lignin-enriched surfaces, offering a
promising strategy for the value-added utilization of cellulose residues.
3.4 Depolymerization mechanism

The preceding results confirmed that OD could depolymerize lignocellulose
through the cleavage of glycosidic bonds in cellulose, ether bonds in lignin, and
competitive hydrogen-bond disruption, thereby enabling lignin dissolution and
cellulose separation (Figure 6a). However, the specific cleavage sites and reaction
pathways of lignin depolymerization remained unclear. To address this, a typical
[-0-4 lignin dimer, guaiacylglycerol-f-guaiacyl ether (GBG), was selected as a model
compound, which contained the key structural features of lignin, including S-O-4
linkages, aromatic rings, methoxy groups, and hydroxyl groups. The hydrogen bond
topological networks of the OD and GBG, along with their key bond critical points
(BCPs), were investigated using DFT simulations (Figure 6b). For OD, the primary
interaction was between chloride ions (CI") and hydrogen bond donors, i.e., CleeeH-O,
and the hydrogen bond strength at the CleesH-O interactions ranged from
0.0283<p<0.0490 au, while that of the lignin model compound (Oee*H-O type



network) ranged from 0.0249<p<0.0261 au (Table S2). The superior hydrogen-bond
competition capability of OD thus constituted the basis for the efficient
depolymerization of lignin. Another core mechanism underlying lignin
depolymerization was the cleavage of ether bonds. As shown in Figure 6¢c, DFT
simulation of GBG revealed that the principal covalent bonds in lignin exhibited bond
dissociation energies of 55.85 kcal/mol for the C-O bond and 65.26 kcal/mol for the
C-C bond. With the lower dissociation energy, C-O bond was unstable under acidic
conditions. The Kamlet-Taft solvatochromic parameters (Section 3.1) confirmed that
OD possessed stronger acidity and higher hydrogen-bond acidity, which enabled the
system to provide a higher concentration of free protons that could closely interact
with lignin. During this process, the y-hydroxyl group (y-OH) on the lignin side chain
was acylated by the carboxylic acid component (-COOH) of the DES, yielding a
y-esterified structure. Subsequently, the acidic protons released from the HBD
electrophilically attacked the ether oxygen, leading to C-O bond cleavage (Figure 6d).
Quantitative 2D NMR analysis had already confirmed the cleavage mechanism, as
reflected by the substantial decrease in f-O-4 ether linkage units in ODL. Additionally,
pronounced signals attributable to S’ units (oxidized syringyl structures) were
observed in the 2D HSQC spectra of the depolymerized lignin (Figure 4), providing
direct evidence for the enol ether-mediated cleavage. Specifically, protons in the
acidic DES attack the a-hydroxyl group (a-OH) in the f-O-4 structure, leading to the
elimination of a water molecule (H20) and the formation of a stable carbocation
intermediate. Subsequently, an elimination reaction occurs between the positively
charged carbocation at the a-position and the adjacent f-H atom, generating a key

enol ether intermediate (Figure 6d) [29].
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Figure 6. Schematic diagram of LCNF depolymerization (a). Molecular model of GBD (b) and
molecular interaction model of GBD-GBD (c). Schematic diagram of the mechanism of
lignocellulose depolymerization by deep eutectic solvent (d).

For cellulose, the competitive hydrogen bonding between chloride ions (Cl") of
choline chloride and hydroxyl groups of the lignin-carbohydrate complex facilitated
the cleavage of resistant covalent linkages, including lignin-hemicellulose ester bonds
and a portion of S-1,4-glycosidic bonds in cellulose. Meanwhile, OD also disrupted
the intra-and intermolecular hydrogen bonds of cellulose, leading to partial
depolymerization of the amorphous regions. This selective disruption increased
cellulose crystallinity, thereby enhancing its accessibility and facilitating the
preparation of lignocellulosic nanofibers (Figure 6d). In summary, the efficient
hydrogen bond competition and covalent cleavage synergistic mechanism of OD
ensure the synchronous transformation of high-quality lignin and LCNF.

3.5 Large-scale conversion of lignocellulose
Oxalic acid-based DES, based on a chemo-physical synergistic effect, is effective

for lignocellulose depolymerization and can be applied to the balanced conversion of



its multicomponents. However, scaling up this process from the laboratory to an
industrial scale presents considerable challenges. In this work, an integrated route was
designed, covering lignocellulose depolymerization, lignin separation and purification,
and LCNF post-treatment, with a batch capacity of 100 kg of lignocellulose. As
shown in Figure 7, the OD-treated lignocellulose was converted into a depolymerized
slurry, from which the solid residue and the lignin-containing liquor were separated
via tubular centrifugation at a rotational speed of 10,000 rpm. The separated liquor
was then subjected to precipitation in a settling tank by mixing with deionized water
at a liquor-to-water volume ratio of 1:8. The resulting precipitate was filtered and
thoroughly washed to obtain purified lignin. Meanwhile, the solid residue, after
washing and homogenization, was processed into LCNF by a high-pressure
homogenizer operated at 500 bar for three passes. The purified lignin obtained from
this integrated process exhibited a hydroxyl group content of 12.4%, and the
morphology of the homogenized LCNF was consistent with that of the lab-scale

products (Figure S7).

Depolymerized slurry Centrifugation Precipitation of lignin Lignin

Figure 7. Scalability validation of OD-mediated lignocellulose depolymerization.
Scale-up conversion trials demonstrated that processing 100 kg of wood powder
yielded approximately 21.8 kg of lignin and 2205 L of LCNF suspension with a solid
content of 2 wt%. The cost analysis is presented in Table S3. The estimated cost for
treating of poplar powder was approximately 98.9 CNY/kg, among which DES
consumption represented the dominant contribution (81.7%). Significantly, based on
our previous study, the oxalic acid-based DES can be readily recycled for five cycles

via vacuum distillation [18]. Applying this recycling strategy reduced the overall



conversion cost by 68.7% to 31.0 CNY/kg of biomass, highlighting the economic
potential of DES-based lignocellulose fractionation (Figure S8). These findings
suggest that significant cost savings can be achieved through multiple reuse cycles.
Future efforts will focus on systematically optimizing the large-scale recovery and

recycling process of the DES.

Conclusions

To achieve efficient separation and balanced conversion of both lignin and
cellulose from lignocellulosic biomass, a series of acidic DESs were designed based
on choline chloride as the hydrogen-bond acceptor and various organic acids (lactic,
oxalic, formic, and acetic) as hydrogen-bond donors. Kamlet-Taft solvatochromic
parameters and density functional theory (DFT) analysis were employed to
characterize the four DES systems. The results confirmed that the choline OD system
showed the strongest hydrogen-bond acidity (a= 1.882), the shortest hydrogen-bond
distance (1.908 A), the most negative electrostatic potential (-51.32 kcal/mol), and the
lowest band gap (4.406eV). Under such acidic conditions, OD drives efficient
removal of lignin and hemicellulose through a dual mechanism: proton-mediated
cleavage of covalent bonds and chloride-induced competition for hydrogen bonds.
This yielded a lignin extraction rate of 63.3%, with high purity nearly 100%, a
phenolic hydroxyl content of 11%, and a relatively low molecular weight of 2038 Da.
Meanwhile, the pretreated cellulosic substrate (OCR) exposed substantially more
disordered fibrillar structures, allowing its conversion into LCNFs with a crystallinity
index of 86% and a diameter of 7.64 nm. The technology has already passed
pilot-scale verification at a throughput of 100 kg per day, reinforcing its promise as a

green biorefinery process suitable for industrial scaling.
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