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ARTICLE INFO ABSTRACT

Keywords: Enzymatic hydrolysis lignin (EHL) is a large-scale industrial waste generated from the bio-ethanol production
Biorefinery process. Its complex and heterogeneous nature as well as its low solubility in common solvents, has posed a
Biofuel

persistent barrier to its effective utilization. Here, EHL was converted into biofuel through a two-step process,
involving non-catalytic solvolysis followed by catalytic product upgrading. The non-catalytic solvolysis step
achieved complete EHL liquefaction in a mixture of isopropanol and HyO without char formation. In this step,
H,0 disrupts the hydrogen bonds in EHL and isopropanol break n-n stacking interactions between the aromatic
rings in EHL-H50 also enhances EHL depolymerization, while isopropanol, as a hydrogen donor solvent, provides
hydrogen that stabilizes active intermediates. In the catalytic product upgrading step, the liquid product of the
first step was transformed into biofuels rich in cycloalkanes, arenes and alkylphenols, with a total carbon yield of
45.6 %. Isopropanol-H,O reforming reactions provided hydrogen for the upgrading process, avoiding the

Catalytic upgrading
Enzymatic hydrolysis lignin
Non-catalytic solvolysis

introduction of Hy. This work demonstrates an effective approach for converting EHL into biofuels.

1. Introduction

Lignocellulose, comprising cellulose, hemicellulose, and lignin, is a
sustainable feedstock with the potential to become the predominant
renewable resource for producing commodity chemicals and fuels to
achieve carbon-neutrality [1,2]. Nowadays, second-generation (2G)
biorefineries using agricultural and forestry residues have been suc-
cessfully built to convert cellulose and hemicellulose into bio-ethanol as
a gasoline blend, but leaving lignin as a solid residue, named enzymatic
hydrolysis lignin (EHL) [3]. For every litre of 2G bioethanol, 0.5-1.5 kg
of EHL is produced depending on the lignin content in the original
biomass used [3]. As a large scale industrial waste, EHL holds significant
promise as a feedstock for producing biofuels to improve the sustain-
ability and profitability of 2G biorefineries [3-5].

EHL solvolysis stands out as a promising method for depolymerizing
EHL into high-value phenolics as biofuel precursors [6-10]. In our
previous work, we depolymerized EHL in ethanol or methanol with
different catalysts, including MoS; [11,12], unsupported Ni [13], NiMo/
Al,O3 [14] and WOs3/Al,O3 [15], and achieved complete EHL

* Corresponding authors.

liquefaction and high yields of alkylphenols (20-30 wt%) at around
300 °C. In these reactions, catalysts play a crucial role in EHL lique-
faction and phenolic monomer production [1,2,16-18]. Nevertheless,
the utilization of a catalyst increases overall expenditure and the sepa-
ration of the catalyst before product upgrading also introduces addi-
tional complexity and cost to the process. Non-catalytic lignin solvolysis,
as a more economical process, has attracted significant attention
[19-27]. These works explore the depolymerization of lignin into a
lignin oil containing monomers and oligomers with only a solvent in the
temperature range of 200-400 °C. However, repolymerization reactions
of active intermediates occurs simultaneously with lignin depolymer-
ization reactions, leading to a high yield of char typically in the range of
10-40 wt% [19-27]. The char formation remains the major challenge
for non-catalytic lignin solvolysis.

The products obtained from EHL solvolysis exhibit high oxygen
content, necessitating additional upgrading, particularly hydro-
deoxygenation (HDO), to eliminate oxygen-containing functional
groups and improve the heating values [28-30]. The HDO of lignin
derived phenolics has been extensively investigated over the past two
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decades, resulting in the development of various catalysts, such as Ni
and noble metal catalysts, Ni and Co-based phosphides, and Mo and W-
based sulfides, carbides and oxides [31-33]. However, the HDO of lignin
oil derived from solvolysis is more challenging due to the presence of
large lignin fragments, which strongly adsorb onto the catalyst and
hinder the HDO reaction [34]. To enhance HDO reaction and suppress
char formation, high pressure of Hy is typically introduced into the re-
action [35]. Nevertheless, the storage and operation of high-pressure Hy
pose safety concerns to the overall process.

Herein, we developed a two-step process for producing biofuel from
EHL, involving non-catalytic solvolysis followed by catalytic product
upgrading. The non-catalytic EHL solvolysis was examined in methanol,
ethanol, isopropanol and their mixtures with H,O. Notably, complete
EHL liquefaction was achieved in an isopropanol-H2O mixture. The in-
teractions between EHL and the solvents and the specific roles of iso-
propanol and H2O in EHL liquefaction were investigated using operando
HSQC-NMR spectroscopy and molecular dynamics simulations. The
liquid product obtained was efficiently upgraded into biofuels rich in
cycloalkanes, arenes and alkylphenols with isopropanol reforming re-
actions providing hydrogen, avoiding the introduction of extra Hj gas.

2. Materials and methods
2.1. Materials

EHL was provided by Shandong Long Live biological technology Co.,
Ltd, and has been characterized in our previous work [36]. This type of
EHL contains 91.2 wt% lignin, 1.42 wt% ash, and 0.12 wt% residual
carbohydrate, and the weight percentages of C, O, H, N and S are 61.29,
29.61, 6.69, 0.98 and 0.01 wt%, respectively. The solvents (AR),
including, isopropanol, ethanol and methanol, were purchased from
VWR Chemicals. Deuterated solvents, including DMSO-dg (99.5 atom%
D), isopropanol-d8 (99.5 atom% D), and D,O (99.8 atom% D), were
purchased from Sigma-Aldrich. Raney Ni was also purchased from
Sigma-Aldrich (Product Number: 221678).

2.2. Methods

2.2.1. Reaction conditions

Typically, 1 g of EHL combined with 50 mL of solvent was added into
a 100 mL batch reactor (Kemi Co. Ltd, Hastelloy). The reactor under-
went six purging cycles with Ny to ensure an inert atmosphere. Subse-
quently, the reactor was heated to 250 °C and held at this temperature
for 3 h with continuous stirring at 600 rpm. Following reaction, solid
and liquid products are separated by filtration. The solid product,
without undergoing any washing steps, was directly dried at 60 °C in a
vacuum drying oven for 24 h. Subsequently, the weight of the dried solid
product was measured using a balance and utilized to calculate the EHL
liquefaction degree. The liquefaction degree was calculated with Eq. (1):

Th ight of the soli i
Liquefaction degree (wt%) = (1 _ Theweightof the solid remdue)

The weight of added EHL
x 100
@

The liquid product was directly upgraded with 0.5 g of Raney Ni
catalyst without solvent separation. The reaction was carried out at
320 °C for 6 h under N5 in the same reactor, using the same procedure as
the EHL liquefaction step. After reaction, the catalyst and liquid prod-
ucts were separated by filtration.

2.2.2. Product analysis

Due to the use of water, the liquid products obtained from EHL
liquefaction and further upgrading were extracted with dichloro-
methane (50 mL), and the monomers in dichloromethane were quali-
tatively and quantitatively analyzed with a Shimadzu GC-MS
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(QP2010SE with Optic 4) and an Agilent 7890 GC-FID, respectively. The
operating conditions for both GC instruments are described in our pre-
vious work [37]. n-Dodecane served as the internal standard for quan-
tification. The total carbon yield of monomers was determined using Eq.
(2):

M(i) x C(i)

[ N N — 0,
(M(EHIL) x C(EHL) * 100%

Total carbon yield of monomers (%) = Z
(2)

Herein, M(i) represents the weight of product i, C(i) represents the
weight percentage of carbon in product i, M(EHL) represents the weight
of EHL added into the reaction, and C(EHL) represents the weight per-
centage of carbon in EHL.

The gas sample was collected with a bomb and analysed with a gas
chromatography (GC, Agilent Technologies, model 6890) equipped with
a flame ionization detector (FID, Column: Aly,O3/KCl, 50 m x 0.32 mm
% 8.0 pm) and a thermal conductivity detector (TCD, Columns: HP-PLOT
Q, 30 m x 0.53 mm x 40 pm; MoleSieve 5A, 30 m x 0.53 mm X 25 pm).

The non-volatile products were obtained through the evaporation of
solvents and small molecule products through vacuum evaporation at
80 °C. Heteronuclear single quantum coherence nuclear magnetic
resonance (HSQC-NMR) spectra of EHL and the non-volatile products
were recorded at room temperature on a Bruker AVANCE III HD 400
MHz spectrometer. To ensure the accuracy of semi-quantification
regarding the $-O-4 linkage content in both EHL and its products, pre-
cise sample quantities (50 mg) and solvent volumes (600 pL. DMSO-dg)
were meticulously measured and maintained.

The average molecular weight of EHL as well as the non-volatile
products was determined using an Agilent HPLC system with Phenogel
columns (5 pm — 5 nm and 100 nm) and a UV detector set at 280 nm.
Tetrahydrofuran was used as the eluent at a flow rate of 1.0 ml min ™.

2.2.3. Variable-temperature operando HSQC-NMR spectroscopy

Variable-temperature HSQC-NMR spectra of EHL in isopropanol-d8
and the mixture of isopropanol-d8 and D,O were recorded on a modi-
fied Bruker AVANCE III HD 400 MHz spectrometer. The maximum
operating temperature is 150 °C. In a typical procedure, 150 mg of EHL
and 2 mL of solvent were introduced into a 10 mL quartz high pressunre
NMR tube. Subsequently, the quartz tube was sealed with 2 MPa N, and
then heated to 150 °C for 15 min and kept at this temperature for 3 h in
the NMR spectrometer prior to measurements.

2.2.4. Molecular dynamics simulations

Molecular dynamics simulations were carried out using the Forcite
module in the Materials Studio software. The lignin model was con-
structed by connecting 20 G units with f—0—4 bonds. Solvent density
was set at half of the real liquid density, following experimental con-
ditions. Canonical ensemble simulations (NVT) were performed for
2000 ps at 250 °C for all models, with a time step of 1 fs. The first 1000
ps were utilized for system equilibration, and the subsequent 1000 ps
were dedicated to data analysis. The COMPASSII force field was
employed to describe intermolecular interactions, and charges were
assigned based on the force field. Hydrogen bonding interaction en-
ergies were computed using the Ewald method with an accuracy of
0.001 kcal/mol, whereas van der Waals interaction energies were
computed using the Atom-based method with a cutoff distance of 15.5 A.
The van der Waals and hydrogen bonding interaction energies between
lignin and solvent (Eyaw(ignin-solvent) 81d EH(lignin-solvent)) Were calculated
with the Egs. (3) and (4):

EvdW(lignin—solvent) = EvdW(system) - EvdW(lignin) - EvdW(solvem) (3)
EH(lignin—solvent) = EH(system) - EH(lignin) - EH(solvent) (4)

Here, E:VdW(systern)y EvdW(lignin) and Evdw(solvnt) Tepresent the van der
Waals interaction energies in the entire system, within lignin molecules,
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and between solvent molecules, respectively. Similarly, Ex(system)> En
(lignin) and Egsolvny denote the hydrogen bonding interaction energies in
the entire system, within lignin molecules, and between solvent mole-
cules, respectively. These equations employed average values calculated
from results obtained between 1000 to 2000 ps.

3. Results
3.1. Non-catalytic EHL solvolysis

The non-catalytic solvolysis of 1 g EHL in 50 mL pure alcohol/
alcohol-Hy0 mixtures was investigated at 250 °C, see Fig. 1 (a). The
liquefaction degree of EHL in pure methanol is 92.6 wt%, higher than
that obtained in pure ethanol and isopropanol, which are 88.4 wt% and
67.5 wt%, respectively. Despite the low EHL liquefaction degree in HoO
(<20 wt%), the addition of HyO into these alcohols increases the EHL
liquefaction degree. When the volume ratio of alcohol to HyO is fixed at
3:2, the mixture of isopropanol and HoO achieves complete EHL lique-
faction, and the liquefaction degrees obtained in ethanol-H,O and
methanol-HoO are 95.8 and 94.6 wt%, respectively. The effect of the
volume ratio of isopropanol to HoO was examined. The liquefaction
degree of EHL obtained in isopropanol-H;0 (2:3) is 97.7 wt%, slightly
lower than that obtained in isopropanol-H>O (3:2). In isopropanol-H>O
with volume ratios of 1:4 and 4:1, the liquefaction degrees of EHL are
only 84.9 and 87.3 wt%, respectively. The effects of volume ratios of
alcohol to Hy0 in methanol-H;O and ethanol-H,O mixtures were also
examined (Figs. S1 and S2), revealing that methanol-H0 and ethanol-
H20 mixtures can not achieve a 100 wt% EHL liquefaction degree across
different alcohol to Hy0 volume ratios. Therefore, isopropanol-H,O
(2:3) is the most efficient solvent for non-catalytic EHL solvolysis,
among the solvent examined.

The effect of reaction temperature on the EHL liquefaction degree in
isopropanol-H,0 (3:2) and pure isopropanol was investigated (Fig. 1
(b)). At 50 °C, EHL has a higher solubility in isopropanol-H,0 (3:2)
compared to pure isopropanol. With increasing the reaction
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Fig. 1. (a) Liquefaction degree of 1 g EHL in 50 mL solvent at 250 °C for 3 h
under a Ny atmosphere. (b) Liquefaction degree of 1 g EHL in 50 mL iso-
propanol and isopropanol-H,0 (3:2) for 3 h under a N, atmosphere at different
reaction temperatures. (c¢) EHL liquefaction degree in 50 mL isopropanol-H,O
(3:2) with different amounts of EHL added at 200 and 250 °C for 3 h under a
N, atmosphere.
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temperature, the difference in EHL liquefaction degree between iso-
propanol-H;0 (3:2) and pure isopropanol became more pronounced.
The EHL liquefaction degree reaches 100 wt% in isopropanol-H50O (3:2)
at 200 °C, while the value obtained in isopropanol at 200 °C is only 63.7
wt%. At 250 °C, isopropanol-H,O (3:2) also achieves complete EHL
liquefaction, whereas isopropanol only dissolves 67.4 wt% of EHL. The
effect of the amount of EHL on its liquefaction degree in 50 mL iso-
propanol-H»0 (3:2) was examined at 200 and 250 °C (Fig. 1 (c)). At
200 °C, 1.5 g EHL is completely liquefied in 50 mL isopropanol-H,0O
(3:2), with the liquefaction degree significantly decreasing as the
amount of EHL is further increased. Nevertheless, at 250 °C, iso-
propanol-H,0 (3:2) achieves complete liquefaction of 2 g EHL, and the
EHL liquefaction degree is 90.3 wt% with 3 g EHL.

The monomers in the liquid phase obtained from non-catalytic EHL
solvolysis at 250 °C were identified using GC-MS and quantified with
GC-FID. As shown in Fig. 2 (a) and (b), the major monomers are para-
ethyl and vinyl-substituted phenol and guaiacol, and other monomers
include ketone-substituted guaiacol and syringol, 4-propenyl syringol,
and esters derived from ferulic and p-coumaric acids. Para-ethyl phe-
nolics are generated through hydrogen transfer from the alcohol to para-
vinyl side chains.

The mole ratio of para-vinyl substituted products to para-ethyl
substituted products (n(C = C):n(C-C)) was employed to assess the
hydrogen transfer activity of the solvent, see Fig. 2 (c). This ratio is 0.77
in methanol, and decreases to 0.52 in ethanol. In isopropanol, the ratio is
only 0.03, indicating that isopropanol shows much higher hydrogen
transfer activity compared to methanol and ethanol. In the non-catalytic
solvolysis process, active products are stabilized with alcohol solvent
[6]. Isopropanol, with higher hydrogen transfer activity, is more effi-
cient in product stabilization than methanol and ethanol, thereby sup-
pressing condensation reactions [25]. The hydrogen transfer activity are
lower for methanol-H,0 (3:2), ethanol-H50 (3:2), and isopropanol-H20
(3:2) than those of the corresponding pure alcohols, with the ratio n(C =
C):n(C-C) being 0.82, 0.70, and 0.38, respectively. Nevertheless, iso-
propanol-HoO (3:2) still exhibits higher hydrogen transfer activity
compared to pure methanol, pure ethanol, methanol-H;O (3:2) and
ethanol-H,0 (3:2).

The total carbon yields of monomers obtained in different solvents
are also displayed in Fig. 2 (c). The total monomer yields obtained in
pure alcohols exhibit are inversely proportional to the n(C = C):n(C-C)
ratio. Isopropanol gives the highest total carbon yield of monomers,
reaching 6.4 %, among the pure alcohols, whereas ethanol and methanol
yield 5.2 and 4.0 % of monomers, respectively. The hydrogenation of C
= C bonds is believed to suppress condensation reactions, contributing
to the high monomer yield [38]. However, the total carbon yields of
monomers obtained in alcohol-H,O mixtures are lower than those ob-
tained in pure alcohols, specifically 2.6, 3.4 and 4.2 % in methanol-H50
(3:2), ethanol-H,0 (3:2) and isopropanol-H,0 (3:2), respectively. This
may be due to certain monomers not being effectively extracted from
alcohol-H,0 mixtures into dichloromethane.

Fig. 3 (a, b and c) displays the HSQC-NMR spectra of EHL and the
liquid products obtained in pure isopropanol and isopropanol-H;0 (3:2)
at 250 °C. In the spectrum of original EHL, signals corresponding to Ca-
Ha, CB-Hp, and Cy-Hy in p-O-4 linkage (labeled as Aa, Ap, and Ay) are
identified. Due to the significantly stronger intensity of Ay signal
compared to Aa and AP signals, Ay signal was used for semi-
quantification of the (-O-4 linkage content in EHL and products.
DMSO-dg solvent was chosen as the internal standard because the ratio
between the signals of Ay and DMSO-dg remains consistent within the
same sample across different NMR runs, and its intensity and position
are also unaffected by the reaction as it is added after the reaction [37].
The signal of Ay were normalized with respect to the peak of the
DMSO-dg solvent. The relative intensity (RI) of Ay in the spectrum of the
original EHL is 1.33, while this value is reduced to 0.82 after reaction in
isopropanol and further decreases to 0.69 after reaction in isopropanol-
H»0 (3:2). The weight-average molecular weight (Mw) of the original
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distribution (d). (Reaction conditions: 1 g EHL, 50 mL solvent, 250 °C, 3 h, N, atmosphere).
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EHL and the liquid products was analyzed with GPC (Fig. 3 (d)). The Mw
of the liquid product obtained in isopropanol is 894 g/mol, significantly
lower than that of the original EHL (4333 g/mol), and further decreases
to 759 g/mol in isopropanol-Hy0 (3:2). These results indicate that EHL
undergoes partial depolymerization during non-catalytic solvolysis in
isopropanol at 250 °C, and the addition of Hy0O into isopropanol pro-
motes EHL depolymerization.

3.2. Interactions between EHL and solvent

The interactions between EHL and isopropanol or isopropanol-HyO
(3:2) was investigated using variable-temperature operando HSQC-NMR
spectroscopy. The spectra of EHL in isopropanol-dg and a mixture of
isopropanol-dg and D20 (isopropanol-dg-D20 (3:2)) acquired at 150 °C
are presented in Fig. 4. Three prominent signals were analyzed, i.e. those
corresponding to the methoxy groups (-OCH3), Ca-Ha in p-O-4 linkages
(Aa) and C5-H5 in the aromatic rings of G units (G5). Compared to
isopropanol-dg, the -OCHj signals in isopropanol-dg-D,0 (3:2) shifts to a
lower field (higher § value), changing from 8H/8C 3.76/56.66 ppm to
3.86/57.27 ppm. Similarly, the Aa signal also shifts to a lower field,
changing from 8H/8C 4.90/73.45 ppm in isopropanol-dg to 4.98/73.80
ppm in isopropanol-dg-D20 (3:2). These shifts suggest the formation of
stronger hydrogen bonds between EHL and isopropanol-dg-D;0O (3:2)
than that between EHL and isopropanol alone, which results in a more
pronounced effect on reducing the electron density of these groups
[39-41]. In addition, the signal G5 in isopropanol-dg-D»0 (3:2) is shifted
to a higher field compared to that in isopropanol-dg, changing from §H/
8C 6.85/116.38 ppm to 6.74/116.32 ppm. This shift may be attributed
to the disruption of n-x stacking interactions between the aromatic rings
in EHL by the solvent [42-44].
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Fig. 4. Operando HSQC-NMR spectra of EHL in isopropanol-dg and iso-
propanol-dg-D20O (3:2) at 150 °C.
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The structural configurations of a large lignin fragment, containing
20 aromatic rings, after a 2000 ps molecular dynamics simulations in the
different solvents are shown in Fig. 5 (a). In HO, the lignin is consid-
erably aggregated, whereas, in isopropanol, it disassembles to some
extent, and, in isopropanol-H,O (3:2), the lignin fragment is significant
open and stretched. Interestingly, despite extensive lignin aggregation
in HyO, H0 exhibits a lower interaction energy with the lignin
compared to isopropanol, indicating a stronger interaction between the
lignin and H»0 (Fig. 5 (b)). The interactions between H,O and lignin
comprise mainly hydrogen bonds, accounting for 83 % of the total
interaction energy between lignin and HO. In contrast, in isopropanol,
the hydrogen bonding and van der Waals interaction energies are
comparable, i.e., 41 % and 59 %, respectively, indicating that both types
of interactions play a role in EHL solubilization. Compared to pure HoO
and pure isopropanol, the isopropanol-H;O (3:2) mixture has a lower
total interaction energy and more balanced proportion of hydrogen
bonding (47 %) and van der Waals (53 %) interaction energies with
lignin. Hence, the EHL liquefaction degree in isopropanol-H,0 (3:2) is
higher than those in pure H,0 and isopropanol.

The solvent distribution around the functional groups in lignin was
evaluated using radial distribution function (RDF) analysis to provide
more detailed information about the interaction between lignin and the
solvents [45-47]. In Fig. 5 (c1-c3) and (d1-d3), g(r) represents the
relative density of solvent atoms (H or O) in a spherical area centered on
a lignin atom, and r denotes the radius of the spherical area. Fig. 5 (c1)
shows the results of the RDF analysis of H atoms in solvents surrounding
O atoms in the hydroxyl groups of lignin. For Hy0O, isopropanol and
isopropanol-H0 (3:2), a peak at 1.9 Ais observed, corresponding to the
formation of solvent shells attributed to hydrogen bond interactions
between the solvents and the hydroxyl groups present in lignin [48].
Nevertheless, the g(r) value at 1.9 A of H»O0 is higher than that of iso-
propanol-H»0 (3:2) and isopropanol, indicating that H,O, as a solvent,
more readily approaches the hydroxyl groups. In the g(r) curves of the H
atoms in the solvents around the O atoms in the ether bonds of lignin
(Fig. 5 (¢2)), only H,0 exhibits a weak peak at 2 A, while isopropanol-
H20 (3:2) and isopropanol do not have an obvious peak. This indicates
that the formation of hydrogen bonds between the solvents and ether
bonds of lignin is more difficult than that with hydroxyls of lignin.
Nevertheless, beyond 2.5 A, the g(r) value of H,O is notably lower than
that of the other two solvents, which may be attributed to hindrance
caused by hydrophobic groups, such as aliphatic chains and aromatic
rings around the ether bonds, impeding the approach of HyO [46]. The
hydrophobic effect is notably pronounced in the g(r) curves of O atoms
in solvents around the carbon atoms in the aromatic rings of lignin
(Fig. 5 (c3)). In this curve, all g(r) values of the solvents are nearly
0 when r is below 2.5 A, indicating the absence of hydrogen bonds be-
tween the solvents and the aromatic rings in lignin [49]. As the value of r
extends to the range of van der Waals forces, specifically from 2.5 to 5 A,
the g(r) of isopropanol-HoO (3:2) is slightly higher than that of pure
isopropanol, and significantly higher than that of pure H»0, indicating
that the solvent mixture more readily approaches the aromaitc rings.

In order to elucidate the role of HoO and isopropanol in the iso-
propanol-H;0 (3:2) mixture, the RDF of H,0 and isopropanol in iso-
propanol-H»,O (3:2) around the functional groups in lignin were
analyzed separately, see Fig. 5 (d1-d3). Around the hydroxyl groups of
lignin, the g (r) value of the H atoms in H,0 is much higher than that of
isopropanol, and two peaks at 1.9 and 3.2 A appear in the g(r) curve of
Hy0 (Fig. 5 (d1)). Hence, Hy0 is primarily responsible for forming
hydrogen bonds with the hydroxyl groups of lignin in the mixture sol-
vent. In addition, HoO may approach ether bonds in lignin more easily
than isopropanol (Fig. 5 (d2)). In contrast to the curves in Fig. 5 (c2), the
g(r) value of the H atoms in HyO consistently exceeds that in isopropanol
within the range 1 to 5 A. This suggests a synergistic effect between H,O
and isopropanol, facilitating the approach of HoO to ether bonds in
lignin. Nevertheless, around the aromatic rings of lignin, the g (r) value
of the O atom in isopropanol is much higher than that of O in H,0 (Fig. 5
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Fig. 5. (a) Optimized structural configurations of a lignin fragment in water, isopropanol and isopropanol-H,O (3:2), (b) Total interaction energy between lignin and
solvent, (c1-c3) the RDF analysis of solvents around the functional groups in lignin, (d1-d3) the RDF of H;O and isopropanol in isopropanol-H,O (3:2) around the

functional groups in lignin.

(d3)), indicating that isopropanol preferentially interacts with the aro-
matic rings through van der Waals forces compared to water.

3.3. Product upgrading

The liquid product obtained from the solvolysis of 1 g EHL in 50 mL
isopropanol-H0 (3:2) at 250 °C was further upgraded using Raney Ni at
320 °C under a Ny atmosphere. In the upgrading process, large lignin
fragments in the liquid product undergo depolymerization, and mono-
mers and oligomers undergo further HDO reactions. Simultaneously, the
isopropanol-H»O reforming reaction takes place, providing hydrogen for
both the depolymerization and HDO reactions. The monomer products
identified in product upgrading are illustrated in Fig. 6 (a), The total
carbon yield of identified monomers is 45.6 %, with a selectivity of 35.1
% for cycloalkanes (cyclohexane, methylcyclohexane ethylcyclohexane
and propylcyclohexane), 51.6 % for arenes (benzene, toluene, ethyl-
benzene and propylbenzene), and 13.3 % for alkylphenols (phenol,
methylphenol, ethylphenol, and propylphenol).

Gas products were also quantified as depicted in Fig. 6 (b). In the
reaction with only solvent, gaseous products, including Hy (34.3 mmol),
CH4 (2.7 mmol) and CO3 (0.6 mmol), were generated through iso-
propanol-HoO reforming reactions. In the reaction of EHL product
upgrading, the amount of Hy decreases to 26.9 mmol, indicating that the

hydrogen produced is consumed by product upgrading process. Mean-
while, the amounts of CH4 and CO, increase to 12.4 and 4.6 mmol,
respectively, which are attributed to the demethoxylation and decar-
boxylation of EHL in HDO process.

Non-volatile oligomers, constituting 20.1 wt% of the initial EHL
weight, were obtained through the evaporation of solvents and small-
molecule products. Although these oligomers can not be identified
with GC-MS, their structures and molecular weights were analyzed
using HSQC-NMR (Fig. 6 (c¢)) and GPC (Fig. 6 (d)), respectively. In the
HSQC-NMR spectrum of products after upgrading, the signals of $-O-4
linkage (Ay) and S units disappear, and the signals of -OCH3 and G units
are significantly weakened, while the signals of aliphatic C-C bonds and
H units are obviously enhanced, compared to the spectrum of products
before upgrading. This indicates that the oligomers primarily consist of
H units connected with C-C linkages, with the removal of most -OCHj3
groups. In the GPC curve, distinct peaks emerge at Mw values of 240 and
380 mol/g, corresponding to a dimer and a trimer, respectively. The
structures of the dimer and trimer were speculated based on their Mw
values and HSQC-NMR results, where the dimer contains two phenol
units connected with a C-C linkage, and the trimer comprises three
phenol units with C-C linkages.
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Fig. 6. (a) the GC-FID chromatogram with monomer structures detected after catalytic upgrading. (b) the gas products of the reaction with only solvent and the
reaction of EHL product upgrading. (c) the HSQC-NMR spectra of non-volatile products before and after catalytic upgrading. (d) the molecular weight distribution of
non-volatile products after catalytic upgrading. (Reaction conditions: 0.5 g Raney Ni, 320 °C, 6 h, N, atmosphere.).

4. Discussion
4.1. The advantages of isopropanol-H20 (3:2) solvent

The use of isopropanol-H,0 (3:2) solvent offers two significant ad-
vantages for biofuel production from EHL. Firstly, isopropanol-H,O
solvent exhibits a high EHL solubility and achieves complete EHL
liquefaction even in the absence of a catalyst at elevated temperatures.
EHL solvolysis and product upgrading have mostly been carried out as a
batch process, but, with isopropanol-H,0O (3:2) as a solvent, a more
efficient continuous flow process could be developed [50]. Ionic liquids
(ILs) are reported to be effective solvents for EHL dissolution and
liquefaction, but their widespread application is limited by high costs
and toxicity concerns [51,52]. In contrast, isopropanol-H,0 (3:2) offers
a more cost-effective and environmentally friendly alternative. Addi-
tionally, we recently discovered that EHL has a high solubility in
ethylene glycol [37]. However, compared to ethylene glycol, iso-
propanol-H»0 proves to be a more suitable solvent for product separa-
tion and upgrading processes due to its lower viscosity and boiling point.
Secondly, the use of isopropanol-HzO (3:2) solvent eliminates the need
for additional hydrogen gas in upgrading process. With the isopropanol-
H,0 reforming reaction providing the hydrogen, large lignin fragments
are further depolymerized and small molecules undergo HDO reaction,
resulting in the formation of high amounts of cycloalkanes and arenes.
This process represents a more advanced approach compared to using
alkanes as solvents, where high pressures of Hy are required for the
formation of cycloalkanes and aromatics in lignin solvolysis and lignin-
oil upgrading [53,54].

4.2. The roles of isopropanol and H»0 in EHL liquefaction

EHL has an aggregated structure involving hydrogen bonds between
the hydroxyl groups and =n-n stacking (van der Waals interaction)

between the aromatic rings [40,55]. In the EHL-solvent mixture, the
balanced proportion of hydrogen bonding and van der Waals interaction
energies between EHL and the solvent is crucial as it enables the
disruption of both hydrogen bonds and n-rn stacking in the EHL, facili-
tating its disaggregation and stretching [41-44,56-59]. Hy0 forms
strong hydrogen bonds with the hydroxyl groups of EHL but cannot
interact with aromatic rings through van der Waals forces. Hence, H,O
alone cannot adequately stretch the aggregated EHL molecules, leading
to condensation reactions and char formation during solvolysis. Pure
isopropanol interacts with EHL through hydrogen bonding and van der
Waals interactions, but the strength of these interactions is insufficient
to achieve complete disaggregation and stretching of EHL molecules.
Consequently, complete liquefaction of EHL is not achieved in pure
isopropanol. Isopropanol-H»O (3:2) exhibits stronger interactions and a
more balanced proportion of hydrogen bonding and van der Waals
interaction energies with EHL, compard to pure isopropanol and H»0. In
this mixture, intramolecular interactions within EHL are efficiently
disrupted, leading to the effective disaggregation and stretching of EHL
molecules Therefore, isopropanol-H,O (3:2) achieves complete EHL
liquefaction.

In the isopropanol-H,O (3:2) mixture, a synergistic effect between
H30 and isopropanol promotes the stretching of EHL. As shown in
Scheme 1 (a), HyO disrupts the intra- and inter-molecular hydrogen
bonds in EHL, and isopropanol molecules break n-n stacking between
aromatic rings by van der Waals forces, facilitating the approach of H,O
to the ether bonds of EHL. The hydrogen bonds between HoO and the
ether bonds in EHL enhance EHL depolymerization, but the initial
products from EHL depolymerization are highly active, and easily un-
dergo condensation reactions. Isopropanol stabilizes these active prod-
ucts via hydrogen transfer reaction, thereby suppressing condensation
reactions. (Scheme 1 (b)). These combined effects result in complete
EHL liquefaction in the absence of a catalyst in the isopropanol-H,O
(3:2) mixture.
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Scheme 1. Proposed EHL solvolysis mechanism, including dissolution (a) and depolymerization (b) steps, in a mixture of H,O and isopropanol.

4.3. Products of upgrading step

The carbon balance of EHL product upgrading is illustrated in
Scheme 2. EHL has a carbon content of 61.29 %. After the reaction, 45.6
% of carbon in EHL is converted into monomers, including 16.0 % into
cycloalkanes, 23.5 % into arenes, and 6.1 % into alkylphenols, and 27.1
% of carbon in EHL is transformed into gas products, with 19.2 % into
CH4 and 7.9 % into CO», and the remaining 27.3 % of carbon in EHL is
converted into oligomers. Cycloalkanes and arenes, with a carbon
number in the range of C6-C9, are well-suited as additives for gasoline.
The alkylphenols detected in the product exhibit no methoxy groups,
making them suitable feedstocks for phenol-formaldehyde resin pro-
duction. Gas products rich in CHy can be efficiently burned to recover
energy. Although the structures of oligomers cannot be accurately
determined, the oligomers are inferred to contain 2-3 aromatic rings
and have undergone extensive deoxygenation. These oligomers can be
further upgraded through cleavage of C-C linkages or directly burned to
recover energy [54]. Overall, the product upgrading step achieves effi-
cient depolymerization of large lignin fragment and HDO of small
monomers and oligomers.

5. Conclusions

The EHL liquefaction via non-catalytic solvolysis in pure alcohols

61.29 %
Carbon content

EHL

(methanol, ethanol, and isopropanol) and their mixtures with HyO was
investigated. The addition of HyO into alcohols enhances EHL lique-
faction, and isopropanol-H;O (3:2) demonstrates the highest liquefac-
tion degree, among both pure alcohols and alcohol-HpO mixtures. In
isopropanol-H50 (3:2), 2 g of EHL was completely liquefied in 50 mL
solvent at 250 °C without char formation.

The roles of isopropanol and H,0 in EHL liquefaction involving their
interactions with EHL at a molecular level were investigated. In iso-
propanol-H,0 (3:2), HyO disrupts the intra- and inter-molecular
hydrogen bonds in EHL, and isopropanol breaks n-n stacking in-
teractions between benzene rings in EHL. Additionally, H,O enhances
EHL depolymerization, and isopropanol acts as a hydrogen donor sol-
vent, leading to the stabilization of active intermediates.

The resulting liquid phase products underwent further upgrading in
the presence of Raney Ni at 320 °C, with isopropanol-H,O reforming
providing active hydrogens. After the reaction, lignin fragments in the
liquid product were further depolymerized, and the resulting lignin
monomers underwent HDO reactions, yielding 45.6 % of monomers,
including cycloalkanes, arenes and alkylphenols.
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