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To achieve “lignin-first” dissolution and efficient aromatic monomer conversion from coconut shells, tai-
lored alkaline deep eutectic solvents (DESs) were screened and designed by conductor-like screening
model for real solvents (COSMO-RS) calculations. The results indicated that tetramethylammonium
hydroxide (TMAH)-based DESs (TMAH-urea, TMAH-ethanolamine, TMAH-lysine and TMAH-imidazole)
provide high solubility for lignocellulose and exhibit an excellent fractionation effect for real lignocellulose
under mild conditions. This may be attributed to their higher excess enthalpy and strong hydrogen
bonding forces. A high delignification rate of 63.33%—-67.37% with a good hemicellulose retention of
more than 90% could be achieved in 30% TMAH-based DESs at 50 °C for 3 h. An in-depth insight into the
evolution of the lignin structure demonstrated that the cleavage of the lignin—carbohydrate ester bond
was the main route for lignin extraction, rather than the p-O-4 ether bonds. Therefore, the extracted
lignin fragments retained more than 84% of B-O-4 ether bonds, which was conducive to subsequent
depolymerization to produce aromatic monomers. The strong oxidation effect of TMAH-imidazole con-
tributed to its superior catalytic oxidation performance and resulted in a high aromatic monomer yield of
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abilities, which enabled a feasible “lignin-first” strategy for efficient aromatic monomer production under
milder conditions. A "win—-win” situation of low energy consumption and high yield was achieved, high-
rsc.li/greenchem lighting a sustainable energy future through the advanced valorization of lignin.

Green foundation

1. This study employed COSMO-RS calculation to achieve rapid screening of target deep eutectic solvents (DESs), which is
more time-saving and green. Reusable TMAH-based DESs were screened to achieve “lignin-first” dissolution and
efficient aromatic monomer conversion from coconut shells under mild conditions with lower solvent consumption,
which has broken through the problems of hemicellulose degradation and lignin condensation in the DES process sim-
ultaneously. A “win-win” situation of low energy consumption and high yield was achieved.

2. A high delignification rate of 67.37% with a good hemicellulose retention (95.14%) was achieved at 50 °C. The extracted
lignin with a high p-O-4 bond retention (88.78%), high purity (88.39%) and strong oxidation of TMAH-imidazoles
resulted in a high aromatic monomer yield of 74.54%.

3. Future research will be dedicated to coupling DESs with solid catalysts to achieve a more efficient and green process.
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1. Introduction

With the increasing imbalance between the supply and
demand of fossil resources and persistent and increasing
environmental challenges, it is imperative to exploit alternative
and sustainable feedstocks for materials, energy and
chemicals.” Lignocellulosic biomass, as a renewable and
widely available raw material, holds significant potential in the
sustainable energy industry.>* Lignin, alongside cellulose and
hemicellulose, is one of the primary components of ligno-
cellulose. As the most abundant natural aromatic polymer,
lignin has received extensive attention in recent years and is
no longer regarded as a by-product.” A rich array of aromatic
units and oxygen-containing functional groups of lignin give it
the potential for valorization through depolymerization into
high-value aromatic monomers.”®” As a by-product of the
pulp and paper industry, industrial lignin has a high yield and
is widely used. However, it is difficult to obtain satisfactory
results from industrial lignin due to its condensed structure.®°
Therefore, extracting native lignin from lignocellulose to
realize efficient depolymerization would be a better choice.
Considering the inherent recalcitrance of lignocellulose due to
its complex cross-linking structure, it is essential to develop
effective fractionation technologies for effective extraction and
conversion. %"

Deep eutectic solvents (DESs), emerging solvents composed
of a hydrogen bond donor (HBD) and a hydrogen bond accep-
tor (HBA), are usually prepared by physical mixing of two or
more components without chemical reactions (proton
exchange and acid-base reaction).”> A drop in the melting
point in particular combinations would occur due to the
hydrogen bonding, resulting in the melting point of the
mixture being lower than the melting point of its components,
and in general, at least one of HBD or HBA is solid."*™"® As
green, low-cost and easily synthesisable solvents, DESs have
been widely used in the fractionation of lignocellulose due to
their ability to selectively dissolve lignin while only swelling
cellulose."® The type and lignin extraction ability of DESs are
determined by their modular composition of HBD and HBA
properties. To date, a host of DESs have been prepared to be
employed in lignocellulose-based biorefining. Unfortunately,
lignin condensation often occurs during the DES process, par-
ticularly with acidic DESs, which hinders subsequent
depolymerization,'®'” because the breaking of chemical
bonds is accompanied by the lignin extraction process. Lignin
fragments generated by the cleavage of the f-O-4 linkages are
easily condensed to form new C-C bonds by the dehydration
reaction to form benzylic carbenium ions under acidic con-
ditions. Unlike acidic DESs, alkaline DESs usually break the
lignin-carbohydrate complex (LCC) bond, preserving a more
intact lignin structure and yielding less condensed lignin.'®
While most research focuses on achieving a high lignin
removal rate, hemicellulose recovery is often overlooked. The
degradation of hemicellulose in DESs would increase the vis-
cosity of DESs and lead to carbon loss. Achieving effective
lignin removal while simultaneously recovering hemicellulose
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is challenging due to the conflicting characteristics of the two
polymers. Tian et al. employed the technique of hydrothermal
coupling with DES pretreatment to retain hemicellulose before
lignin extraction.'® However, the generation of pseudo lignin
would be inevitable during hydrothermal treatment.>'°
Alkaline DESs have been shown to retain hemicellulose more
effectively than acidic DESs due to the sensitivity of hemi-
cellulose to acidic conditions.'® In our previous study, the
method of “lignin-first” dissolution based on alkaline DESs
was proposed to achieve efficient lignin dissolution without
compromising the recovery of cellulose and hemicellulose
during the DES process, which demonstrated the huge poten-
tial of a one-pot alkaline DES biorefinery for lignocellulose
fractionation and lignin upgrading.®

Although alkaline DESs are less reported compared with
acidic DESs, efficient screening of DESs is still a challenge. At
present, the selection of DESs with targeted functions is typi-
cally achieved through trial and error, which is time-consum-
ing and increases experimental costs due to the vast array of
HBAs and HBDs available. Thus, a fast and accurate compu-
tational tool screening method is urgently needed to screen
target solvents. Conductor-like screening model for real sol-
vents (COSMO-RS) is a model based on the continuum sol-
vation theory for a specific problem in the molecular struc-
tures. It combines quantum chemistry and statistical thermo-
dynamics, which has proven to be a powerful and efficient tool
for predicting solvent properties and screening solvents.'*?° It
can quickly predict the solubility by calculating the logarith-
mic activity coefficient (In(y)) of the solute in the solvent.*!
Casas et al. employed COSMO-RS to predict the solubility of
lignin and cellulose in ionic liquids (ILs) and verified it by
experiments.*” The results show that hydrogen bonding plays
an important role in the dissolution of cellulose and lignin. In
the study by Mattern et al., lignocellulose models were estab-
lished using COSMO-RS and a DES with higher lignin solubi-
lity was screened by calculating the In(y).>* Yu et al. achieved
solvent screening by predicting the solubility of the lignin
models established by COSM-RS in different solvents, and the
selection of the optimal lignin model was realized by experi-
ment.>* Although many research studies employed COSMO-RS
to screen ionic liquids for lignin, it still exhibits good potential
for screening DESs for efficient lignin extraction and ligno-
cellulose fractionation due to the designability of DESs.

Furthermore, although DESs have shown excellent poten-
tial in biomass refining, the high viscosity of traditional
DESs poses a major obstacle to its further development.?
Studies have shown that adding moderate amounts of water
to DESs can enhance solvent hydrogen bonding, reduce vis-
cosity and improve mass transfer, facilitating lignin
extraction.”®>® The overall supramolecular structure of DESs
is still maintained even when 40%-50% water is added.>® In
addition to improving the lignin extraction rate, incorporat-
ing water in DESs can also reduce the solvent cost, making
aqueous DESs an attractive option for biomass treatment. In
this study, COSMO-RS was employed to predict the solubility
of the lignocellulosic model in multiple DESs composed of
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different HBDs and HBAs. The predicted results of these
established lignocellulosic models were verified by conduct-
ing the solubility test. The mechanism between solubility
and solvent properties was analyzed by calculating the o-
profile, excess enthalpy and Kamlet-Taft solvatochromic
parameters. The “lignin-first” dissolution potential of the
target solvent selected by COSMO-RS was investigated by
pretreating coconut shells. The fractionation effect of these
DESs was regulated by altering the solvent concentration,
reaction temperature and reaction time. The structural
evolution of the obtained synthesized cellulose and lignin
was explored to reveal the fractionation mechanism.
Furthermore, the depolymerization performances of the
DESs and the derived lignin were evaluated using a catalytic
oxidation reaction.

2. Materials and methods
2.1 Solvent screening

2.1.1 Computational details. The target DES was screened
by COSMO-RS. The BIOVIA COSMOtherm software (version
23.0.0, COSMOlogic, Leverkusen, Germany) was employed to
build the lignocellulosic model and calculate the solubility
parameters of DESs. Specifically, the TURBOMOLE software
(TmoleX 2023, COSMOlogic, Leverkusen, Germany) at the
BP-TZVP level was used to build and optimize the lignocellulose
model and the components of the DES. All models are guaran-
teed to be built at the same level. The lignocellulose models
were established based on previous studies.'>**"*° As for hemi-
cellulose, some models containing different quantities of xylose
units were established. Then the “weighted string” function was
used to deactivate the end group of the repeating unit to obtain
the hemicellulose polysaccharide models containing different
intermediate polymers. The cellulose polysaccharide models
were also constructed by the above method. The lignin model
was constructed with models containing different bonding
linkages and types of phenylpropane units. The HBAs and
HBDs to prepare DESs and their molar ratios are shown in
Table S1.F The models of HBAs or HBDs composed of ions were
realized by building anion and cation models separately.*’
Subsequently, o-potential and o-profile of the lignocellulose and
DES models were determined. The solubility of lignocellulosic
components in solvents is shown by the calculated In(y). The
excess enthalpy (HE;, KJ mol™") of the solvent system and ligno-
cellulose-solvent system were calculated to analyze the inter-
molecular force. The total excess enthalpy was mainly com-
posed of three parts according to eqn (1):**

Total Hi = Hy(misfit) + Hy(H-bond) + HE (vdW) (1)

where HE (misfit), HE(H-bond) and HE(vdW) represent the
misfit energy, hydrogen bonding and van der Waals forces,
respectively.

2.1.2  Solubility verification. The real solubility of ligno-
cellulose in solvents was measured to verify the results of the
simulation calculation. Primarily, the selected DESs were pre-
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pared by mixing the HBA and HBD according to the desig-
nated molar ratio, then stirring the mixture at 80 °C for 1 h to
form a homogeneous liquid. Cellulose powder, xylan and
alkali lignin were used to represent cellulose, hemicellulose
and lignin, respectively. Then a certain amount of solute was
added to 3 mL DES and continuously stirred at 80 °C. The
solute was gradually added at a concentration of 1 wt% if they
were completely dissolved until the solute was insoluble
within 24 h. Subsequently, the insoluble part was filtered
using a sand core funnel and weighed after drying.

2.1.3 Determination of Kamlet-Taft solvatochromic para-
meters. Nile red (NR), N,N-diethyl-4-nitroaniline (NEt,) and
4-nitroaniline (NH,) were employed as probe solvents to test
the hydrogen bond acidity (a), hydrogen bond acceptance (/)
and solvent polarity (1*) of solvents. Firstly, the three dyes were
dissolved in methanol respectively to prepare 5 x 10~> mol L™
N,N-diethyl-4-nitroaniline and 4-nitroaniline solution and 1 x
10" mol L™ Nile red solution. Then 5 mL of dye solution was
put into a centrifuge tube to remove the methanol by vacuum
drying at 40 °C for 2 days. 3 mL of the target solvent was
added to the dried dye for full reaction, and the maximum
absorption wavelength was determined using a UV-visible
spectrophotometer (UV-2600i, Shimadzu, Japan) in the range
of 300-800 nm. «, # and n* were calculated according to the
following equation:**

T = 0.314 x (27.52 — Vngy,) (2)
3580
p=11134 — ———  —1.1257* (3)
A(NH,) max
19.9657 — 1.02411* — wng
a= (4)
1.6078
1
) — 5
Amax X 1074 ®)

where A,y is the maximum absorption wavelength.

2.2 Preparation of DESs and “lignin first” dissolution

Coconut shells were employed as the biomass materials in this
study. After being from a coconut factory, they were crushed to
<500 pm for the subsequent fractionation process. The target
DES was selected according to the simulation results.
Tetramethylammonium hydroxide (TMAH) was used as the
HBA, and urea, lysine, ethanolamine and imidazole were used
as HBDs. The HBA and HBD were mixed according to the
preset molar ratio, and some distilled water was added to
adjust the solvent concentration. As water was used, the
TMAH-based DESs could be prepared at lower temperatures
(<80 °C) quickly. The coconut shells and DESs were mixed
according to the mass ratio of 1:15 and added to the flask,
and continuously stirred at the designated temperature and
time. After the reaction, the mixture was separated via vacuum
filtration to obtain the liquid fraction rich in lignin and the
solid part rich in cellulose and hemicellulose. The solid part
was washed with ethanol aqueous solution and water until
neutral, and collected for analyzing the fractionation effect of
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the DES. Part of the liquid fraction was acidified with 1 mol
L' HCI to precipitate the lignin. Subsequently, the precipi-
tated lignin was washed to neutral and vacuum-dried for struc-
ture characterization. The milled wood lignin (MWL) extracted
from coconut shells by ball milling and using the 1,4-dioxane/
water (96/4, v/v) solvent system was used as a control (ESI{).
Another part of the liquid fraction containing lignin and DES
was directly used for subsequent depolymerization. The lignin
content in the liquid fraction can be calculated according to
the delignification ratio. The waste DES liquid was recovered
via rotary evaporation and reused for the next cycle of proces-
sing by adding alkali to the initial pH and filtering out the pre-
cipitated salt. The preparation route is shown in Fig. S1.f

2.3 Characterization of (hemi)-cellulose-rich substrates and
DES extracted lignin

A method of two-step acid hydrolysis process according to the
National Renewable Energy Laboratory was employed to
analyze the chemical composition of the raw material and
DES-processed lignocellulose.*® A high-performance liquid
chromatography system (LC-2030C LT Plus, Shimadzu, Japan)
equipped with a sugar column (SH1011, Shodex, USA) and a
refractive index detector was used for determining the content
of glucose and xylose. The contents of cellulose and hemi-
cellulose are represented by the contents of glucan and xylan,
which were calculated according to the determined concen-
trations of glucose and xylose, respectively. The content of in-
soluble lignin was measured by the mass method. The cell-
ulose and hemicellulose recovery rate and delignification rate
can be calculated according to the mass of each component
before and after DES treatment (ESIt). An X-ray diffractometer
(D8 Advance, Bruker, Germany) was employed to analyze the
crystal characteristics of the solid part.

The molecular weight based on the average weight (M)
and the average number (M,) of DES-extracted lignin was
determined after acetylation by gel permeation chromato-
graphy (ACQUITY APC, Waters, USA). Fourier transform infra-
red spectroscopy (FTIR) (Nicolet 560 spectrophotometer, USA)
was used to determine the functional groups on the surface of
the lignin. The measurement range was 400-4000 cm™" with a
resolution of 4 cm™". More detailed structural changes in the
aromatic regions and connecting bonds between the lignin
units were captured by the nuclear magnetic resonance (NMR)
spectrometer (AV II 600 MHz spectrometer, Bruker, Germany).
The quantitative *'P NMR, and 2D-HSQC NMR spectra were
collected and calculated according to reported methods.'® The
sugar content of lignin was analyzed by the two-step acid
hydrolysis process.

2.4 Catalytic oxidation depolymerization

To avoid the effect of acidification on the lignin structure
during lignin reprecipitation, the catalytic oxidation perform-
ances of the solvent and extracted lignin were investigated by
using the pretreated liquid. As reported, metal oxides show
excellent properties in oxidative catalytic depolymerization,
and different metal oxides were employed as catalysts in this
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study.®?>3® Certain amounts of catalyst and 25 mL of liquid
containing lignin and the DES were put in a 100 mL autoclave
reactor (AHHT-YK]J100-C, HTLAB, China) with a Teflon insert
inside. The reactor was charged with O, and continuously
mechanically stirred at the designated times and temperatures.
After the reaction, the catalyst was separated by vacuum fil-
tration. Subsequently, the liquid was acidified and the
unreacted lignin was precipitated with 1 mol L™" HCL. The pro-
ducts were identified by gas chromatography mass spec-
trometry (GCMS, GCMS-QP2010 ULTRAS, SHIMADZU, Japan)
and gas chromatography (GC2030, SHIMADZU, Japan). The
aromatic monomer yield was calculated according to the fol-
lowing equation:*’

Aromatic monomer yield (%)
_ Theweight of aromatic monomer (g)
B The weight of lignin (g)

X100%

The oxidation-reduction properties of different DESs were
determined by cyclic voltammetry (CV) analysis. CV analyses
were performed on an electrochemical performance test work-
station (Zahner, Zennium, Germany) using a three-electrode
system at the scan rate of 20 mV s™*, and different DESs were
used as the electrolyte solution.

2.5 Model compound verification

The lignin extraction mechanism of TMAH-based DESs was
further investigated by using model compounds. Three model
compounds, 2-phenoxy-1-phenylethanol (1a), phenyl p-p-gluco-
pyranoside (1b), and benzyl benzoate (1c), were employed as
the lignin aryl ether bond, the lignin-carbohydrate ether
bond, and the lignin-carbohydrate ester bond, respectively.*®
Three types of model compounds (50 mg) were added to the
prepared DES (10 g) respectively and reacted at 50 °C for 3 h.
The samples before and after treatment were characterized by
GCMS. Similarly, 2-phenoxy-1-phenylethanol (1a) was
employed to verify the cleavage of the $-O-4 bond during the
catalytic oxidation depolymerization.

3. Results and discussion
3.1 Solvent screening and validation

Firstly, the hemicellulose, cellulose, and lignin models for cal-
culating the solubility were built. For hemicellulose, six
models containing different xylose units were established. As
shown in Fig. S2a,f the surface charge of the repeating part
was similar in different models. Subsequently, o-potential,
which is used in COSMO-RS to represent the affinity of the
system to a surface with a polarity of o, was calculated. The o-
potential can be divided into three regions: the H-bond donor
region (o < —0.0082 e A~%), the non-polar region (—0.0082 e A™>
< ¢ < +0.0082 e A, and the H-bond acceptor region (¢ >
+0.0082 e A™2).3° According to Fig. S2b,T compared with the
xylose (Model-1), the o-potential curves of model 2-6 were
close or even overlapped, which indicated that they will exert
similar effects under the solvent system based on COSMO-RS
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calculation. Moreover, the o-potential of model-1 possessed a
more negative value in the H-bond acceptor region, indicating
that it has a stronger affinity for the hydrogen bond receptor
surface. The cellulose model containing different chain
lengths was established by using the same method (Fig. S37).
Unsurprisingly, as the cellulose chain length increases, the o-
potential curves of the cellulose model tend to overlap, which
demonstrated that the model containing multiple repeating
units can better reflect the solubility of real substances. These
results were similar to the previous study.'®*° On the other
hand, lignin is made up of three different units that are con-
nected in different linkages. Therefore, the three typical units
(S, G, H) of lignin and the dimer-, trimer- and tetramer-models
linked by p-O-4, B-5 and p-p linkages were established
(Fig. S47).

Subsequently, In(y) representing the solubility of the ligno-
cellulosic model in 195 binary alkaline deep eutectic solvents
composed of 15 types of HBAs and 13 types of HBDs was pre-
dicted by COSMO-RS, where a smaller In(y) value indicates
higher solubility.>® As shown in Fig. S5,f a similar solubility
trend of different models belonging to the same component
was obtained in the solvent. For hemicellulose and cellulose
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models, the different solubilities obtained in the models may
be related to their size, molecular weights, and chain lengths,
while it could be affected by the type and number of units and
chemical bonds in lignin.® However, the similar solubility
trend demonstrated that solubility trends of different solvents
were hardly changed by adjusting the unit or connecting bond
of these models. Then, the solubility of hemicellulose, cell-
ulose and lignin tested by experiment was linearly fitted with
In(y) obtained by COSMO-RS simulation (Fig. 1a-e). According
to Fig. 1a and b, the actual solubility of xylan exhibited good
agreement with the simulation results of In(y) of hemicellulose
models 2-6 (R*> > 0.7), indicating that these models can be
used to represent hemicellulose. Similarly, the cellulose model
containing multiple glucose units obtained a higher degree of
fit than that with a single glucose unit (Fig. 1c), which demon-
strated that models containing multiple sugar units can better
simulate the dissolution of real cellulose in solvents.
Therefore, the hemicellulose model-3 and cellulose model-3
can be employed to represent hemicellulose and cellulose,
which was consistent with previous studies.’®?* As for the
lignin model, S-unit (R*> = 0.66) and model-4 (R* = 0.78)
obtained a superior degree of fit (Fig. 1d and e). However, con-

(a) 01 (b) 1 __ @ O Hemicellulose Model-4 (c) Cellulose Model-1
2 ~
-9 154
4] 04 3B o
R=0.74,P<0.05 ©8 -y 304
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N 1 o - @ O Hemicellulose Model-5 0 Qo O Cellulose Model-2
= 0 - ~0l0 - oo~
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5 = X £ g ] © < _R*=0.52, P<0.05
-14 R=0.74,P<0.050Q = Shes
> oo 0 "~
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14 .9 11 o @ O Hemicellulose Model-6 0+ a?° O Cellulose Model-3
T 0~ 089 R*=0.75, P<0.05 “~e.0 5 Ry
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E Fin il e, REe E8 5~
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Fig. 1 The linear fitting results between lignocellulose solubility and In(y) of different model: (a) hemicellulose model-1 to model-3, (b) hemi-
cellulose model-4 to model-6, (c) cellulose model, (d) lignin unit and (e) lignin model-1 to model-4; COSMO-RS ¢ surface of the hemicellulose
model (mid-dimer of xylotetrose), cellulose model (mid-dimer of glucotetrose), and the lignin model. In(y) of (f) hemicellulose model, (g) cellulose
model and (h) lignin model in different solvent systems predicted by COSMO-RS.
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sidering the variety of units and connecting bonds of lignin,
model-4 will be more suitable to represent the real lignin. The
high fit results also showed that the solubility predicted by
COSMO-RS is reliable.

Based on the above analysis, hemicellulose model-3 (mid-
dimer of xylotetrose), cellulose model-3 (mid-dimer of glucote-
trose) and lignin model-4 were chosen to analyze the influence
of HBD and HBA on solubility (Fig. 1f). In general, the type of
HBD plays an important role in the fractionation effect of the
solvent. As shown in Fig. 1g-i, lignocellulose obtained a lower
In(y) in solvents using alcoholamines as HBD compared with
the other three types of HBDs, which may be related to the
number of hydroxyl and amino groups and/or their alkalinity.
Previous studies have shown that amino groups can achieve
similar delignification effects with carboxyl functional groups,
which may be due to amine/amide groups exhibiting alkaline
properties, resulting in the deprotonation of the phenolic
hydroxyl group of lignin.’® However, excess hydroxyl/amino
groups would form more hydrogen bonds with HBA, which
would reduce the number of free and active groups that can
interact with lignocellulose and weaken the lignocellulose frac-
tionation efficiency.*' Therefore, an inferior solubility was
obtained in the diethanolamine-based solvent than in ethanol-
amine-based solvent, which was consistent with the previous
report.*® For the same HBD, choline hydroxide (ChOH) and
quaternary ammonium hydroxides (R,NOH, including tetra-
methylammonium hydroxide (T ), tetraethylammonium
hydroxide (TEAH), tetrapropylammonium hydroxide (TPAH),
and tetrabutylammonium hydroxide (TBAH)) employed as the
HBA achieved superior solubility of the three components of
lignocellulose, while a higher In(y) was noted in the choline
chloride (ChCl)- and betaine-based solvents. This may be
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related to the strong alkalinity of ChOH and R,NOH. As for
R,NOH-HBD, the solubility of lignocellulose possessed a
decreasing trend with the increase of the alkyl chain of qua-
ternary ammonium base. The HBAs containing shorter alkyl
chains possess superior solubility, possibly due to their
smaller steric hindrance.*" A imilar result was obtained in qua-
ternary ammonium salts-based DESs. Moreover, the type of
halogen ion that forms quaternary ammonium salts also
affects the solubility of lignocellulose.*® However, when a qua-
ternary ammonium salt was employed as the HBA, an inferior
solubility was obtained in urea-based solvents, while ChOH-
urea and TMAH-urea could obtain lower In(y) compared with
ChOH-HBD/R,NOH-HBD under the same conditions. The
possible reason is that urea will decompose and generate NH;
under strong alkaline conditions at lower temperature, which
enhances the hydrogen bond interaction of the DES.*?
However, NH; is generated at temperatures higher than 150 °C
in the ChCl-urea system®® because the decomposition temp-
erature of urea could be significantly decreased under alkaline
conditions.

Subsequently, the o-profiles of HBAs, HBDs and ligno-
cellulosic models were calculated to analyze the affinity
between the lignocellulosic model and polar o surface to eluci-
date the influence of HBD and HBA types on the solubility.>%>*
The o-profiles can be divided into three regions: the HBD
region (o < -0.0082 e A™%), the non-polar region (—0.0082 e A™>
< 6 < 0.0082 e A™) and the HBA region (¢ > 0.0082 e A™2).
Generally, superior solubility can be obtained in a solvent if it
possesses a similar curve between the lignocellulosic com-
ponents and the HBD and HBA of the solvent system.>' As
shown in Fig. 2, compared with cellulose and lignin, the c-pro-
files of hemicellulose possessed smaller peaks, almost lower
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lignin model.
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than those of HBAs and HBDs, which could explain why hemi-
cellulose possesses a greater solubility in solvent systems and
a smaller range of solubility variation. For HBDs, urea and
thiourea exhibit a weaker peak strength in the HBA and HBD
region, which corresponds to their poor lignocellulose solubi-
lity. As shown in Fig. 2d-f, similar peaks were obtained in Cl~
and Br; thus there was no significant difference in ligno-
cellulose solubility between [TEMA]Cl and [TEMA]Br.
Therefore, the different solubility that appeared in [TEMA]Cl/
[TEMA]Br and TMAH may be due to the peak variation in Cl™/
Br and OH".

However, o-profiles pose a difficulty for analyzing the polar
o surface affinity between the mixed solvent system and the
lignocellulosic model; therefore, the excess enthalpy and
Kamlet-Taft parameters of these solvent systems were further
analyzed. According to Fig. 3a and b, these solvents present a
negative excess enthalpy, demonstrating that their synthesis
process is exothermic.® Their different H-bond values indicate
that the hydrogen bonding strength formed by solvents was
significantly affected by the type of HBA and HBD. Superior
hydrogen bonding was obtained in the solvents prepared with
types of amino acids and straight chain amines as HBAs, while
the nitrogen heterocyclic-based solvents possessed weaker
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hydrogen bonding. Moreover, compared with the quaternary
ammonium salt-urea, ChOH-urea and TMAH-urea rep-
resented stronger hydrogen bonding (—8.26 k] mol™' and
-4.68 k] mol™") and excess enthalpy (—5.57 k] mol™" and
—6.53 kJ mol™"), which possibly contributed to their superior
solubility for lignocellulose.>> As shown in Fig. 3c-h, the
excess enthalpy between these solvents and three compo-
sitions of lignocellulose exhibited similar trends. In contrast
to the quaternary ammonium salts and betaine when TMAH is
employed as the HBA, the excess enthalpy between the solute
and solvent was mainly contributed by hydrogen bonding,
which demonstrates that hydrogen bonding plays a key role in
achieving greater solubility of lignocellulose in TMAH-based
solvents.® Furthermore, when the excess enthalpy and hydro-
gen bonding was lower than 0, a strong force would exist
between solvents and lignocellulose.>* Therefore, these sol-
vents exhibited greater solubility for lignin than hemicellulose
and cellulose, which also showed that hydrogen bonding has
an important role in driving lignin dissolution. Meanwhile,
these results create the hope to screen out the solvent for rea-
lizing the “lignin-first” dissolution. The properties of these sol-
vents can also be determined using the Kamlet-Taft para-
meters (q, #, and n*). a, f, and n* represent the hydrogen bond
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supply capacity (hydrogen bond acidity), hydrogen bond
acceptability (hydrogen bond basicity), and dipolarity/polariz-
ability of a solvent, respectively.’***> As shown in Fig. S6,1 the a
value of the solvent was positively correlated with the solubility
of lignin and cellulose, and the g value was positively corre-
lated with the solubility of the three components, demonstrat-
ing that the hydrogen bond supply capacity and acceptability
play an important role in the dissolution of lignocellulose.

In summary, the differences in properties of the HBAs and
HBDs contributed to the differences in hydrogen bond force of
multiple DESs. The superior solubility of DESs for ligno-
cellulose could possibly be attributed to their strong hydrogen
bond force. The reliability and feasibility of COSMO-RS screen-
ing DESs were proved according to the fitting of the solubility
experiment and simulation results. Based on the predicted
results of COSMO-RS, TMAH-HBD exhibited greater ligno-
cellulose solubility, and it can be regulated by setting the con-
centration of TMAH.** Therefore, TMAH-HBDs are expected to
achieve “lignin-first” dissolution from real lignocellulose
biomass.

3.2 “Lignin-first” dissolution by TMAH based alkaline DESs

As mentioned earlier, TMAH-based solvents exhibited excellent
solubility for lignin, which are further employed for biomass
fractionation. Therefore, urea (amides), MEA (alcohol amine),
lysine (amino acid) and imidazole (N-heterocyclic) were
employed as HBDs to prepare solvents with TMAH for “lignin-
first” dissolution. According to previous reports, as a strong
base, TMAH can realize the separation of lignocellulose com-
position at low temperatures.**™*® Moreover, TMAH would be
an excellent HBA for forming alkaline DESs due to strong
ionization ability and hydrogen bonding acceptability.”” As
mentioned earlier, DESs are prepared by physical mixing
without accompanying chemical reactions; therefore, a TMAH-
based DES is usually prepared by using an alkaline HBD. The
alkaline DES such as TMAH-urea and TMAH-MEA was devel-
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oped for natural polymer dissolution and processing in pre-
vious studies. The '"H NMR results also proved that no new
chemical substances were produced in TMAH-based solvents,
indicating that no chemical reaction occurred during the
solvent preparation (Fig. S77), which demonstrates that TMAH-
based alkaline DESs were successfully prepared. However, the
high concentrations of TMAH and serious reaction conditions
may cause carbohydrate loss.”® Li et al employed a
TMAH-5H,0-urea DES to dissolve cellulose at room tempera-
ture.*® The results showed that lower concentrations of TMAH-
based DES may be conducive to obtaining higher carbohydrate
retention. Moreover, an appropriate amount of water can
decrease the viscosity of DES and improve the lignin extraction
effect.’® The low values of viscosity are beneficial for enhan-
cing the conductivity of DES and accelerating the fractionation
of lignocellulose.”® Thus, to achieve effective lignin removal
without compromising on the efficient recovery of hemi-
cellulose and cellulose, the concentrations of TMAH-urea were
regulated at a lower temperature. Moreover, according to
Fig. 4a, TMAH-urea can achieve efficient lignocellulose frac-
tionation at a lower concentration. With the increase in
TMAH-urea concentration, the delignification ratio increased
from 53.33% to 72.92%. However, the cellulose recovery
decreased from 95.13% to 80.2% and hemicellulose recovery
decreased from almost 100% to 72.33%, demonstrating that
high alkaline concentration could achieve effective lignin
removal but compromise on the high recovery of hemicellulose
and cellulose. It appeared that the lignocellulose fractionation
ability can be enhanced at higher TMAH-urea concentrations,
which could possibly be attributed to the increased hydrogen
bond strength and active sites. Based on the results of lignin
removal and carbohydrate retention, 30% was selected as the
concentration for subsequent biomass fractionation. As shown
in Fig. 4b, more than 60% lignin removal was obtained in four
types of TMAH-based solvents at low temperature and low

solvent concentration, which was consistent with the
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Fig. 4 Carbohydrate recovery and delignification ratio of (a) substrates treated with TMAH-urea with different concentrations and (b) substrates

treated with different solvents (50 °C, 3 h).
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COSMO-RS simulation result. The enhanced crystallinity of the
pretreated coconut shells also demonstrated the efficient
removal of lignin in the amorphous state (Fig. S8af).
Meanwhile, higher hemicellulose and cellulose recovery can
also be achieved, demonstrating their desired “lignin-first” dis-
solution potential.

Subsequently, the effects of reaction temperature and time
on the lignocellulose fractionation of solvents were investi-
gated. As shown in Fig. 5a, the delignification ratio of TMAH-
urea increased from 53.80%-73.92% as the reaction tempera-
ture rose from 30 °C to 90 °C. Nevertheless, cellulose and
hemicellulose dissolution also increased with enhanced temp-
erature, especially hemicellulose, which leads to a loss in value
of carbohydrates. When the pretreatment temperature reached
90 °C, the hemicellulose recovery rate was almost less than
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50%, indicating that higher reaction temperature is not condu-
cive to the retention of hemicellulose.*® Moreover, the decon-
struction ability of lignocellulose could also be promoted by
extending the reaction time, which suggests that the reaction
temperature and time modulate the efficiency of lignocellulose
fractionation. Similarly, the delignification, cellulose and
hemicellulose loss of TMAH-MEA/lysine/imidazole also
increased with the reaction temperature and enhanced time
(Fig. 5b-d). Therefore, the crystallinity of pretreated substrates
(Fig. S8bt) increased with the increase in reaction temperature
and time. Under the treatment conditions of near room temp-
erature (30 °C), the lignin removal of the four TMAH-based sol-
vents can reach nearly 60% with almost no loss of cellulose
and hemicellulose. As the temperature rises, the lignin
removal could reach more than 70% at the treatment tempera-
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ture of 90 °C. Unlike the serious reduction in cellulose and
hemicellulose recovery from TMAH-urea at higher treatment
temperatures, ~80% cellulose recovery and ~70% hemi-
cellulose recovery could be achieved in TMAH-MEA/lysine/
imidazole. Additionally, the more serious loss of hemicellulose
may be caused by the exothermic reaction that occurred
between TMAH-urea and the cellulose/hemicellulose (Fig. 3b).
Another possible reason is that NH; and cyanate generated
could interact with the DES to form hydrogen bonds and ionic
bonds facilitating the dissolution of hemicelluloses. It is
known that the decomposition temperature of urea could be
significantly decreased under alkaline conditions, which was
also conducive to the permeation of DES into the biomass
internal structure.*?

Hence, different from the compromise in the cellulose and
hemicellulose recovery observed with TMAH-urea, the other
three TMAH-based DESs present superior potential for “lignin-
first” dissolution. Moreover, compared with the results of
reported alkaline DESs (Table S21), TMAH-imidazole still
exhibited multiple advantages, such as lower reaction tempera-
ture, lower solvent concentration and satisfactory delignifica-
tion rate along with superior cellulose and hemicellulose
reCOVery.8’11’51_53

3.3 Insight into the structural evolution of the DES-extracted
lignin

The evolution in the chemical structure of DES-extracted lignin
was investigated in depth to reveal the effect of the DES and
provide valuable information for enhancing the downstream
lignin products. As shown in Fig. 6a, the basic functional
group information of DES-extracted lignin was captured by
FTIR. The absorption bands of -OH vibration (3411 cm™),
-CH vibration (2923 and 2856 cm™") and the absorption peaks
of the typical aromatic ring skeleton of phenylpropane struc-
tures (1615, 1524 and 1446 cm™') were observed in these
lignin samples. The absorption bands at 1356, 1290 and
835 cm™' represent the stretching of the S-H-G unit.'®
Different from MWL, the enhanced absorption bands at the
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range of 1560-1640 cm ™', 1030-1230 cm ™" and 785 cm ™" were
observed in DES-extracted lignin, which were attributed to the
N-H/C=N/C=0, the C-N vibration and the N-H bond.?*”*%°
The enhancement of carboxyl functional groups may be
because hydroxyl groups were oxidized by the effect of the
solvent,>® while the nitrogen-containing functional groups may
be introduced by the solvent.”” Notably, the lignin extracted by
TMAH-imidazole exhibited stronger signal peaks of nitrogen
and oxygen-containing functional groups, which may be
related to its stronger nucleophilic effect.”®>°

The average molecular weight was measured to investigate
the lignin fragmentation or condensation during the DES
extraction process. Compared with the average molecular
weight of MWL (M,: 3133 g mol™", M,: 4255 g mol™'), the
average molecular weight of DES-extracted lignin was
increased slightly rather than decreased significantly (Fig. 6b),
which corroborated that the lignin extracted by TMAH-based
DES attained a relatively complete structure.'® The increased
average molecular weight may be attributed to polysaccharide
structure linkages associated with lignin introduced through
LCC bonds.® This result demonstrated that TMAH-based DES
extracted lignin molecules mainly by cleaving the lignin-carbo-
hydrate linkages rather than lignin fragmentation.’® The PDI
of DES-extracted lignin was slightly decreased to 1.05-1.07
compared to that of the MWL (1.36), which concluded that no
significant depolymerization occurred in the lignin extraction
process.

Subsequently, 2D-HSQC NMR and *'P NMR were employed
to understand the structural variations in DES-extracted lignin.
The 2D-HSQC NMR spectra could be divided into the side-
chain (6¢/6u 50-90/2.5-6.0) and aromatic (5c/8y 100-135/
5.5-9.0) regions (Fig. 7a), and the corresponding signal peaks
are listed in Table S$3.1'® In the side-chain region, apparent
signals of methoxy can be observed at dc/6y 55.2/3.74 in these
lignin samples, showing that abundant G and S units existed
in coconut shell lignin, which is consistent with the FTIR
results.® The obvious signals of ether bonds (B-O-4, A), resinol
(B-p, B), phenylcoumaran (B-5, C) and the cinnamyl alcohol
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Fig. 6 (a) FTIR spectra and (b) the average molecular weights and the polydispersity index (PDI) of MWL and DES-extracted lignin. T represents
tetramethylammonium hydroxide, U, M, L and | represent urea, ethanolamine, lysine and imidazole, respectively.
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Fig. 7 (a) 2D-HSQC NMR spectra of the MWL- and DES-extracted lignin and (b) quantification of the content of hydroxyl groups by 3P NMR
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terminal group (Cy-OH, I) were captured in MWL. A similar
structure was obtained in the spectra of DES-extracted lignin,
and the signal of Aa still could be observed clearly, demon-
strating that -O-4 linkage was retained during the DES treat-
ment. According to the quantitative results, the main chemical
linkages of lignin are listed in Table 1. Unlike other previous
works that extracted lignin by lignin fragmentation, the mild
TMAH-based DES achieved lignin-first dissolution target with
high content of p-O-4 linkage (50.67-57.80/100 Ar). The slight
decrease of f-O-4 linkage in this DES-extracted lignin indicated
that the cleavage of the p-O-4 linkage is not the main way for
lignin removal, and the lignin was extracted possibly by mono-
lithic stripping rather than fragmenting. Meanwhile, the con-
tents of f-f and p-5 bonds in DES-extracted lignin were
decreased compared with that of MWL, demonstrating that no

Table 1 Quantification of the contents (per 100 Ar) of the connection
keys in MWL and DES lignin using 2D-HSQC NMR spectra and the sugar
content of lignin (%)

Sample p-0-4 B-p B-5 S/G Sugar content
MWL 60.42 12.67 10.88 0.55 3.75
TMAH-urea 50.67 <0.1 <0.1 0.41 10.17
TMAH-MEA 52.80 <0.1 <0.1 0.88 12.31
TMAH-lysine 55.92 <0.1 <0.1 1.02 17.05
TMAH-imidazole 53.64 <0.1 <0.1 1.61 11.61

This journal is © The Royal Society of Chemistry 2025

new C-C bonds were generated during the reaction and a less
condensed structure existed in DES-extracted lignin.

More blue-gray signal peaks due to residual polysaccharides
linked to lignin by LCC bonds were observed in DES-extracted
lignin.”*®' As reported, LCC bonds mainly include lignin-
carbohydrate ether bonds (benzyl ether bonds), lignin-carbo-
hydrate ester bonds (y-ester bonds), and phenyl glycoside
bonds.®” The benzyl ether bond was stable in an alkaline
environment, while they were easily broken in acidic
systems.®® Therefore, more sugar content can be detected in
DES-extracted lignin compared with that in MWL (Table 1). In
contrast, the lignin carbohydrate ester bond was more sensi-
tive to alkaline environments, which can help account for the
TMAH-based DESs’ unique ability for precise lignin extraction.

In the aromatic regions, obvious signal peaks of S, ¢ (6c/0u
103.4/6.68), G, (5¢/6y 110.5/6.92), Gs (5c/6y 114.7/6.71), Ge (5¢/
6y 118.8/6.75) and H,, (6c/6n 127.8/7.16) representing the
basic unit of lignin can be captured in MWL. In addition, the
signal peaks of FA,, FAs, PCE, ¢ and PB, ¢ were also observed.
After DES treatment, the signal peaks of H and G units were
weakened to different degrees, indicating that lignin may be
oxidized during the DES extraction process. Compared with
TMAH-urea, TMAH-MEA/lysine/imidazole exhibited a stronger
oxidation effect, especially TMAH-imidazole, which corres-
ponds to its higher S/G value (Table 1). Furthermore, no signal
peak of Cond-S units can be observed in these DES-extracted
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lignin samples, which demonstrates that mild TMAH-based
DESs can extract native lignin by cleaving the target chemical
bonds."®

The functional hydroxyl groups in these lignin samples
were quantitatively analyzed by *'P NMR. Aliphatic-OH, pheno-
lic-OH and carboxyl groups can be observed in these lignin
samples. According to Fig. 7b, a significant increase in the
content of the carboxyl group occurred in DES-extracted lignin,
corresponding to the oxidation process of DES as shown in the
FTIR and 2D-HSQC results.'® Imidazole molecules contain
nitrogen atoms and nitrogen atoms have high -electro-
negativity. At the same time, the aromatic ring structure of the
imidazole molecule also gives it a certain stability. In the oxi-
dation reaction, imidazole can release electrons to oxidize
other substances, while a reduction reaction occurs within
itself, which shows superior oxidation. In contrast, a relatively
weak oxidation was shown to occur in urea, MEA and lysine.
The absence of an increase in phenolic-OH content in the
DES-extracted lignin indicates that the fragile -O-4 linkages
were protected during the DES treatment.'® The increased ali-
phatic OH may be derived from the polysaccharide that was
connected with lignin through the uncleaved LCC bonds.

Based on the above analysis, TMAH-based alkaline DES
extracted lignin may be formed by cleavage of the LCC bonds
rather than the -O-4 linkage. To verify this hypothesis, related
model compounds containing different linkages were
employed in the DES process. According to Fig. 8a, only the
signal peak of 1a can be detected in the pretreated sample,
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Green Chemistry

demonstrating the favorable stability of lignin p-O-4 linkages
in these solvent systems. Although phenyl p-o-glucopyranoside
was not detected by GCMS, no monomeric products were cap-
tured in the pretreated sample (Fig. 8b), which suggests that
no breaking of the lignin-carbohydrate ether bond occurred
during the DES process. However, when benzyl benzoate was
pretreated, the new products benzyl alcohol (2c) and benzoic
acid (3c) along with the obviously reduced 1c can be detected
in the pretreated samples (Fig. 8c). These results demonstrate
that the effective breaking of the LCC bond, mainly the lignin—
carbohydrate ester bond, occurred during the DES extraction
process. Meanwhile, the stretching vibration peaks of the
C=0 (1738 cm ") and C-O (1273 cm '), both characteristic of
the ester group, were significantly weakened or even almost
absent in the pretreated samples (Fig. 8d). These results corro-
borated that mild TMAH-based DESs can extract lignin effec-
tively by breaking the lignin-carbohydrate ester bond and
retaining abundant p-O-4 ether linkages.

The lignin extraction mechanism of the TMAH-based alka-
line DESs is proposed according to these multiple pieces of
evidence (Fig. 8e). Lignin consists of different units connected
by ether bonds and C-C bonds, and the resulting lignin is con-
nected to hemicellulose by LCC bonds. TMAH-based alkaline
DESs with strong hydrogen bonding and alkalinity, extracted
lignin by selectively attacking lignin-carbohydrate ester bonds
rather than the p-O-4 ether linkages, resulting in the harvested
lignin fragments showing high p-O-4 linkage retention.
Moreover, due to the retention of the phenylglucoside and
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Fig. 8 GCMS results of (a) 2-phenoxy-1-phenylethanol (1a), (b) phenyl B-p-glucopyranoside (1b), and (c) benzyl benzoate (1c) before and after the
reaction in TMAH-based alkaline DESs; (d) FTIR spectra of the coconut shells before and after pretreatment; (e) the lignin extraction mechanism of

TMAH-based DESs.
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benzyl ether bonds, a small amount of xylan may remain
attached to the extracted lignin.

3.4 Oxygen depolymerization performance of DES-extracted
lignin in the TMAH-based alkaline solvents

Based on the results obtained, lignin extracted using TMAH-
based alkaline DESs demonstrated a higher retention rate of
$-O-4 linkages, which is favorable for lignin depolymerization
and subsequent aromatic monomer production.® The depoly-
merization performance of the extracted lignin using TMAH-
based DESs was verified by the catalytic oxidation process.
According to Fig. 9a, the similar types of aromatic monomers
obtained in these four DES systems include phenol, guaiacol,
benzyl alcohol, benzaldehyde, 4-hydroxybenzaldehyde, vanil-
lin, syringaldehyde, vanillin acetone, benzonitrile, etc.
However, the content of aromatic monomers showed varied
results across the four systems. The content of aromatic mono-
mers was 35.34%, 20.11% and 30.24% in TMAH-urea,
TMAH-MEA and TMAH-lysine, respectively, while it could
reach 56.23% in TMAH-imidazole. Moreover, phenol and aro-
matic aldehydes were the main products when employing
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TMAH-MEA, TMAH-lysine and TMAH-imidazole as the reac-
tion solvents, while the main aromatic monomer derived from
TMAH-urea was benzonitrile. Due to the difference in the
depolymerization product content, the solvent properties
could be speculated as the governing factor for the lignin
depolymerization process. As reported, HCN could be gener-
ated from urea under high temperature and strong oxidation
conditions, and then could react with benzaldehyde to form
benzonitrile,**> which would support the higher benzonitrile
content in TMAH-urea. The higher aromatic monomer content
in the TMAH-imidazole system may be attributed to the
superior oxidation effect of imidazole.>® According to the CV
analysis (Fig. S971), only one slight hump was seen in the CV
curve of TMAH-urea and no peak appeared in TMAH-MEA and
TMAH-lysine. However, two obvious oxidation peaks appeared
between 0.6 and 1.2 V in the CV curve of TMAH-imidazole,
which proved the excellent oxidation effect of TMAH-
imidazole.””

Based on the better performance of the TMAH-imidazole
system, the catalytic oxidation performance of lignin with
different catalysts in this solvent system was investigated. As

Fig. 9
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shown in Fig. 9b, the yield of aromatic monomer was 30.84%
when no catalyst was added at 100 °C for 2 h under an O,
atmosphere at 1 MPa, while it increased to 31.36-74.96% after
adding different metal oxide catalysts. The highest monomer
yield of 74.96% was obtained when MnO, was employed as a
catalyst. MnO, has also shown relatively excellent lignin cata-
lytic oxidation performance in previous studies.?**%%°
Additionally, MnO, is widely available in nature and has no
harmful effects on the environment.”” Subsequently, the
effects of different reaction conditions on the catalytic oxi-
dation performance of lignin using MnO, as the catalyst were
investigated. According to Fig. 9c, with the reaction tempera-
ture increasing from 60 °C to 100 °C, the aromatic monomer
yield was significantly increased from 40.28% to 74.96%.
However, lower monomer yield was obtained when the temp-
erature increased further. This may be due to the recondensa-
tion of the resulting monomers under the intense con-
ditions.>® Another possible reason could be the decomposition
of TMAH when the temperature reaches 120 °C. As reported,
TMAH decomposes at about 130 °C to generate trimethyl-
amine and methanol,’® which may reduce or even extinguish
the oxidation effect of the DES. Similarly, the reaction time also
plays a key role in determining the yield of monomers. It can be
observed that the maximum monomer yield was obtained at
100 °C for 2 h (Fig. 9d). Only 35.92% was obtained with a reten-
tion time of 0 min, which demonstrated that shorter reaction
time cannot cleave the bonds completely. As the reaction time
is extended to 4 h, the monomer yield decreases due to the con-
densation caused by a long reaction.>® Therefore, 100 °C and
2 h will be more suitable conditions for the catalytic oxidation
of lignin in the TMAH-imidazole systems.

The effect of catalyst loading is exhibited in Fig. 9e. An
inferior monomer yield (30.83%) was obtained with no catalyst
loading, while it increased to 53.78%-75.96% after adding the
catalyst, demonstrating the pivotal role of the catalyst in the

Hemicellulose

¥ Hemicellulose (85.14%)
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conversion of lignin into aromatic monomers. When the C/L
mass ratio reached 1:5, more than 70% of monomer yield
could be achieved. In addition, an oxidative environment was
necessary for achieving better lignin depolymerization per-
formance. As shown in Fig. 9f, only 11.56% monomer yield
was achieved in air, while it can increase to more than 70%
when the oxygen loading reaches 1 MPa, demonstrating the
significance of an oxidative environment.**®® Therefore, a
higher aromatic monomer yield can be achieved in TAMH-
imidazole systems under mild reaction conditions with a small
amount of catalyst, higher than the reported solvent system of
other studies (Table S37).

To elucidate the potential reaction mechanism of lignin oxi-
dation in the TMAH-imidazole system, the structural features
of the lignin after catalytic oxidation reaction were investigated
by 2D-HSQC NMR. According to Fig. 9g, the typical signal peak
of Aa disappeared after the catalytic reaction, which indicated
that TMAH-imidazole as a catalyst can effectively break the
B-O-4 linkages under the action of oxygen. The presence of
obvious methoxy peaks indicated that demethoxylation may
occur during catalytic oxidation. It has been reported that the
demethoxylation can be achieved under the action of a manga-
nese-containing catalyst,’® which can explain why methoxy-
free phenol and benzaldehyde were the main products in the
MnO,/TMAH-imidazole system. In the aromatic regions, the
signal peaks of the typical lignin units were weakened or dis-
appeared, indicating that the lignin had effectively depolymer-
ized. The experimental results of the lignin model compound
(2-phenoxy-1-phenylethanol) also demonstrate that the $-O-4
bond was broken during the catalytic oxidation process. As
shown in Fig. 9i, the peak intensity of 2-phenoxy-1-phenyletha-
nol was significantly weakened in the catalyzed sample.
Meanwhile, the monomer peaks of styrene, benzaldehyde,
benzyl alcohol and phenol were recorded. Therefore, the gene-
ration of aromatic monomers from lignin is mainly produced
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Fig. 10 Mass balance flow diagram of a “lignin-first” biorefinery.

2032 | Green Chem., 2025, 27, 2019-2034

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4gc05498a

Published on 11 Januar 2025. Downloaded on 06.02.26 11:26:22.

Green Chemistry

by the cleavage of the p-O-4 bond of lignin during the catalytic
oxidation process.

3.5 The technical profile and recyclability of the TMAH-
imidazole process

In conclusion, “lignin-first” biorefining can be achieved by a
mild TMAH-imidazole process. According to the mass balance
flow (Fig. 10), after the DES treatment (30%TMAH-imidazole,
50 °C-3 h), the coconut shells were fractionated into a soluble
liquid fraction and an insoluble solid fraction. 91.21% cell-
ulose and 95.14% hemicellulose were retained in the solid
fraction, while 67.37% lignin was extracted due to the strong
alkalinity and the strong hydrogen bonding of the solvent.
Meanwhile, TMAH-imidazole extracted lignin mainly by clea-
vage of the lignin-carbohydrate ester bonds, resulting in the
retention of most of p-O-4 linkage, which contributed highly
active native lignin for efficient aromatic monomer conversion
(74.54%). Taking 100 g starting biomass for example, through
the DES process, 20.8 g of aromatic monomers and 40.9 g of
solid components can be obtained, which recovered more than
86% of the active components. Moreover, good reusability for
lignin dissolution and depolymerization was achieved. After
five cycles, the lignin extraction rate could still reach 63.56%,
and the aromatic monomer yield could reach 90% of that from
the initial process (Fig. S107).

4. Conclusion

COSMO-RS calculations were successfully leveraged to screen
deep eutectic solvents (DESs) as an efficient and viable
method. The calculations showed that TMAH-based DESs dis-
played good solubility for lignocellulose due to their higher
excess enthalpy and strong hydrogen bonding forces. A deligni-
fication rate of 63.33%-67.37% was achieved without compro-
mising the carbohydrate recovery by using TMAH-based DESs
at lower temperatures. The cellulose and hemicellulose reten-
tion was over 90%. The cleavage of the lignin-carbohydrate
ester bond was corroborated as the main route for lignin
extraction, leaving a promising precursor with high p-O-4 bond
content for subsequent depolymerization. In the case of lignin
with a similar structure, the stronger oxidation of solvents
would represent a superior catalytic oxidation performance.
Therefore, excellent depolymerization performance with an
aromatic monomer yield of 74.54% was obtained in the
TMAH-imidazole system.
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