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Computational modeling-guided design of deep
eutectic solvents for tailoring lignin chemistry
during lignocellulose pretreatmenty

Le Zhou, 2 Xianzhi Meng, €2 ® Weiwei Li,? Jiali Yu, 2 € Christian O. Kemefa, (9°
Susie Y. Dai,® Arthur J. Ragauskas (2 and Joshua S. Yuan (2 *?

Lignocellulosic biorefineries offer a sustainable approach to decarbonization and biofuel production, but the full
utilization of biomass components, particularly lignin, remains a challenge due to its complex structure. Deep
eutectic solvents (DESs) have emerged as promising green solvents for lignin extraction and structure regulation,
offering chemical tunability, recyclability, and environmental benefits. However, their potential to precisely tailor
lignin linkages during biomass pretreatment has been underexplored. In this study, we integrated computational
modeling with experimental validation to design DESs for lignin property regulation and efficient delignification.
A total of 260 DES candidates, comprising 13 hydrogen bond acceptors (HBAs), 20 hydrogen bond donors
(HBDs), and 4 lignin dimer and 4 lignin carbohydrate complex models, were screened to predict activity coeffi-
cients (y), focusing on their effects on -O-4 and -5 linkages in using the Conductor-like Screening Model for
Real Solvents (COSMO-RS). Nine representative DESs were synthesized and tested with hardwood pretreatment.
The results showed that smaller y values indicate stronger degradation of p-O-4 and p-5 linkages, with both the
HBD and HBA playing a significant role in delignification. The p-O-4 linkage is a critical determinant of lignin's
properties and applications in value-added biomaterials. Multivariate analysis reveals the overall impact of lignin
structures on B-O-4 and B-5 by accounting for interactions between variables, highlighting the importance of a
multivariate approach. Incorporating model compounds with etherified phenol structures and lignin—carbo-
hydrate complexes provided a more comprehensive calculation representation of the delignification process.
Experimental validation demonstrated that the 1,8-diazabicyclo[5.4.0lundec-7-ene: lactic acid DES extracted
lignin with a high $-O-4 content (47%), suitable for producing carbon fibers with superior mechanical properties.
In contrast, a choline chloride: lactic acid DES completely cleaved p-O-4 linkages (0%), yielding uniform lignin
nanoparticles with an enhanced zeta potential. These DESs also achieved effective delignification, allowing
carbohydrates to be used for biofuels. This research establishes a computational modeling-guided framework
for designing DESs to achieve controllable lignin linkage profiles, optimizing both delignification efficiency and
material properties. The findings provide a pathway for enhancing the economic and environmental sustainability
of lignocellulosic biorefineries and expand the applications of lignin in diverse, high-value biomaterials.

1 This research advances green chemistry by integrating computational modeling and experimental validation to design deep eutectic solvents (DESs) for bal-

ancing delignification and structural regulation in the lignocellulose pretreatment process. It introduces a strategy to regulate lignin linkage profiles, optimiz-

ing lignocellulosic biomass utilization for sustainable biomaterial production.
2 By screening 260 DES candidates, we identified formulations enabling tailored -O-4 linkage content in lignin while improving lignin dissolution. High

B-O-4 content lignin was utilized to produce carbon fibers with superior mechanical properties, while lignin with cleaved $-O-4 linkages yielded uniform

nanoparticles, enhancing material versatility and environmental benefits. The design allowed simultaneous carbohydrate and lignin usage.

3 Expanding COSMO-RS modeling to a broader DES library and biomass types could improve precision in delignification and lignin structure tailoring.

Future studies could also explore DES recyclability and scalability, maximizing economic and environmental sustainability in biorefineries.
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Introduction

Lignocellulosic biorefineries hold promise in decarbonization
and sustainable biofuel production.”” Despite the potential in
mitigating climate change and replacing fossil fuel usage,
lignocellulosic biorefineries face substantial challenges in
their commercialization, partially due to the challenge in com-
plete utilization of biomass components including both cell-
ulose and lignin. Lignin is a vital component of plant biomass
with significant structural, ecological, and industrial impor-
tance. Its separation is crucial for various industries, particu-
larly in the production of paper, biofuels, and bioproducts.>™
Advances in lignin separation techniques continue to unlock
new potential for this abundant natural polymer, paving the
way for more sustainable usage of both lignin and carbo-
hydrate in biomass.*” The current biorefinery design has chal-
lenges in deriving lignin with tailored structures for appropri-
ate usage and processing into valuable products.® For this
reason, the ‘lignin first’ biorefinery concept was proposed to
design biorefineries to prioritize lignin usage.® Our previous
efforts also focused on co-utilization of lignin and carbo-
hydrate to maximize the value proposition and environmental
impact of lignocellulosic biorefinery.

Deep eutectic solvents (DESs) are emerging as novel green
solvents for lignocellulose pretreatment and lignin extraction
owing to their outstanding characteristics of chemical and
thermal stability, environmental benefits, easy preparation,
and recyclability.'®™** More importantly, DESs are composed of
a combination of a hydrogen bond acceptor (HBA) and hydro-
gen bond donor (HBD), offering a wide variety of types with
adjustable structures and properties.’* This provides the possi-
bility for lignin pretreatment and the regulation of the lignin
linkage profile and chemical structures. Previous studies have
illustrated that the glycosidic bonds in both hemicellulose and
the lignin—carbohydrate complex could be cleaved during DES
pretreatment.’®'® This cleavage is crucial for breaking down
the complex matrix of the biomass and freeing lignin from the
hemicellulose and cellulose components.'”'® Shen et al.
found that the p-O-4 linkage bonds decreased from 69.52% to
11.84% after choline chloride/lactic DES pretreatment.’® Lin
et al. synthesized an N-heterocycle-based DES for wheat straw
biomass pretreatment under different conditions and obtained
lignin with controlled structural properties.>

Despite the previous success in DES design for delignifica-
tion and biomass deconstruction, very few studies focused on
tailoring the lignin structure and chemistry for downstream
usage. DESs are diverse and it is not clear how DES chemistry
can help tailor the lignin structure and properties, particularly,
in a way to tailor the lignin linkage profile and molecular
structure. For example, p-O-4 linkages are the most prevalent
type of bond in lignin, accounting for the majority of its struc-
ture. Their high frequency and distribution significantly influ-
ence the overall architecture and properties of the lignin
polymer.>"** The p-O-4 linkages in lignin are of paramount
importance due to their abundance, reactivity, and potential
for selective cleavage.>® They play a critical role in the structure
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and functionality of lignin and are central to various industrial
applications, particularly in biorefining and the production of
renewable chemicals and materials.>*?® Li et al. used lignin
from different biomass feedstock to prepare carbon fiber and
found that p-O-4 linkages are in line with the carbon fiber
mechanical properties.”” Liu et al. chose the organosolv pre-
treatment to obtain lignin with different p-O-4 linkages, the
lignin with more cleaved $-O-4 linkages could be prepared the
lignin nanoparticle with superior uniformity and greater stabi-
lity.?® Therefore, it is critical to control the lignin linkage
profile during the DES-based lignin extraction process to
achieve both delignification and the utilization of lignin for
quality biomaterials. This imposes a significant challenge in
DES design that has not been previously addressed: how to
rapidly and effectively select the appropriate DES for ligno-
cellulosic pretreatment and obtain the controllable linkage
profile, while achieving effective delignification.

The Conductor-like Screening Model for Real Solvents
(COSMO-RS) has emerged as a valuable and fast tool to predict
and screen ionic liquids for biomass dissolution and DES for
gas separation, and liquid-liquid extraction.>*?° Yu et al.
designed 19 lignin models and predicted their solubilities in
3886 ionic liquids by COSMO-RS, synthesized the 1-methyl-1-
propylpyrrolidinium acetate to dissolve higher lignin in the
final combined with the experimental verification.*' Hadj-Kali
et al. screened the activity coefficient at infinite dilution of
binary azeotropic mixtures of ethanol and n-hexane, n-heptane
or n-octane in each DES and found the tetrabutylammonium
bromide/levulinic acid with a molar ratio (1:2) gave the best
extractive performance for all systems in the experiment.*?
However, few research has focused on the prediction and
design of DES simultaneously for lignin property regulation,
biomass dissolution, and pretreatment efficiency.

In this study, we present a new strategy to use compu-
tational modeling to guide the DES design for both tailoring
lignin properties and achieving delignification. COSMO-RS
models for lignin structure were established and the model
simulations were integrated with experimental verification to
investigate the effects of DES on lignin dissolution and prop-
erty control, specifically focusing on linkage profiles like $-O-4
linkages and -5 bonds. We predicted and designed 260 DES,
comprising 13 hydrogen bond acceptors (HBAs), 20 hydrogen
bond donors (HBDs), and 8 lignin models representing
minimal lignin dimers or lignin-carbohydrate complexes with
B-O-4 linkages, to evaluate their activity coefficients (y). Based
on these predictions, we synthesized 9 representative DES for
lignin pretreatment to validate the COSMO-RS outcomes. The
screened DES were utilized to pretreat hardwood, enabling the
extraction of lignin with controllable p-O-4 bond content.
Lignin with a high content of p-O-4 linkages was employed to
produce carbon fibers exhibiting substantially improved
mechanical properties, while lignin with a lower p-O-4 content
was utilized to create more uniform lignin nanoparticles. The
delignification for all DES were evaluated and discussed. This
research thus establishes a novel framework to design DESs
for both delignification and tailoring lignin properties, allow-
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ing the maximized value proposition and environmental
impact for lignocellulosic biorefineries. The knowledge could
also be expanded to design DESs to derive lignin with varying
f-O-4 bond contents for diverse biomaterial manufacturing.

Calculation methods and details
COSOMO-RS calculation details

In this work, COSMOtherm2024 (BIOVIA) was employed for
calculations, using the parameterization set to BP_TZVP_24.
Hydrogen bond acceptors and donors were selected from the
current databases, COSMObase2024. For molecules not
included in these databases and for lignin models, Turbomole
was utilized to construct and optimize the COSMO input files.
The activity coefficients of the lignin models in the deep eutec-
tic solvents (DESs) were predicted at a temperature of 393.15 K,
which corresponds to the temperature used for the experi-
mental verification.

Structures of hydrogen bond acceptors and hydrogen bond
donors

As shown in Fig. 1, this research involved the combination of
13 hydrogen bond acceptors (HBAs)—including carboxylic
acids, amines/amides, polyalcohols/carbohydrates, and pheno-
lic compounds—with 20 hydrogen bond donors (HBDs), such
as choline chloride, alkylammonium chlorides, alkylammo-
nium bromides, and betaine, resulting in a total of 260 deep
eutectic solvents (DES). The molar ratio was set at 1: 2, reflect-
ing a commonly used ratio in such formulations.

Lignin models

Lignin is biosynthesized from p-coumaryl, coniferyl, and
sinapyl alcohols.?" The primary monomers can form minimal
dimers through p-O-4 linkages. To explore this, we constructed
and optimized four dimer lignin models that contain p-O-4 lin-
kages, as illustrated in Fig. 2a-d. These models are referred to
as dimer models: the GG-lignin model, HG-lignin model, SS-
lignin model, and SG-lignin model. Besides, Fig. 2e-h show
lignin-carbohydrate complex (LCC) lignin models that were
constructed and optimized by the esterification of glucose
with phenolic hydroxyl groups; these are the glucose-GG-lignin
model, glucose-HG-lignin model, glucose-SS-lignin model, and
glucose-SG-lignin model.

Statistical analyses

Predicted activity coefficients (two sets of lignin models) were
fitted in linear regression models to either -O-4 content or f-5
content by Origin function ‘data fitting’. The coefficients of
determination (R®) of the models were used to determine the
fitting performance, with higher R* indicating a better fitting
in the relationship between the activity coefficient (different
lignin models in DESs) and p-O-4 or -5 content. The multi-
variate effects among the two sets of the lignin models were
analyzed using multivariate analysis of variance (MANOVA) in
R. Specifically, the interactions between HG-lignin and SS-
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lignin models, as well as between HG-lignin and SG-lignin
models, were evaluated to determine the statistical signifi-
cance of their multivariate relationships. The multivariate
effects of the MANOVA model were visualized with the package
‘heplots’. A correlation coefficient closer to 1 indicates a strong
relationship between the variables.

Experimental apparatus and procedure
Materials and reagents

Maple wood was milled and obtained from Texas A&M
University, USA. Polyacrylonitrile, choline chloride, oxalic acid,
lactic acid, ethylene glycol, catechol, 1,8-diazabicyclo[5.4.0]
undec-7-ene, betaine, benzyltriethylammonium chloride, tetra-
ethylammonium chloride, acetone, and N,N-dimethyl-
formamide were purchased from Sigma-Aldrich, USA.

Deep eutectic solvent synthesis and hard wood pretreatment

Deep eutectic solvents (DESs) were synthesized by mixing
hydrogen bond acceptors (HBAs) and hydrogen bond donors
(HBDs) in a molar ratio of 1:2 at 353.15 K for 2 hours. Five
HBDs—oxalic acid, lactic acid, catechol, urea, and ethylene
glycol—along with five HBAs—choline chloride, betaine, 1,8-
diazabicyclo[5.4.0Jundec-7-ene, tetraethylammonium chloride,
and benzyl triethylammonium chloride—were selected to
create nine different DESs. The structures and characterization
of the DES can be found in the ESL{ Dried hardwood was
added to a glass tube containing the DES, with a mass ratio of
corn stover to DES set at 1:10. The mixture was stirred at a
speed of 400 rpm for 6 hours at a temperature of 393.15 K.

Lignin recovery and characterization

The details of the lignin characterization method can be found
in the ESL} An acetone aqueous solution (acetone:water =
7:3, volume ratio) was added and stirred for 2 hours to dis-
solve the lignin and DES. The mixture was then washed twice
with the acetone aqueous solution and centrifuged to separate
the liquids. The solid was washed and tested following the
NREL standard procedure to obtain the composition. The col-
lected liquids were rotary-evaporated at 50 °C to remove the
acetone. Deionized water was added to regenerate the lignin,
which was then centrifuged and washed with deionized water
at least three times before being freeze-dried. Finally, the
lignin regenerated from the different DES pretreatments was
obtained for further characterization. Details of the lignin
characterization methods can be found in the ESL. T

Preparation and characterization of lignin-based carbon fiber
and lignin nanoparticles

Equal amounts of lignin regenerated from different DESs ([Ch]
Cl: Lactic acid and DBU : Lactic acid) were mixed with polyacry-
lonitrile in N,N-dimethylformamide (solid content: 10 w%)
and stirred at 25 °C for 2 hours, followed by sonication to
obtain the spinning dopes. These dopes were then processed
in a wet spinning unit, after which the precursor fibers under-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Chemical structures of deep eutectic solvents. (a) Hydrogen bond acceptor and (b) hydrogen bond donor.

went thermal stabilization and carbonization to form lignin-
based carbon fibers, as described in our previous work.””*?
The diameter and morphology of the fibers were observed
using Scanning Electron Microscopy (SEM). The mechanical
properties of the carbon fibers, including tensile strength,
elongation, and modulus of elongation, were measured using
a TestResources universal mechanical tester.

This journal is © The Royal Society of Chemistry 2025

Lignin nanoparticles (LNP) were fabricated via dialysis
based on our previous research.’®** Lignin regenerated from
different DESs was dissolved in acetone at a concentration of
10 mg mL™" and then loaded into a dialysis bag. This bag was
placed in deionized water with stirring. The deionized water
was repeatedly replaced to remove the acetone, leading to the
formation of lignin nanoparticles. The particle size and zeta
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Fig. 2 Optimized structures and charge surface regions of eight lignin models. (a) GG-lignin model; (b) HG-lignin model; (c) SS-lignin; (d) SG-lignin
model; (e) glucose-GG-lignin model; (f) glucose-HG-lignin model; (g) glucose-SS-lignin; and (h) glucose-SG-lignin model.

potential of the LNP dispersion were measured using Dynamic
Light Scattering (Malvern ZEN 3600 Zetasizer). The mor-
phology of LNP was characterized by scanning electron
microscopy (Thermo Fisher Quattro S ESEM).

Results and discussion

Computational modeling for DES design to improve
delignification and tailor lignin chemistry

In order to control the lignin structure during delignification,
we first established a lignin structure model in COSMO-RS for
studying the interaction with the DES. Unlike the previous
lignin model, which only used the H/S/G monomer structure,
we selected four dimer lignin structures containing p-O-4
bonds. This laid the foundation for the regulation of the p-O-4
linkage during the calculation of the delignification process.
In COSMO-RS, the ¢ potential and ¢ profiles are typically used
to analyze the affinity between the system and the polar o
surface.’® As shown in Fig. S5,T there are three main regions in
the o potential: the hydrogen bond donor region (¢ < —0.0082
e A™?), the nonpolar region (—0.0082 e A2 < 5 < +0.0082 e A™2),

6264 | Green Chem., 2025, 27, 6260-6271

and the hydrogen bond acceptor region (+0.0082 e A™* < o).
Fig. S5t shows that the different lignin models have similar ¢
potentials. For SG-lignin and SS-lignin, their higher hydrogen
bond acceptor values in the sigma profile indicate their stron-
ger capacities to form hydrogen bonds, corresponding to stron-
ger disruption of the lignin structure. These interactions play a
crucial role in the dissolution of lignin in DES systems by facil-
itating the disruption of key linkages within the lignin struc-
ture, such as f-O-4 bonds. In Fig. S5,7 the sigma profiles of all
four lignin models are largely consistent, with each exhibiting
higher values in the hydrogen bond acceptor regions. This
consistency further supports that the DES provides the necess-
ary molecular environment to engage with and destabilize
these critical linkages in lignin, regardless of their structural
model variations.

Even though COSMO-RS was employed as an effective tool
to quickly predict and design ionic liquids for the dissolution
of cellulose and lignin, few research studies predicted and
designed DESs for biomass dissolution and pretreatment
while controlling the lignin structure. In order to achieve this
unprecedented goal, the logarithmic activity coefficients of
lignin in the DES were calculated. The DES pretreatment of

This journal is © The Royal Society of Chemistry 2025
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corn stover targets the regulation and disruption of p-O-4 lin-
kages. By breaking these bonds, DESs facilitate lignin depoly-
merization and dissolution while enhancing cellulose
accessibility.">® As shown in Fig. 3a, the logarithmic activity
coefficients of the HG-lighin model in 260 DESs, composed of
13 HBAs and 20 HBDs, were analyzed. A bluer color indicates a
more negative activity coefficient, signifying a stronger dissol-
ving capability of the DES for lignin. This stronger dissolving
capability correlates with an enhanced ability to break $-O-4
linkages, the primary structural bonds in lignin, driving its
depolymerization and enabling precise structural regulation.?”
Furthermore, it can be inferred that HBDs play a primary role,
while HBAs act mainly in synergy in the process of lignin dis-
solution by the DES, particularly in breaking p-O-4 linkages,
similar to the behavior observed in ionic liquid dissolution of
lignin.***' Oxalic acid, butanoic acid, propionic acid, and
carboxy acid, as HBDs in DESs, exhibit a high lignin solubility.
As for the HBAs, tetrapropylammonium chloride, tetrabutyl-
ammonium chloride, and choline chloride, these DESs could
break more p-O-4 bonds to dissolve more lignin. Fig. 3b-d
illustrate the impact on different lignin models, showing the
activity coefficients of the SS-lignin, GG-lignin, and SG-lignin
models in DESs. Although the activity coefficients vary numeri-
cally among the four lignin models, their trends across
different types of DESs are largely consistent. This consistency
arises because all four lignin models share the same phenolic
ring structure, differing only in the alkyl side chains on the
phenolic rings.*” This finding suggests that any of the lignin
models with $-O-4 linkages can be used to represent lignin for
modeling the structural regulation and dissolution processes
of lignin. More importantly, it highlights which combinations
of HBAs and HBDs have great potential in f-O-4 bond disrup-

This journal is © The Royal Society of Chemistry 2025

tion of lignocellulose for lignin dissolution. This enables the
design of novel DESs for balancing delignification and struc-
tural regulation in the lignocellulose pretreatment process.

Experimental validation verifies that the computational
models can effectively guide the design of DESs for lignin
dissolution and delignification

In order to verify the model outcome, nine representative DESs
were selected for experimental synthesis and lignin dissolution
at a temperature of 393.15 K to validate the predictions made
by COSMO-RS. For the selection of HBAs, it primarily focused
on choline-based compounds, alkyl ammonium salts, and het-
erobicyclic compounds, as they exhibit better solubility for
lignin based on COSMO-RS prediction. For the selection of
HBDs, it mainly used carboxylic acids, amines, polyols, and
phenolic compounds, which represent a wide range of func-
tional groups that interact differently with lignin. To investi-
gate the effects of HBDs and HBAs on lignin dissolution and
structure, five HBDs with strong p-O-4 bond disruption and
high lignin dissolution—oxalic acid, lactic acid, catechol, urea,
and ethylene glycol—were chosen, along with five HBAs—
choline chloride, betaine, 1,8-diazabicyclo[5.4.0]Jundec-7-ene,
tetraethylammonium chloride, and benzyl triethylammonium
chloride—to create nine different DESs. These substances were
selected based on their molecular structures, hydrogen
bonding capacity, and compatibility with lignin, as predicted
by COSMO calculations.

As shown in Table S1,7 when choline chloride is used as
the HBA and oxalic acid and lactic acid as the HBDs, the
delignification rates of wood after pretreatment are relatively
high, reaching 80.6% and 71.3%, respectively. This is consist-
ent with the results from our previous model calculations,
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where the activity coefficients of the lignin model in these
DESs are more negative, allowing for the disruption of more
B-O-4 bonds, thus dissolving and extracting more lignin.
However, focusing solely on the delignification rate is not
enough. When customizing lignin for downstream appli-
cations, the structure of the lignin is far more important.

The computational models can effectively guide DES design
for tailoring lignin structures during dissolution

The lignin structure analysis indicated that DESs designed by
the computational modeling effectively tailored the lignin
linkage profile. FT-IR spectra of regenerated lignin are shown
in Fig. S6,T displaying absorption bands characteristic of the
G, H, and S units of lignin. For example, the peak at
1266 cm™" is attributed to derivatives of the G unit, while the
band at 836 cm™" corresponds to aromatic C-H out-of-plane
deformation in G and S units. Additionally, the hydroxyl
groups in the lignin regenerated from the nine DESs were
quantified using *'P NMR, as shown in Fig. $6.F The results
indicate that the hydroxyl content of lignin extracted using the
nine different DES pretreatments does not vary significantly,
remaining at approximately 5 mmol g~'. As shown in Fig. 7,1
2D HSQC NMR was utilized to investigate how different DES
treatments affect the structure of lignin extracted from wood,
specifically measuring the content of p-O-4 and p-5 bonds. As
shown in Table 1, a more negative activity coefficient corres-
ponds to greater destructiveness to lignin during the pretreat-
ment of corn stalks, resulting in lower $-O-4 bond content. The
four lignin models exhibited the most positive activity coeffi-
cients in the DES (DBU-lactic acid), leading to the highest
experimentally measured p-O-4 bond content, which reached
up to 47%. In contrast, the DES formulations (ChCl-lactic acid
and ChCl-oxalic acid) had more negative activity coefficients,
resulting in greater destruction of lignin; in these cases, NMR
could no longer detect f-O-4 bonds. The $-5 bond measure-
ments showed similar trends to those of the p-O-4 bond: the
more negative the activity coefficient, the lower the $-5 bond
content in the lignin. An analysis of the effect of HBA on
lignin destructiveness can be observed from the p-O-4 and -5
bond content of ChCl-lactic acid, BTEACI-lactic acid, and
TEACl-lactic acid. The p-O-4 and p-5 bond contents of lignin
were relatively similar, aligning with the predicted results.
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With the same HBA, however, the p-O-4 and -5 bond contents
of lignin varied significantly depending on the HBD compo-
sition in the DES (ChCl-catechol, ChCl-urea, ChCl-lactic acid,
ChCl-oxalic acid). This indicates that DESs with quaternary
ammonium salts (e.g.,, ChCl) as HBAs generally follow the
pattern of HBD playing the primary role and HBA serving as a
secondary factor for breaking the lignin linkages.
Nevertheless, this trend does not necessarily hold for DESs
with structurally distinct HBAs, such as heterobicyclic com-
pounds. For instance, the comparison between ChCl/lactic
acid (0% p-O-4 content) and DBU/lactic acid (47% p-O-4
content) demonstrates that the HBA significantly influences
the degradation of lignin linkages, particularly when heterobi-
cyclic HBAs are involved. Therefore, the roles of HBAs and
HBDs are not universally fixed but are context-dependent, with
both components being important when structurally diverse
HBAs are used.

To determine whether the two sets of lignin models (four
dimer lignin models and four lignin-carbohydrate complex
lignin models) can accurately represent lignin for COSMO-RS
calculations, a simple linear regression analysis was conducted
on the B-O-4 and -5 bond content in relation to the activity
coefficients of the two sets of lignin models in DESs. As shown
in Fig. 4a, the R* values for predicting p-O-4 bond content
using the HG-lignin, SS-lignin, GG-lignin, and SG-lignin
models were 0.3531, 0.2507, 0.4408, and 0.2139, respectively.
The lower R* values compared to other biomass dissolution
predictions can be attributed to the complexity of the lignin
$-O-4 bond. In contrast, the predictions for -5 bond content,
presented in Fig. 4b, yielded higher R® values of 0.7215,
0.6547, 0.7360, and 0.6291 for the HG-lignin, SS-lignin, GG-
lignin, and SG-lignin models, respectively, indicating better
predictive performance than for p-O-4 bond content. These
findings suggest that the GG-lignin model is the optimal
choice for describing lignin dimers, as it exhibits the highest
R? values for both f-O-4 and p-5 bond contents. However, the
cleavage of lignin-carbohydrate complexes is a key factor in
the delignification of lignocellulosic biomass. As shown in
Fig. 4d and e, a simple linear regression of LCC models was
performed and the improvement in the linear regression
coefficients was minimal, and the fit for the p-O-5 linkage was
worse compared to that of the dimer lignin models.

Table 1 The p-O-4 and p-5 bond content of lignin and activity coefficients in 9 DESs (dimer lignin models)

Inr

DES B-0-4 (%) B-5 (%) HG-lignin SS-lignin GG-lignin SG-lignin
[Ch][Cl]-ethylene glycol 29 6 —0.26053 —0.1095 -0.3213 -0.133
[Ch][Cl]-catechol 28 2.4 —0.47671 —0.2896 —0.5517 —0.3333
[Ch][Cl]-urea 26 0 —0.53292 —0.3081 —0.7137 —0.3287
[Ch][CI]-lactic acid 0 3.4 —0.55135 —0.3437 —0.6698 —0.3887
[Ch][Cl]-oxalic acid 0 0 —0.85569 —0.6139 —0.9743 —0.6967
DBU-lactic acid 47 11.1 —0.09878 —-0.0471 -0.135 —0.0463
Betaine-lactic acid 15 11.6 -0.16178 0.0152 -0.3198 0.0516
[BTEA][CI]-laCtiC acid 2.4 2.9 —-0.33917 —-0.1472 —0.4889 —-0.1356
[TEA][Cl]-lactic acid 2.2 1 —0.45824 —0.2565 —0.5948 —0.2629
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Fig. 4 Lignin carbon—carbon bond content and fitting results of computational predictions. (a) Experimental p-O-4 of lignin in 9 DESs plotted
against Iny (dimer lignin model); (b) p-5 bond content of lignin in 9 DESs plotted against Iny (dimer lignin model); (c) the fitting curves from multi-
variate analysis of the impact of the four dimer lignin models on $-O-4 and $-5 bond content (y1-p-O-4 bond content, y2-p-5 bond content, x1-
HG-lignin, x2-SS-lignin, x3-GG-lignin, x4-SG-lignin model); (d) experimental -O-4 of lignin in 9 DESs plotted against Iny (LCC lignin model); (e) -5
bond content of lignin in 9 DESs plotted against lny (LCC lignin model); (f) the fitting curves multivariate analysis of the impact of the four LCC
lignin models on p-O-4 and B-5 bond content (y1-p-O-4 bond content, y2--5 bond content, x5-glucose-HG-lignin, x6-glucose-SS-lignin, x7-

glucose-GG-lignin, x8-glucose-SG-lignin model).

We address the limitation of linear regression by improving
our statistical modeling with multi-variate analysis to take into
consideration multiple linkages and structural factors. The
actual composition of lignin is highly complex, and the DES
delignification process is of multivariate nature. For example,
the deconstruction of f-O-4 bonds may impact the deconstruc-
tion of p-5 bonds. The factors have interactions with one
another. For this reason, a simple linear regression of each
linkage with the DES activity co-efficiencies cannot capture
these multivariate processes. Therefore, MANOVA was intro-
duced to further investigate the influence of the two sets of
lignin models on the prediction of multiple linkages and struc-
tural factors.

As shown in Fig. 4c, HG-lignin is more influential than the
other lignin models when considering both p-O-4 and f-5
bond contents simultaneously, with the SS-lignin and SG-
lignin models also contributing to some extent. Each lignin
model significantly affects f-O-4 bond content, which has a
larger scale compared to $-5 bond content. When the lines
extend beyond the error area, they indicate a meaningful
effect. When analyzing two lignin models together, the lines
(x1 + x2) and (x1 + x4) fall outside the error and main effect
areas, suggesting that for the $-O-4 bond in lignocellulosic
biomass, the HG-$-O-4 lignin model plays a dominant role, fol-
lowed by the SS-p-O-4 and SG-p-O-4 lignin models, while the
GG-p-O-4 lignin model has a negligible impact. For the LCC
models, as shown in Fig. 4f, glucose-SG-lignin and glucose-SS-

This journal is © The Royal Society of Chemistry 2025

lignin models are more influential than the other two LCC
models because the lines (x7 and x8) fall outside the error
areas and the lines (x5 and x6) are within the error and main
effect areas. It is worth noting that for the LCC models, the R?
value is 0.9609 with a p-value of 0.005959, whereas for the
dimer lignin models, the R* value is 0.8907 with a p-value of
0.07975.

The results highlighted several aspects. First, as compared
to regular lignin dimer models, the LCC models provided a
more comprehensive representation of the real lignin struc-
ture, and thus dropped the p-value from the marginally signifi-
cant range (0.07975) to the highly significant range (0.005959).
Second, from the methodology perspective, MANOVA is more
reliable than simple linear regression and yielded higher R*
for correlation between activity coefficients and lignin struc-
tures. MANOVA takes into account the interactions between
dependent variables, providing a more comprehensive assess-
ment of the overall impact of the lignin structures. In contrast,
linear regression analyzes -O-4 and -5 separately, potentially
missing important multivariate effects. The significant
MANOVA result suggests that the lignin model structures have
an overall effect on the dissolution of p-O-4 and f-5 by the
DES. Even though the individual linear regressions do not
show significant effects, the multivariate analysis yielded more
significant correlation between DES activity co-efficiencies
and lignin linkages. The multivariate effects indicated that
the lignin structure needs to be considered as a whole when
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studying the impact by the DES and its correlation with activity
coefficient, instead of individual linkages. Furthermore, it
appears that incorporating model compounds with both ether-
ified phenol structures and lignin-carbohydrate complexes
would provide a more comprehensive representation of the
delignification process than modeling lignin alone. Third, the
analysis highlights that COSMO-RS can effectively identify the
DES with a low activity coefficient to deconstruct lignin struc-
tures. The method substantially improves the efficiency of DES
design and allows us to tailor the DES to preferably decon-
struct certain structures to tailor the chemical structures of the
extracted lignin. Even though linear regressions of each
linkage (B-O-4 or p-5) with a DES activity coefficient did not
reach statistical significance, they did yield decent R values,
indicating that there is selectivity in linkage deconstruction by
the designed DES. We thus used this knowledge and approach
to guide us in designing more efficient DESs for lignin struc-
ture tuning.

DES-tailored lignin structure empowered quality biomaterial
design

Based on the COSMO-RS calculations and experimental vali-
dation, we found that the DES (DBU-LA) pretreatment results
in lignin with a higher p-O-4 linkage content (47%), while the
DES (ChCI-LA) pretreatment yields lignin with a lower p-O-4
linkage content (0%). Consequently, these two types of lignin
were selected for investigating the effects of different DES
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treatments on lignin for carbon fiber production. As shown in
Fig. 5a-e, the carbon fibers derived from these two types of
lignin exhibit similar uniform geometrical morphologies in
the fiber axis directions. However, Fig. 5g, h and S81 show that
the carbon fibers prepared from DBU-LA extracted lignin have
a smaller diameter and more uniform distribution, with an
average diameter of 6.17 pm, compared to 7.49 pm for the
carbon fibers prepared from ChCI-LA extracted lignin. This
may be attributed to the better compatibility and interaction
between DBU extracted lignin and polyacrylonitrile, resulting
in better spinnability. The DBU-LA-extracted lignin has a
higher content of p-O-4 linkages. Our previous studies have
revealed that the linkage profile plays an important role in
lignin-PAN miscibility and the resulting carbon fiber crystalli-
nity and performance.”**”*> The smaller diameter also con-
tributes to the enhanced mechanical properties in subsequent
stages. In addition, Fig. 5¢ and f reveal that the carbon fibers
prepared from DBU-LA extracted lignin have a compact struc-
ture at the cross-section, while the carbon fibers prepared
from ChCI-LA extracted lignin contain some voids. This differ-
ence again may be attributed to the higher content of p-O-4 lin-
kages in the DBU extracted -lignin. The improved miscibility
and compatibility with polyacrylonitrile could have contribu-
ted towards improving the spinnability and thermal process.**
The cleavage of p-O-4 linkages occurs during the extraction of
lignin in the DES. However, these linkages are crucial for
lignin-based biomaterials, as their content is significantly cor-
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Fig. 5 Morphology and mechanical properties of lignin-based carbon fiber. (a, b and c) Photograph and SEM image of DBU-LA pretreated lignin
carbon fiber; (d, e and f) photograph and SEM image of ChCL-LA pretreated lignin carbon fiber; (g and h) dimeter of the DBU-LA pretreated lignin
and ChCIl-LA pretreated lignin carbon fiber; (i) mechanical performance of lignin-based carbon fiber.
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related with the tensile strength and elastic modulus of lignin
carbon fibers, according to our previous study.””**> The
mechanical performance of these two lignin-based carbon
fibers is presented in Fig. 5e. Lignin regenerated from DES
(DBU-LA), which has a higher p-O-4 content (47%), exhibits a
tensile strength of up to 1.02 GPa, nearly twice the strength of
the carbon fiber derived from ChCI-LA pretreated lignin,
which has a tensile strength of only 0.52 GPa and a p-O-4
content of 0%. Additionally, the elongation at break for
DBU-LA pretreated lignin carbon fiber is greater than that of
ChCI-LA pretreated lignin carbon fiber, measuring 1.69% com-
pared to 0.93%, respectively. The modulus of elasticity (MOE)
of the carbon fibers also varies among different DES-pretreated
lignin. Notably, the MOE of DBU-LA pretreated lignin carbon
fiber is 61.31 GPa, which is higher than that of the ChCI-LA
pretreated lignin carbon fiber, which measures 55.59 GPa.
These results indicate that DBU-LA pretreated lignin carbon
fibers possess superior mechanical properties compared to
those from ChCI-LA pretreatment. Furthermore, carbon fibers
produced from lignin with a high p-O-4 content exhibit
enhanced mechanical properties. Thus, varying DES pretreat-
ments of hardwood can effectively regulate the $-O-4 content
in lignin, resulting in carbon fibers with distinct mechanical
characteristics.

Lignin with a higher cleavage of p-O-4 linkages can yield
lignin nanoparticles (LNPs) with superior uniformity and
greater stability. For LNP preparation, ChCI-LA pretreated
lignin and DBU-LA pretreated lignin were selected as represen-
tatives of low (0%) and high (47%) B-O-4 contents, respectively.
The performance of the LNPs is illustrated in Table 2 and
Fig. S9.1 The average diameter of LNPs prepared from ChCI-LA
pretreated lignin is 211 nm, significantly smaller than the
average diameter of LNPs derived from DBU-LA pretreated
lignin, which is 349 nm. Notably, as shown in Fig. S9,7 LNPs
from DBU-LA pretreated lignin tend to further aggregate into
micron-sized particles, which negatively impacts the uniform-
ity of the LNPs. The zeta potential measurements further
demonstrate that LNPs prepared from ChCI-LA pretreated
lignin exhibit superior stability. As indicated in Table 2, the
zeta potentials of the LNP dispersions prepared from ChCI-LA
and DBU-LA pretreated lignin are 25.2 mV and 5.6 mV, respect-
ively; a higher zeta potential value correlates with greater stabi-
lity of the LNPs. These results suggest that LNPs prepared
from lignin with low p-O-4 content possess enhanced pro-
perties.?® These LNPs can be used further in controlled nutri-
ent release fertilizers, enhancing efficiency and sustainability,
while in electrochemistry, they function as eco-friendly
materials for energy storage applications such as batteries and

Table 2 The particle size and zeta potential of lignin nanoparticles

Z-Average Zeta potential Conductivity
LNP (nm) PDI (mVv) (mSem™)
ChCI-LA 211.3 0.112 25.2 0.678
DBU-LA 349.2 0.268 5.5 0.142

This journal is © The Royal Society of Chemistry 2025
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supercapacitors.*®*” DESs can effectively regulate and achieve
low B-O-4 content in lignin during the pretreatment of corn
stover, resulting in the production of LNPs with smaller dia-
meters and superior uniformity.

Conclusion

In this study, we combine computational model calculations
with experimental verification to investigate the effects of deep
eutectic solvents on lignocellulose pretreatment efficiency and
lignin properties simultaneously. In particular, we focused on
delignification and tuning the linkage profile. Our goal is to
predict and design DESs for balancing delignification and
structural regulation in the lignocellulose pretreatment
process, while simultaneously achieving regulation of the
f-O-4 bond content in lignin. We evaluated 260 DESs, consist-
ing of 13 hydrogen bond acceptors (HBAs) and 20 hydrogen
bond donors (HBDs), and modeled four minimal lignin
dimers with p-O-4 linkages and four lignin-carbohydrate
complex lignin models to predict their activity coefficients (y).
Based on the y predictions, we synthesized nine representative
DESs for lignin pretreatment and characterization. The results
indicate that a smaller y corresponds to a stronger destructive
effect on f-O-4 and f-5 linkages, with HBDs playing a major
role in the dissolution and extraction of lignin, while HBAs
may exert synergistic effects due to their minimal impact on y.
Multivariate analysis of the calculated y and experimental
f-O-4 and -5 bond contents revealed that the HG-lignin model
predominantly contributes to the p-O-4 bonds in wood ligno-
cellulosic biomass, followed by the SS-lignin and SG-lignin
models, with the GG-lignin model being nearly negligible. It is
worth noting that for the LCC models, the R* value is 0.9609
with a p-value of 0.005959, whereas for the dimer lignin
models, the R® value is 0.8907 with a p-value of 0.07975.
What’s more, incorporating model compounds with etherified
phenol structures and lignin-carbohydrate complexes would
provide a more comprehensive representation of the delignifi-
cation process. MANOVA reveals the overall impact of lignin
structures on f$-O-4 and -5 by accounting for interactions
between variables, highlighting the importance of a multi-
variate approach. This method can be used to guide future
DES design for various purposes. Based on computational
modeling, we identified two prescreened DESs—choline chlor-
ide: lactic acid and 1,8-diazabicyclo[5.4.0Jundec-7-ene: lactic
acid—which resulted in lignin with higher (47%) and lower
(0%) B-O-4 linkage contents, respectively. These two DESs were
selected for the pretreatment of hardwood to obtain lignin
suitable for the preparation of carbon fibers and lignin nano-
particles. Lignin regenerated from ChCl-lactic acid exhibited
low p-O-4 content (0%), resulting in lignin nanoparticles with
smaller sizes and a higher zeta potential under the same con-
ditions. In contrast, lignin regenerated from DBU-lactic acid,
which had a higher B-O-4 content (47%), produced carbon
fibers with superior mechanical performance. This work estab-
lishes a novel paradigm for modeling DESs for delignification
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and lignin property control. In particular, we have designed
DESs with the ability to tailor the p-O-4 linkages of lignin
using computational model calculations, empowering the
manufacturing of quality materials. The study thus opens new
avenues on computational modeling-guided design of DES to
maximize the value proposition and environmental impact of
biomass utilization.
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