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Biomass pretreatment processes using organic solvents have historically been investigated for the
separation of lignin from lignocellulosic biomass. This research explores how the pretreatment process
can be expanded to fractionate all biomass components from various feedstock and waste streams and
transform them into valuable bio-based molecules using green solvent mixtures and mild conditions.
Using experimental and computational investigation techniques, this study further expands on the use of
the green solvent y-valerolactone (GVL) in biomass fractionation processes. Combining both results,
a complete biodiverse process for the fractionation of all biopolymers in lignocellulosic biomass was
achieved. This process yields lignin in native quality, very high purity and very high yield after a single
extraction cycle at very mild conditions. Additionally, lignin-free cellulose in very high purity and yield,
and hemicellulose degradation products in very high yield and purity, mainly xylose and glucose, can be
separated during the process. These properties are essential for efficient valorization of the biopolymer

products. The fractionation process proved to be similarly efficient in every step for different biomasses
Received 18th July 2025

Accepted 26th August 2025 and waste-stream biomasses. GVL could be recovered and reused in every separation step and even be

prepared from hemicellulose products, enabling a sustainable biomass dissolution cycle. This cycle
DOI: 10.1039/d55u00600g stands as a basis for producing valuable biopolymer molecules, from biodiverse origin, that can be

rsc.li/rscsus further converted into quality products for the chemical industry.

Sustainability spotlight

To achieve the replacement of fossil-based resources in the chemical industry by renewable and sustainable materials, the biodiverse, complete fractionation of
lignocellulosic biomass into high purity biopolymer products with a green process is of great importance. Our interest was to develop a biomass fractionation
process that can separate lignin, hemicellulose, and cellulose in an efficient way and in high yields and purities. We also used green solvents and mild frac-
tionation conditions compared to existing processes. Furthermore, we validated the biodiversity of this process, making it applicable not only for high value
lignocellulosic biomasses, but also for waste materials like wood sawdust, nutshells, or coffee silverskin. Our process aligns with the UN goals in responsible
consumption and production (UN SDG 12).

alternative feedstocks that can replace fossil-based materials in
the chemical industry. One such promising alternative is ligno-
cellulosic biomass, with an estimated global annual production
of 181.5 billion tons. This feedstock holds great potential due to
its renewability, economic viability, and carbon neutrality.?
Lignocellulosic biomass encompasses renewable resources

1 Introduction

The primary goal of the chemical industry today is its transition
towards renewable and sustainable resources. Currently, there is
an enormous demand for fossil-based chemicals and their
derived products, a demand that is projected to double over the

next 25 years."” However, with the continuous depletion of fossil
resources, future production will be unable to meet this rising
demand. Therefore, it is crucial to identify and develop
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such as wood, plants, agricultural residues, grasses, and plant-
based industrial waste streams like nutshells.* Despite its vast
availability, only 8.2 billion tons are currently utilized,> primarily
for livestock feed (61%), food (15%), and energy production
(16%).> Traditionally, biomass has been used in the paper
industry to produce cellulose fibers.> However, the concept of
biorefineries, which seek to fully exploit the potential of ligno-
cellulosic biomass, is gaining attraction due to the versatility of
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the usable rawmaterials. These components could serve as
precursors for producing sustainable energy,® biofuels,” bi-
oplastics,® and various biochemicals,” such as amino acids,
platform chemicals like furfural," or organic solvents like vy-
valerolactone (GVL),"”” thereby offering a viable alternative to
fossil-based chemical production. Nevertheless, several chal-
lenges must be addressed to fully realize the biorefinery concept,
including reducing processing costs, improving process effi-
ciency, ensuring the complete valorization of all biomass
components, scaling up to industrial levels, and competing with
the established fossil-based market.” This study highlights the
improvements to a complete separation of all components of
lignocellulosic biomass using green solvents compared to exist-
ing processes. With the green solvent GVL, complete lignocellu-
losic biomass fractionation can be achieved through a simple,
mild, and optimized process, which greatly improves upon
existing biomass fractionation processes in terms of biopolymer
yield, purity and quality, and process conditions.

Lignocellulosic biomass consists mainly of cellulose (44%),
hemicellulose (28%), and lignin (20%), with smaller fractions of
proteins, other extractives (6%), and ash (2%). The overall
structures of these three main biopolymers are depicted in
Fig. (1)."4*

Hemicellulose is a heterogeneous polysaccharide primarily
composed of xylose and glucose backbones, with varying
pentose or hexose substituents depending on the biomass
type.’*' In this study, the degradation products of hemi-
cellulose, particularly xylose, are being dissolved and separated
from other biomass extractives. Xylose can act as a precursor for
important platform chemicals in the future.** Cellulose, a poly-
saccharide from glucose, can be efficiently separated from
lignin and hemicellulose and be recovered in high purity to
enable further processing. Lignin is a complex, three-
dimensional heteropolymer. It is composed mainly of the
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aromatic monomers sinapyl alcohol, coniferyl alcohol, and p-
coumaryl alcohol, which are interconnected by ether and
carbon-carbon linkages. These monomers form the corre-
sponding subunits syringyl (S), guaiacyl (G), and hydroxyphenyl
(H). The monomers can bond through carbon-carbon linkages,
including B-f/, B-1, and 5-5', or through carbon-oxygen bonds,
such as B-O-4, a-O-4/, and 4-O-5' linkages, varying on the
biomass source.”*° Lignin in biomass is typically present in
lignin-carbohydrate complexes with hemicellulose, enabling
their co-extraction.”® While lignin is currently mostly burned to
recover process energy in the paper industry,® it has potential
for a variety of applications, such as UV-protective films,****
antioxidant additives,**** fragrance monomers,* medical uses®®
or vanillin production.®”**

With an effective separation of lignin in maximally natural
constitution with its native ether content comes the fraction-
ation of all biopolymers in high yields and quality. This was
done through the combination of well-established extraction
methods, namely organosolv processes***® and aldehyde-
assisted processes to prohibit extensive lignin condensation
reactions.*" Since GVL/water mixtures have shown good lignin
solubility already in the past,* we also investigated the perfor-
mance of the GVL/water solvent system by means of advanced
computational techniques, namely, the quantum-mechanics-
aided COSMO-SAC model and atomistic molecular simula-
tions, to provide further theoretical insights into the behavior of
the proposed fractionation media. Both experimental and
simulation results led to a further understanding of the
potential of GVL in biomass fractionation, not only due to its
nature as a green solvent,**** but also its potential to be
produced efficiently from biobased resources.*>** Given GVL's
ability to dissolve lignin®* and hemicellulose®® in substantial
quantities, and its prospect to improve cellulose dissolution, it
was considered an ideal solvent for this study. Additionally, GVL
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(a) Structural excerpt of lignin. (b) Structural excerpt of cellulose chains with intermolecular and intramolecular hydrogen bonding. (c)

Structural excerpt of hemicellulose. (d) Possible monomeric sugar molecules that can be part of the substituted hemicellulose backbone in place

of R.
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can be easily recycled through simple distillation techniques®*
or CO, extraction.®® Summarizing all results, we designed an
efficient process for complete biodiverse biomass fractionation
using mainly GVL, yielding cellulose, lignin and hemicellulose
products with high value for further processing, all in one effi-
cient and mild extraction cycle.

It is very important to clarify the several problems of other
fractionation processes in existing literature, which our process
greatly improves upon. A common approach is the use of ionic
liquids (IL's) to dissolve biomass components and fractionate
them. IL's are mainly organic salts with melting points <100 °C.
They provide advantages such as low volatility, high thermal
stability, and high adaptability to certain processes due to the
large number of possible combinations of cations and anions.
IL's mainly disrupt the intermolecular hydrogen bonds between
biopolymers, facilitating their fractionation and dissolution.”®
Examples for IL's being developed for biomass fractionation are
especially imidazolium-based IL's like 1-ethyl-3-
methylimidazolium acetate® or 1-butyl-3-methylimidazolium
acetate.”® These IL's have high cost and toxicity, and do not
show complete fractionation ability of all biopolymers.*”®
Protic IL's such as triethylammonium hydrogen sulfate di-
ssolved up to 85% lignin and 100% hemicellulose from Mis-
canthus x giganteus with low production cost and high recovery.
Still, the purity and quality of the extracted biopolymers was not
yet efficient enough for industrial application.*® Other general
problems of using IL's for biomass fractionation are their high
costs, potential toxicity, and difficult recovery.”** A better
alternative to IL's are deep eutectic solvents (DES). DES are
mainly formed by mixing a hydrogen bond accepting and
a hydrogen bond donating component, resulting in a mixture
with a melting point lower than that of the individual compo-
nents. DES are generally considered more biodegradable, less
toxic, and more cost-efficient than IL's.**** Several DES formu-
lations have been developed to fractionate biomass. A choline
chloride/oxalic acid DES showed medium delignification capa-
bilities from wheat straw of 57.9% lignin removal. This process
allows a breakdown of the lignin structure, but struggles with
further processing cellulose into valuable products, while fully
removing lignin and hemicellulose from the biomass.®> A DES
based on choline chloride/levulinic acid could effectively frac-
tionate cellulose (3% lignin left), lignin, and hemicellulose from
acacia wood at high temperatures of 160 °C, still being very
energy-intensive and the lignin being of very poor quality,
meaning high condensation and low purity due to cellulose/
hemicellulose breakdown products.”* Other DES, or natural
deep eutectic solvents (NADES), based on lactic acid,* or three
components DES, with additional protection agents like
ethylene glycol, that ensure an uncondensed state of lignin®
also yielded great results for biomass fractionation, yet still
struggle with DES recovery, high temperatures up to 160 °C,
recovery of the hemicellulose component, biodiversity, and long
reaction times up to 24 hours. DES provide clear advantages
compared to IL's in lignin separation and subsequent complete
biomass fractionation but are not yet effective enough for
industrial application.®*** A last possibility is the use of
organosolv processes to fractionate biomass. This method has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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been highly developed, with the use of different organic
solvents like ethanol, methanol or acetone in combination with
water and other catalysts/additives to solubilize lignin and
hemicellulose, leaving behind a pure cellulose residue. Core
mechanisms are the disruption of lignin-hemicellulose
complexes due to slightly acidic conditions, and the dissolu-
tion of lignin and hemicellulose fragments through the organic
solvents. While pathways to efficiently separate lignin, hemi-
cellulose, and cellulose have been found, problems like solvent
toxicity, energy-intensive and solvent-intensive process condi-
tions, lack of biodiversity, or wunsatisfactory quality of
biopolymer products still reside.***” While simple mixtures of
acidic organic solvent/water mostly extract lignin in high
quantities, elevated temperatures are necessary due to the
condensation of lignin during the process, leading to lower
value products. Additionally, many organic solvents pose the
risk of flammability or other safety/environmental risks due to
their high volatility.®*”® GVL has proven to be an excellent
option for organosolv processes due to its advantageous prop-
erties,” with its large-scale availability increasing significantly
over the next few years. Due to additives that can reduce lignin
condensation and thus fractionate all biopolymers at relatively
low temperatures below 100 °C, GVL could be industrially used
in the future. The challenge of designing a process using the
advantages of GVL combined with simple solvent recovery, low
process temperatures, low solvent quantities, high biopolymer
yields and purities, high lignin quality, low extraction times,
and especially biodiversity of the process has been developed in
the frame of this work. This process improves greatly upon
various problems of existing biomass fractionation processes.
Through experimental and computational methods, the
potential of GVL as the optimal solvent for biomass fraction-
ation was validated. Cellulose, lignin and hemicellulose were
then extracted from biomass using mild GVL extraction
processes and the process efficiency was analyzed by fraction-
ation yield and purity. The differences between a default
extraction process with GVL and the improved aldehyde-
assisted GVL extraction process were examined qualitatively to
show how efficient lignin removal enables complete biopolymer
fractionation. In a concluding remark, it was shown how the
process in this study greatly improves upon existing processes
in literature. The extractives from all three biopolymers can be
considered for further applications, as pathways for specific
applications were developed, which will also be specifically
addressed in future research following up on this article.

2 Materials and methods

2.1 Chemicals and materials

Sulfuric acid (95-98%, CAS 7664-93-9), L-cysteine (98%, CAS 52-
90-4), DMSO-d6 (99.8%, CAS 2206-27-1), acetaldehyde (for
synthesis, CAS 75-07-0), acetone (>99.5%, CAS 67-64-1),
dimethyl sulfoxide (DMSO) (for analysis, CAS 67-68-5), 1,4-
dioxane (for analysis, CAS 123-91-1), ethanol (for analysis, CAS
64-17-5), ethyl acetate (for analysis, CAS 141-78-6), para-form-
aldehyde (37% in water, CAS 50-00-0), hydrochloric acid (37%,
CAS 7647-01-0), methanol (for analysis, CAS 67-56-1), toluene

RSC Sustainability, 2025, 3, 4533-4555 | 4535
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(for analysis, CAS 108-88-3), sodium hydroxide (for analysis, CAS
1310-73-2), propionic aldehyde (>98%, CAS 123-38-6), were
purchased from Merck KGaA (Darmstadt, Germany).
y-Valerolactone (GVL) (anal. Grade, CAS 108-29-2) was
provided by KVT-Technology/Glaconchemie (Graz, Austria).

n-Hexane (>99%, CAS 110-54-3), n-heptane (>99%, CAS 142-
82-5), methyl-tetrahydrofuran (>99%, CAS 96-47-9 were
purchased from Fisher Scientific GmbH (Schwerte, Germany).

Sodium hydrogen carbonate (>99.5%, CAS 144-55-8) was
purchased from Carl Roth GmbH & Co. KG (Karlsruhe,
Germany).

Millipore distilled water was cleaned in a Millipore purifi-
cation system (electrical conductivity p > 18 MQcm).

Peanut shells and skin were removed from store bought
peanuts; pistachio shells were removed from store bought
pistachios; hazelnut shells were removed from store bought
hazelnuts. Walnut shells were removed from home grown
walnuts.

Coffee silverskin was provided by Rheorik Rosterei & Fein-
kost GmbH (Regensburg, Germany).

Birch sawdust and Beech sawdust were provided by Schrei-
nerei Heitzner (Traitsching, Germany).

Cashew shell powder was provided by Orpia-Innovation
(Paris, France).

Almond shells were provided by Otto A. Miiller Recycling
GmbH (Ahrensburg, Germany).

Spruce sawdust was provided by HCR Holz Centrum
Regensburg GmbH (Regensburg, Germany).

2.2 Lignin and hemicellulose extraction process

The default lignin extraction follows a method established by
Cheng et al.*® Using GVL/water mixtures as extraction solvent, the
optimum extraction parameters were determined through vari-
ation in temperature, solid loading, extraction time, solvent
composition and pH value. Biomass samples were dried at 75 °C
for 48 h to remove water residues, then milled into powder with
a diameter of 2 mm. An amount of 9 g of the milled biomass
powder was transferred into a 250 mL round flask. To the flask,
90 mL of a GVL/water (9/1 wt/wt) mixture were added. The
mixture was subjected to ultrasonic treatment for 30 min at 60 °C
to achieve optimal swelling of the lignocellulose structure,
enabling a good solvent penetration for the extraction. A
concentration of 0.075 mol L' sulfuric acid was set in the
mixture. The round flask was equipped with a magnetic stirring
bar and subjected into an oil bath at 120 °C for 2 h under
continuous stirring. These optimum conditions for the GVL-
based organosolv process were determined by variation of solid
loading, acid concentration, solvent composition, extraction
time, and reaction temperature to maximize yield and purity of
the extracted lignin (details see SI Section S1). After the extraction
finished, the round flask was air-cooled to room temperature
before being put in an ice bath for 20 min to prohibit intense
condensation reactions. Residual biomass residue, mostly cellu-
lose, was removed through a Buchner filter from the lignin/
hemicellulose/GVL/water solution. The filter cake was washed
with 15 mL of GVL and 15 mL of water three times each. The
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filtrate was collected in an appropriate beaker and subjected to 10
times its volume of water to precipitate the lignin. The lignin was
collected through centrifugation at 4000 rpm for 15 min. The
residual solution was subjected to vacuum distillation at 60 °C
and 0.001 bar to completely remove the solvent mixture and
collect the hemicellulose residues. The solid lignin was washed
with distilled water multiple times to remove GVL and hemi-
cellulose residues (which were in the end added to the hemi-
cellulose fraction) and then dried at 75 °C for 48 h in a drying
oven, then for 24 h in a vacuum desiccator equipped with silica
gel. Finally, light brown colored lignin powder was obtained. The
color varied for different biomass sources.

Each biomass sample underwent three separate extraction
steps to ensure nearly complete lignin extraction. The lignin
yield was calculated through eqn (1).

Yield =

mextrzl'cted.lignin % 100 (1)
Mpiomass X lignin content

Following this, the purity of the extracted lignin was assessed
using a modified version of the CASA method, see Section 2.6.2.

2.3 Aldehyde assisted extraction process

The modified extraction method of lignin and hemicellulose is
based on the aldehyde-assisted fractionation established by Lan
et al. (2018)."* The method was optimized for our extraction
process using GVL by varying temperature, extraction time, acid
content, water content, and neutralization method (for details
see SI Section S2).

5 g of biomass, 27.5 mL of GVL, 5.3 mL of propionaldehyde,
and 0.94 mL of 37% HCI solution (instead of sulfuric acid,
details see SI) were added into a 100 mL glass flask containing
a 20 mm PTFE-coated stir bar. After connecting the flask to
a reflux condenser, the mixture was heated to 85 °C for 3 h (heat
up time included). To ensure ideal stirring during the reaction,
the stirrer was turned on 15 min into the reaction and was set to
approx. 400 rpm. After completion of the extraction, the flask
was set aside until it cooled down to room temperature. The
mixture was filtered using a Buchner funnel and washed with 5
x 5 mL GVL and 2 x 10 mL methanol (important for neutrali-
zation, see SI Section S2). The collected cellulose was set aside.
The filtrate was neutralized by adding 1.7 g of NaHCO; and
stirred for approx. 1 h at room temperature. After neutralization
residual NaHCO; and resulting NaCl were filtered using
a Buchner funnel. Neutralization was necessary to avoid
deprotection and recondensation during lignin recovery. GVL
from the neutralized filtrate was evaporated by using a vacuum
distillation setup (1 x 10° bar, 60 °C). The resulting slurry was
redissolved in 10 mL ethyl acetate until it was not viscous
anymore. Lignin was precipitated by slowly pipetting one part
(volume) of the prepared solution to 10 parts of vigorously
stirring heptane. The stirring was stopped after the residue was
disaggregated, and the yellow-colored supernatant was deca-
nted into an Erlenmeyer flask. The remaining lignin-rich
residue was solidified by adding 20 mL of distilled water to
the gel-like residue. The residue was filtered using a Buchner
funnel and washed with 2 x 10 mL distilled water. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recovered lignin was dried overnight using a desiccator. The
resulting lignin powder was purified using the following
procedure: 10 mL diethyl ether (see SI, Section S2) were added to
the lignin powder and placed into an ultrasonic bath. The
yellow-colored supernatant liquid was decanted through
a fritted filter funnel (pore size: G3) and added to the hemi-
cellulose fraction. The purification process was repeated one
more time. The resulting lignin was dried at 40 °C for 1 h and
stored in a closed container. The depolymerized hemicellulose
from the heptane/ethyl acetate filtrate and the washing step was
received by distillation using a rotary evaporator.

The heptane/ethyl acetate solvent mixture was used instead
of water for precipitation of the lignin to reduce the overall
solvent consumption from a total of 322.5 mL of solvents in the
default extraction process to 197.5 mL of solvents in the alde-
hyde assisted extraction process. Moreover, the high enthalpy of
vaporization for water could be avoided, and easily vaporizable
n-heptane could reduce the distillation energy needed. Still,
aqueous precipitation can be used in this process if a complete
set of green solvents is necessary.

The theoretical lignin extraction yield was calculated by
using eqn (1) to further calculate the actual lignin extraction
yield, as the introduction of protecting groups altered the
molecular weight of lignin structures. This was suggested by lan
et al. (2019).*

o 236 266
Yield = mpiomass X LC x K@ x %G + 76 X /DS) x EC

+(1—EC4 2)

In eqn (2), m means weight of biomass subjected to extraction,
LC means lignin content in the biomass, %G/%S means
percentage of guaiacyl/syringyl units present in lignin, and EC
means the ether content. S/G-ratio and ether content are
determined by 2D HSQC NMR spectroscopy. The molecular
weights of the f-O-4 bonded monomeric units in native lignin
are 196 g mol ' for a G unit and 226 g mol™* for an S unit.
Following protection with propionaldehyde, these molecular
weights increase to 236 g mol ™~ for G and 266 g mol ' for S.

A comparison for the process parameters for both extraction
processes is shown in SI Section S7.

2.4 Solvent recovery process

Solvents from all mixtures containing GVL could be recovered
for solvent reusability. GVL was recovered through simple
vacuum distillation at 60 °C and 10> bar. Water can be sepa-
rated from GVL through rotary vacuum evaporation at 40 °C and
0.1 bar. Similarly, ethyl acetate (50 °C, 0.150 bar) and heptane
(50 °C, 0.07 bar) can be separated and reused for lignin
precipitation after rotary vacuum evaporation.

2.5 NMR spectroscopy

NMR experiments were conducted using an Avance III HD 400
spectrometer (400.13 MHz Proton, 5 mm BBO 400 SB BB-H-D
sample head with Z-gradient). Lignin samples were dissolved
in DMSO-d, at 60 mg mL ™" and transferred to NMR glass tubes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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after complete dissolution. For all samples, 1H-NMR and 2D-
HSQC-NMR spectra were measured to evaluate the S/G-ratio
and the ether content of lignin from different biomass sour-
ces to accurately calculate lignin yields through eqn (1). For
lignin from the aldehyde extraction process, the protection rate
can also be calculated through 2D-HSQC-NMR. SpinWorks was
used to analyze the NMR spectra. The detailed NMR assignment
method can be found in SI Section S3.

2.6 UV/vis spectroscopy

2.6.1 Spectroscopy. UV/vis spectroscopy experiments were
conducted on a double-beam UV/vis spectrophotometer from
PerkinElmer Lambda 19 UV/Vis/NIR (Dodgau, Germany).
Examined samples were measured in micro-UV cuvettes with an
optical path length (L) of 1 em from brand GmbH & Co.KG
(Wertheim, Germany) against a reference sample at 25 °C in
a wavelength range from 200 nm to 400 nm.

2.6.2 CASA lignin content and purity determination. In all
biomass samples, the lignin content was determined through
the Cysteine Assisted Sulfuric Acid (CASA) method, which was
first described by Lu et al. (2021).”> A stock solution of 0.1 g
mL~" r-cysteine in 72% sulfuric acid was prepared. In 1 mL of
stock solution, 20 mg of a ground biomass sample (m) were
dissolved under stirring at room temperature, before being
diluted to 100 mL (V) with distilled water. The UV/vis absor-
bance (A,gs,, ) was measured at 283 nm to determine the
overall lignin content using eqn (3) with a molar absorption
coefficient ¢ of 17.25 L g~' em™". The lignin content can be
overestimated due to other aromatic extractives from proteins,
but this is generally negligible due to their very low content.

Ao3yigmas XV

Lignin content [%] =
£ [ 0] ex L xm

% 100 3)

Additionally, the lignin purity could be determined by using
a modification of the CASA method, which was validated
internally. The loss of lignin in a representative biomass sample
modeled with extracted lignin was measured, which correlated
to the purity of the extracted lignin sample. To this end, instead
of biomass, an equivalent amount of extracted lignin to the
lignin content in the respective biomass (e.g. 1 g biomass, 20%
lignin content — 0.2 g extracted lignin) was dissolved in 1 mL
stock solution and diluted to 100 mL with distilled water. Eqn
(4) was used to calculate the lignin purity by dividing the
absorbance of the extracted lignin sample (4,43) by the absor-
bance of the respective biomass sample (Azs3,, ). Since
aromatic parts from proteins are also removed during extrac-
tion, the lignin purity can be underestimated.

Lignin purity[%] = AAi x 100 (4)

283biomass

2.7 Carbohydrate content determination

The hemicellulose and cellulose contents for different
biomasses were determined using a simple acid hydrolysis

method, since the lignin content was already determined
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through UV/vis spectroscopy. The biomass sample was dried in
an oven at 105 °C for 15 h to remove residual moisture. Of the
dried biomass, 1 g was subjected in a round flask to 100 mL of
a neutral detergent solution containing sodium lauryl sulfate
(30 g L") and EDTA (20 g L") to remove extractives like
proteins, lipids, and other non-fiber components. The gravi-
metric difference determined the extractive content. After
filtering and drying, the residual biomass was subjected to
100 mL of 1 mol L ™" sulfuric acid at 100 °C for 2 h to hydrolyze
hemicellulose into water-soluble sugar molecules. After filtering
and drying the residual biomass at 105 °C for 15 h, it was
weighed. The gravimetric difference determined the hemi-
cellulose content of a certain biomass. Due to the known lignin
content, the cellulose content was determined by subtracting
the overall lignin content from the residual weight of the
biomass after extractive and hemicellulose removal.

2.8 Gas chromatography coupled with mass spectrometry

Qualitative analysis was carried out using GC-MS with an Agi-
lent 7890B GC system, fitted with a ZB-5MSplus column, and
a Jeol AccuTOF GCX mass spectrometer. Samples (1 pL) were
injected using an autosampler in split mode (split ratio 75: 1) at
an injection temperature of 300 °C. The septum purge flow was
maintained at 3 mL min~'. The column temperature was
initially set at 40 °C for 3 minutes, then ramped to 100 °C at 30 °©
C min ", followed by a further increase to 300 °C at 40 ©
C min~’, where it was held for 5 minutes. Molecules were

identified by comparison with the NIST MS Search 2.2 database.

2.9 Computational and simulation methods

For the purposes of computational investigations conducted
within this study, we developed a model organosolv lignin
oligomer. It consists of five p-coumaryl alcohol (PCA has proven
to be a suitable building block for this purpose in previous
research’”*) units connected by three B-O-4' and one B-5
linkages, reflecting a typical distribution of linkages in most
wood-based biomasses (determined through 2D-HSQC-NMR,
details see SI Section S3). This pentamer is hereafter denoted
“PCA-5mer” and its molecular topology can be found in the SI
Section S6.

2.9.1 COSMO-SAC. To examine the thermodynamic
behavior of PCA-5mer/solvent(s) systems, the conductor-like
screening model-segment activity coefficient (COSMO-SAC)
model”™”” was employed. COSMO-SAC is an advanced, strictly
predictive model that combines quantum-mechanical (QM)
calculations and a statistical approach to estimate macroscopic
thermodynamic properties of solutions, such as the activity
coefficients (In ;) of individual solution components and,
hence, phase equilibria including miscibility and solubility. In
this framework, QM density functional theory (DFT) calcula-
tions within a continuum solvation model are used to generate
the molecular surface screening charge density, o, which is then
transformed into the o-profile, a histogram representing the
amount of molecular surface area as a function of ¢. The o-
profiles of the involved molecular species are subsequently used
in a statistical model to estimate solution properties. As such,

4538 | RSC Sustainability, 2025, 3, 4533-4555

View Article Online

Paper

COSMO-based models rely solely on molecular structure as
input and do not require auxiliary solution-specific data.
Therefore, they provide an efficient tool for solvent screening
and ranking (based on predicted phase equilibria or In v;)
across various fields, including (bio)polymer systems.”>”*

In this work, we applied the revised, open-source COSMO-
SAC implementation,” specifically the COSMO-SAC-2010
variant.”® Although several applications of other COSMO-
based models and implementations to biopolymer-based
systems exist,”>’*7*%1-% to the best of our knowledge, the
present study represents the first application of this open-
source COSMO-SAC implementation in this field.

The molecular o-profile database distributed with the
COSMO-SAC package’ did not cover all the compounds we
intended to include. Therefore, for the sake of consistency, we
determined the o-profiles de novo for all solvents and lignin
solutes considered in this study, not just the missing ones. This
was based on QM calculations of molecular surface screening
charge densities using Gaussian 16 software® at the BP86/TZVP
level with the conductor-like polarizable continuum model (C-
PCM)* for the solvation. The initial molecular geometries of
solvents were generated from SMILES codes using the sophis-
ticated ETKDGv3 method,*” refined at a molecular-mechanical
level®® (both using the RDKit package®), and subsequently
optimized quantum-mechanically at BP86/TZVP/C-PCM in
Gaussian. For the solute PCA-5mer, its geometry was taken
directly from the final snapshot (at 100 ns) of an MD simulation
of the PCA-5mer/GVL system (for details, see the following
section) to reflect a realistic liquid-phase conformation. The
geometry was used without further refinement. In principle,
oligomers - and even smaller oligomers - can adopt numerous
conformers. However, we demonstrate in Section S4 of the SI
that the specific geometry of PCA-5mer has a limited impact on
qualitative solvent screening. The o-profiles and corresponding
geometries of all molecular species considered in this study are
provided as part of the SI.

In the computational study, we used the activity coefficient
of the solute PCA-5mer at infinite dilution in solvents (In  ypca.
smer), S predicted by COSMO-SAC, to assess PCA-5mer—/solvent
thermodynamic affinity in the liquid phase (that is, the ability of
solvents to dissolve this lignin model), following previous
studies.””*”® For poorly soluble species, the mole fraction
solubility and the activity coefficient are interrelated by the
following proportion: x;*** « 1/y;*, As a result, low In  y; values
indicate higher solute-solvent affinity and tendency to solubi-
lize the solute, and vice versa. Comparing predicted In  ypca-
smer Values across different solvents thus enabled an evaluation
of their dissolving efficiency.

2.9.2 MD simulations. Simulations of PCA-5mer in water,
GVL, and their 50 mol% mixture were performed in GROMACS
simulation package, utilizing TIP4P/2005 water model and
GAFF parameterizations (with ESP partial charges) of GVL and
PCA-5mer derived according to recommended protocol.”** We
note that GVL dipole on carbonyl group was increased by ca
10% and sigma of atoms adjusted to quantitatively reproduce
water-GVL miscibility and experimental density of pure GVL
and 50 mol% mixture. Simulations were performed in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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isothermal-isobaric (NpT) ensemble at standard temperature
(298 K) and pressure (1 bar), which were controlled by V-rescale
thermostat (t = 0.5 ps) and C-rescale barostat (t, = 2.0 ps).”>*°
LINCS algorithm was used to constrain all bonds involving
hydrogen atoms.”” 1 nm cut-off was used for short range
Lennard-Jones and electrostatics. The Particle mesh Ewald
(PME) method on a 0.16 nm grid accounted for long-range
electrostatics.”® Studied systems consisted of a single PCA-
5mer molecule, 4181 water, 800 GVL (pure solvents), or 664
water and 664 GVL molecules (equimolar mixture), which were
randomly distributed in the simulation box by PACKMOL soft-
ware.” After minimization and short equilibration, the system
reached equilibrium size of ca 5 x 5 x 5 nm® and was propa-
gated with 2 fs time-step (leap-frog integrator) and 1 ps
sampling frequency for 100 ns, resulting in 100 000 configura-
tions for data analysis. Solution structure in the vicinity of
a fully flexible PCA-5mer molecule was analyzed with group-
specific proximal (1D) resolution. The spatial (3D) resolution
was applied to rigid compact and extended conformations,
which represent dominant structures as sampled in water and
in GVL respectively. In-house codes were utilized, and the
results are compared between neat solvents and solvent

mixture.*®°

3 Results and discussion

3.1 GVL-water system as optimal solvent mixture for lignin
extraction

The effective extraction of lignin from lignocellulosic biomass is
a core step in achieving high quality fractionation in our
process. Multiple experimental observations indicate that GVL/
water mixed solvent exhibits remarkably efficient behavior in
terms of lignin dissolution.*>*** Together with the green and
renewable nature of GVL, this solvent mixture appears to be
optimal for the fractionation of lignocellulosic biomass.
Therefore, we applied the COSMO-SAC thermodynamic model
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and MD simulations to support understanding of and provide
insight into the behavior of the GVL/water mixture, also in the
context of other (not necessarily green) solvents. Additionally,
the interaction of the solvent mixture with PCA-5mer, a lignin
model molecule, was investigated. This should underline the
mechanistic effectiveness of GVL in GVL/water mixtures at the
solubilization of lignin, while profiting from the green proper-
ties of the solvent. Overall, this chapter gives arguments sup-
porting our selection of GVL as the main solvent for our
biomass fractionation process.

3.1.1 COSMO-SAC screening calculations. First, COSMO-
SAC was applied to a priori predict the limiting activity coeffi-
cients of the solute PCA-5mer in a range of pure solvents,
including conventional, toxic, hazardous, and novel green
alternatives, with the goal of assessing the relative performance
of GVL compared to other pure solvents. The results are pre-
sented in Fig. 2(a) as bar charts (abbreviations and identifiers of
the solvents can be found in SI, Section 4). We remind the
reader that the lower the In ypca smer value, the higher the PCA-
5mer-/solvent thermodynamic affinity; therefore, the solvent
efficiency increases from right to left in Fig. 2(a). Although some
highly dipolar, toxic solvents, such as NMP and DMSO, are
predicted by COSMO-SAC to exhibit better affinity with PCA-
5mer than GVL, GVL is among the most effective solvents and
ranks second among green alternatives, following DMI. Inter-
estingly, GVL is predicted to be more efficient than the toxic and
dipolar acetonitrile. The predicted negative In  ypca.smer value
in GVL indicates negative deviations from ideal mixture
behavior, which is a favorable factor in terms of the dissolution
and solubility of PCA-5mer or lignin.

Next, the COSMO-SAC analysis was extended to water/solvent
binary mixtures. Fig. 2(b) shows the predicted course of In
Ypcasmer @S a function of water mole percent in aqueous
mixtures of five selected solvents: DMI, GVL, THF, 1,4-dioxane,
and BHGBL. Interestingly, in each considered system, In  ypca-
smer does not follow a simple, monotonic trend between its
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Fig. 2 Activity coefficients of PCA-5mer at infinite dilution in (a) various neat solvents and (b) five selected water/solvent binary mixtures as
a function of water mol%, as predicted by the open-source COSMO-SAC model. All results correspond to a temperature of 298 K. Solvent
abbreviations are provided in Sl Section S4. (a) also includes electrostatic potential maps of the solute PCA-5mer and solvent GVL, calculated
using QM at the DFT/BVP86/TZVP/C-PCM level as part of their o-profile determination. The triangles in (b) indicate the minima on the respective

curves.
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values in the pure organic solvent and pure water but instead
exhibits a (favorable) minimum. This suggests that adding
water (from small amounts up to 30-70 mol% water, depending
on the specific solvent/water system) enhances the solvent
efficiency for PCA-5mer, compared to the neat solvent, despite
water itself having very poor affinity for hydrophobic PCA-5mer,
as shown in Fig. 2(a). This indicates a strong cooperative effect
between the considered solvents and water and highlights the
importance of excess thermodynamic properties in the case of
non-additive solution behavior. The only exception where the
cooperative effect is not as significant is the aqueous solution of
BHGBL. This can be explained by the fact that, while the other
four organic solvents exhibit only hydrogen bond acceptor
ability, BHGBL contains a hydroxyl group, making it both
a hydrogen bond donor and acceptor. This dual character may
increase the “similarity” between water and BHGBL, rendering
their mixture more thermodynamically ideal and thus lacking
a significant extremum in In  Ypca-smer.

The position and “depth” of the In  ypca-5mer Minimum,
corresponding to maximum solubility enhancement, vary
between systems. For GVL/water, the minimum was predicted
to occur at 70 mol% GVL, which corresponds to 93 wt% GVL.
This fully supports the 9/1 (wt/wt) GVL/water ratio used in
experiments in this and previous research® and aligns perfectly
with the optimal GVL weight percent (92-96%) estimated by Lé
et al.°* using Hildebrand solubility parameters. Another inter-
esting observation concerns the two green solvents: DMI and
GVL. While pure DMI was predicted to be slightly more efficient
than pure GVL (see Fig. 2(a)), mixing with water reverses their
relative order. The decrease in 7ypcasmer values is more
pronounced for the GVL/water system, resulting in a lower
minimum vypca-smer than that observed for DMI/water, as shown
in Fig. 2(b).

The observations made in this section align with experi-
mental findings of lignin solubility in GVL/water mixtures at
different compositions. GVL/water mixtures dissolved default
organosolv lignin in different amounts, leading to the ternary
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phase diagram depicted in SI Section S5. In contrast to recent
findings from Lé et al.,*** who predicted the highest solubility of
lignin to be in pure GVL, our solvent mixture of GVL/water
showed a clear increase in lignin solubility at mixtures of GVL
with low weight percentages of water. The lignin solubility was
45 wt% in a GVL/water 9/1 wt/wt mixture, and 40 wt% in pure
GVL. The full ternary phase diagram can be seen in SI Section
S5. These experimental findings correlate with the simulation
findings and also add to the suggestion of a synergistic effect of
water and GVL at high GVL weight percentages. At low GVL
percentages, lignin begins to show only minimal solubility,
which is used when precipitating the extracted lignin from the
extraction solvent via the addition of large amounts of water.
The predictive thermodynamic analysis performed in this
section with COSMO-SAC also identified the GVL/water system
with ca. 9/1 (wt/wt) ratio as an optimal solvent medium candi-
date for lignin, balancing efficiency with sustainability.
However, COSMO-SAC provides only limited insight into the
behavior of systems at the molecular and atomic levels. There-
fore, the following section presents the results of MD simula-
tions conducted to elucidate finer interactional and structural
aspects of the GVL/water system with PCA-5mer as the solute.
3.1.2 MD simulations. In order to rationalize the micro-
scopic origin of lignin, atomistic MD simulations of PCA-5mer
in neat solvents and in the equimolar GVL/water mixture were
performed. For a detailed insight into PCA-5mer-/solvent
interactions, spatial distribution functions were used to visu-
alize locations of significantly increased density of solvent
molecules (opaque clouds indicate regions with 5x higher-
than-average density, while transparent clouds indicate 3x).
The distributions of water oxygen, carbonyl oxygen of GVL
(representing the polar part) and ring carbon of GVL (repre-
senting the non-polar part) around the PCA-5mer molecule are
presented in Fig. 3. These results demonstrate that pure water
(left panel, red clouds) interacts primarily with the polar
hydroxyl (OH) groups of PCA-5mer, to much lesser extent
affinity with the faces of aromatic ring, but the non-polar part of

— pure water
8 = 50:50 mol%
~ pure GVL

=)
T

Probability
~

A N
0.4 0.6 0.8 1
Radius of gyration [nm]

Fig.3 Synergy in hydration and solvation of a swollen configuration (Rg ~ 0.85 nm) of PCA-5mer in pure solvents (left) and in their 50 mol% (ca.
85 w%) mixture (right). Spatial distribution of water (oxygen in red), polar carbonyl oxygen of GVL (in gold), and non-polar carbon atom of GVL (in
cyan) are shown at two isocontour levels; 3x and 5x increased probabilities are denoted as transparent and opaque clouds (as illustrated by red
arrows on water oxygen distributions). Compared to pure solvents, both water hydration of hydroxyl groups and hydrophobic interaction of GVL
with hydrophobic moieties are significantly strengthened, with mild decrease of GVL carbonyl H-bonding interaction with hydroxyl groups.
Impact of solvent quality (water vs. GVL) on a PCA-5mer conformation is captured in distribution of polymer size (radius of gyration), in the most
right panel. Visualization of the regions of increased density of solvent molecules, analysis for collapsed configuration of PCA-5mer and
comparison of solvation of rigid structures to flexible ensembles are provided in detail in the SI Section S6.
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PCA-5mer remains poorly hydrated. In contrast, the overall
attractive GVL-PCA-5mer interactions arise favorable interac-
tion between carbonyl oxygen of GVL (gold clouds) with polar
OH groups combined with favorable interactions between the
non-polar moieties of GVL (cyan clouds) and the aromatic ring
and attached aliphatic group of PCA-5mer. The amphiphilic
nature of GVL thus rationalizes its efficiency in the lignin
dissolution since both polar and non-polar parts of PCA-5mer
are well solvated in GVL.

Since both experimental results and COSMO-SAC analysis
indicate that the ca. 9/1 (wt/wt) GVL/water mixture is optimal for
efficient PCA-5mer/lignin dissolution, we decided to investigate
the intermolecular interactions occurring in the equimolar
mixture of GVL and water. Note that equimolar composition of
GVL/water mixture corresponds to approximately 85 wt% GVL
which is close to the optimal mixture composition used in the
experimental part of this paper. The analysis of the equimolar
GVL/water mixture reveals that interactions of carbonyl oxygens
of GVL with OH groups of PCA-5mer are partially replaced by
stronger hydrogen bonds with water. This enhanced selective
hydration of PCA-5mer hydroxyls is complemented by the
stabilizing interaction between non-polar domain of PCA-5mer
and non-polar part of GVL molecule, as water only poorly
hydrates the hydrophobic regions of PCA-5mer. These
concerted interactions between water, GVL and the PCA-5mer
surface are visually documented in Fig. 3, where growing
clouds indicate regions of increased solvent density. These
structural changes are quantified in SI Section S6. Major
changes occur within the first solvation shell (~4 A) around the
polar and non-polar regions of PCA-5mer. There is a shift
towards better PCA-5mer solvation when transitioning from
pure solvent to the equimolar mixture. Therefore, the presence
of GVL in the solvent mixture allows water to selectively interact
with the polar parts of PCA-5mer, while the non-polar part of
GVL provides stabilizing interactions with the aromatic ring of
PCA-5mer. This synergistic effect results in a more efficient
solubilization of PCA-5mer compared to pure solvents. This
effect is conditioned by the complete miscibility of GVL and
water.

These results suggest that the intermolecular interactions
occurring in the GVL/water mixture with PCA are not merely
a trivial combination of effects occurring in pure solvents. This
insight opens a new pathway for future theoretical studies
focused on aqueous mixtures of GVL (or similar solvents) with
the aim to systematically and more thoroughly examine the
nature of these interactions and their impact on biomass
component dissolution. More importantly, these insights also
support the effectiveness of the GVL/water mixture, and herein
the green solvent GVL, in lignocellulosic biomass fractionation,
as the solvent can effectively dissolve and thus separate lignin
from biomass.

3.2 GVL-assisted biomass fractionation

3.2.1 Lignin extraction using acidic GVL/water mixtures. In
this main part of the study, the focus was on experimentally
determining whether the chosen extraction process, which is

RSC Sustainability, 2025, 3, 4533-4555 | 4541
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based on knowledge gained by our theoretical considerations,
could extract lignin and hemicellulose in high yields and
purities from various biomass sources with the green solvent
GVL, leaving behind a lignin-free natural cellulosic fiber.
Multiple biomass sources were examined for lignin extraction
and qualitative analysis, aiming for an efficient process of lignin
separation. The results for lignin content, yield, and purity for
all the different biomass sources studied are summarized in
Table 1. These data are crucial for evaluating the potential for
each biomass feedstock for further valorization possibilities
and for refining the extraction process to maximize the effi-
ciency of lignin recovery and purity. By comparing the lignin
yields and purities from different biomasses for the two
extraction processes, conclusions can be drawn on how to effi-
ciently extract lignin from lignocellulosic biomass without
wasting the potential of the residual biopolymers.

The lignin isolated from biomass through the default GVL-
based extraction process was qualitatively identified through
"H-NMR spectroscopy to confirm the extraction products.

The different biomass sources showed very different overall
lignin contents, which is due to their different structural
properties. Woods like beech, birch and spruce show lignin
contents from 22-23 wt%. Generally, nutshells show a higher
lignin content (27-33 wt%), which can be attributed to their
overall more rigid structure with higher mechanical strength
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and reduced water absorptivity, making them more durable and
protected.'®* Nutshells also have specialized cells called scler-
eids, that are heavily lignified, contributing to the overall higher
lignin content and to the hardness of the shell.'” These cells
only occur in the part of the biomass that is the shell, meaning
that typical nut skins show lower lignin contents, which can be
seen in the lignin contents of coffee silverskin and peanut skin
(21-26 Wt%).

Overall, all biomasses enabled high triplicate lignin extrac-
tion yields from 89-97% with high purity values from 83-96%
depending on the biomass source. GVL/water (9/1 wt/wt) proved
to be an effective solvent for lignin extraction for not only wood
residues but also different lignocellulosic waste streams like
nutshells or nut skins. This underlines the biodiversity of using
the process based on GVL for lignocellulosic biomass extrac-
tion. The efficiency of the process was still improvable, as high
yields of lignin were only achieved after three subsequent
extraction steps at high temperatures of 120 °C. The extraction
yield decreased with higher extraction steps, as less lignin is
present in the fiber structure. Residual lignin also showed
higher condensation when examining the fractions through 2D-
HSQC-NMR spectroscopy, which could be seen in an increas-
ingly overlapping signal for the aromatic subunits G and S for
lignin fractions from higher extraction steps (Fig. 4(b)). The
condensation mechanism of lignin structures is shown in
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Fig. 4 (a) Lignin condensation process, starting from a guaiacol subunit with $-1,4-diol function and ether linkage to another guaiacol subunit,
representing the guaiacol-rich hardwood lignin of spruce sawdust. The condensation reaction is an acid-catalyzed nucleophilic aromatic
substitution, with another lignin fragment forming a C-C bond with the starting lignin molecule. The product, condensed lignin, can further
undergo condensation, forming a highly complex and random lignin structure.”®”” (b) 2D-HSQC-NMR spectrum excerpts of extracted lignin
from spruce sawdust biomass after different numbers of extraction steps (1, 2, and 3 extraction steps). The excerpts show the aromatic region of
the 2D-HSQC-NMR spectra, ranging from 6.4 to 7.3 ppm on the H-scale (x-axis), and from 110 to 120 ppm on the 3C-scale (y-axis),
respectively. Due to its hardwood nature, spruce sawdust lignin consists mainly of guaiacol subunits. The signals for G2, G5, and G6 are labelled
inside the spectra. An overlap of multiple guaiacol subunit signals in the 2D-HSQC-NMR indicates condensation of lignin structures. (c) 2D-
HSQC-NMR spectrum excerpts of the aliphatic region after a different number of extraction steps. Labelled green are -5’ linkages, labelled grey
are B-pB’ linkages, and labelled yellow are B-O-4' linkages. The disappearance of ether linkage signals indicates increasing condensation with
more extraction steps.
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Fig. 4(a). The first extraction steps yielded 41-61% lignin,
second extraction steps yielded 21-34% lignin, and third
extraction steps yielded 5-15% lignin, depending on the
biomass origin. The purity of the lignin from different extrac-
tion steps did not show any significant changes, which is
probably due to no change in extraction conditions. Another
reason for the decrease in lignin extraction efficiency with the
number of extraction steps is the increase in condensation of
lignin structures. This is shown in Fig. 4(b). Lignin, extracted
from the guaiacyl (G) rich hardwood biomass spruce, already
shows medium condensation after the first extraction step,
which is indicated by the H/C chemical shifts in the HSQC-NMR
excerpts. Signals for G5 (usually at 6.48-7.06/115.0-120.5 ppm)
and G6 (usually at 6.65-6.96/120.5-124.5 ppm) overlap and
form a uniform signal at 6.53-7.12/114.5-117.5 ppm, indicating
condensation. With an increasing number of extraction steps,
the overlap of G signals increases. At extraction step 2, the
G5+G6 signal (now 6.55-7.14/112.3-115.2 ppm) shifts more
towards the G2 (6.71-7.19/110.8-112.9 ppm) signal, starting to
overlap. After extraction step 3, the extracted lignin shows large
condensation, as G2, G5, and G6 signals all overlap in a uniform
signal at 6.60-7.01/113.1-115.9 ppm). The condensation is also
shown in the aliphatic region of the HSQC-NMR spectra. With
more extraction steps, the already low intensity p-O-4’ signals at
4.36/69.1 ppm and 4.64/71.2 ppm disappear, leaving only the
signals for carbon-carbon linkages of B-5'(5.21/70.2 ppm) and -
B'(4.54/82.7 ppm) linkages, with a new signal for B-p’ rising from
the background at 4.63/58.9 ppm after extraction step 3. For the
exact experimental assignment of the signals, see SI Section S3.
The resulting condensed lignin structures become more
complex and less consistent. With the decrease in hydroxy
groups and the increase in C-C bonds, the lignin structures
become more thermally and chemically stable. This also comes
with a loss in polarity and an increase in structural rigidity,"**
making its solvent penetration and solubilization with the
intermediately polar solvent GVL more challenging.

For the extraction process, GVL is essential due to its ability
to dissolve the lignin very efficiently. GVL acts as the main
solvent for the fractionation of all biopolymers in lignocellu-
losic biomass, creating a green solvent mixture for the process.
Due to its size and intermediate polar properties, GVL cannot
only swell the biopolymer structure, but then disrupt hydrogen
bonding and hydrophobic interactions between cellulose and
lignin-hemicellulose-complexes. This leads to lignin being iso-
lated from the main cellulose fiber much easier than with other
green solvents.'®'%” Additionally, acidic conditions are neces-
sary to break apart the large lignin structures into smaller
oligomers, enabling their dissolution in the solvent system.
Many applications can be considered for isolated lignin from
various waste streams, depending on its composition.

Condensed lignin structures might form stronger interac-
tions with the cellulose and hemicellulose components in the
biomass, coming from increased hydrophobic interactions
between the now more hydrophobic lignin and hydrophobic
parts of the other biopolymers,**® and the reduced flexibility of
the lignin structures.'® Another reason for this can be the
increased hydrogen bonding strength between lignin hydroxy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups, now surrounded by larger high electron density
aromatic systems,"™ and cellulose/hemicellulose hydroxy
groups. Additionally, -7 stacking interactions between large
aromatic domains of lignin molecules might increase, which
also adds to the decreased extraction efficiency.'* To efficiently
extract lignin with GVL from biomass, the extraction method
had to be altered to preserve native lignin structures (these only
include native C-C linkages). This should increase the extrac-
tion efficiency by preserving an intermediately polar lignin
structure, while creating lignin extraction products with
consistent structural properties. This will be addressed in the
following chapter.

Before any lignin extraction, some biomasses can provide
valuable extractives that can be separated from the fiber part of
the biomass before. These extractives are low molecular weight
compounds extrinsic to the plant cell walls to protect them from
degradation and growth alteration agents like bacteria or fungi.
They can be divided into terpenoids, polyphenols, waxes and
fats, salts of organic acids, proteins, and alkaloids. The exact
extractive composition depends largely on the type and nature
variance of a certain lignocellulosic biomass."** The simple
removal of valuable extractives before insoluble fiber fraction-
ation was conducted for coffee silverskin, which is very rich in
caffeine and certain polyphenols. These were extracted with
water in a multicycle process, which was studied in a separate
work with Chemat et al. (2024)."*> By removing these extractives,
the CASA lignin content and the purity did not change, which
verifies the insignificance of partly aromatic extractives in the
employed lignin purity determination method. This concludes
that by a simple cascade process, different extractives can be
separated from certain biomasses with green solvents before
fractionation of the insoluble fibers, creating more valuable
products. This can be very interesting in terms of valorization of
waste-biomass, like coffee silverskin or other waste products.

3.2.2 Aldehyde-assisted lignin extraction. For the modified
lignin and hemicellulose extraction process from lignocellu-
losic biomass, the method of aldehyde-assisted fractionation,
first established by Lan et al. (2018),** was adapted and opti-
mized for our process based on GVL. This method uses alde-
hydes as protecting agents for the B-1,4-diol functions in lignin
polymers, forming acetal-functionalities in the process. While
this process does not use GVL/water mixtures from the start, the
aqueous solution of HCI provides enough water to establish the
synergistic solvent effect that was found with the COSMO-SAC
and MD simulations. The reaction of the acetal-protection
process is depicted in Fig. 5(a). These acetals cannot be
broken down in the lightly acidic environment of extraction,
thus protecting the lignin structures from condensation during
the extraction process. This was expected to yield more consis-
tent lignin structures with higher ether-contents and an overall
more consistent structure. These lignin structures were also
expected to be more suitable for subsequent hydrogenolysis
towards lignin monomers, as higher overall ether-contents and
less condensed aromatic structures lead to more cleavable sites
between lignin subunits. This process was previously conducted
with 1,4-dioxane but was now performed with GVL under mild
conditions. The optimization of extraction parameters has
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Fig. 5 (a) Aldehyde induced protection reaction of B-1,4-diol functions in lignin structures. The reaction takes place in a lightly acidic envi-
ronment within the solvent GVL. For this work, propionic aldehyde, acetaldehyde, and formaldehyde were used. Full acetals are formed, pro-
tecting lignin structures from condensation. (b) Nomenclature of protected lignin structures after aldehyde protection reaction for this work. (c)
2D-HSQC-NMR spectrum excerpt from spruce sawdust lignin after aldehyde-assisted extraction. For the guaiacol-rich spruce lignin, the signals
in the aromatic region for G2, G5, and G6 are distinctly visible in the excerpt. The x-axis shows the 'H-scale, and the y-axis shows the ¥*C-scale
for the 2D-HSQC-NMR spectrum excerpt. Distinctly visible signals for each aromatic proton linked to its carbon instead of signal overlap show
the successful prevention of lignin condensation. Instead, the structure of native lignin was preserved during the extraction. (d) 2D-HSQC-NMR
spectrum excerpt from spruce sawdust lignin after aldehyde-assisted extraction. The excerpt shows the aliphatic region from 3.2-5.2 ppm on
the *H-x-axis and 50-100 ppm on the *C-y-axis. The signals for the acetal-protected lignin linkage structures Al, Aa, Ap, and Ay, as well as
signals for methoxy groups, and residual native B-p’ and B-5’ linkages are assigned respectively. The intensity of native C—C linkage signals and

thus their compositional percentage depends entirely on the source of biomass used for lignin extraction.

shown that 13% solid loading of dried and ground biomass, 84/
16 wt/wt of GVL/aldehyde (in this case, propionic aldehyde was
used) mixture composition, and 0.34 mol L™" of hydrochloric
acid at a temperature of 85 °C for an extraction time of 3 h were
the optimal extraction conditions (more details for process
optimization see SI, Section S2). The lignin yield (calculated
through comparison with the theoretical yield in eqn (1) due to
alteration of molecular weight of lignin after acetal functional-
ization) and purity for each biomass using this improved
method, as well as the lignin protection rate analyzed through
2D-HSQC-NMR (details see SI Section S3) is shown in Table 2.

Overall, the modified process achieves higher lignin yields
with higher purities after only one extraction step than the
default extraction process achieves after triplicate extraction
steps on the same biomass. In contrast to the dioxane-based
aldehyde assisted extraction process, the partly mentioned
advantages of the GVL-based aldehyde assisted extraction
process are manifold: zero solvent toxicity, no solvent flamma-
bility, no formation of explosive hydroperoxides, solvent

recovery without degradation, green synthesis, or

4544 | RSC Sustainability, 2025, 3, 4533-4555

biodegradability. However, all these advantages are only rele-
vant if the performance of the GVL process is comparable. The
optimized process conditions (with non-polar precipitation)
were used with both solvents to obtain a performance
comparison of both methods. Spruce and birch were used as the
extracted biomass. Both isolated lignins behaved and appeared
very similar, with highly similar yields, and both sharing zero
extraction-based condensation. In summary, GVL offers
a highly similar performance as a solvent in biomass fraction-
ation compared to dioxane. Differences in the quality of the
isolated lignins are not significant. These are highly promising
results for the future use of GVL as the solvent in AAF bi-
orefineries or for developing new biomass fractionation proce-
dures. The protection of the pB-1,4-diol groups was very
successful, leading to protection rates of 100% for lignin from
every examined biomass source. The 2D-HSQC-NMR signals for
the protection group hydrogen atoms are shown in Fig. 5(d),
and the signals for the lignin subunit compositions are shown
in Fig. 5(c) (both for spruce sawdust lignin).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table2 Lignin quantitative analysis for the modified extraction process using an acidic mixture of GVL/propionic-aldehyde, including the overall
lignin content for each biomass determined through CASA UV/vis spectroscopy, the extraction yield calculated through eqn (1), the purity of
extracted lignin determined through CASA UV/vis spectroscopy, and the lignin protection rate analyzed through 2D-HSQC-NMR spectroscopy

Lignin content

Extraction yield

Purity of extracted Lignin protection

Type of biomass [Wt%] [% of lignin content] lignin [%] rate [%]
Spruce sawdust 22+1 9 £1 9 +1 100 £ 0
Coffee silverskin 21 +1 96 + 2 97 +1 100 £ 0
Walnut shell 28 +1 95 +2 96 £1 100 £ 0
Hazelnut shell 29+ 1 95+ 1 96 + 1 100 £ 0
Peanut skin 26 + 1 95+ 1 97 +1 100 £ 0
Peanut shell 33+1 93 +2 93 +2 100 £ 0
Pistachio shell 15+1 92 +2 94 4+ 2 100 £ 0
Almond shell 29+ 1 95 + 3 97 £1 100 £ 0
Cashew shell 27 +£1 93+6 97 +1 100 £ 0
Beech sawdust 22+ 1 99 +1 98 +1 100 £ 0
Birch sawdust 23 +1 97 +1 99 + 1 100 £ 0

The B-1,4-diol structures were converted to acetal groups,
which can be examined through the signal assignment for the
respective Al (4.72-5.28/98.3-99.5 ppm), Aa (4.10-4.39/74.5-
77.9 ppm), AP (4.37-4.60/83.2-86.4 ppm), and Ay (3.37-4.38/
68.7-72.0 ppm) signals. These signals are assigned in the
aliphatic region of the spectrum in Fig. 5(d). The disappearance
of ether linkage signals usually at 4.36/69.1 ppm and 4.64/

71.2 ppm, and of the signals for carbon-carbon linkages of B-5

(5.21/70.2 ppm) and B-B'(4.54/82.7 ppm) into the background,
allows the interpretation that due to the protection of lignin
structures with aldehydes, no ether linkage is unprotected and
no condensation occurred during extraction. Signals for native
B-O-4’ linkages were not retained. The B-O-4' linkages were
quantitatively replaced by acetal functions, with some B-O-4/
linkages also being broken down during extraction. Thus, the
lignin received after aldehyde-assisted extraction from biomass
retained its native structure besides cleavage at random ether
linkages due to the acidic environment. The extraction-based
condensation is effectively zero, which is underlined by
signals for G2 (6.97-7.30/111.0-113.8 ppm), G5 (6.76-7.03/
116.1-118.9 ppm), and G6 (6.54-7.07/114.1-115.9 ppm) being
distinctly visible and showing no overlap. Using only one
extraction step with largely milder conditions, compared to the
default extraction process, preserves a large part of the lignin
structure while interrupting intermolecular interactions to
separate lignin from the carbohydrate fibers and eventually
dissolve it in the GVL-based solvent. Comparing the extraction
of lignin from spruce sawdust with aldehyde protecting agents
at 85 °C (yield: 99%) to the extraction without aldehyde pro-
tecting agents (default extraction process) at 85 °C (yield: 5%),
both after one extraction step, there is a clear gap in extraction
yield. Reducing extraction-based condensation to effectively
zero, the lignin can be extracted in its native form under milder
conditions. Also, precipitation-based condensation was elimi-
nated by switching the precipitation system from water towards
a n-heptane/ethyl acetate based system. Using water led to lower
protection and higher condensation even with the aldehyde
extraction process (for more details, see SI Section S2). With the
protection of the diol groups, the polarity of the lignin is only

© 2025 The Author(s). Published by the Royal Society of Chemistry

slightly decreased compared to unprotected lignin. Instead of
condensed, largely hydrophobic lignin, the now extracted lignin
structures stay intermediately polar,® retaining the ability to be
readily dissolved by GVL at high percentages. For condensed
lignin, hydroxy groups at the y-position can form stronger
hydrogen bonds with cellulose and hemicellulose due to the
increased electron density through the enlarged aromatic
surrounding.'® When using the aldehyde-protection process,
lignin hydroxy groups are fully converted to acetals. This
completely prevents hydrogen bonding between lignin B-O-4’
linkage domains and cellulose/hemicellulose fibers, enabling
an efficient separation and subsequent dissolution in GVL. Still,
hydrogen bonding can occur due to the presence of e.g. free
phenolic hydroxy groups or ether linkages in the lignin struc-
ture. The swelling process of the biomass also plays a big role in
efficient dissolution of lignin. Due to the flexibility and inter-
mediate polarity of the acetal-protected lignin structures,
solvent molecules have a much easier way of migrating into the
biopolymer structure, swelling it and enabling dissolution by
interrupting intermolecular hydrophobic interactions and
hydrogen bonding interactions between lignin and cellulose/
hemicellulose. The residual native C-C linkages that are
present in lignin structures after extraction are only of small
concentrations in most woods (beech, birch, spruce). Carbon
linkages are more prevalent in lignin of more rigid biomasses,
as they provide rigidity and less flexibility to the lignin and thus
to the overall fiber structure. A correlation can be seen in the
achieved lignin yields for different biomasses after aldehyde-
assisted extraction. Lignin from biomasses such as nutshells
achieve slightly lower yields compared to woods. In lignin from
these biomasses, the content of native C-C linkages is also
higher than in lignin from woods."* This native condensation
of aromatic units provides stability and rigidity, but also slightly
decreases the potential for efficient extraction of lignin. This
again confirms the correlation between condensation and
extraction efficiency for this GVL-based extraction process.

In summary, the aldehyde-assisted GVL-based lignin
extraction process leads to effectively no condensation between
lignin structures during extraction, which leads to almost

RSC Sustainability, 2025, 3, 4533-4555 | 4545
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complete lignin removal after one extraction step at milder
conditions than with the default extraction process. This is
influenced by the different properties of the acetal-protected
lignin compared to the condensed lignin. Native lignin
condensation only slightly influences the extraction efficiency,
but greatly influences the rigidity of the biomass source.

3.2.3 Hemicellulose extraction. After the extraction of
lignin and separation through either heptane or aqueous
precipitation, the hemicellulose residues dissolved in the liquid
fraction can be recovered through reduced pressure evaporation
of the solvent. For the default extraction process using an acidic
mixture of GVL/water, the hemicellulose residues are a mixture
of monomeric sugars like xylose and glucose, which can be
separated and further processed towards sugar-based products
(see upcoming article). For the modified extraction process
using an acidic mixture of GVL/protecting agent, these mono-
meric sugars are obtained in their acetal protected form. These
acetal-protected sugar molecules show great perspectives for
valorization, as the protection groups can be varied and even
modified to yield different functionalities attached to the sugar
molecules. Their qualitative assessment through 2D-HSQC-

View Article Online
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modified extraction process, monomeric protected sugars can
be extracted in high yields and purities from all types of
biomasses. The purity here describes the presence of lignin or
cellulose residues in the hemicellulose solution, which is 0% for
all biomass sources due to the insolubility of lignin and cellu-
lose in the hemicellulose solvent. Since lignin fully precipitates
in the precipitation medium, and cellulose fully precipitates in
the extraction
completely lignin- and cellulose-free. From the default extrac-
tion process, lignin-hemicellulose complexes are more intact
during and after extraction, making it more difficult to separate

solvent, the hemicellulose residue was

Table 3 Hemicellulose content for different biomass sources deter-
mined in through the carbohydrate determination method. The
hemicellulose yields for the default extraction process and the alde-
hyde-assisted extraction process are given in respect to the overall
hemicellulose content

Hemicellulose
yield prot. [%]

Hemicellulose
yield default [%]

Hemicellulose

Type of biomass  content [wt%]

NMR spectroscopy and their structures, extracted from beech  spruce sawdust 25 + 3 80 + 4 08 +1
wood sawdust, are shown in Fig. 6. Coffee silverskin 32 + 3 82+ 3 91+ 1
Since beech wood has a xyloglucan backbone and thus a high ~ Walnut shell 22+1 81+6 96 £ 3
: Hazelnut shell 22+1 81+4 95+ 3

xylose and glucose content, the yield (see Table 3, for all ;

g ¢ hemicellul . hei Peanut skin 19+ 2 75 £ 2 93 +1
blomass'e.s) of hemicellulose decomposition products and their  pq, 50t shell 16 + 2 77 49 93 + 1
composition (45 mol% of protected xylose, 40 mol% of pro-  pistachio shell 20 4+ 2 81+ 4 96 + 1
tected glucose, 15 mol% of different other protected hexoses or ~ Almond shell 23+1 84+6 95 + 4
pentoses, determined through quantitative 'H-NMR, see SI ~Cashew shell 1+1 68 £3 861

. . : : Beech sawdust 31+1 87 +1 97 £ 1
Section S3) were determined. Using the GVL/protecting agent
) & /p & a8 Birch sawdust 32+1 85+2 97 £1
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Fig. 6 2D-HSQC-NMR spectrum of the residual hemicellulose fraction from beech wood sawdust. Hemicellulose was decomposed into
protected sugar units; in this case the protection agent was propionic aldehyde. Protected xylose and glucose are depicted in the spectrum with
their respective signal assignments to specific protons and carbon atoms.
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hemicellulose from the other biopolymers. This leads to lower
purities for both cellulose and lignin in the default extraction
process due to hemicellulose residues present in their structure.
The aldehyde-assisted extraction process in a GVL-based
medium provides higher one-step yields of hemicellulose resi-
dues at milder conditions, which however now are di-acetalized.
These protected sugar monomers can be tuned and used for
various applications in the future. Their possible valorization
will be addressed over the next articles.

3.2.4 Cellulose fractionation. From the improved lignin
and hemicellulose extraction process using an acidic mixture of
GVL/water/protecting agent at 85 °C, cellulose was recovered
through simple filtration, washing and mild drying processes.
To analyze the yield and purity of cellulose from each extracted
biomass sample, the cellulose content was determined using
simple acid hydrolysis, and the cellulose purity after lignin and
hemicellulose extraction was determined using the CASA
method, of which the results are shown in Table 4.

An important note is that the lignin-free cellulose was
received after one single lignin/hemicellulose extraction step
with the aldehyde-assisted GVL extraction process (~0.6 wt%
residual lignin for spruce sawdust measured with CASA),
compared to the default extraction process using only an acidic
mixture of GVL/water at 120 °C, which led to less pure cellulose
(~3.2 wt% residual lignin for spruce sawdust measured with
CASA) even after 3 subsequent extraction steps. To dissolve the
cellulose, it is important to first completely remove the lignin
and hemicellulose, as it interacts with the cellulose chains,
forming lignin-hemicellulose-complexes around the chains and
acting as a sort of fiber-glue, preventing efficient dissolution.**®
The aldehyde-assisted GVL extraction process removes more
lignin and hemicellulose from the cellulose chains under
milder conditions and less extraction steps (92-99%) compared
to the default extraction process (87-97%). This also leads to
cellulose being less degraded due to a lower possibility of
polysaccharide hydrolysis. Additionally, only very small
amounts of natively condensed lignin structures stick with the
cellulose chains leading to higher cellulose purity for the
aldehyde-assisted process (>99%) compared to the default
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process (>89%). This enables the cellulose from the aldehyde-
assisted extraction process for further valorization. One partic-
ular way of cellulose valorization is connected to its efficient
dissolution and regeneration to produce fibers. Current
processes are either not green or not efficient enough,"® which
is why the problem of dissolving cellulose in a biodiverse
dissolution process will be addressed in future work.

3.3 Overview of the process for complete green
lignocellulosic biomass dissolution

The overarching goal of this research was to complete a process
for the full and biodiverse fractionation of all components of
lignocellulosic biomass using green solvent mixtures at mild
conditions. GVL in an acidic mixture of GVL/water/lignin-
protecting-agent at 85 °C proved to be effective in separating
lignin and hemicellulose in an uncondensed way from ligno-
cellulosic biomass, leaving behind pure cellulose. Hemi-
cellulose is degraded to sugar units, mostly xylose and glucose,
during the extraction process. The protecting agent that is
responsible for extracting uncondensed lignin structures also
protects the sugar molecules over acetal functions, leading to
stable protected sugar molecules that can be isolated. Fig. 7
shows a simple visualization for the full process studied in this
work, including all process products.

The lignin extraction was compared between an acidic GVL/
water mixture and an acidic GVL/water/aldehyde mixture. Using
aldehydes to protect the B-1,4-diol groups in lignin structures
from condensation can be efficiently done in GVL to achieve full
protection. This leads to higher lignin yields, higher lignin
purity, and effectively no extraction-based condensation. The
condensation of lignin structures influences their polarity,
flexibility, and thus their solubilization and swelling behavior
for specific solvents. Using aldehydes as protecting agents
provides native lignin structures without altered properties,
that can be deprotected and further broken down towards
valuable monomers, which will be addressed in future work.
The protected monomeric sugar units were also received from
the extraction process and analyzed qualitatively and quantita-
tively. Using different biomasses leads to different yields of

Table 4 Cellulose content determined through acid hydrolysis for every biomass. The cellulose yield (determined gravimetrically) and purity
(determined through CASA method) after a default extraction using an acidic mixture of GVL/water are given. Additionally, the cellulose yield and
purity after the modified extraction using an acidic mixture of GVL/protecting agent are given

Cellulose content Cellulose yield Cellulose purity Cellulose yield Cellulose purity
Type of biomass [%] default [%] default [%] prot. [%] prot. [%]
Spruce sawdust 43 +1 91+2 97 £1 97 £2 9 +1
Coffee silverskin 22+ 3 875 93+1 98 +1 9 +1
Walnut shell 40+1 92 +£3 95 +3 97 £ 2 9+1
Hazelnut shell 41+1 92 +1 96 + 2 97 £ 2 9 +1
Peanut skin 35+2 90 + 4 94 +1 98 +£2 9+1
Peanut shell 41+ 2 90 + 3 94+1 98 + 2 9 +1
Pistachio shell 56 + 2 89 +3 92 £3 9% +1 9 +1
Almond shell 39+1 93 +1 96 £ 2 97 £1 9+1
Cashew shell 37+4 81+5 89 +7 93 +4 99 +1
Beech sawdust 41+1 92 +3 97 £ 1 98 + 2 9 +1
Birch sawdust 40 £1 93 +2 96 £ 2 98 +1 9 +1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Visualization of the complete lignocellulosic biomass separation, dissolution, and degradation using the green solvent GVL. Zero waste is
left from the initial biomass. This process can be used for every lignocellulosic biomass, be it wood, nutshells, or different lignocellulosic waste-

streams.

xylose, glucose, and smaller amounts of different hexoses and
pentoses, as hemicellulose composition varies depending on
the origin biomass. Depending on the need for certain appli-
cations, other protected sugars can be isolated for biomasses
that have a low xylose content and higher contents of other
sugar monomers. For protected xylose and glucose, applica-
tions can be found by varying the protecting agent and per-
forming modification reactions, introducing functional groups
into the xylose/glucose structure that can, e.g., induce curing
reactions in resin formulations. Additionally, xylose can always
be deprotected in a slightly acidic environment and used to
produce the solvent GVL."” The isolated cellulose was analyzed
on its yield and purity, which was compared for a default
extraction process using only an acidic mixture of GVL/water,
and a modified extraction process introducing a protecting
agent for lignin and hemicellulose extraction. The latter yielded
a purer cellulose after one extraction step at milder conditions
compared to three extraction steps at harsher conditions for the
default extraction process. The purer cellulose can be used for
further valorization, which involves finding a green and efficient
solvent for cellulose dissolution. Lowering the dissolution
temperature and increasing the soluble amount of cellulose
while maintaining the fast dissolution times and low viscosities
are all challenges on cellulose solubilization that will be
addressed in future work. The detailed, stepwise overview of the

4548 | RSC Sustainability, 2025, 3, 4533-4555

fractionation and decomposition of lignocellulosic biomass is
finally shown in Fig. 8.

Our process of complete biomass fractionation tackles
different problems of many other solvent systems that have
been developed for this purpose. Most organosolv processes use
highly flammable or hazardous solvent mixtures in large
amounts, resulting in high costs for emissions and solvent
consumption.”***7® The problem of using hazardous solvents
and having high solvent production costs is also a problem of
processes based on IL's, including their difficult recovery.>”5%¢
Using acidic mixtures of GVL/aldehyde with small amounts of
water significantly lowers the solvent consumption of the
extraction to a minimum of 1 mL solvent per 0.15 g of biomass
in our process. The solvent consumption of the lignin separa-
tion through precipitation could be more than halved by using
a nonpolar precipitation route. Moreover, GVL and water,
forming 97% of the solvent mixture, are considered green
solvents due to low vapor pressure, low flammability, and
general non-toxicity. However, the aldehyde used can pose
minimal risks, as some aldehydes we used are classified as
hazardous (propionic aldehyde, acetaldehyde). These could and
should be used stoichiometrically and be replaced with less
hazardous alternatives, like benzaldehyde. Also, the washing
step and the precipitation system include solvents like heptane,
ethyl acetate, methanol, and diethyl ether, which should all be
replaced by greener alternatives in the future. For now, their use

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Detailed overview of the fractionation of lignocellulosic biomass and conversion towards monomeric lignin and hemicellulose units.

reduces the solvent consumption for precipitation and the
efficiency of the lignin workup. The solvent mixture itself is also
fully reusable and achieves similar results after a reuse in the
extraction process. After separation of the biopolymers, pure
GVL, water, and residual aldehyde could be regained through
simple evaporation. With the regeneration of the original
composition, the solvent mixture can be fully reused. To
increase solvent availability, GVL can even be produced from
hemicellulose fractionation products."” To further reduce
energy consumption of the recycling process, ways have to be
found to separate the solvents from the biopolymers through
liquid-liquid extraction or similar methods.

A Dbigger problem in suggested biomass fractionation
processes, including organosolv, DES, and IL's, is the high
process energy consumption,®**%%* coupled to a medium
efficiency with not necessarily all biopolymers being accessible
in high quality.>**>%*%%¢” While some processes achieve
complete fractionation with high yields, their product quality is
not sufficient enough for every biopolymer, and their process
energy consumption is very high, usually using temperatures of
>160 °C, long reaction times >24 h and high pressures.*® Our
process combines a comparably mild method, only using 85 °C
and 3 h of full processing time under slightly acidic conditions
(pH ~2). still, our process can fractionate all biopolymers in
very high yields with very high purities. Additionally, the quality
of the biopolymers is not altered significantly from their

© 2025 The Author(s). Published by the Royal Society of Chemistry

appearance in lignocellulosic biomass. Lignin structures are
broken down into large oligomers, preserving their native
structure through acetal-protection, which can be lifted in
acidic medium. Many other pulping processes alter the struc-
ture of the lignin or introduce condensation, which blocks
certain ways of valorization.”*** Hemicellulose is regained in
monomeric form as mainly protected xylose and protected
glucose, leaving room for different valorization options. Cellu-
lose is regained lignin-free and can be used for different
processes like the production of cellulosic fibers or enzymatic
hydrolysis towards sugars. Possible improvements to our
process could of course include the further reduction of process
energy consumption, retaining the achieved quality of the
fractionated biopolymers. Another huge advantage of our
process is its biodiversity. While other processes specifically
mention their use on one specific type of biomass,***** our
process has been adapted to serve the fractionation of many
different types of biomasses. This includes typical woods, but
also more or less waste streams like nutshells or coffee silver-
skin. Also, the only pretreatment is their drying to remove
extensive moisture contents. However, a future challenge will be
the scalability of this process, as this process will have to be
integrated with existing biorefinery infrastructure, especially
the further use of extracted biopolymer products.

Lignin can be used in many applications, such as antioxidant
formulations,***''® UV-protection films or coatings for food or
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human skin, as flocculants after chemical modification,
or in bio-based phenolic resins.****** Specifically, lignin mono-
mers can be produced, which can have further valuable appli-
cations. This includes uses as flavor or fragrance ingredients, as
monolignols like 4-propyl-syringol or 4-propy-guaiacol are
already considered as such.**"*>'>* They can also be regarded as
antioxidants.”* A very important application can be the use of
lignin and hemicellulose monomers in various bio-based resin
formulations. This topic is currently researched by our group
and will be regarded in the future in a separate publication.
Lignin monomers can therefore act as bisphenol A substitutes
in epoxy resins, as curing agents after chemical modification, or
as monomeric units in other resin types. A similar application
can be found for degraded hemicellulose products, specifically
protected xylose and glucose molecules. By varying the pro-
tecting agent, different functional groups can be introduced
that can induce an application as resin monomers. To round
out the process of green dissolution of lignocellulosic biomass,
xylose, specifically after deprotection in lightly acidic medium,
can always be used to produce GVL for further extractions.**®
Both biopolymers show valuable applications after considering
their molecular structure after extraction and selecting the
optimal biomass for a certain application.

While cellulose was regained lignin-free and must be di-
ssolved for further use. The dissolution of cellulose is a big
problem nowadays, as existing processes are neither green
enough (they use too much energy or produce hazardous by-
products) nor efficient enough. Process alternatives or
improvements have to be found in order to dissolve and
regenerate cellulose fibers to produce many valuable bio-based
products.’**** This topic will be addressed in the future in an
upcoming project.

What separates our process from existing literature on GVL-
based organosolv processes is the overall yield of uncondensed
lignin. While existing literature finds mostly up to 60% of lignin
yield at typical organosolv conditions,* which is then very
condensed and prohibits a further use in several applications or
degradation processes, and disregards other biopolymers
present in biomass, our process combines the GVL organosolv
process with the aldehyde-assisted process, yielding then up to
99% uncondensed lignin after a single extraction step under
milder conditions. Additionally, the biopolymers cellulose and
hemicellulose can be retained in very high purity up to 99%.
This shows that our process can be the next step in realizing
GVL-based biorefinery, producing all components of lignocel-
lulosic biomass in high yields and purities with green solvents
and mild conditions. An important note is that our process uses
biodiverse starting material, from lignocellulosic waste mate-
rials such as nutshells to different types of wood, with no clear
setback in process efficiency.

While this article describes the basis of a scalable process for
sustainable biomass fractionation, follow-up articles will
describe the detailed extraction and characterization of lignin
with different properties depending on the extraction condi-
tions, making a tailoring of lignin products for specific appli-
cations possible.”®* Additionally, we will follow-up on the
cellulose fractionation by introducing novel cellulose
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dissolution strategies involving our lignin-free cellulose from
biomass. Regarding the hemicellulose degradation products,
we are currently working on the valorization options for the
protected sugars in resin formulations or solvent applications,
which will also be addressed in future works.

4 Conclusion and outlook

GVL, especially in combination with water at 9/1 wt/wt, can
dissolve lignin in an effective way to facilitate biomass frac-
tionation. This was underlined through the use of COSMO-SAC
and MD simulations, which showed that the presence of GVL in
the solvent allows water to interact with polar parts of lignin
more efficiently, while GVL itself interacts with the aromatic
core of lignin structures in a stabilizing manner. This makes for
a synergistic effect between GVL and small amounts of water
compared to the pure solvents. Thorough systematic computa-
tional investigations of dissolution capabilities of pure and
mixed solvents on biomass components by means of both
COSMO-SAC and MD simulations will be conducted as separate
studies.

Experimentally, starting from source-independent lignocel-
lulosic biomass, the theoretical considerations on the simpli-
fied lignin system were proven to be right as it was shown that
the green solvent GVL can efficiently fractionate all its main
fiber components, lignin, hemicellulose, and cellulose. The
process of using GVL with lignin protection-agents greatly
improves biopolymer fractionation, leading to native lignin
structures with high yields and purities, acetalized hemi-
cellulose monomers, and lignin-free cellulose. The process uses
mild conditions of 85 °C and 3 h reaction time, while also
providing complete reusability of the solvents. This completes
a full biodiverse fractionation process of lignocellulosic
biomass, improving on existing processes in literature and
leading to three valuable and pure biopolymer products that
can be further studied for their valorization. This work will be
continued in our future research on lignin and hemicellulose
valorization, tailoring their properties during extraction for
specific applications, and on cellulose dissolution for industrial
fiber production using novel approaches to replace existing
processes.

Overall, this work provides clear insights into the green,
mild, and biodiverse fractionation of lignocellulosic biomass
with GVL and its possible ways of improvement and further
valorization of the high quality biopolymer products. Our
process of biomass fractionation combines significant advan-
tages of previously developed processes, while improving on
their problems. Still, improvements to parts of the process, such
as solvent consumption or replacement of the protection agents
with greener alternatives have to be made to achieve full
implementation of this process in biorefinery.
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