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A B S T R A C T

Lignocellulose is one of the most promising renewable bioresources for the production of chemicals. For
sustainable and competitive biorefineries, effective valorization of all biomass fractions is crucial. However,
current efforts in lignocellulose fractionation are limited by the use of either toxic or suboptimal solvents that
do not always allow producing clean and homogeneous streams. Here, we present a computational screening
approach that covers more than 8000 solvent candidates for the processing of lignocellulosic biomass. The
automated screening identified highly effective, non-intuitive solvents based on physico-chemical properties,
solubilities of the biomass fractions, and environmental, health and safety properties. Solubility experiments for
the lignin and cellulose fraction confirmed the applicability of the proposed framework in biomass processing.
In addition to the traditional ‘‘lignin-first’’ approaches, we identified solvents applicable for the complete
dissolution of biomass. Furthermore, we elucidated particular structural patterns in solvents featuring high
lignin solubility. The most promising solvents attained lignin solubilities of more than 33 wt%.
. Introduction

Climate change and the dependence on fossil resources are driving
he development of sustainable processes that are based on renewable
esources. The most abundant terrestrial source of renewable carbon is
ignocellulosic biomass, consisting of three major fractions: cellulose
30%–50%, dry weight basis), hemicellulose (20%–30%), and lignin
15%–30%) [1,2]. To maximize value and sustainability, the biomass
hould be used in a holistic manner where each fraction is separated
nd used for the production of valuable chemicals. In contrast to
his vision, the lignin fraction was long seen as a side-product of the
ulp and paper industry and was mainly used for heat production
ue to its high heating value [3]. Currently, the paradigm is shifting
owards ‘‘lignin-first’’ approaches where lignin is considered at the
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-oxide; H, hydroxyphenol; G, guaiacyl; S, syringyl; LCC, lignin–carbohydrate complex; QSPR, quantitative structure–property relationship; HBA, hydrogen bond
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front end of the process, which is designed to facilitate lignin sep-
aration and its catalytical conversion into aromatics at high yields
and selectivities [4,5]. Carbohydrates can also be fractionated and
depolymerized into their constituent monomers: glucose for cellulose
and mainly xylose for hemicellulose. These carbohydrates can subse-
quently serve as precursors for the synthesis of well-known platform
chemicals in defined biorefineries [6–8]. Recent advances demonstrate
that the hemicellulose fraction can also be upgraded by direct alde-
hyde functionalization of biomass, leading to acetal-stabilized xylose
molecules which can be used as polar aprotic solvents [9,10] and
precursors for renewable polyesters [11]. For valorization of each
fraction, ensuring the separation of cellulose, hemicellulose, and lignin
streams is essential, which can be achieved using solvent-based biomass
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fractionation approaches, such as organosolv and reductive catalytic
fractionation (RCF). In organosolv processing, the biomass is pretreated
in organic solvents at temperatures ranging from 80 ◦C to 250 ◦C
n the presence of acid catalyst to extract lignin and hemicellulose
ut of the cellulose fibers [12]. Lignin is then separated from the co-
xtracted hemicellulose by precipitation while cellulose remains as a
olid residue [13,14]. RCF is characterized by concurrent lignin solvol-
sis and depolymerization [12]. Typically, mixtures of low boiling
lcohols and water are used for lignin extraction and, then, heteroge-
eous redox catalysts enable depolymerization by hydrogenolysis in the
resence of a hydrogen source [15–19]. RCF and organosolv processing
re similar with RCF resulting in a monomer-rich lignin oil instead of
lignin precipitate [18].

There are two major challenges associated with solvent-based ap-
roaches. First, high structural differences between the biomass frac-
ions make it difficult to select one solvent being optimal for processing
f all components. This often results in the use of multiple solvents
n one process, increasing cost and negative environmental impact.
nother challenge is the high complexity of the biomass and the
ecalcitrance of the material which is resistant to mechanical, enzy-
atic and chemical attack [20,21]. Due to the recalcitrant biomass,

ignocellulose-based biorefineries usually operate at harsh conditions,
uch as high temperature, acidic or alkaline environment [12,22].
nder such conditions, a balance is sought between preserving the

tructure of valuable biomolecules and degrading the biomass. This
alance is highly dependent on the used process and can be adjusted
sing the right solvent that (i) makes the cleavable bonds of residues
ccessible for chemicals; (ii) favors chemical transformations [23].

Several conventional solvents have been proven to promote biomass
epolymerization at reasonable extent so far [24]. Three main groups of
olvents include cyclic ethers (1,4-dioxane, tetrahydrofuran, 𝛾-
alerolactone), polar aprotic solvents (dimethylsulfoxide (DMSO), ace-
onitrile) and alcohols (ethanol, glycerol) usually mixed with wa-
er [25–28]. Ionic liquids (ILs) and deep eutectic solvents (DESs) were
lso recognized as promising media, but their application is still at
arly stage [29,30]. Besides the ability of solvents to promote depoly-
erization, other factors like cost, safety and environmental impact

egin playing a crucial role, given the potential scale of biorefinery
perations [26]. Moreover, each specific organosolv or RCF technology
an require the use of strictly defined classes of solvents (e.g. without
ree -OH groups due to reactivity) with specified physical parameters
ithin a certain range (e.g. with boiling point higher than 80 ◦C).
his makes solvent selection more challenging while solvent screening
ools for biomass treatment are not robust and widely available yet. At
he same time, experimental solvent screenings are laborious and are
imited by financial and human resources.

A large solvent search space can be screened rapidly by lever-
ging computational approaches. They drive the search towards the
ost promising solvents in silico facilitating the exploration of uncon-

entional solvent candidates and limiting experimental effort. There
xist several studies regarding solvent selection for lignocellulose [31–
0] but most of them focus on one biomass fraction (e.g., on lignin
or ‘‘lignin-first’’ approaches). Computational studies considering the
iomass in a more holistic manner are limited and use a small number
f solvent candidates [40]. In addition, these studies do not take into
ccount environmental, health and safety (EHS) criteria which are
mportant for safe process operation and critical for industrial imple-
entation. Computational large-scale solvent screenings have proven

o be a powerful tool for rational solvent selection including the esti-
ation of EHS properties [41] and were already applied for biorefinery
rocesses [42].

In the present study, we demonstrate a high-throughput compu-
ational solvent screening of more than 8000 candidates for effec-
ive dissolution of lignocellulosic biomass with the aim to assist its
ractionation into lignin, cellulose, and hemicellulose. We apply state-
2

f-the-art quantitative structure–activity relationship (QSAR) models
or the prediction of EHS properties of solvents and the quantum
echanical (QM)-based method COSMO-RS for solubility predictions

f the biomass fractions. Subsequently, we validate the applicability
f the framework by performing solubility experiments of the targeted
iomass fractions in the most promising solvent candidates. In doing
o, we explore a vast number of solvents featuring green EHS criteria
or their ability to solubilize lignin from different wood sources and
acilitate cellulose hydrolysis. Therefore, this study intends to provide
uidance for solvent engineering aimed at complex biomass targets.

. Methods

A computational solvent screening methodology for biorefineries
as recently applied for microalgae processing and its complex sep-
ration tasks [42]. In this study, the methodology is extended to the
rocessing of lignocellulosic biomass. In brief, a database containing
ore than 8000 molecules was screened to select appropriate solvent

andidates while requiring non-reactivity with the biomass, melting
oint (MP) and boiling point (BP) limits as additional criteria (see
ig. 1). Simplified structures of lignocellulosic polymers were used as
epresentative biomolecules and modeled using QM calculations. Their
pplicability in COSMO-RS solubility predictions was thoroughly stud-
ed. Predicted solubilities of the chosen representative biomolecules
nd predicted EHS properties were used to rank the solvents. Based
n the screening results, solvents for different biorefinery scenarios
lignin first or joint lignin and cellulose solubility in one step –
ere proposed. Finally, the computational approach was experimen-

ally validated by measuring the solubility of hardwood, softwood
nd herbaceous lignins isolated from birch wood, beech wood, and
orn cobs (see ESI for HSQC-NMR spectra of the lignins). In addition,
ellulose and cellobiose solubilities were measured in several identified
olvents.

.1. Database

As in [42], the solvent search space consisted of the COSMOth-
rmX19 integrated database, COSMObase13-01, and COSMObaseIL19-
1. Green solvents as presented in Moity et al. [43], and the green
olvent Cyrene [44] were added to the database. Furthermore, 178
ESs [45–55] and 143 commercially available ILs [56,57] were

creened. All DESs were taken from literature and were confirmed to
ave a eutectic point. After deleting duplicate solvents, we obtained a
earch space of 8011 molecules. A list of all solvents considered in this
ork can be found in the ESI.

.2. Structural constraints

After compiling the database, unfavorable solvents were subse-
uently removed from the search space. In a first step, single anions and
ations were eliminated, since ions can only exist with a counter-ion
s combined in ILs. In addition, primary and secondary amines were
emoved due to their potential reactivity with the biomass. Amines
re basic, nucleophilic, and can react with carbonyl compounds. Addi-
ionally, aromatic amines are highly reactive in electrophilic aromatic
ubstitution.

.3. MP/BP screening

In lignocellulose processing, high temperatures are usually applied
o attack the recalcitrant biomass. In order to identify solvents being
iquid during the biomass pretreatment, we screened for solvents with
P ≥ 70 ◦C. The BP was required to be in the range 70 ◦C ≤ BP ≤

200 ◦C (ambient pressure), in order to ensure its facile downstream
recovery and recycle. MPs and BPs are given in the database for most
of the solvents. However, if there was no data available, an automated

PubChem query was used to collect missing experimental data [58].
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Fig. 1. Approach for the computational solvent screening for lignocellulose processing. A database containing more than 8000 solvents was screened for molecules being
unreactive towards the biomass and featuring suitable MP/BP limits. The remaining solvents were ranked according to beneficial EHS properties and solubilities of representative
lignocellulose-molecules, as predicted by the VEGA software and COSMO-RS, respectively. Finally, the most promising candidates were evaluated in experiments.
In case no data was stored in the PubChem database, missing BP data
was estimated using COSMO-RS at standard conditions. Solvents with
missing entries for MP or BP were kept in the screening to prevent false
exclusion.

2.4. Modeling of representative lignocellulose molecules

In order to predict the solubilities of the biomass components
using COSMO-RS, first, these components must be modeled using the
continuum solvation model. Lignocellulose-rich biomass is a complex
polymeric mixture, containing mostly cellulose, lignin and hemicellu-
lose as their major components. Depending on the biological source,
the proportions of each component may vary, as well as the structure of
the macromolecules themselves. Typically, lignocellulosic biopolymers
reach high molar weights: > 150 kDa for cellulose, > 30 kDa for
hemicelluloses, > 4 kDa for lignin [59,60], hence, modeling their na-
tive structures is computationally infeasible. To reduce computational
time and complexity, the biomass fractions in this work were mod-
eled individually as fragments of the original polymeric structure, as
shown in Fig. 2. We modeled four structures as potential representative
molecules for the cellulose fraction, ten structures were assessed for
their ability to represent the lignin fraction and two model molecules
for the hemicellulose fraction. The structures of all representative
molecules can be found in the ESI and were modeled on a quan-
tumchemical level as described in Section 2.8. From these 16 initial
structures, we identified the most suitable representative molecules for
each fraction by correlating COSMO-RS solubility predictions with ex-
perimental solubility data in Section 3.2. In the following, we describe
all structures in detail.

2.4.1. Cellulose
Cellulose is the main constituent of wood and exists as rigid chains

of 𝛽-1-4-glycosidically linked glucose monomers with a degree of poly-
merization of up to 10,000 units [61]. Due to its chemical compo-
sition and strong intra- and inter-molecular hydrogen bonds, cellu-
lose is insoluble or only partially soluble in most common organic
solvents [62]. Solvents and ILs that are known to be able to solubi-
lize cellulose at reasonable extent (n,n-dimethylacetamide-LiCl, DMSO-
tetrabutylammonium fluoride, n-methyl morpholine oxide (NMMO))
3

are either toxic, thermally unstable, expensive and/or difficult to recy-
cle [62–64]. In literature, several representative molecules for cellulose
were defined. In the simplest case, a single glucose monomer was used
by Casas et al. [39]. However, the solubilization properties of glucose
differ significantly from those of cellulose. Chu et al. tested glucose, cel-
lobiose, cellotriose and cellotetraose as representative molecules for the
prediction of excess enthalpies for cellulose in ILs [35]. In their study,
the predicted excess enthalpies of cellobiose and cellotetraose had the
highest correlation with experimental solubility data. Other studies
used cellobiose for predictions with COSMO-RS [36,37]. Another com-
mon approach in the handling of polymers using COSMO-RS is to run
QM-calculations for a computationally feasible polymer fragment and
to subsequently truncate its end-groups. In this way, the whole polymer
fragment is geometry optimized and mid-groups are positioned as if
they were contained in the polymer chain. The influence of the end-
groups is usually low in the native polymer structure which is why they
should be removed for solubility predictions. This approach was used in
different studies on a cellotriose [34] and a cellotetraose molecule [38].
Both studies highlighted the importance of intramolecular hydrogen-
bonding which is different from one molecular cellulose-representing
conformer to another. According to Yamin, the hydrogen-bonding is
better captured when not only one mid-monomer as in a truncated
cellotriose molecule is considered, but two mid-monomers as in cellote-
traose [38]. In another study of Casas et al. [40], they tried not only
to capture intracellular interactions, but also hydrogen bonding with
adjacent cellulose chains. However, conformers were not considered,
probably due to the time-consuming calculations. With this knowledge,
we applied the search for conformers to all modeled biomolecules and
we assessed cellobiose, cellotriose, cellotetraose, as well as a capped
cellotetraose molecule for their ability as cellulose representatives in
solubility predictions.

2.4.2. Lignin
Lignin is an amorphous polymer with molar weights typically be-

tween 2500 to 15,000 g/mol. Lignin is formed by radical coupling of
three main phenylpropanoid units: p-coumaryl, coniferyl, and sinapyl
monolignols. As a result, lignin consists of p-hydroxyphenyl (H), gua-
iacyl (G), and syringyl (S) subuits [1,60,65]. The amount of each
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Fig. 2. 𝜎-surfaces of the representative molecules from each biomass fraction. Their chemical structures are presented in the ESI. The amount of each fraction per biomass (dry
weight basis) is given in percentage.
subunit differs significantly with biomass source. Lignin from herba-
ceous biomass is composed of all three subunits (with H-content < 5%).
Softwood lignin contains only G units whereas hardwood lignin is
composed of both S- and G-units [66]. The bonds that link the lignin
subunits together are mostly ether motifs and carbon–carbon bonds.
The 𝛽-O-4 ether linkage is the most common type of bonds connecting
the monolignols and is also most easily cleaved [67,68]. The high
amount and the complexity of linkages render lignin a difficult target
to solubilize. In previous COSMO-RS studies [31,33,36,37,39] mostly
monolignols were used to represent lignin. In addition to monolignols,
Casas et al. used pinoresinol and guaiacylglycerol-2-coniferyl ether as
representative lignin molecules [40]. Achinivu et al. used S- and G-units
connected via all major linkage-motifs for solubility predictions [32]. In
this study, we modeled S, G and H monomers, as well as dimers and
trimers of S- and G-units connected via 𝛽-O-4 bonds. Additionally, we
modeled one conformer of a 1500 g/mol lignin fragment for solubility
predictions using COSMO-RS in order to study differences compared to
the truncated representatives.

2.4.3. Hemicellulose
Hemicelluloses are a diverse class of polysaccharides found in plant

cell walls. The most abundant sugar found in hemicellulose is xylose
with minor amounts of mannose, galactose, arabinose, and rhamnose.
Uronic acids and acetyl groups are also commonly appended to the
chain [69–71]. The degree of polymerization ranges between 50 and
300 [69,71]. Hemicellulose is relatively easy to solubilize in water
at high temperature (> 150 ◦C) due to its hydrophilic and amor-
phous nature. In the biomass however, hemicellulose and cellulose are
bound to lignin, forming a lignin–carbohydrate complex (LCC). Benzyl
ether, ester, and phenyl glycosidic bonds are the most typical lignin–
carbohydrate linkages. Due to its strong bonding, the LCC hinders
enzymatic hydrolysis of biomass and can be partially broken in alkaline
media [72]. In recent literature, hemicellulose was represented by a
mixture of glucose and xylose monomers [31,36,37]. In this study, we
used a glucuronoxylan which is primarily present in dicots to represent
the hemicellulose fraction.

2.5. Solubility predictions

After identifying solvents within favorable MP/BP ranges, the sol-
ubilities of the representative molecules were predicted. Within COS-
MOtherm, the solubility of the representative molecules is given as the
4

logarithmic, molar solubility log10(𝑥solub). The solubility was calculated
as follows:

log10(𝑥solub) =

[

𝜇(pure) − 𝜇(solvent)(𝑥∞) − max(0, 𝛥𝐺fus)
]

𝑅𝑇 ln(10)
(1)

where 𝜇(pure) denotes the chemical potential of the pure solute, and
the chemical potential of the solute at infinite dilution in the solvent
is given as 𝜇(solvent)(𝑥∞). The free enthalpy of fusion 𝛥𝐺fus is zero for
liquid compounds and is estimated for solid compounds based on a
quantitative structure–property relationship (QSPR) approach within
COSMOtherm [73]. The QSPR approach is valid for standard condi-
tions. Since the solubility was predicted at 85 ◦C, the temperature
dependency of 𝛥𝐺fus is estimated by Walden’s rule, which assumes that
𝛥𝑆fus = 0.0135 kcal/(mol K) [73]. If log10(𝑥solub) = 0, this indicates full
dissolution.

In some cases, the solubility for a fraction was calculated as the av-
erage solubility of several representative molecules denoted as
log10(�̄�solub,avg). In this case, the solubilities of the respective single
representative molecules were first predicted according to Eq. (1), and
then averaged:

log10(�̄�solub,avg) =
1

𝑛rep

𝑛rep
∑

𝑖=1
log10(𝑥

(𝑖)
solub) (2)

where 𝑛rep indicates the number of representative molecules in the
lignin fraction. COSMOtherm was chosen as predictive model due
to its ability to estimate the thermodynamic properties of complex
(bio-)molecules based on quantumchemical information. COSMOtherm
delivers fast approximate predictions of the solubility and allows for a
qualitative evaluation of large databases.

2.6. EHS properties

The prediction of EHS properties was explained in detail in our
previous works [41,42]. In brief, QSAR models implemented in the
VEGA software [74] were used to predict solvent EHS properties for
mutagenicity, carcinogenicity, toxicity, skin sensitization and ecotoxic-
ity. The QSAR models are training-set dependent and offer fast property
prediction for the large database. Song et al. [75], and Linke et al. [41]
used VEGA models to predict EHS properties in the context of a solvent
screening. Using the model results, a score to express beneficial EHS
properties was proposed, the so-called EHS score. The EHS score ranges
from 0 to 1, and is also taking the model reliability into account. While
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hazardous molecules have a low EHS score, solvents with favorable
EHS properties have a high EHS score. For DESs, the EHS score for the
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) were
predicted and subsequently averaged according to their molar fractions
in the DES. EHS properties of ILs cannot be predicted using VEGA
models, since the training set of these models did not include salt-like
molecules. As a consequence, their EHS score was set to 1.0, to prevent
false exclusion and due to the fact that the safety datasheets of most ILs
contain no warnings (which could also be due to lack of experiments).
In this study, the EHS score was not used as exclusion criterion, but
was used in the solvent ranking (see Section 2.7). After the ranking,
EHS properties of potential solvents were manually checked to avoid
exclusion of candidates by mistake and to confirm the predicted EHS
properties.

2.7. Solvent ranking

The solvent screening was formulated as the following optimization
problem:

min
𝑦

𝑓 (𝑡(𝑦, 𝑝), 𝑒(𝑦)) (3)

s.t. ℎ(𝑦) ≤ 0 (structural constraints) (4)

𝑔(𝑝) ≤ 0 (MP∕BP limits) (5)

𝑦 ∈ 𝑌 (molecular structure) (6)

𝑝 ∈ 𝑃 (process conditions) (7)

The objective function 𝑓 (𝑡, 𝑒) was defined as the distance 𝑑 from the
optimal point 𝑜(𝑡, 𝑒) depending on thermodynamic models 𝑡 as given in
Eqs. (1) and (2), and environmental models 𝑒 as given by the QSAR
models in VEGA described in Section 2.6.

𝑓 (𝑡, 𝑒) = 𝑑
(

𝑜(𝑡, 𝑒), �⃗�(𝑡, 𝑒)
)

= ‖𝑜(𝑡, 𝑒) − �⃗�(𝑡, 𝑒)‖ (8)

where �⃗� ∈ 𝑋, and 𝑋 ⊂ R𝑛, where 𝑛 denotes the number of dimensions.
The vector �⃗� is defined as �⃗� =

[

𝑥c, 𝑥l, 𝑥h, EHS score
]T. 𝑥c, 𝑥l, and 𝑥h

are the molar solubilities acquired by transforming the results obtained
from Eq. (1) for cellulose and hemicellulose and Eq. (2) for lignin
into molar fractions. As a consequence, values for all dimensions in
space lie in the interval [0,1]. The optimal point 𝑜(𝑡, 𝑒) is always known
and is defined for different separation tasks commonly encountered
in lignocellulosic biorefineries in Section 3.3. Depending on the aim
of the process, dimensionality of R𝑛 varies, since not all dimensions
are systematically needed (e.g. hemicellulose solubility is neglected),
therefore 𝑛 ∈ {1, 2, 3, 4} holds. In order to solve the optimization
problem, solvent molecules not fulfilling the constraints as given in
Eqs. (4) and (5) were removed as explained in Sections 2.2 and 2.3.
For the remaining solvents, thermodynamic properties 𝑡 (solubilities)
and EHS property models 𝑒 as given in Sections 2.5 and 2.6 were used
to predict values necessary to evaluate the objective function, thus, to
calculate the euclidian distance from the optimal point 𝑑

(

𝑜(𝑡, 𝑒), �⃗�(𝑡, 𝑒)
)

as defined in Eq. (8). To minimize the objective function 𝑓 (𝑡, 𝑒), solvents
were ranked according to minimal euclidian distance to 𝑜(𝑡, 𝑒). After the
ranking, the MPs, BPs and EHS criteria of the solvents were compared
to literature data to reassure that the constraints imposed on the
optimization problem were indeed fulfilled.

2.8. Computational details

Quantum chemical density functional theory calculations were per-
formed for the molecules not contained in the COSMObase13-01 and
COSMObaseIL-19-01. Molecular conformers were generated using RD-
Kit [76] with a force field according to Eberjer et al. [77]. Subsequently,
the resulting structures were further optimized at a QM level using
TURBOMOLE 3.7 and its calculate interface (version 2.1, 2009). The
BP-86 functional with the def-TZVP bases set was applied using the
5

COSMO boundary condition and the standard COSMO cavity construc-
tion. With the optimized geometries, a single point calculation was
performed, using the more accurate def2-TZVPD bases set. Cavities
were constructed at the FINE level. A python script (Python 3.7)
was used to implement the automated screening procedure. In this
procedure, the database described in Section 2.1, was loaded as a
pandas dataframe (pandas 0.25.1). Subsequently, depending on struc-
tural contraints, as well as the MP and BP limits, entries of unsuitable
molecules were deleted. PubChemPy 1.0.4 was used to read MPs and
BPs from PubChem. Missing BP and flash points (used for prediction of
the EHS criteria) were predicted using CosmoPy 19.10. EHS properties
were predicted using VEGA QSAR 1.1.5. For solubility predictions,
the python script called COSMOtherm v19 [78–82] via command line.
For these calculations, input files were automatically generated and
the BP_TZVPD_FINE_19.ctd parameterization was applied. The results
of each solubility predictions was stored in SQLite3 databases using
sqlite 3.30.0. All COSMO-RS predictions including ILs and DESs were
handled using the so-called electroneutral approach [83–85]. In this
approach, the single IL and DES constituents were implemented as
a stochiometric mixture. The electroneutral approach is commonly
followed for predictions concerning ILs and DESs. A Linux Ubuntu
16.04. system (Intel i5-8500 processor at 3.00 GHz and 16 GB RAM)
was used to perform all calculations. Using this setup, the approximate
computation time for conformer generation and TURBOMOLE calcu-
lations of monomeric lignin structures was 30 min (three meaningful
conformers identified) and for the trimeric lignin structures five days
(ten conformers identified).

2.9. Experimental validation

The predicted solvent candidates were further narrowed to se-
lect chemicals for experimental validation. The final choice of chem-
icals was based on (i) commercial availability (ii) reasonable price
(≤ 100 $ per 10 g). As a result, 22 solvent candidates were selected
for experimental solubility measurements.

2.9.1. Materials
The solvents to measure the solubilities were purchased as follow-

ing: diethyl methylphosphonate (ACROS Organics, 96%), diethyl sul-
foxide (Fluorochem, 98%), diethyl ethylphosphonate (Sigma-Aldrich,
> 98%), dimethyl sulfoxide (Sigma-Aldrich, > 99.5%), 1-methylimida-
zole (Sigma-Aldrich, > 99%), dimethyl methylphosphonate (STREM
Chemicals, 97%), 18-crown-6 ether (Sigma-Aldrich, for synthesis), 2-
methyl-2-oxazoline (ABCR, 99%), 4-piperidinopyridine (ABCR, 97%),
4-pyrrolidinopyridine (ABCR, 95%), 4-methoxypyridine (ABCR, 97%),
5-Bromo-1-methyl-1H-imidazole (ABCR, 95%), n,n-dimethylmethane-
sulfonamide (ThermoScientific, > 98%), 4-methylpyri- midine (ABCR,
98%), pyrazine (ACROS Organics, 99%), n,n-dimethylformamide
(Sigma-Aldrich, > 99.8%), pyrazole (ThermoScientific, > 98%), 1,4-
dioxane (Carl Roth, > 99.5%), 2-methyltetrahydrofuran (Carl Roth,
> 99%), dibutyl ether (ACROS Organics, > 99%), n-heptane (ABCR,
> 96%), trimethylamine n-oxide (Cayman). Microcrystalline cellulose
(fibers, medium) Sigma-Aldrich, D-glucose (> 99.5%) and D-cellobiose
(> 98%) from Sigma were used as carbohydrate materials. Sulfuric acid
(95%–97%) purchased from Supelco.

Four lignin samples were investigated in this study. Two of them
(FABIOLATM and Kraft) were obtained as lignin precipitates from our
collaboration partners and two samples (from birch wood and corn
cobs) were obtained by acidolysis of biomass [86]. Lignin from Retten-
maier beechwood was obtained from TNO (Netherlands) and was orig-
inally gained from the FABIOLATM acetone organosolv process [87].
Kraft lignin was provided by Berner Fachhochschule and was originally
isolated from softwood species by Kraft process. Birch wood (Betula
pendula) was procured from M. Studer of the Bern University of Applied
Sciences. The wood chips were sorted to remove residual bark and
leaves. The wood chips were then milled using a 6-mm screen and
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sieved with a 0.45-mm mesh. The fraction < 0.45 mm was used for
lignin extraction by mild acidolysis. The corn cobs were procured
from IP-Suisse in Lausanne, Switzerland. They were sorted to remove
residual leaves, stems, and corn. The corn cobs were then milled using a
6 mm screen and sieved with a 0.45 mm mesh. The fraction < 0.45 mm
was used for lignin extraction by mild acidolysis.

2.9.2. Lignin extraction by mild acidolysis
To validate the applicability of the described computational method,

we first isolated lignin from biomass under mild conditions to measure
its solubility in the selected solvents. The mild acidolysis lignin ex-
traction method allows to largely retain native-like structure of lignin
even if extraction yields are small [88]. Two different lignocellulosic
biomass types were used for lignin isolation: a hardwood represented
by Birch wood, and herbaceous biomass represented by corn cobs. The
procedure for lignin isolation was taken from Das et al. [88] with minor
modifications. In brief, grinded biomass (10 g) was dissolved in 120 ml
of a dioxane/water mixture (9/1, v/v) containing 0.2 mol/l HCl. The
suspension was heated to 90–100 ◦C to reach refluxing and was stirred
or 30 min for herbaceous biomass and for 45 min for hardwood.
he cooled mixture was vacuum-filtered through a Whatman filter
paper grade 3). The residue was washed three times with 50 ml of a
ioxane/water mixture (9/1, v/v). The pH of the resulting solution was
djusted to 3–4 using a saturated aqueous NaOH solution. Then, the
olution was concentrated to about 50 ml by rotary-evaporation (45 ◦C)
efore any solid lignin residues appeared. The concentrated solution
as added into a large volume of cold water (500 ml) to precipitate

ignin. The precipitated lignin was washed with 100 ml deionized water
nd dried in a desiccator. The 2D HSQC NMR spectra of the isolated
ignins were measured to confirm lack of significant condensation (see
SI ).

.9.3. Lignin solubility measurements by gas chromatography
We performed a solubility measurement using gas chromatography

s opposed to gravimetric methods including solvent evaporation due
he difficulty of evaporating high boiling point solvents. In this method,
ried lignin (0.1 g) was added to the solvent (0.4 g) in a vial with a
agnetic stirring bar. The vials were sealed and placed in an aluminum

lock holder heated to 85 ◦C under constant stirring at 400 rpm. The
amples were kept under agitation until reaching equilibrium (2 h)
nd then filtered using 1 ml syringe with an attached polytetrafluo-
oethylene (PTFE) filter (0.22 μm pore size) to remove undissolved
olid lignin. The saturated liquid phase (ca. 0.1 g) was diluted with
imethyl sulfoxide or acetone (ca. 1.5 g), and 1,3-dioxalane was added
o the sample (ca. 0.1 g) to serve as an internal standard. The samples
ere quantified by gas chromatography with flame-ionization detection

GC-FID). Calibration curves for each solvent with the internal standard
ere obtained using known amounts of solvent and 1,3-dioxalane
issolved in DMSO or acetone (if the peaks of DMSO and solvent
ere overlapping). All solubility tests were performed in duplicate. The

ignin solubility was calculated using the following equations:

ignin solubility wt.% =
𝑚l

𝑚l + 𝑚solv
⋅ 100 (9)

y measuring the mass of solvent 𝑚solv and the mass of the filtrate
f iltrate, the mass of lignin 𝑚l was obtained using the following equa-

ions:

solv =
𝐹 ⋅ Areasolv ⋅ 𝑚IS

AreaIS
(10)

𝑚l = 𝑚f iltrate − 𝑚solv (11)

where 𝐹 denotes the response factor and the subscript IS refers to the
internal standard. A GC-FID system by Agilent Technologies (model no.
7890B) equipped with an HP-5 column was used for quantification.
6

Response factors and the GC conditions are given in the ESI. r
2.9.4. Lignin solubility measurement by evaporation
To validate the results of the GC-method above, we performed

several solubility measurements using the traditional gravimetric evap-
oration method. We used the procedure from Dick et al. [89], where the
filtered lignin solution is dried to remove the solvent and the mass of
dissolved lignin is quantified. In brief, dried lignin (0.1 g) was added to
the solvent (0.4 g) in a vial with a magnetic stirring bar. The vials were
sealed and placed in an aluminum block holder heated to 85 ◦C under
constant stirring at 400 rpm. The samples were kept under agitation
until reaching equilibrium (2 h) and then filtered to a tared vial using
a 1 ml syringe with attached PTFE filter (0.22 μm pore size) to remove
the undissolved solid lignin. The vials containing the filtered solution
were placed in the vacuum oven at 45 ◦C and 20 mbar, and dried
overnight. The vials were then re-tared to determine the mass of lignin.
The solubility was determined using the following equation and final
results were based on the average of two samples:

lignin solubility [wt.%] =
𝑚vial with dry lignin − 𝑚vial

𝑚vial with lignin solution − 𝑚vial − 𝑚dry lignin
(12)

This procedure has been applied to six solvents with BP < 150 ◦C
allowing them to be evaporated at 45 ◦C and 20 mbar.

2.9.5. Cellobiose solubility measurement
Cellobiose, a disaccharide unit of cellulose, was used as a proxy

model compound for cellulose owing to the limitation in accurately
quantifying solubility of commercially available microcrystalline cellu-
lose. Cellobiose (0.02–0.10 g) was added individually to 0.20–10 g of
solvent. For solvents that are liquid at room temperature, the mixture of
cellobiose and solvent was stirred vigorously in a vortex for 2 h at 25 ◦C
followed by stirring at 85 ◦C for 30 min. The mixture was then filtered
using a H-PTFE filter (0.22 μm pore size) to collect a homogeneous
solution of cellobiose in a glass vial. Solvents solid at room temperature
were mixed with cellobiose and heated to 85 or 100 ◦C (depending on
the MP of the solvent) for 30 min and subsequently filtered quickly. The
filtrate from the cellobiose solution was then added to 400 mM H2SO4
solution and shaken to extract the dissolved cellobiose into the aqueous
acid phase. The solubility of cellobiose in each solvent was measured as
the concentration of cellobiose extracted in the above 400 mM H2SO4
solution and detected by the high-performance liquid chromatography
(HPLC). The solubility of cellobiose was determined using Eq. (13) as
given below:

cellobiose solubility [wt.%] =
𝑚cellobiose

𝑚cellobiose + 𝑚solv
⋅ 100 (13)

he mass of cellobiose recovered in aqueous acid solution is denoted
s 𝑚cellobiose and the mass of solvent in the test solution is given as
solv. As the maximum solubility limits of cellobiose were unknown and
ould vary widely among solvents [90], the dissolution of cellobiose
as studied below the saturation point for individual solvents.

.9.6. Cellulose hydrolyzability as indicator of swelling/disruption
Due to limitation of direct measurement of solubility of cellulose in

he organic solvents, an indirect semi-quantitative method was devel-
ped to study the hydrolyzability of cellulose. The swelling/disruption
ffect of each solvent was studied based on varying degrees of the
ain product of cellulose hydrolysis (glucose) [91]. Ideally, based

n the amount of glucose produced, the amount of cellulose or its
ligosaccharide derivatives dissolved in each solvent can be estimated
sing the stoichiometry of hydrolysis [28,92]. However, as observed
n preliminary tests, the filtrate (0.22 μm pore size) of a mixture
f microcrystalline cellulose and most of the tested solvents did not
ontain any dissolved cellulose. Additionally, most common biomass
rocessing technologies based on solvents use elevated temperatures
nd acidic conditions. Therefore, the mixture of cellulose and each
olvent was directly hydrolyzed to glucose without any filtration (see
etails below) and then analyzed by HPLC. Literature shows that the
ates of cellulose hydrolysis is unaffected by the presence of a polar
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organic solvent when the concentration of the solvent is below 20 vol%
in total solution [93]. Therefore, under such hydrolysis conditions,
any changes in hydrolyzability of cellulose after swelling in a solvent
could be attributed solely to the swelling/disruption effects of the
solvent on cellulose during the pre-hydrolysis swelling. Cellulose (0.02–
0.1 g) was mixed individually with solvents (0.3–11.6 g) for 1.5 h
and then heated to 85 or 100 ◦C for 30 min (swelling period) and
ubsequently transferred into 5 ml of 2 M H2SO4 solution for hydrolysis
f the swollen, heated cellulose mixture. For solid solvents, only heating
t 85 or 100 ◦C for 30 min under stirring was conducted before
ydrolysis. There was no liquid–liquid phase separation between the
cidic solution and the solvents. Acid hydrolysis was conducted in Ace
lass reactors (6 ml capacity) where the concentration of acid was
ptimized to ensure that at least 1 mg cellulose in 1 ml of solvent
ould be fully converted to glucose via hydrolysis reaction. The reactor,
ightly sealed, was heated to 125 ◦C on a hot plate under stirring. The
ydrolysis reaction was conducted for 44 min followed by cooling to
oom temperature. The liquid product of acid hydrolysis was filtered
nd analyzed by HPLC. An anhydro-correction factor of 0.9 was used
o account for the additional mass of water in glucose occurring in
ydrolysis reaction:

ellulose hydrolyzability [wt.%] =
0.9 ⋅ 𝑚gluc,hydrolysis

𝑚cellulose,ini
⋅ 100 (14)

The mass of glucose produced during hydrolysis is expressed as
𝑚gluc,hydrolysis and the initial mass of cellulose is given as 𝑚cellulose,ini.
An Agilent Infinity 1260 HPLC system equipped with an Aminex HPX-
87H Column (300 mm × 7.8 mm; column temperature 60 ◦C) and a
Refractive Index Detector (RID) (G1362 A) was used to analyze the
carbohydrates in this study. Water with 5 mM H2SO4 at a flow rate
of 0.6 ml/min was used as the mobile phase with injection volume
of 20 μl. In HPLC, 400 mM H2SO4 solution was used as matrix for
calibration of cellobiose and glucose. The calibration was performed
using D-glucose and cellobiose standards (concentration range of 0.1–
10.0 mg/ml) to identify and quantify the sugars in the above cellulose
hydrolysis or cellobiose solutions. Each liquid sample carbohydrate
solution was analyzed by HPLC twice and we reported the average
result for each solvent tested.

3. Results and discussion

Accurate selection of suitable representative biomolecules is crucial
for reliable solubility predictions. Therefore, we analyzed the 𝜎-profiles
of each molecule and correlated experimental solubility data with
COSMO-RS predictions in Sections 3.1 and 3.2. The selected represen-
tative molecules were subsequently used for solubility predictions in
the computational high-throughput screening. The identified solvents
were ranked with respect to different process objectives (e.g. complete
dissolution of the biomass or ‘‘lignin-first’’ approach) in Sections 3.3.1–
3.3.3. The approach was validated in solubility experiments for the
lignin and cellulose fraction presented in Sections 3.4 and 3.5.

3.1. Initial assessment of representative molecules by 𝜎-profile analysis

The 𝜎-profiles for different representative biomolecules give insight
about their polarity, acidity and basicity. This is important for the sol-
vent screening as the properties of solvent and solute should be compat-
ible. We plotted 𝜎-profiles for all representative molecules (see Fig. 3)
and analyzed them to obtain a first overview of the physico-chemical
solute properties. Briefly, a 𝜎-profile represents the probability 𝑝(𝜎) of a
molecular surface segment to have a specific screening charge density
𝜎. The screening charge density determines the interaction energy with
other surface segments in the liquid phase. In COSMO-RS theory, 𝜎-
profiles are the basis for predicting the chemical potential, and hence,
basis for all following thermodynamic predictions. 𝜎-profiles can be
divided into a HBD region ranging from −0.01 to −0.03 e/Å, a rather
7

neutral region from −0.01 to 0.01 e/Å, and subsequently until 0.03
e/Å a HBA region. The 𝜎-profiles of all cellulose representatives (see
Fig. 3(a)) show strong HBA- and HBD-behavior, as visible by the peaks
at 0.017 and −0.018 e/Å, respectively. This is not only indicative of
interactions with potential solvents via hydrogen bonding, but also for
intramolecular hydrogen bond formation. Additionally, the cellulose
fraction shows a peak in the neutral region at −0.007 e/Å arising
from the sugar carbons. For the 𝜎-profile analysis of cellulose, we
also included glucose, as its water-soluble monomer. With increasing
chain length, peak height increases, especially in the neutral region
which indicates decreasing water-solubility for the cellulose oligomers.
The profile of the capped cellotetraose molecule, which only considers
cellobiose as repeating unit, resembles that of glucose in the HBA/HBD
region, and cellobiose in the neutral region. For glucose, the peak
in the neutral region is low compared to its peaks in the HBA/HBD
region which correspond to its high water solubility in contrast to the
other representatives. Overall, a solvent capable of cellulose dissolution
should form strong intermolecular hydrogen bonds and additionally
have neutral screening charges. The 𝜎-profiles of the hemicellulose
representatives (see Fig. 3(c)) have high similarities to that of cel-
lulose leading to strong abilities for hydrogen bond formation. All
lignin representatives (see Fig. 3(b)) show two distinct peaks in the
neutral region at −0.005 and −0.0025 e/Å caused by the slightly
electropositive hydrogen atoms of the aromatic rings and its carbon
atoms, respectively. The 𝜋-face of the aromatic ring leads to the peak
at 0.008 e/Å, which is consequently the highest for the trimeric lignin
representatives. The oxygen atoms of the 𝛽-O-4 bonds and the free
hydroxy groups lead to HBA-behavior. Additionally, a small peak in the
HBD region is visible, originating from the hydrogen atoms of the free
hydroxy groups. Therefore, inter- and intramolecular hydrogen bonding
is possible, but with less intensity compared to the cellulose and hemi-
cellulose representatives. Compared to the 𝜎-profiles of the cellulose
representatives, the peaks in the neutral region of lignin are broader.
This peak behavior indicates different solubilization mechanisms and
the possibility for solvent-based separation of lignin from cellulose and
hemicellulose.

3.2. Verification of representative molecules

The structure of lignin depends on its biological source and the
applied extraction method leading to different solubility behavior [94].
Moreover, lignin can be tailored towards desired solubilities [89].
Therefore, lignin structures for modeling should be selected carefully
to better represent the target lignin. Sameni et al. reported solubilities
for alkaline lignin isolated from an industrial mix of hardwood and non-
wood species, Kraft lignin from eucalyptus, Indulin AT (commercial
softwood Kraft lignin), and protobind (commercial non-wood soda
lignin) [94]. In order to assess how COSMO-RS predictions correlate
with experimental data, we compared experimental data for lignins
with three compilations of COSMO-RS prediction results by linear
regression analysis: averaged COSMO-RS solubilities for monolignols,
dimers, trimers; an average of all monolignols, dimers and trimers al-
together; and a single conformer of the 1500 g/mol lignin fragment. We
removed experimental data points for DMSO and pyridine, as the lignin
saturation was not reached in the experiments. For the remaining 9
data points, we converted COSMO and experimental solubility to wt.%
as given in Eq. (9) and performed linear regression. The correlation
coefficients 𝑅2 are shown in Table 1.

We obtained the most robust and highest correlations using the
averaged solubilities of monolignols, dimers and trimers denoted as
averagem,d,t (Table 1). Correlation coefficients varied strongly among
the wood species and the representative molecules. We therefore highly
recommend a detailed analysis of representative molecules tailored
towards the used type of wood. Surprisingly, we obtained higher cor-
relations using lignin monomers compared to the 1500 g/mol lignin
fragment for Kraft and Soda Protobind lignins. For alkaline lignin, the
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Fig. 3. 𝜎-profiles of the representative molecules from each biomass fraction.
Table 1
Correlation coefficients R2 from linear regressions between solubilities for lignin from different sources and COSMO-RS
predictions for lignin monomers, dimers, trimers, the 1500 g/mol lignin fragment and the average of all monomers, dimers,
and trimers. Experimental data was taken from [94].
Lignin type Monolignols Dimers Trimers Lignin fragment Average𝑚,𝑑,𝑡
Lignin hardwood/non-wood 0.2513 0.0694 0.6738 0.6801 0.7074
Kraft lignin (Eucalyptus) 0.6926 0.0931 0.3845 0.2398 0.6901
Indulin AT 0.0574 0.5589 0.7705 0.5462 0.4747
Protobind 0.6552 0.7791 0.497 0.3260 0.7749
1500 g/mol lignin fragment was found to be the best representative
of the real structure, while for other lignins trimers led to improved
correlation. This result was probably due to the fact that alkaline lignin
has the highest H-content while our representative molecules contain
mostly S and G units. Another possible cause is that alkaline lignin has
a more than 2-fold higher molecular weight (13,488 g/mol) compared
to others [94]. Nevertheless, despite the detailed modeling, the 1500
g/mol lignin fragment was not unreservedly the best representative
molecule. The poor performance of the fragment might be caused
by the fact that lignin is an amorphous polymer which changes its
conformation based on the solvent environment. Especially in unfa-
vorable solvents, lignin forms globules in order to minimize solvent
exposure [95]. As a result, only certain parts of the surface area of such
a fragment, or its 𝜎-surface would be accessible to the solvent. In our
study, we only modeled one conformer for the large lignin fragment
and a broader range of possible conformations was not captured.

In contrast to the flexible lignin polymer, cellulose is rigid and
recalcitrant. Only few solvents with the ability to dissolve cellulose
are known, e.g. several ILs [96,97] and NMMO which is used in the
lyocell process [98]. We used experimental cellulose solubilities from
Vitz et al. [96] and Zhao et al. [97], where cellulose was dissolved
in several ILs at temperatures of 100 ◦C and 110 ◦C, respectively. We
sed the representatives molecules for cellulose as given in the ESI for
OSMO-RS solubility predictions. We converted the given data points
nd COSMO-RS predictions to wt.% as given in Eq. (13) and performed
inear regression. We excluded all ILs containing Cl−-ions from the
nalysis, as there are known to be systematic deviations in COSMO-RS
redictions [34,35]. As a result, we obtained a correlation coefficient
f R2 = 0.7053 for the capped cellotetraose molecule. Correlation
oefficients for cellotetraose, cellotriose and cellotriose were 0.3691,
.3752, and 0.2476, respectively.

Based on these results, we decided to use the capped cellote-
raose molecule as a representative molecule for the cellulose fraction
s it gave the highest correlation coefficient. For lignin, we chose
epresentation by the average values of monolignols, dimers, and
rimers average𝑚,𝑑,𝑡. By analogy with cellulose, we used the capped glu-
8

uronoxylan molecule to represent the hemicellulose fraction. Overall,
the comparison of experimental solubility data with COSMO-RS predic-
tions for lignin and cellulose highlighted the importance of identifying
meaningful representative molecules and confirmed the suitability
of COSMO-RS for qualitative solvent comparison for lignocellulose
processing.

3.3. Screening results

Of the initial 8011 molecules, 84% met the structural constraints
(see Section 2.2). After screening for favorable MPs and BPs, 3525
potential solvents remained for solubility predictions as shown in Fig. 4.
The COSMO-RS predicted solubilities of all biomass fractions in the
identified solvents and their EHS score is visualized in Fig. 5(a). Sol-
vents with high solubilities of all three biomass fractions with high EHS
scores are located in the proximity of

[

log10(𝑥c), log10(𝑥l), log10(𝑥h)
]T =

[0, 0, 0]T. As the number of identified solvents was small, we then
relaxed the requirements for high hemicellulose solubilities and high
EHS scores. Therefore, we considered solvents in the proximity of
[

log10(𝑥c), log10(𝑥l)
]T = [0, 0]T (Fig. 5(b)). Interestingly, there was no

solvent with the ability to exclusively extract cellulose within the
search space, as all solvents that are predicted to have a high cellulose
solubility co-extract lignin. However, we identified several solvents,
which were predicted to be selective towards lignin. These solvents
are especially interesting for use in ‘‘lignin-first’’ biomass fractionation
approaches. In the following, we formulated three main objectives and
ranked solvents in each objective: (i) solvents with high EHS score for
the joint dissolution of all lignocellulose fractions, (ii) solvents for the
joint dissolution of lignin and cellulose, (iii) solvents for selective lignin
extraction. Complete lists of solvents for each objective were added to
the ESI.

3.3.1. Objective 1: Solvents with high EHS score for the joint dissolution of
all lignocellulose fractions

Up to now, few solvents are known to dissolve all biomass fractions
of lignocellulose. High EHS score of the solvent candidate would be an
essential feature for its implementation in industry. The discovery of
such solvents would open new perspectives in lignocellulose processing.

[ ]T
Therefore, we chose 𝑜(𝑡, 𝑒) = 𝑥c, 𝑥l, 𝑥h,EHS score = [1, 1, 1, 1] as
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Fig. 4. Screening steps of the computational solvent screening. Numbers above the arrows indicate the amount of eligible solvent candidates after each step.
Fig. 5. COSMO-RS predicted solubilities of the biomass fractions and their corresponding EHS score. Note that solubilities are given in log-units, therefore, zero denotes the highest
solubility.
Table 2
ILs for the joint dissolution of cellulose, lignin and hemicellulose. The distance from the optimal point 𝑜(𝑡, 𝑒) =

[

𝑥c , 𝑥l , 𝑥h ,EHS score
]T = [1, 1, 1, 1]

is given as 𝑑
(

𝑜, �⃗�
)

. Solubilities for each biomass fraction are given in logarithmic scale. MPs were obtained from Iolitec [56], no BPs were
stated. RT indicates room temperature. EHS properties were taken from the PubChem database [58].a

IL 𝑑
(

𝑜, �⃗�
)

log10(𝑥c) log10(𝑥l) log10(𝑥h) MP [◦C] EHS

[Chol][OH] 0.00 0.00 0.00 0.00 n.a. n.a.

[P666,14] [BTMP] 0.00 0.00 0.00 0.00 < RT irritant, corrosive,
environmental hazard

[BMIM] [OAc] 0.08 0.00 −0.04 0.00 < RT n.a.

[EMIM] [OAc] 0.49 0.00 −0.29 0.00 < RT irritant

[MMIM] [DMP] 0.70 −0.20 −0.37 −0.07 < RT corrosive, irritant

[EMIM][DMP] 0.75 −0.37 −0.18 −0.18 23 corrosive, irritant

[EMIM][DEP] 0.77 −0.46 0.00 −0.23 < RT corrosive, irritant

[BMIM][DBP] 1.01 −0.72 0.00 −0.40 < RT irritant

[P666,14][Dec] 1.05 −0.96 0.00 −0.35 ∼ RT corrosive

a[Chol], choline; [OH], hydroxide; [P666,14], trihexyltetradecylphosphonium; [BTMP], bis(2,4,4-trimethylpentyl)phosphinate; [BMIM], 1-butyl-
3-methylimidazolium; [OAc], acetate; [EMIM], 1-ethyl-3-methylimidazolium; [MMIM], 1,3-dimethylimidazolium; [DMP], dimethyl phosphate;
[DEP], diethyl phosphate; [DBP], dibutyl phosphate; [Dec], decanotate.
optimal point (see Fig. 5(a)). After raking the solvents, we identified
several ILs that lie at or near the optimal point (Table 2). The two best
performing ILs were [Chol][OH] and [P666,14][BTMP]. [Chol][OH]
is an alkaline IL which was already proposed for the valorization of
agricultural waste [99]. In combination with urea, it forms a DES which
can dissolve 9.5 wt% cellulose [100]. To the best of our knowledge, for
[P666,14][BTMP] there exists no experimental data on lignocellulose
solubility in literature. However, phosphonium-based ILs are known
to dissolve lignocellulosic biomass well [101,102]. In agreement with
experimental data, our approach identified [EMIM][OAc] which is
able to completely dissolve wood chips [103]. Zavrel et al. dissolved
different wood species in [EMIM][OAc] and [MMIM][DMP] [104].
According to Vitz et al. [EMIM][OAc] and [BMIM][OAc] dissolve 8 and
14 wt% cellulose, respectively.

The DESs included in the screening are predicted to lead to a limited
cellulose solubility, which is reflected by their distance from the de-
fined optimal point. Nevertheless, choline chloride in combination with
imidazole was ranked the highest among the DESs and was reported
to dissolve 2.48 wt% of cellulose [105]. An organic solvent that was
located at the defined optimal point was 18-crown-6 ether (see Table 3
9

for chemical structure). According to its safety datasheet, there are no
EHS concerns and our experiments showed that 18-crown-6 ether is
indeed a powerful solvent for lignin and cellulose (see Sections 3.4
and 3.5). Interestingly, the distance from the optimal point decreased
rapidly after the first four ranks in general, mainly caused by low
cellulose solubilities. Overall, of the 8011 potential solvent candidates
only 8 ILs and the 18-crown-6 ether were close to the defined optimal
point. Hence, we decided to focus the search on high lignin and
cellulose solubilities only and neglect the hemicellulose fraction that
can normally be separated in the aqueous stream. The EHS score is a
useful metric to quantify beneficial EHS properties, however, it also
restricts the search space. Therefore, we also removed the EHS score for
the following objectives to obtain more potential solvent candidates in
order to gain a better understanding of chemical structures of suitable
solvents.

3.3.2. Objective 2: Solvents for the joint dissolution of lignin and cellulose
In order to promote the discovery of solvents, we relaxed the

search criteria and defined the optimal point as 𝑜(𝑡, 𝑒) =
[

𝑥c, 𝑥l
]T =

[1, 1]T (without hemicellulose solubility and EHS score). In agreement
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Table 3
Identified solvents for joint lignin and cellulose dissolution. EHS criteria and hemicellulose solubilities were neglected in the
ranking. The distance from the optimal point 𝑜(𝑡, 𝑒) =

[

𝑥c , 𝑥l
]T = [1, 1]T was zero for all solvents presented in the table. Unless

otherwise stated, all properties were obtained from the respective safety data sheets.
Solvent MP [◦C] BP [◦C] EHS Structure

1-methylpiperidine-1-oxide n.a. n.a. n.a.

18-crown-6 ether 42–45 118
(0.07 mbar)
[107]

irritant

Dimethylselenoxide n.a. n.a.

acutely toxic,
health hazard,
environmental
hazard
with Section 3.3.1, we identified the ILs given in Table 2 and 18-
crown-6 ether. Table 3 lists the best solvents for joint dissolution
of lignin and cellulose located at the defined optimal point. We did
neither find experimental data for lignocellulose processing using 1-
methylpiperidine-1-oxide, nor was it commercially available. However,
1-methylpiperidine-1-oxide has close structural similarities to the sol-
vent NMMO which is known to have excellent properties for cellulose
dissolution but suffers from low thermal stability and relatively high
price. Another effective solvent for joint lignin/cellulose dissolution
was triethylamine-n-oxide with slightly lower cellulose solubility com-
pared to the solvents presented in Table 3. The n-oxide-based structures
could serve as a basis for directional synthesis of these or similar
solvents for biomass, as the extraordinary polarity of N-O bond could
significantly facilitate dissolution due to its strong hydrogen bonding
ability. Dimethyl selen oxide is highly toxic. It is the selenium analog of
DMSO but has even higher HBA properties [106], which can potentially
increase lignocellulose solubility. Similar to objective 1, no DES could
compete with the solvents from Tables 2 and 3.

3.3.3. Objective 3: Solvents for selective lignin extraction
Solubility of lignin alone has been a matter of extensive studies over

the years [32,108,109]. High lignin solubility is essential for producing
clean and homogeneous lignin streams that can be further valorized
into valuable aromatic materials. Efforts have been put into finding
suitable solvents that also meets green chemistry principles. Therefore,
for this objection, we defined the optimal point as 𝑜(𝑡, 𝑒) =

[

𝑥c, 𝑥l
]T =

[0, 1]T (low cellulose, high lignin solubility). Solvents near the optimal
point selectively target lignin, while cellulose remains as an easily
separable solid, which is the case for common fractionation approaches.
The EHS score was neglected at this stage but addressed later manually
which allowed us to discover a higher number of molecules. A large
number of identified solvents allows to gain insights into the underlying
structural patterns causing high lignin solubilities. We identified in
total 104 organic solvents, one IL, and 4 tetrabutyl ammonium-based
DESs with a distance of ≤ 0.5 from the optimal point. Commercially
available solvents identified for this objective are presented in Table 4.
From the list, we identified many structural similarities among the most
promising solvent candidates. The identified solvents belong to four
major classes: azines (pyridines, pyrazines, pyrimidines, pyridazines,
triazines), sulfoxides, oxazolines, and phosphonates. Alcohols, such as
ethanol, 2-propanol or 1-butanol, commonly applied in RCF and in
industrial organosolv showed comparably low lignin solubilities. 1,4-
dioxane, another commonly used solvent in lignocellulose processing,
was predicted to have a high lignin solubility. However, 1,4-dioxane
is a known carcinogen linked to organ toxicity and known as envi-
ronmental contaminant in contrast to many other identified solvents
that have more benign EHS properties. These predictions underline how
distinctive our results are from the state-of-the-art and give directions
for original process design featuring newly discovered solvents. These
solvents might have not only better solubility profiles but also more
benign EHS characteristics since the EHS score for most of the identified
chemicals from Table 4 is > 0.8.
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3.4. Experimental lignin solubilities in the predicted solvents

To test commercially available substances that were identified
specifically for lignin extraction we selected 21 chemicals from ob-
jective 3 and measured solubility of four types of lignin in them
(Fig. 6 and ESI). Different lignin targets were chosen due to (i) high
abundance (Kraft lignin accounts for about 85% of the total lignin
production in the world), (ii) high potential for commercialization,
(iii) high similarity to native lignin structure (mild acidolysis and
FABIOLATM lignins), (iv) diversity of biomass species (birch wood,
beech wood, corn cobs) [110]. For better comparison, in addition to
the chemicals with lowest distance to the optimal point 𝑑

(

𝑜, �⃗�
)

, we also
tested chemicals from the middle of the ranking (pyrazole, 1,4-dioxane)
and very end (dibutyl ether, n-heptane).

Lignin solubility is usually determined by two methods: by mea-
suring the mass of non-dissolved lignin after filtration of the initial
lignin solution or by measuring the mass of solubilized lignin left after
evaporation of the filtered lignin solution. However, both methods are
not suitable for solvents that are solids at room temperature and/or
high-boiling due to their low volatility (e.g. 18-crown-6 ether, pyrazine,
4-piperidinopyridine). UV–Vis methods that measure absorbance of
filtered lignin solution diluted with other solvents (e.g. DMSO) lack
sufficient sensitivity. In this study, we used the previously described
original method for measuring lignin solubilities using GC-FID (Sec-
tion 2.9.3). Only 6 solvents out of the selected 21 had boiling point
< 150 ◦C (2-methyl-2-oxazoline, 4-methylpyrimidine, 1,4-dioxane, 2-
methyltetrahydrofuran, dibutyl ether, n-heptane), allowing them to be
evaporated relatively easily. For them, we repeated the measurements
using the solvent evaporation method (Section 2.9.4) to validate the
results of the GC-based method. As shown in Fig. 6, the solubility of all
4 types of lignin was very high in the predicted solvents (≥ 20 wt%),
while the low ranking candidates (dibutyl ether, n-heptane) showed al-
most 0 wt% lignin solubility. When preparing the initial lignin solutions
at concentrations higher than 20–25 wt%, their filtration was hindered
due to the high viscosity of the solvent/lignin mixture. Therefore, we
could not reach the solubility limit for most of the selected solvents.
Nevertheless, for a few of them, we were able to prepare and filter
solutions with solubilized lignin at > 33 wt% (DMSO, crown ether,
diethyl sulfoxide, diethyl methylphosponate), although the solubility
limit was still not reached. An automated filtering system with several
membranes of different sizes designed for high-viscosity samples could
make it possible to determine the exact solubility values of lignin in
the selected solvents. However, the obtained data is sufficient to prove
high lignin solubilities in the high ranking solvents and reliability of the
developed computational method. In general, the solubility of lignins in
the predicted solvents was comparable with that in DMSO, which is a
known good solvent for lignin. Interestingly, 2-methyltetrahydrofuran
(2-MeTHF) which is a common sustainable solvent for organosolv
processes [12,111], demonstrated mediocre lignin solubility (around
15 wt% in average).
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Table 4
Identified solvents for selective lignin extraction. The distance from the optimal point 𝑜(𝑡, 𝑒) =

[

𝑥c , 𝑥l
]T = [1, 0]T is given as 𝑑

(

𝑜, �⃗�
)

. In the table
only solvent candidates with 𝑑

(

𝑜, �⃗�
)

≤ 0.2 are shown. Unless otherwise indicated, MPs, BPs, and EHS criteria were obtained from the respective
safety data sheets.

Solvent 𝑑
(

𝑜, �⃗�
)

log10(𝑥c) log10(𝑥l) MP [◦C] BP [◦C] EHS Structure

2-methyl-2-oxazoline 0.00 −2.89 0.00 n.a. 100 flammable

Pyrrolidine-
1-carbaldehyde

0.00 −3.21 0.00 n.a. 92 irritant [58]

Diethyl-
methylphosphonate

0.00 −2.74 0.00 n.a. 194 irritant

Diethylsulfoxide 0.00 −2.51 0.00 14 [58] n.a. n.a.

4-piperidino-
pyridine

0.01 −2.33 0.00 78 n.a. toxic,
corrosive

Dimethyl-
methylphosphonate

0.01 −2.22 0.00 < 50 [58] 181 [58] flammable,
irritant,
health hazard
[58]

4-pyrrolidino-
pyridine

0.01 −2.31 0.00 54 n.a. corrosive,
acute toxic

Dimethylsulfoxide 0.02 −1.66 0.00 16 189 irritant

4-methoxypyridine 0.04 −2.84 −0.02 n.a. n.a. irritant

Dimethyl
ethylphosphonate

0.04 −3.24 −0.02 n.a. n.a. toxic

5-bromo-1-methyl-
1h-imidazole

0.05 −2.46 −0.02 40 110 irritant

n,n-dimethyl-
acetamide

0.07 −3.41 −0.03 −20 164 irritant,
health hazard

Pyrimidine 0.08 −2.57 −0.04 19 123 flammable

5,5-dimethyl-
1-pyrrolin-n-oxide

0.10 −3.49 −0.04 25 78 (0.5 hPa) n.a.

1-methylimidazole 0.12 −0.94 0.00 −6 198 toxic,
corrosive

4-methylpyrimidine 0.12 −3.14 −0.06 n.a. 141 flammable

Pyrazine 0.14 −2.82 −0.06 50 115 flammable

5-methyl-
pyrimidine

0.15 −3.16 −0.07 33 n.a. flammable,
irritant

Dimethylformamide 0.15 −3.25 −0.07 −61 153 flammable,
health hazard,
irritant

Pyridine 0.20 −3.14 −0.10 −42 115 flammable,
irritant
In general, COSMO-RS predictions were qualitatively in line with
the experimental results (Fig. 6). For low lignin solubilities such as in
n-heptane, dibutyl ether and 2-MeTHF, COSMO-RS predicted correct
absolute lignin solubilities. For higher solubilities, COSMO-RS predic-
tions deviated from the experimental results because (i) saturation in
the solubility experiments was not reached for most of the solvents,
(ii) the approximate COSMO-RS predictions converge to full dissolution
for very high solubilities [73]. COSMO-RS correctly identified solvents
with low solubilities which is crucial for the presented framework and
allows to selectively exclude unsuitable solvents.
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Most of the solvents shown in Table 4 and Fig. 6 have a high EHS
score (> 0.8) and can be promising potential candidates for inclusion
in the existing lignin treatment processes or for innovative process
design. Opportunities are especially interesting for solvent candidates
with ‘‘unusual’’ physical properties, such as high MP. Lignin treatment
in such solvents will require reformulation (potentially for the bet-
ter) or preparation of new procedures for recovery and recycling of
these solvents. Inspiration can be taken from the processes with DESs
as solvents, where addition of antisolvents (e.g. acetone), extraction,
crystallization and other techniques are used to recover the main
solvent [112].
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Fig. 6. Experimental solubilities in different solvents for Kraft lignin, Birch MAL, Corn cob MAL, and FABIOLATM lignin (bars) and COSMO-RS solubility predictions (dots). The
maximum solubility could not be reached for several solvents due to high viscosity of the solvent/lignin mixtures as indicated by bars with arrows. Please note the different axis
scaling for COSMO-RS predicted lignin solubility and experimental values.
Fig. 7. Cellobiose solubility and cellulose hydrolyzability were measured in various solvents. During cellobiose solubility measurements, rapid crystallization occurred in pyrazole
nd triethylamine-n-oxide, therefore, these solvents were excluded.
.5. Experimental cellobiose solubility and cellulose hydrolyzability in the
redicted solvents

Cellulose solubility measurement in organic solvents is challenging
ue to its highly recalcitrant structure arising from crystallinity and H-
onding network within the biopolymer inhibiting its dissolution. For
his reason, this study mainly focused on investigating the solubility
f cellobiose in the selected solvents. In addition, solvent effects on
ellulose disruption and swelling, measured through its subsequent
nfluence on acid hydrolysis of cellulose to glucose, was also analyzed
s an indirect indication of cellulose swelling/disruption in different
olvents. After mixing cellulose with each solvent followed by heating,
he extent of swelling/disruption of cellulose in that solvent was charac-
erized based on the amount of hydrolyzed cellulose, i.e. higher amount
f cellulose hydrolysis indicates stronger disruption/swelling effects in
he tested solvents.

Fig. 7(a) shows that cellobiose solubility was most effective in 4-
yrrolidinopyridine and 5-bromo-1-methyl-1H-imidazole followed by
ood solubility in water, dimethyl methylphosphonate, DMSO and 1-
ethylimidazole. Generally, this behavior of cellobiose solubility is in

ine with predicted cellulose solubilities. However, some exceptions are
otable. Water, in which the capped cellotetraose model has a predicted
olubility of 8.73 wt%, could easily solubilize cellobiose to a reasonable
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extent in our tests. Similarly, 5-bromo-1-methyl-1H-imidazole showed
a good ability to dissolve cellobiose (1.48 wt%) despite lower pre-
dicted cellulose solubility. On the other hand, 18-crown-6 ether and
4-piperidinopyridine, exhibited a significantly lower ability to dissolve
cellobiose compared to other solvents despite higher predicted cellulose
solubility. The measured cellobiose solubility, cellulose hydrolyzability
and COSMO-RS predictions for the solubility of the cellulose fraction
can be found in the ESI.

The effect of solvents on cellulose disrupting/swelling was gener-
ally significantly different than their effects on cellobiose solubility.
Fig. 7(b) shows that 18-crown-6 ether and 4-piperidinopyridine both
had a strong effect on cellulose disruption/swelling, as observed by
hydrolyzed cellulose content in these solvents. Interestingly, these two
solvents performed poorly in dissolution of cellobiose, demonstrat-
ing that the three-dimensional structure of cellulose has a big im-
pact on its interaction with solvents. This also shows importance of
developing new approaches towards plausible representation of cel-
lulose for computational tools. Dimethyl methylphosphonate, DMSO,
trimethylamine-n-oxide and 5-bromo-1-methyl-1H-imidazole affected
cellulose hydrolysis to a relatively high extent (> 5 wt-%) likely due to
their known ability to form strong hydrogen bonds. Trimethylamine-n-
oxide self-associates similarly to surfactants, which may be necessary
factors for disrupting cellulose [113]. Other solvents had relatively
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moderate effects on cellulose disruption/swelling (≤ 5 wt% hydrolyzed
cellulose) or low cellulose hydrolyzability with 1-methylimidazole and
pyrazole < 1 wt% hydrolyzed cellulose. Pyrazole, as predicted by the
model, had a poor effect on cellulose (nearly 0 wt% hydrolyzed). On
the other hand, despite low predicted solubility, water showed high
disruption/swelling (11.8 wt% hydrolyzed cellulose), confirming the
same trend that we observed in the cellobiose experiment. In our
computational approach, we cannot account for the highly specific
and unusual behavior that water molecules normally exhibit [114].
Considering the challenges of accurately predicting and experimentally
measuring cellulose solubility or even disruption and swelling in or-
ganic solvents, this model can be used as an initial indicator of solvents
that might be effective in solubilizing cellulose. However, caution
must be followed as exceptions exist that need further experimental
validation. Experimental solubility tests with advanced techniques such
as microscopic images, NMR using cellulose as well as its representa-
tive cello-oligosaccharides can be conducted to further investigate the
accuracy of this model.

4. Conclusions

We developed a QM-based solvent screening framework for the
processing of lignocellulosic biomass. The computational framework
utilizes thoroughly assessed representative biomolecules for solubility
predictions of the biomass fractions and QSAR models for the prediction
of EHS properties. Notably, the tool allowed identification of non-
intuitive organic solvents as well as ILs and DESs, featuring high lignin
solubilities, sometimes exceeding 33 wt% as confirmed in the experi-
ments. The screening approach elucidated functional groups beneficial
for high lignin solubility, which were sulfoxides, azines, oxazolines and
phosphonates. The identified solvents have favorable EHS properties
and, thus, clear advantages over solvents being commonly used in
lignocellulose processing which often suffer from either low biomass
solubilities, such as alcohols, or high toxicity, such as 1,4-dioxane.
Most of the identified chemicals are not frequently used or have very
specific practical application in industry or laboratory, and are not
commonly used as solvents. This paves a way for new opportunities for
the utilization of these chemicals. In addition to solvents that might
be useful in current ‘‘lignin-first’’ methods, our screening procedure
identified solvents for the joint dissolution of all biomass fractions.
Namely, the IL [EMIM][OAc] and 18-crown-6 ether were predicted to
have high solubilities for all biomass fractions and additionally have
green EHS criteria. The screening tool also revealed many interesting
candidates among DESs. Although their ability to dissolve biomass was
predicted to be lower than that for ILs and organic solvents, they are
still promising green media since they are synthesized from renewables.
The newly identified solvents present alternatives to the state-of-the-art
organosolv and RCF processing and provide improvements in terms of
solubility and EHS properties. These results open new possibilities for
lignocellulose fractionation, process design, and deliver useful guidance
for targeted lignocellulose solvent design. The proposed framework
is applicable for other biomass sources and could facilitate rational
solvent selection for biorefinery processes. As a future perspective,
the viability and sustainability of the identified solvents in biorefinery
processes including fractionation and downstream processing should be
determined. Analyses of the identified chemicals in terms of stability,
recovery, recycling, cost, and product selectivity are required for their
implementation in a specific biorefinery process.
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