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Abstract

The solubility parameter (SP) of a molecular species is a vital feature that evaluates polarity and
quantifies the ‘like-seeks-like' principle, which is used in chemistry to screen solvents for
dissolution. Recent studies demonstrated that ionic liquids (ILs) and deep eutectic solvents (DESs)
efficiently solubilize lignocellulosic biomass and promote enzymatic saccharification for
production of sugars used for production of biofuels and value-added chemicals. Understanding
the solubility of plant biopolymers, particularly lignin, in ILs and DESs is critical for selecting
candidate ILs and DESs for biomass pretreatment; however, experimentally measuring SPs are
challenging. Thus, the present study investigates lignin dissolution mechanisms in IL/DES and
prediction of the solubility parameters (Hildebrand and Hansen) of lignin, ILs, and DESs using
multi-resolution simulation approaches. Solubility parameters of studied compounds were
predicted using molecular dynamics (MD) simulations, and the SPs of lignin were determined to
be 23-27 MPa'?, which was close to the polymeric lignin solubility parameters (24.3-25.5
MPa'’?). The SPs of ILs namely [Ch][Lys], [Ch][Oct], and [Emim][Lys] were predicted to be ~26
MPa!”2, which is close to lignin’s SPs and resulted in increased biomass delignification. The MD
simulated SPs were validated by both the COSMO-RS model and experimental investigations,
with the results showing a close agreement between predicted and experimental SPs. In addition,
the enthalpy of vaporization (AH,,,) of the ILs/DESs was predicted based on the potential energy
of the system, and the AH,,, of ILs/DESs was around 40-65 kcal/mol, which is 5-8 times higher

than the traditional organic solvents.
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1. Introduction

Lignin is one of the major constituents of lignocellulosic biomass along with cellulose and
hemicellulose and is the most abundant known renewable source of aromatics.!? It is a complex
heterogeneous biopolymer composed of three major phenylpropane units: p-coumaryl, coniferyl,
and sinapyl. These phenylpropane monomers are firmly bonded together by C—O—C ether (carbon-
oxygen: B—0—4, a—0—4, and 4-0O-5) and C-C interunit (B—f, p—5, p—1, and 5-5) bonds.>-> In
lignin, f—O—4 bonds are the most ubiquitous ether linkage, accounting for 40-65 % of all inter-
subunit linkages. Additionally, lignin contains a variety of functional groups, including methoxy,
phenolics, aliphatic hydroxy, cyclic and noncyclic ethers, and carbonyl groups, all of which alter
its polarity and reactivity.>® The lignin structure is further complicated by H-bonds between
neighboring O-containing groups and m-m interactions between aromatic moieties, which
strengthen its recalcitrance to facile deconstruction.” Nevertheless, the utilization of lignin as a
feedstock for the production of hydrocarbons and chemicals offers a significant opportunity for
enhancing the overall operational efficiency, carbon conversion rate, economic viability, and
sustainability of biorefinery processes.? Lignin solubilization and subsequent fractionation remains
a key barrier for biorefineries due to its recalcitrance, heterogeneity, strong interactions, and
hydrophobicity.!® Hence, suitable solvents are required to enable lignin solubilization and
separation.

Over the past few decades, ionic liquids (IL), organic salts with a melting temperature
lower than 100 °C!"13) have emerged as potent biomass solvents and have opened new
opportunities for efficient (bio)polymer processing.!#!® ILs exhibit several attractive properties
such as having negligible vapor pressure, being non-flammable, non-toxic, high thermal and
chemical stability, and acting as catalysts for specific reactions. Slight modifications to the

structure of the cation and/or anion produces in an enormous range of potential ILs encompassing
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a wide variety of solvent properties, and it has been demonstrated that the anion of IL plays a
predominant role in the dissolution of (bio)polymers.!!-!° In another study, the alkyl chain length
and the aromaticity of the IL cations were reported to have a significant effect on the dissolution
of the biomass sugar polymers and lignin.?? In addition to ILs, deep eutectic solvents (DES) have
also emerged as green solvents and show numerous appealing properties like ILs, i.e., low vapor
pressure, a wide range of liquid, good chemical and thermal stability, and excellent tunability.?!
DES are prepared by mixing two or more low-cost chemicals, which, in many cases, consist of a
hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) mixed at a specific molar ratio
to turn them into a liquid state at room temperature.?> IL-based and DES-based pretreatment
solvents offer several advantages, including reducing biomass particle size, reduction of cellulose
crystallinity, and selective extraction of lignin from biomass, thus enhancing fermentable sugar
release.!423-2

The interactions between different solvents and solute have been extensively studied to
better understand how specific solvent-solute interactions and mixing processes influence
solubility.?6-28 The activity coefficient and the Flory-Huggins interaction parameter are often used
to quantify the interaction between solvent and solute when selecting the proper solvents for a
specific application.??2% As an alternative, computing solubility parameters based on physical
theory can be used to screen solvent systems for solubility of specific solutes. Hildebrand and Scott
introduced the Hildebrand solubility parameter, which is an important physicochemical parameter
and provides a reference in solvent selection and predicting material compatibility.’® When the
Hildebrand solubility parameter values of solute (e.g., lignin) and solvent (IL or DES) are close,
solute is miscible in such solvents.?!32 Hansen further refined the concept of Hildebrand solubility

parameters with Hansen solubility parameters (HSP), where the Hildebrand value was broken
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down into three contributing factors: 1) dispersion forces, dg4, 1) polarity, J,, and iii) hydrogen
bonding, J,. The motivation for HSP was to quantify the miscibility and immiscibility patterns
between the different chemical species.30-33

The performance of HSP model has previously been demonstrated for lignin solubility
using different solvent systems.??3134-3¢ Various methods are used to measure the solubility
parameters of chemical species, such as swelling, group contribution method, inverse gas
chromatography (IGC), and viscosity measurements.3?3437 Due to a large number of possible ILs
and DESs and limited availability of experimental polarity data, it is not straightforward to select
the best solvent for a specific application based on experimental measures. Hence, molecular
simulation (e.g., molecular dynamics and continuum solvation models) provide a powerful
approach to estimating the polarity of a solvent by the computation of the dispersion, polar, and
hydrogen bonding contributions of the solubility parameters (SPs). Molecular simulations have
indeed been used to compute the SPs of hybrid solvents (ILs, DESs, and organic solvents),
pharmaceuticals, and (bio)polymers. Based on the reported lignin solubility parameter of 27.2-28
MPa®> 3839 Balaji et al. (2012)3? and Wang et al. (2014)38 screened various ILs for solubilization
of lignin based on solubility parameters computed using COnductor like Screening MOdel for
Real Solvents (COSMO-RS) model and IGC method, respectively. Hansen and Bjorkman*
reported lignin solubility parameters of §, = 14.9 MPal!2, §, = 16.9 MPa'?, and J, = 21.9 MPa!?,
while Thielemans and Wool (2005)* reported the HSP values of lignin were §, = 13.7 MPa'”2, §,
=11.7 MPa!’2, and J,= 16.7 MPa!’2. Based on these studies, it should be noted that the HSP values
cannot be assumed to be universal for all lignin samples and their delignification processes. Thus,
an expansive chemical diversity between lignin from different sources in addition to the method

of extraction of the lignin should provide other values for lignin.
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Sun et al. (2014) investigated the pretreatment of switchgrass (grassy biomass) in
imidazolium and cholinium-based ILs ([Emim][Lys], [Emim][OAc], [Ch][Lys], and [Ch][OAc])
both experimentally and computationally.!® The computed strength of interaction energies
between lignin and ILs were in the following order: [Ch][OAc] > [Emim][OAc] > [Ch][Lys] >
[Emim][Lys], which were contrary to experimental delignification values. Dutta et al. (2018)
studied the delignification of switchgrass (grass), eucalyptus (hardwood), and pine (softwood) in
[Ch][Lys] and reported higher delignification of grassy and hardwood biomass than of softwood.*!
Based on these studies, the applicability of HSPs to delignification of different biomasses has
remained questionable, and, to the best of our knowledge, the solubility parameters for grassy
biomass have not yet been addressed. Hence, a systematic study of ILs for which biomass
pretreatment data are available and that have shown promise in their ability to delignify biomass
is needed and is the focus of the present work.

The present study evaluated the Hansen solubility parameters of lignin, ILs, and DESs
using multi-resolution simulation approaches. We used molecular dynamics (MD) simulations to
predict the solubility parameters of lignin, DESs, and various ILs. The COSMO-RS model and
Hansen solubility parameters in practice (HSPiP) were employed to confirm the MD-derived
solubility parameters and validate with experiments. Finally, the delignification of grassy biomass
in different ILs and DESs was addressed and evaluated. The obtained results help to comprehend
the dissolution of lignin in different solvent environments and to design a novel and effective
solvent for delignification and viable biomass pretreatment.

2. Computational Details

2.1. Molecular Dynamics Simulations
The solubility parameter (8) of a solvent is one of the critical properties that determine the
polarity/non-polarity and quantifies the ‘like-seeks-like’ principle, which is often discussed in the

6
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context of polymers dissolution.?® The solubility parameters of investigated lignin, ILs, and DESs
were calculated using the results from molecular dynamics (MD) simulations. The chemical
structures of lignin polymers with different linkages, ILs (cations (cholinium, [Ch]* and 1-ethyl-
3-methylimidazolium, [Emim]") and anions (formate [For]-, acetate [Ace], butyrate [But],
hexanoate [Hex]~, octanoate [Oct]~, lactate [Lac]~, and lysinate [Lys]")), and metal-based deep
eutectic solvents (mDESs: zinc chloride ethylene glycol (1:4) and zinc chloride glycerol (1:3))
were drawn using Avogadro*? and are depicted in Figures 1-2 and Figures S1-S2. Herein, lignin
polymeric structures contained all possible linkages with the degree of polymerization of 8, 11,
and 26 were used as lignin model structures for all the MD simulations and the lignin polymers
were parameterized and built using LigninBuilder.* The molecular geometries of all investigated
molecules were optimized using Gaussian(09 with energies calculated at the B3LYP level of theory
and 6-311+G(d,p) basis set. CHARMM36 force field parameters were employed for all the
molecules in the MD simulations. Force field parameters for lignin polymers and [Emim][Ace]
were taken from Vermaas ef al. (2019)%-44, and Mohan et al. (2017; 2018)'>!3, and the force field
parameters for cholinium, formate, butyrate, hexanoate, octanoate, lactate, and lysinate were
developed using the CGENFF tool.#346 Force field parameters of ILs were further validated by
comparing MD-smiluated densities to their experimental densities. The deviation between
predicted and experimental densities was less than 5% (Table S1). The CHARMM force field
parameters for mDESs (ZnCl,, ethylene glycol, and glycerol) were taken from the literature®-+7,
and these force field parameters were also confirmed by comparing their calculated densities to
experimental values. All MD simulations were carried out using the NAMD package*® and were
performed at constant temperature and pressure using the Langevin thermostat and Nose-Hoover

Langevin barostat.#° The initial configuration of mDESs (300 molecules) were prepared



Green Chemistry

according to the molar ratios of mDESs (i.e., ZnCL-EG (1:4) and ZnCl,-Gly (1:3)) using
PACKMOL in a cubic box, and the bulk molecular mDES box corresponds to the liquid system.>!
For MD simulations of the system involving ZnCl,-EG (1:4) 300 molecules of ZnCl, were mixed
with 1200 molecules of ethylene glycol. Similarly, 300 molecules of ZnCl, were mixed with 900
molecules of glycerol to obtain a 1:3 molar ratio of ZnCl,-Gly. Five hundred molecules of lignin
and ionic liquids were prepared to run the MD simulations.

Initially, the potential energy of the molecular system was minimized for 0.5 ns using the
steepest descent algorithm. After energy minimization, the system was gradually heated for 0.5 ns
in temperature increments of 0.001 K to a final temperature of 298.15 K. The system was
equilibrated at this temperature under the NPT ensemble for 5 ns, at which the volume of the
simulation box is fixed during the equilibration step and converged to its experimental condition
(stable density). Following equilibration, a 20 ns production phase was run under a constant NVT
ensemble. Further, the RDF plot of lignin/ILs/mDESs were plotted after equilibration and
production runs. The RDF plot of lignin/ILs/mDESs in both simulation runs are similar, thus, this
pattern also confirms the convergence of equilibration of the simulation system. The simulation
temperature was controlled using a damping coefficient of 1 ps’!, and a damping factor of 50 fs
was used for pressure control with an oscillation period of 100 fs.!5-52 The Particle Mesh Ewald
(PME) method was implemented to treat long-range electrostatic interactions with an accuracy of
10-° (PME tolerance) at a cut-off distance of 12 A.53

The Hildebrand solubility parameter (0) is defined as the square root of the cohesive energy
density (CED) and is derived from evaporation energy (i.e., the energy required to convert a liquid

to a gas).>* To calculate the evaporation energy (AE,,,), knowledge of gas phase potential energy

is required.?6>> Therefore, the gas phase MD simulations of investigated lignin, ILs, and DESs

Page 8 of 32



Page 9 of 32

Green Chemistry

were also performed. The initial configuration of the system for gas-phase simulations was
generated by selecting three random individual lignin, IL, and mDES clusters from the final
configuration of liquid simulations (size of the box was set to be the final volume of liquid
simulation). Equilibration simulations for the gas phase system were run for 1 ns at 298.15 K under
the NVT ensemble, and the production run lasted for 5 ns. A time step of 1 fs was used to integrate
the equations of motion in the liquid phase simulations, whereas for the gas phase simulations, the
time step was reduced to 0.1 fs to avoid disintegration of the clusters due to momentary repulsive
forces. A cut-off distance of 12 A was used, and the Particle Mesh Ewald (PME) method was
implemented with an accuracy of 107°. At every 5 ps, the production data was saved for calculating
the cohesive energy density (CED) and solubility parameter (6) of the DESs.

2.2.  Calculations of Solubility Parameters from MD simulations

As discussed, the Hildebrand solubility parameter is defined as the square root of the cohesive
energy density:

(AHWP —RT)
v

m

0 =~CED = (1)

where AH,,, 1s the enthalpy of vaporization and V,, is the molar volume of the molecule. T"and R
are the temperature (in K) and universal gas constant (in kcal/K. mol).

The enthalpy of vaporization measures the interaction between anion and cations of IL, HBA, and
HBD of DES, and self-favorable interactions within lignin in the bulk molecular system and is
calculated according to the following equation.

AH, (T)=H(p.T) ~H(p.T), =Eu—Ep+p Ve~V

gas gas box )

~ <PEgas>_[—<Pf\;‘“>J+RT 2)
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The terms gas and box correspond to the gas phase and bulk phase of the system. PE denotes the

potential energy of the system and <PEgaS> is the average potential energy of the gas-phase (one

IL/DES pair or one lignin molecule) of MD simulation system. <PE >is the average potential

box
energy of the simulation box over the production phase of MD simulation system (last 20 ns). ‘N’
is the total number of molecules in the simulation box. The cohesive energy density can also be

calculated as defined below?¢

CED—(

3)

The detailed information about the calculation of solubility parameters from MD
simulations are reported elsewhere.?6-28,54
2.3.  COSMO-RS Calculations
The COSMO-RS (COnductor like Screening MOdel for Real Solvents) model is an alternative
tool to connect both molecular and thermodynamic simulations. The COSMO-RS theory combines
dielectric continuum solvation model COSMO with statistical thermodynamic conduct of
interacting surfaces. The screening charge density distribution of sigma (0—) moments is an
excellent linear descriptor derived from linear regression models relating to the molecular
properties.>¢

In the present study, COSMOquick was used to predict the Hansen solubility parameters
(HSPs).5” The COSMOquick program includes a massive database of quantum chemically
calculated o—profiles and uses an approximation of the o—profiles by using molecular
fragmentation. Here, the COSMO-RS model was used to predict the SPs of small molecules (lignin

monomers, dimers, and trimers) and ionic liquids. First, the geometries of all the investigated

10
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molecules such as lignin dimers, trimer, and ionic liquids were optimized at B3LYP/6-311+G(d,p)
level of theory and basis set. After optimization, the COSMO files were generated at the
BVP86/TZVP/DGAL1 level of theory and basis set.’8%0 The generated COSMO files were then
used as an input in the COSMOquik (version 1.7, COSMOlogic, Leverkusen, Germany) package.
The calculation of HSP using COSMOquick is similar to virtual solubility screening in different
reference solvent systems. COSMOquick makes a primary guess for the partial solubility

parameters (J,) to compute the logarithmic activity coefficient (In(Y)).

I (e ) = ;/XT [4(% 8, ) +(6,.-6,.) +(6,. 5, )2} ()
where x denotes the solute, i corresponds to a reference solvent, a is the universal (Hansen)
parameter, and V, is the molar volume of the solute. Subsequently, the COSMO-RS derived
parameters are plugged into a sigmoid equation to differentiate suitable solvents (if f(x) = 1) from

bad solvents (if f(x) = 0). The solubility parameter optimization procedure minimized the squared

difference between the two functions (eqn (5))

Z[f(ln(yi)jHansen))_f(ln(j/i),cCOSMO—RS)):|2 = min (5)

As an alternative, COSMOquick uses the QSPR (Quantitative Structure Property Relation) method
to determine the solubility parameters. COSMOquick also uses sigma moments combined with an
artificial neural network model in combination with a random forest algorithm trained with
literature data.

3. Materials and Methods

The IL cholinium lysinate ([Ch][Lys]) was synthesized in our lab following published
protocols.®! The IL was purified before the experiments by freeze drier evaporation. A series of

different organic solvents were purchased from Sigma Aldrich and are used without any further
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purification. The details of organic solvents and their HSP values are provided in Table S2
(supporting information).

3.1. HSPiP Method for Determination of HSP

The program Hansen Solubility Parameters in Practice (HSPiP) was also employed to determine
the HSP of lignin and [Ch][Lys] IL. For lignin (neutral molecule), the HSP values are calculated
using simple molecular descriptors such as SMILES (Simplified Molecular Input Line Entry
System) as an input. For ILs (charged molecules), it is not possible to calculate the solubility
parameters using SMILES in HSPiP, thus, it has to perform the solubility experiments in order to
determine the IL HSP values. The HSP of [Ch][Lys] was measured by calculating the solubility
of [Ch][Lys] in19 different organic solvents. For each solubility experiment, 0.5 mL of [Ch][Lys]
was added into a test tube containing 5 mL of organic solvent. The mixture was stirred at room
temperature for 2 h. After stirring, the solubility mixture was allowed to stand for 24 h, and the
solubility was visually observed and recorded. After the solubility observations, the solvents were
given scores based on their solubility. Good solvents (those which were dissolved) were given a
“1” score, and bad solvents (those which were partially or (un)-dissolved) were given “0” score.
The resulting experimental data was entered into the HSPiP (version 5.2.02) to obtain Hansen
solubility parameters for [Ch][Lys].

4. Results and Discussions

Based on the cohesive energy density assumptions, Hansen has decomposed the total solubility
parameter (J,) into the three meaningful contributors, namely polar (J,), hydrogen-bonded (9,),

and dispersion (d,) forces.3°

0,

t

= (o2 +5; +5]) ©)

12
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However, in MD simulations, the force field parameters do not have an explicit hydrogen bonding
term, which indicates that the polar and hydrogen bond contributions of HSP cannot be measured
separately. For this reason, the polar and hydrogen-bonded parameter combined into a single

electrostatic term, (8,):2843>

S, =[5 +5; (7)

In addition to the total solubility parameter, Hansen developed a relative energy difference (RED)
parameter, which relates the interaction between a solute and a solvent. The RED is defined as the
ratio between the radius of interaction (R,) to the 3D sphere radius of the solute (Ry) as shown in

the below equations (8 and 9).2%-30-33.34

R = \/ 4( §;olute _ 5;u/vent )2 + ( Sielue _ gsolent )2 n ( gielue _ gobent )2 )

RED = R,
R

(9)

0

If the RED < 1, then the affinity of the solvent towards the solute is said to be higher. While If the
RED > 1, the affinity between the solvent and solute is lower.
4.1. Measurement of Solubility Parameters for Ionic Liquid and Eutectic Solvents

The Hansen solubility parameters (HSP) of ionic liquids (ILs) and metal-based deep
eutectic solvents (mDESs) have been predicted and reported in Table 1. Table 1 also reports the
molar heat of vaporization (AH,,,), cohesive energy density (CED), and Hildebrand solubility
parameters (dy) of ILs and mDESs. First, we discuss the solubility parameters of carboxylate-
anion based ILs namely [Ch][For], [Ch][Ace], [Ch][But], [Ch][Hex], and [Ch][Oct]. As the alkyl
chain length of carboxylate anion increased from formate to octanoate, the value of solubility
parameters decreased. This is explained by the fact that the anions with shorter alkyl chains have

higher polarity than the longer alkyl chain length anions i.e., hexanoate and octanoate, thus leading
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to higher solubility parameter values. On the other hand, the interaction energy between anions
and the IL's cation is stronger in the shorter alkyl chains of anions than it is for the longer alkyl
chains of anions.®? The stronger interaction energy between anion and cation leads to the higher
polarity of IL thus, the solubility parameters of [Ch][For] and [Ch][Ace] are larger than those of
[Ch][Hex] and [Ch][Oct]. In contrast to solubility parameters, the longer alkyl chain of anions
([Hex] and [Oct]") had higher heat of vaporization than shorter alkyl chain anions such as [Ace]”
and [For]". The higher molar heat of vaporization of [Ch][Oct] and [Ch][Hex] is due to their bulky
liquid structures and stronger van der Waals interactions. On the other hand, the solubility
parameters of cholinium lactate [Ch][Lac] and cholinium lysinate [Ch][Lys] were also predicted
and shown in Table 1. The solubility parameters of [Ch][Ace] and [Ch][Lac] are close to each
other i.e., 32.46 and 33.3, respectively. However, the molar heat of vaporization for [Ch][Lac] is
higher than it is for [Ch][Ace], which is due to the higher polarity of lactate and stronger
interactions between anion and cation of [Ch][Lac]. The solubility parameter of [Ch][Lys] is 26.52
MPa!”2, which is close to the solubility parameter [Ch][Oct]. The similar HSP values of [Ch][Lys]
and [Ch][Oct] are due to the bulky structure of their anions. Moreover, the interaction energies
between anion and cation of both ILs are similar.®? The calculated AH,,, of ILs is around 40-45
kcal/mol, which is 4-5 times higher than the traditional organic solvents (the evaporation energy
of water is 9.7 kcal/mol, and methanol is 8.8 kcal/mol).?6:93

The HSP of imidazolium-based cation (i.e., 1-ethyl-3-methylimidazolium, [Emim]*) with
acetate and lysinate anion were also predicted (Table 1) using data from MD simulations. The
solubility parameters of [Emim][Ace] and [Emim][Lys] are 33.38 MPa'? and 26.03 MPa!?,
respectively. These solubility parameters are similar to the values for [Ch][Ace] and [Ch]Lys]

HSP. It was interesting to note that the anion of the IL played a predominant role in controlling

14
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the solubility parameter values. A closer look at the dispersion term in acetate and lysinate-based
ILs, the IL containing [Emim]*, showed a slightly higher 6, than [Ch]*-based ILs. This is due to
the larger vdW forces between [Emim]* cation and anions. Liu et al. (2010)?° performed the
molecular dynamics of pure [Emim][Ace] and IL-cellulose mixtures at 300 K. It has been reported
that the Hildebrand solubility parameter of [Emim][Ace] was 35.22 MPa'2, which was consistent
with our predictions (i.e., 33.60 MPa!’?).

It is worth mentioning that predictions of thermodynamic properties from MD simulations
are sensitive to the CGENFF parameters and the magnitude of their penalties. However, in this
work, except for the lysinate anion, the penalties for all investigated ions ([Ch]", [Emim]*, [For],
[Ace], [But], [Hex], [Oct]~, and [Lac]") were zero, and the penalties for the lysinate anion was
33. According to Vanommeslaeghe et al. (2012), penalties between 10 and 50 mean some basic
validation is recommended but not necessary.5*% To validate the CGENFF generated force field
parameters of lysinate-based ILs, we calculated the density and HSP of [Ch][Lys] and compared
them to experimental values. The comparisons of MD predicted to experimental values of density
and HSP are in excellent agreement (Table 1, 2, and S1). Also, in the present study, MD predicted
total HSP value of [Emim][Ace] is also compared with literature (Liu et al.?® used AMBER force
field parameters for [Emim][Ace]), and the HSP values are almost in a similar range.

The MD simulated solubility parameters were further validated against both COSMO-RS
model and experimental solubility parameters. The usability of the COSMO-RS model for the
prediction of solubility parameters has been reported in the literature.3>% However, a separate
benchmarking study has been performed for ionic liquids and common organic solvents to
reproduce the experimental solubility parameter values. The experimental solubility parameter

values of ionic liquids and common organic solvents were taken from the literature and the
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summary of predicted solubility parameters is provided in Table S2 and Figure S3.  The results
of solubility parameter validation show an excellent agreement between experimental, and
COSMO-RS predicted HSPs of ionic liquids and molecular solvents. After extensive validation of
HSPs of ILs, we then computed solubility parameters of cholinium-based ionic liquids. Table 1
reports the COSMO-RS predicted solubility parameters of [Ch][Lys] and [Ch][Lac] at room
temperature. From Table 1, the agreement between MD simulated and COSMO-RS predicted
solubility parameters was excellent, thus the MD simulated HSPs are validated with
thermodynamic computation tools i.e., COSMO-RS model. In addition to MD simulation and
COSMO-RS predictions, solubility parameters of [Ch][Lys] were validated with experimental
data. As described in section 2.4., the experimental solubility of [Ch][Lys] in 19 different organic
solvents was performed and the measured solubility data was used in the HSPiP program to derive
HSP values (Table 1 and Table 2). From these experiments, the HSP value of [Ch][Lys] is 26.3
MPa!’2 which is consistent with those derived from MD simulations based on potential energy
values. Therefore, the MD simulation and COSMO-RS computation tools can be used to predict
the solubility parameters of ILs as an alternative to experiments. Given the excellent agreement of
HSP calculated from MD simulations with those calculated from COSMO-RS and with those
measured experimentally, we were confidence our MD approach provides an approach for
predicting HSP for a variety of solvent systems and, more importantly, a computationally efficient
approach for predicting HSP of larger systems such as polymeric lignin that are beyond the size
limits of what is reasonable to be efficiently calculated using COSMO-RS methods.

Recently, DESs gained attention as alternative solvents for pretreatment of lignocellulosic
biomass.®”-%8 However, the use of metal chloride-based DESs in the pretreatment of lignocellulosic

biomass has not been studied, but we hypothesize these DESs have the potential to significantly
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solubilize biomass. To investigate this hypothesis, the solubility parameters of mDESs were
calculated using the MD simulation approach (Table 1). The mDES composed of zinc chloride
(ZnCl,) as hydrogen bond acceptor (HBA) and ethylene glycol (EG) and glycerol (Gly) as
hydrogen bond donors (HBD) form eutectic mixtures at 1:4 and 1:3 molar ratio of HBA to HBD,
respectively. The solubility parameter of ZnCl,-EG (28.56 MPa'’?) is lower than the parameter for
ZnCl,-Gly (31.53 MPa'’2). The higher HSP value for ZnCl,-Gly indicates ZnCl,-Gly is more polar
than ZnCl,-EG and that the interaction between ZnCl, and glycerol (Gly) is stronger than ZnCl,-
EG (see 9, values of DESs in Table 1 for polarity). On the other hand, the calculated AH,,, of
mDESs are slightly higher than the ionic liquids (~1.2-1.4 times) and 6—7 times higher than the
traditional organic solvents.

4.2. Measurement of Lignin Solubility Parameters

The Hansen solubility parameters (HSP) of lignin polymeric structures were calculated using the
MD simulation approach. Model polymeric structures of lignin with degree of polymerization 8§,
11 and 26 (DP = 8, 11, 26; Figure 1) were generated using LigninBuilder tool** and HSP values
calculated using MD simulations (Table 3). The higher DP lignin molecule represents a more
natural lignin due to the presence of all lignin linkages among the different monomeric units. From
Table 3, the total solubility parameters of the various lignin polymers were predicted to be 23-27
MPa!”2, which is close to the polymeric lignin solubility parameters (24.3-25.5 MPa!/2).40:69 Ag the
degree of polymerization of lignin increased, the solubility parameters of lignin decreased;
however, the difference in HSP values are minimal from DP = 8 to 26. It is interesting to observe
that as the degree of polymerization of lignin increases, the contribution of the dispersion term to
the total HSP was higher than the electrostatic (i.e., polar and hydrogen) term. This higher value

of dispersion parameter is obtained due to the higher aromaticity and stronger hydrophobic sites
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of lignin. Experimental HSP values of lignin are 25.50 MPa'’2, 24.30 MPa!’2, and 31.05 MPa'”? for
organosolv lignin, hardwood kraft lignin, and extracted wood lignin, respectively. Apart from
extracted wood lignin and lignin polymer with DP = 8 solubility parameters, all other predicted
lignin solubility parameters are in a similar assortment (23-25 MPa!’2). The lignin polymer with
DP = 8 contains ~43% of C-C linkages which is close to softwood lignin linkage composition, and
thus produced higher HSP values. Further, the solubility parameters of lignin monomers, dimers,
and trimers were predicted using the COSMO-RS model (Table S3). From Table S3, the solubility
parameters of C—C (5-5, B-5, B—1, and B—B) linkage lignin molecule had higher HSP values than
ether linked lignin molecules. The applicability of lignin solubility parameters for different
biomasses, as well as assessing the competence of ILs/DESs for lignin removal will be explored
in the next section.

4.3. Lignin Removal based on the Solubility Parameters

Hansen Solubility parameters were introduced to develop an approach to rapidly screen for a
suitable solvent for polymer dissolutions as well as drug solubility.3%33 These HSPs can also be
used to screen solvents for lignin dissolution and lignocellulosic biomass delignification by
looking for solvent—biomass combinations with similar HSPs. There are several literature reports
on the delignification of biomass using ionic liquids and deep eutectic solvents.!4-38.67.68.70
Therefore, we explored Hansen solubility parameters as a tool to understand the delignification of
biomass in ILs/DESs. Recently, Achinivu et al. (2021) studied the delignification of sorghum
biomass using different molecular solvents such as amines and organic solvents.”! Hansen and
Bjorkman reported lignin solubility parameters (3, = 14.9 MPa!2, 6, = 16.9 MPa'2, and 6, =21.9
MPa'!’?) do not correlate with experimental delignification. However, Thielemans and Wool

(2005)* reported HSP values of lignin (3, = 13.5 MPa!2, §, = 11.3 MPa!2, and J, = 16.7 MPa!2)
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correlated with biomass delignification results using amines and organic solvents. Therefore, it
should be noted that the HSP values cannot be assumed universally for all lignin samples and their
delignification processes, and an excessive chemical diversity among lignin variants from different
sources in addition to the method of extraction of the lignin should provide other values for lignin.
It has also been demonstrated that amines with 6, = 22-24 MPa!’? were predicted to be effective
solvents for lignin removal. Thus, we use Thielemans and Wool (2005) %° reported HSP values for
lignin (3, = 13.5 MPa!2, §, = 11.3 MPa!2, and J, = 16.7 MPa!??) to understand the biomass
delignification in ILs and DESs.

Hou et al. reported the experimental dissolution of lignin in [Ch]-carboxylate anion ILs
and showed that [Ch][Oct] and [Ch][Hex] had higher lignin dissolution capability compared to
[Ch][For], [Ch][Ace], and [Ch][But].>> These experimental findings are in line with our predicted
solubility parameters in which [Ch][Oct] and [Ch][Hex] shows lower RED values of lignin than
[Ch][For], [Ch][Ace], and [Ch][But] (Table 4). In addition to solubility parameters, the stronger
vdW interaction energies and longer H-bonding lifetimes of [Ch][Oct] and [Ch][Hex] with lignin
lead to higher lignin dissolution.®> Yao et al. studied the pretreatment of sorghum and its
delignification using cholinium-based ILs ([Ch][Ace], [Ch][Oct], and [Ch][Lys]).”? It was
observed that [Ch][Lys] resulted in higher delignification (77%) than [Ch][Oct] (51.86%) and
[Ch][Ace] (45%). A closer look at the RED values of [Ch][Lys] and [Ch][Oct] with lignin (Table
4), [Ch][Oct] had a marginally lower RED value than [Ch][Lys]; however, [Ch][Lys] yields higher
biomass delignification. This ascription can be further explained by the number of hydrogen bonds,
viscosity, and dissociation constant (pK,) of ILs. Mohan et al. (2021) studied the dissolution
mechanism of lignin in cholinium-based ILs by molecular dynamics simulations.? It was observed

that [Ch][Lys] forms multiple hydrogen bonds with lignin molecules, thereby resulting in higher
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biomass delignification. On the other hand, the higher removal of lignin in [Ch][Lys] may also be
due to the lower viscosity of [Ch][Lys] and higher pK, values of lysinate anions. The higher pK,
of lysinate (2.74 (COOH), 9.44 (a-NH;"), and 10.29 (¢-NH;3")) are able to deprotonate the lignin
with a pK, value up to 10.3, which implies a maximum charge density and higher delignification.

In another study, Sun et al. (2014)!° investigated pretreatment of switchgrass using four
different ionic liquids, [Emim][Lys], [Emim][Ace], [Ch][Lys], and [Ch][Ace], by both
experimental and computational approaches. They reported that lysinate-based ILs yielded higher
biomass delignification (70-87%) than acetate-based ILs. They calculated the interaction energies
between lignin and the four ILs using quantum chemical methods and arranged in the following
order: [Ch][Ace] > [Emim][Ace] > [Ch][Lys] > [Emim][Lys], which were not consistent with
experimental lignin removal. However, the current study predicted solubility parameters that show
good correlation with experimental lignin removal. Lysinate-based ILs had showed lower RED
values for lignin than acetate-based ILs and the order of RED values was: [Emim][Lys] >
[Ch][Lys] > [Ch][Ace] > [Emim][Ace], which is in excellent agreement with experimental
delignification. Hence, the solubility parameters provide useful insight in understanding biomass
delignification efficacy. Dutta et al. (2018)*! investigated delignification of grass, hardwood, and
softwood biomasses using [Ch][Lys] IL. Grass and hardwood biomass results in higher biomass
delignification (70-74%) than softwood biomass (20%). From the HSP point of view, grass and
hardwood biomasses have lower RED values, and softwood biomass exhibits a higher RED value
of lignin (Table 4). The higher removal of lignin from hardwood and grassy biomasses in
[Ch][Lys] is due to the presence of larger amounts of ether linkages 60-80%.!%73 These ether
linkages are highly solvated by [Ch][Lys] when compared to C-C linkages (softwood biomass).5?

The main structural differences between these three types of lignin are a lower content of free
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phenolic hydroxyl groups. Substantially lower content of methoxyl groups is found in softwood
and higher in hardwood/grass lignins, and the hardwood/grass lignins are less cross-linked than
the softwood lignins.”7

Recently, we used a protic ionic liquid (ethanolamine acetate [EOA][Ace]) to study the
delignification mechanism of poplar biomass.> Protic ionic liquids (PILs) are simply derived from
mixing a Brensted acid with a Brensted base, resulting in the formation of individual ions.
However, in general, various factors influence proton transfer and complete proton transfer is
highly improbable. As a result, both ionic and neutral species co-exist, and the favorability of
proton transfer of acid (acetic acid) and base (ethanolamine) was found to be incomplete,
confirming the presence of neutral species in the mixture. The HSP value of neutral species (J; =
26.15 MPa'?) of [EOA][OAc] is closer to lignin (RED = 0.28) than for the ionic species (6, =
42.02 MPa'? and RED = 1.52), resulting in 35-45% lignin removal. When dealing with protic
ionic liquids, it is important to note that the favorability of proton transfer between acid and base
of PILs should be measured to understand the stability of PILs and then calculate the desired
thermodynamic properties for precisely unveiling the lignin removal mechanism.

As discussed earlier, metal-based DESs have gained significant attention as solvents for
deconstruction of lignocellulosic biomass, and we hypothesized that the investigated mDESs have
potential capability to solubilize lignin. Recently, Das et al. (2021) studied the effects of mDESs
on pretreatment of sorghum and observed that ZnCl,-EG solvated and extracted lignin and resulted
in higher sugar yields compared to pretreatment with ZnCl,-Gly.”® The higher lignin extraction
directly correlated with an increase in enzymatic saccharification efficiency (sugar yield) of
pretreated lignocellulose.”! From HSP point of view, ZnCl,-EG had a lower RED of lignin (RED

= 0.48) than ZnCl,-Gly (0.75), indicating stronger interaction energies between lignin and ZnCl,-
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EG and predicting that ZnCl,-EG would efficiently extract lignin from biomass and result in higher
sugar yields, which is in agreement with the results of Das et al..’® Based on the solubility
parameters of lignin, it was also speculated that both vdW and electrostatic interactions played a
predominate role in the dissolution of lignin, whereas in the case of cellulose and hemicellulose,
the electrostatic interactions govern the dissolution process in ILs/DES.

5. Conclusions

The current study attempts to understand the dissolution mechanism of lignin in ionic liquids and
deep eutectic solvents by predicting the solubility parameters (SPs) using multi-resolution
molecular simulation strategies. The MD simulations and COSMO-RS model has been employed
to predict the solubility parameters of lignin, ILs, and DESs and validated with experimental
investigations. The SPs of lignin were obtained in the range of 23-27 MPa!’2, which is close to the
polymeric lignin solubility parameters. Further, the correlation between experimental lignin
dissolution in ILs and DESs and predicted REDs of lignin had shown an excellent agreement. The
ILs with closer solubility parameter values of lignin are said to be better solvents for lignin removal
and [Ch][Lys] was found to be a better solvent for lignin. It was also worthwhile to mention that
the predicted solubility parameters were applicable for hardwood and grassy-type biomass,
whereas the softwood biomass has a different set of SPs for lignin. Thus, the removal of lignin in
hardwood and grassy-type biomasses are higher and similar, where the removal of lignin in
softwood is much lower. The structural differences between these three types of lignin are a lower
content of free phenolic hydroxyl groups. Softwood lignin is more polar and higher reactive (less

methoxy groups and higher hydroxyl groups) than hardwood and grass lignin.
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Figure 1: Chemical structures of lignin (DP = 26). The lignin molecule is composed of all possible
linkages such as B8, p—1, B35, 5-5, p—0—4, a—0—4, and 4-O-5 linkages.
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Table 1: Solubility properties and parameters of different ILs and mDESs computed at 363.15 K from MD simulations. The listed SPs

include Hildebrand and Hansen SPs and various contributors (dispersion and electrostatic) to the HSPs

AH ,p(T)e

CED?

Hansen Solubility Parameter
(MP al /2)

Hildebrand,

Ionic Liquid/mDES (kealimol)  (cal/mL) 5y (MPa'?) Predicted Model
Od Op On o
[Ch][For] 40.42 302.85 35.61 18.41  29.75¢ 34.99 MD Simulations
[Ch][Ace] 40.60 264.16 33.08 1820  26.87¢ 32.46 MD Simulations
[Ch][Buty] 40.84 218.79 30.25 17.99  23.58¢ 29.66 MD Simulations
[Ch][Hexa] 41.61 185.93 28.08 17.63  21.14¢ 27.52  MD Simulations
[Ch][Octa] 43.46 167.57 26.52 17.32  19.51¢ 26.09 MD Simulations
[Ch][Lac] 45.38 261.23 33.05 18.84  27.46¢ 33.30 MD Simulations
18.37 8.40 2549 3253 COSMO-RS
[Ch][Lys] 41.91 175.45 27.09 16.58  20.70¢ 26.52 MD Simulations
18.49  13.50 17.46  28.80 COSMO-RS
16.48  12.83 1597 2630 HSPiP (experimental)
[Emim][Ace] 42.05 269.92 33.60 19.43  27.14¢ 33.38 MD Simulations
300 K¢ 45.28 296.50 35.22 - - - - MD Simulations
[Emim][Lys] 40.58 166.59 26.39 1720  19.55¢ 26.03 MD Simulations
ZnCl,-EG (1:4) 59.08 203.66 29.18 15.74  23.83¢ 28.56 MD Simulations
ZnCl,-Gly (1:3) 65.06 227.33 30.83 1536 27.53¢ 31.53 MD Simulations

“AH,,, = heat of vaporization; ® CED = cohesive energy density; < d,is the SP contribution from electrostatic term (summation of polar and hydrogen

bonded); ¥ taken from Liu et al. (2010)®
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Table 2: Hansen solubility parameter of the solvents used for the dissolution of cholinium lysinate

[Ch][Lys] and the experimental results. Score *1’ means soluble and score ’0’ means insoluble

Solvent Od Oy o Score” RED
Acetonitrile 15.3 18.0 6.1 0 1.588
Ethylene glycol 17.0 11.0 26.0 1 0.999
Dichloromethane 17.0 7.3 7.1 0 1.454
Ethanol 15.8 8.8 19.4 1 0.710
Dimethyl formamide 17.4 13.7 11.3 1 0.766
Methanol 14.7 12.3 22.3 1 0.857
Dimethyl sulfoxide 18.4 16.4 10.2 1 1.000
Propylene carbonate 20.0 18.0 4.1 0 1.822
Decane 15.7 0.0 0.0 0 2.696
1,4-dioxane 17.5 1.8 9.0 0 1.760
p-xylene 17.8 1.0 3.1 0 2.301
Ethyl acetate 15.8 53 7.2 0 1.632
Toluene 18.0 1.4 2.0 0 2.368
Methyl formate 15.3 8.4 10.2 0 1.194
Ethanolamine 17.0 15.5 21.0 1 0.497
1-octanol 16.0 5.0 11.2 0 1.331
Ethylene dichloride 18.0 7.4 4.1 0 1.759
2-propanol 15.8 6.1 16.4 1 0.991
1-propanol 16.0 6.8 17.4 1 0.886

* Score: 1 — soluble (good) and 0 — insoluble (bad)
In= 8 Out= 11 Total= 19

04=16.48 0,=12.83 6,=15.97

Tot =26.3, Radius = 7.7

Fit=1.000

Core=+[0.65, 0.80, 0.40]

Wrong In=0

Wrong Out= 0
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Table 3: Solubility parameters of different ILs, Lignin dimers and polymers computed from diff.

computational approaches. The listed HSPs include various contributors' dispersion, polar, and

hydrogen to the HSPs.
Hansen Solubility Parameter (MPa!’?)
Lignin Predicted Model
5d 5], 5h 51

Lignin (DP = 8) 18.70 19.07¥ 26.71 MD Simulations
Lignin(DP=11)  18.04  18.48* 2583  MD Simulations

Lignin (DP = 26) 16.55 16.01* 23.03 MD Simulations

Hardwood Lignin 16.70 13.50 11.30 24.30 Thielemans and Wool (2005)*
Organosolv Lignin - - - 25.5 Le et al. (2014)%°

Lignin 21.90 14.10 16.90 31.05 Hansen (2017)3°

¥9.1s the SP contribution from electrostatic term (summation of polar and hydrogen bonded)
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Table 4: Correlation between RED values of solvent (ILs)—lignin interaction and experimental

lignin solubility/biomass delignification

Biomass Type Ionic Liquid 1;35&1 LEISLP r;fél‘l;l RED* RED? Reference
(%)
Kraft lignin¢ [Ch][For] 34.99 28.3 1.04 092 Houetal. (2015)»
[Ch][Ace] 32.46 31 0.83  0.71
[Ch][But] 29.66 32.5 0.59  0.47
[Ch][Hex] 27.52 37.2 041  0.29
[Ch][Oct] 26.09 39.5 028  0.19
Sorghum (grass)? [Ch][Ace] 32.46 45 0.83 0.71 Yaoetal. (2021)7
[Ch][Oct] 26.09 51.86 028  0.17
[Ch][Lys] 26.43 77.41 034 022
(Sg:;tscsl;ffass [Emim][Ace]  33.38 1654489 091 0.80 Sunetal. (2014)"
[Ch][Ace] 3246 17.0450.2/ 083  0.71
[Ch][Lys] 2652 69.3¢,85.1/ 034 022
[Emim][Lys] 2603  80.3%86.6 028 0.16
(Sg:;tscsl;hgrass [Ch][Lys] 26.52 74 034 022 g‘gf;;ﬂ al.
gl‘;‘;‘;‘fv-‘f;?;)h [Ch][Lys] 26.52 70 034 022 g‘gf;;ﬂ al.
Pine (softwoody  [Ch][Lys] 26.52 20 - 079 g‘gf;;ﬂ al.

¢ RED of lignin based on the MD predicted lignin HSP values J,= 16.55; .= 16.01; and J, = 23.03;
b RED of lignin based on the experimental (from literature) HSP values (hardwood and grass)*° 6, = 16.7;
0. = 17.60; and J, = 24.27 and the HSP of softwood*’ lignin d, = 21.9, J, = 22.53; and J, = 31.6, and the

radius of lignin is 13.7; the RED values of lignin are calculated based on the equation 2.

Experimental conditions: ¢ Temp = 90 °C and 24 h of solubility time (t), ¢ Temp = 140 °C and t = 3 h; ¢
Temp=90°Candt=5h;/ Temp=140°Candt=1h; and” Temp =140°Candt=1h



