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ABSTRACT

Biomass-derived solvents has been proposed as a novel pathway in biorefining for the realization of
profitable liquid biofuels and bioproducts derived from lignocellulosic biomass. Cyrene derived from
cellulose has recently been shown to have a high potential as a green organic solvent for pretreating poplar
biomass. However, due to its high dynamic viscosity nature, high Cyrene concentration could cause
negative effects on the sugar release of the pretreated biomass as well as driving up the operational cost of
the lignin recovery. In this study, we combine experimental and computational approaches to examine the
impact of Cyrene pretreatments with reduced Cyrene concentration under mild conditions on switchgrass
lignin. Our experimental studies indicated correlation between pretreatment condition and recovery and
structure modification of lignin. Switchgrass lignin extracted by Cyrene pretreatment possessed high
preservation of B—O—4 ether inter-unit linkage, which could provide versatility in the integration of
downstream lignin valorization into the modern biorefinery industries. Molecular modeling examining the
solvation of switchgrass lignin polymers and the disaggregation of low-molecular weight lignin aggregates
under pretreatment conditions indicated that a preferential interaction exists between Cyrene and lignin,
which likely drives lignin release, and that the disruption of inter-lignin contacts can be modulated as a non-
monotonic function of Cyrene:water ratio. Further, while Cyrene-lignin interactions permit the
solubilization of lignin, simulations with proxy reactive-species reveal that changes to the diffusion of these
reactive proxies and their localization near linkages sites under Cyrene conditions may inhibit chemical
processes. Overall, our results indicated that loss of pretreatment efficacy caused by low Cyrene

concentration could be compensated by prolonged pretreatment time and high catalyst dosage.
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INTRODUCTION

Plant-based feedstocks have been widely investigated as one of the most important and viable sources
for clean energy and organic carbon to offset climate change caused by human activities and prepare for a
carbon neutral economy.! Switchgrass (Panicum virgatum L.), a local perennial warm-season grass, has
been considered as a promising herbaceous energy crop for producing biofuels and bioproducts in the U.S.
due to its high productivity, flexible adaptability, and low agronomic inputs.> 3 The biorefinery of
lignocellulosic biomass involves saccharification and fermentation to breakdown polysaccharides and
biochemically convert monosaccharides to ethanol or other liquid fuels. Similar to other plant-based
biomass, switchgrass evolved a complex plant cell wall to resist enzymatic and microbial degradation in
nature, making pretreatment the most expensive and energy-intensive process in lignocellulosic biorefinery.
Such recalcitrance can be largely influenced by the content and structure of lignin.* Generally, a
macromolecular backbone of herbaceous lignin is built up from mostly guaiacyl (G), syringyl (S), and p-
hydroxyphenyl (H) subunits connected by three predominate inter-unit linkages including f—O-4 ether,
—PB resinol and f—5 phenylcoumaran. Lignin is also crosslinked with hemicelluloses and pectin via ferulate
and p-coumarate esters to form lignin-carbohydrate complexes.>® Unlike cellulose and hemicellulose,
biological degradation of lignin remains a challenge to the field although various ligninolytic enzymes
have been discovered since 1980s.° Thus lignin is generally considered as the most recalcitrant plant cell
wall component, and should be extensively removed or altered by biomass pretreatment in order to enhance

the cellulose accessible surface area for an efficient enzymatic hydrolysis process.

Organosolv process represents an emerging pretreatment technique where organic solvents or aqueous
mixtures of organic solvents are used to disrupt the recalcitrant cell-wall structure by depolymerizing and
solubilizing lignin and hemicelluloses, thereby yielding a cellulose-rich residue that could be easily
converted to its monosugars.!? Recently, the novel concept of a closed-loop biorefinery has been introduced
as means to increase the profitability (and thus economic feasibility) of biofuels production. Under this

approach, lignocellulosic feedstocks are pretreated with biomass-derived solvents such as y-valerolactone,!!
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tetrahydrofuran,'> 2-methyltetrahydrofuran,’> or dihydrolevoglucosenone (known commercially as
Cyrene).'"* Among these biomass-derived solvents, Cyrene has gained growing attention as a greener
substitute for toxic petroleum-based dipolar aprotic solvents such as N-methylpyrrolidone (NMP),
dimethylformamide (DMF) and sulpholane, which are widely used in chemical and pharmaceutical
industries.”>!® Cyrene can be synthesized from cellulose in two steps, via pyrolysis followed by
hydrogenation, and high yields have been reported for both processes, making Cyrene a promising
candidate as biomass-derived solvent in biorefinery. The cost structure of Cyrene remains dynamic,
currently the production cost is estimated at $3/kg,'” with commercial production of a 1,000 mtpa plant in
France being developed. Circa has a goal of 80,000 mtpa global offtake capacity by 2030. Cleary, future
studies will need examine low-cost Cyrene recycling technologies while benefiting from future production
efficiencies. Stini et al. reported that Cyrene could be easily recovered after the Mizoroki-Heck reaction by
diluting the Cyrene-containing filtrate with water.2° Ethyl acetate was then added to the mixture forming an
organic layer. After removing the organic layer, Cyrene could be recovered from the aqueous layer by
evaporating the water, resulting in a recovery yield of 70%. Though the effects of recycled Cyrene on
biomass pretreatment is not clear, these results demonstrate the feasibility of recovering Cyrene by solvent-
solvent extraction. Besides the greener features, Cyrene is a good solvent for a variety of technical lignins,
similar to DMF.!%2! When mixing with water, Cyrene can be found in ketone and geminal diol forms in an
equilibrium.'®22 Abranches et al. reported that the solvation capacity of Cyrene/water towards hydrophobic
solutes was favored by its ketone form rather than the geminal diol. > The amount of the geminal diol reaches

maximum (~75% of Cyrene) in the aqueous solution ycyrene = 0.3, and 50% of Cyrene was in geminal form

when ¥ cyrene ~0.38.

We previously showed that Cyrene can successfully be utilized, in both neat Cyrene and 4:1 Veyrene/Vwater
aqueous solutions, in the pretreatment of hardwood biomass and achieve nearly 100% cellulose conversion
in the following saccharification process.'* The extent of condensation and loss of f—O—4 ether inter-unit

linkage could be significantly reduced in the Cyrene pretreatment under mild conditions due to the
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exceptional high solubility of lignin macromolecule in Cyrene. The preservation of C—O bonds along with
decreased C—C bonds formed by condensation reactions could benefit the down-stream depolymerization
of lignin into aromatic monomers and oligomers, paving a path towards lignin valorization.?> 2* Howeyver,
it was also suggested that the application of Cyrene in organosolv pretreatment can be constrained by its
high dynamic viscosity, which could inhibit the following enzymatic hydrolysis due to incomplete removal
of Cyrene or possible binding to cellulose from the pretreated biomass.!* For practical consideration,
lowering the viscosity of Cyrene/water mixture could reduce energy input on mass mixing in the reactor as
well as the energy used on solid-liquid separation. Besides, effects of Cyrene/water ratio at low Cyrene
volume fraction on pretreatment of switchgrass, an important herbaceous bioenergy feedstock, have not
been studied. In addition, the previous study has only investigated the pretreatment effect of the
Cyrene/water based solvent system with high Cyrene volume, while the mechanism of interactions between
Cyrene and switchgrass lignin, which could reveal the fundamental of solvent extraction of lignin, was not
clear. Therefore, it is necessary to investigate the pretreatment effect of Cyrene on lignin structure and
Cyrene-lignin interactions with lower Cyrene volumetric fractions. Hereby, we explored Cyrene
pretreatment on switchgrass using low Cyrene volume fraction (Cyrene/water = 2:1, 1:1 and 1:2) under a
mild condition (120 °C). The correlation between delignification efficiency and lignin structure was
investigated by various analytic techniques including GPC, 3'P NMR, 2D HSQC NMR. To further
understand the interactions between Cyrene/water and lignin, molecular dynamics simulations were

conducted using newly refined Cyrene force-field parameters.

MATERIALS AND METHODS

Materials and Chemicals

Switchgrass (Panicum virgatum L.) cultivar “Alamo” was from a University of Tennessee-Knoxville
experiment field located at the Plant Sciences unit of the East Tennessee Research and Education Center
(ETREC). The switchgrass samples used in this analysis were second-year field-grown and were fully

senescent upon harvesting. The aboveground plant biomass was harvested in December of 2017 and oven
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dried at 43 °C for 96 h and chipped into 3.5-12 cm long and 1.2-3.5 mm diameter wide pieces. The
switchgrass was Wiley milled and extracted with toluene/ethanol (2:1, v/v) for 8 h using a Soxhlet extractor
before use for lignin isolation, and then air-dried. Chemicals such as dihydrolevoglucosenone (Cyrene™)

and sulfuric acid were purchased from Sigma-Aldrich and were used as received.

Cyrene Pretreatment and Lignin Isolation

10 g of the extractive-free switchgrass was suspended in 150 mL of Cyrene/water mixture with stirring
for 10 min. The pretreatment reactions were carried out at 120 °C for 1~4 h duration time and 33~100 mM
sulfuric acid (Table 1) in a 300 mL Parr reactor equipped with a 4848 controller. After quenching to room
temperature, the pretreated switchgrass biomass was separated from the slurry by vacuum filtration. The
process solid was washed with 75 mL of Cyrene/water (1:2, v/v), followed by 800 mL DI water. The
filtrates were combined and subjected to centrifugation to collect lignin that precipitated from the

Cyrene/water mixture during water wash.

To isolate cellulolytic enzyme lignin (CEL) from untreated switchgrass, ~0.5 g of biomass was
hydrolyzed twice with Accellerase® 1500 (BCA protein content 82 mg/ml, loadings of 80 mg/g biomass)
in 20 mL of 50 mM sodium acetate buffer at 37 °C for 48 h.'* The washed and freeze-dried solid residue
obtained after enzymatic hydrolysis was extracted twice with 96% (v/v) 1,4-dioxane/water mixture at room
temperature for 48 h. The switchgrass CEL was recovered from the combined extracts by rotary evaporation

and freeze drying. All switchgrass lignin samples were dried overnight at 40 °C prior to characterization.

Characterization of Switchgrass Lignin

The molecular weight and distribution of switchgrass lignin were determined by gel permeation
chromatography (GPC) that was performed on an Agilent GPC SECurity 1200 system equipped with Water
Styragel columns (Water Corporation, Milford, MA) at 35 °C using tetrahydrofuran as the mobile phase
and a flow rate at 0.3 mL/min. Prior to GPC analysis, the lignin samples were acetylated and purified

according to a previous literature. 2
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Two-dimensional (2D) 'H-'3C heteronuclear single quantum coherence (HSQC) correlation and 3'P
NMR spectra were acquired on a Bruker Avance III HD 500 MHz spectrometer (Bruker, Billerica, MA,
USA) equipped with an N, cryoprobe according to the procedures published previously.?> 2¢ The HSQC
and *'P NMR spectra were processed and analyzed using the Bruker TopSpin software (V 4.0.6) and
MestReNova (V 11.0.3-18688, Mestrelab Research), respectively. The relative abundance of the lignin
subunits and inter-unit linkages detected by 2D HSQC NMR were calculated based on the procedure

published previously.?’

Composition Analysis and Enzymatic Hydrolysis

The raw and pretreated switchgrass samples (~120 mg) were hydrolyzed with 1.5 mL 72 wt% H,SO,
for 1 h at 30 °C. Then the hydrolysates were diluted to 4 wt% H,SO, with deionized water and then
autoclaved at 121 °C for 1 h for a second hydrolysis. The hydrolysis solution was cooled to room
temperature and filtered through a crucible. The residue was dried in an oven overnight and weighted to
determine the Klason lignin content. The filtrate was used for sugar content analysis by high performance
anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) using Dionex ICS-

3000 (Dionex Corp., USA).

In the sugar release determination, ~1 g of the pretreated switchgrass sample was post-treated by
soaking in 1% NaOH solution overnight, and then washed thoroughly with water to remove the Cyrene
residual. The samples were then mixed with 100 mM sodium acetate buffer at pH 5.0 and Accellerase®
1500 (BCA protein content 82 mg/ml) was added to the mixture at a loadings of 80 mg/g biomass. The
mixture was incubated at 50 °C at 150 rpm for 72 h. The hydrolysates were filtered and the glucose contents

were measured using high-performance liquid chromatography (HPLC) (Perkin Elmer, Shelton, CT).

Molecular Modeling

To probe, in atomic detail, the interactions between Cyrene-water and Cyrene pretreatments on lignin

we developed a new CHARMM-compatible of Cyrene (see Supplementary Materials for parameterization
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and validation details) and performed simulations of three model systems: switchgrass-like lignin
aggregates, isolated (single chain) switchgrass lignin, and a G-G B-O-4 linked dimer. Aggregate systems
were simulated under bulk cyrene, bulk water, and 4:1 Cyrene:water (v/v), 2:1 Cyrene:water (v/v), 1:1
Cyrene:water (v/v), and 1:2 Cyrene:water conditions at a temperature of 393.15K and target pressure of 1
bar. The isolated lignin systems were simulated under bulk Cyrene and bulk water conditions, as well as
2:1 (v/v), 1:1 (v/v), and 1:2 (v/v) Cyrene:water environments at a temperature of 393.15K and pressure of
1 bar. The model dimer system was simulated under 2:1 v/v Cyrene:water and bulk water conditions with
and without Na* /HSO, ions present. As the simulations reported here are purely classical in nature, free
protons and proton transfer are not permitted; however, in the interest of exploring how acidic anions and
water molecules may coordinate near the commonly cleaved B-O-4 linkage, prior to a reaction occurring,
we mimic the addition of acid with the use of reactive species proxies: a single Na* cation and HSO, anion.
Dimer simulations, similar to aggregate and isolated lignin simulations, were performed with a target
temperature of 393.15K and a pressure of 1 bar. Additional aggregate simulations, using a softwood (all G
subunit) lignin were performed as a secondary validation of the compatibility of the new Cyrene parameters

with the CHARMM lignin force-field were also performed and are described in the SI.

The molecular model used for the switchgrass lignin reported is a linear lignin containing 4 S subunits,
6 G subunits, and 1 H subunit, with a sequence of SSSHGGGGSG. Additionally, the model contains 7 -
O-4 linkages, 2 B-5 linkages, and 1 B-f linkage. For the initial conditions of the lignin aggregates, three
identical lignin chains with the described sequence and linkage composition were randomly placed in a
cubic water box with an edge-length of 9nm and simulated for 100ns at a temperature of 303K and a
pressure of 1bar; after 100ns of simulation time a lignin aggregate structure was formed and this was used
as the initial aggregate configuration for the high temperature water, Cyrene, and cosolvent conditions. For
the single isolated chain simulations, a single isolated lignin chain was extracted from the aggregate

simulation box. Simulation details are noted below.
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All simulations were performed using the GROMACS simulation package?® and CHARMM-family
force-fields for lignin?® and Cyrene. Initial configurations, either dimer, single chain, or aggregate, were
placed in cubic boxes and solvated with Cyrene or Cyrene and water at the prescribed volume fractions
using the gmx solvate command within GROMACS. Following solvation, each system was energy
minimized to (single) machine precision using the steepest decent algorithm. Using the energy minimized
structures, five independent NPT relaxation simulations, using the v-rescale’® and Berendsen
thermo/barostats®' were performed for 2ns each. Post-relaxation, the coordinates and velocities from the
last frame of each of the relaxation simulations were used as initial conditions for NPT production
simulations which made use of the v-rescale thermostat and Parrinello-Rahman barostat®?. For the lignin
aggregate systems, five independent production simulations were generated, each with a simulation length
of 70ns. For case of the isolated lignin chain, five independent production simulations were performed,
each with a simulation length of 30ns. For the model lignin dimer systems, 20 independent simulations
were performed, each for a length of 15ns. The shorted simulations times for the isolated chain and dimer
simulations were selected based on the observed first exit times for lignin-lignin disassociation in the

simulations of lignin aggregates under cosolvent conditions.

All simulations treat non-bonded interactions with a smooth force-switch cutoff of 1.2 nm, and long-
range electrostatics with the particle-mesh Ewald (PME) formalism. Additionally, all simulations make use
of constraints (using the LINCS algorithm?3?) for hydrogens. An integration timestep of 2fs was used for all
relaxation and production simulations. All simulation analyses were performed making use of the built in
GROMACS analysis modules and are described within the Results and Discussion section, where

appropriate.

RESULTS AND DISCUSSION

Cyrene pretreatment condition and yields
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The chemical stability and fluid viscosity were the two major concerns in the screening of Cyrene
pretreatment condition.'* Mild reaction temperature (120 °C) and low Cyrene/water ratio were employed in
this work as listed in Table 1. Although Cyrene possesses a high boiling temperature around 230 °C, it was
reported that Cyrene decomposed at 140 °C.!¢ In fact, the pressure in the Parr reactor increased rapidly
when temperature raised above 140 °C during the Cyrene pretreatment. Exothermic reactions were also
observed at low temperatures; therefore, the heating was stopped around 60~65 °C depending on the
Cyrene/water ratio and H,SO,4 concentration to allow the temperature raised and stabilized, and then

external heating was provided to keep the reaction running at 120 °C.

The geminal diol formed by reaction between Cyrene carbonyl group and water partially dissociates in
water and lowers the pH of Cyrene/water mixture. As shown in Figure 1, the pH dropped sharply initially
and remained around 2.85 when the volume fraction of Cyrene surpassed water. Yet, the inherent acidity
of Cyrene/water mixture is insufficient to catalyze delignification of switchgrass at 120 °C even the duration
time was extended to 4 h (Table 1). Control tests without biomass were carried out to investigate changes
of Cyrene in the solvent system. In brief, pure Cyrene, a mixture of Cyrene/water, and a mixture of
Cyrene/water/sulfuric acid were heated at 120 °C for 1 h, and the resulting mixtures were characterized by
2D HSQC NMR. The NMR spectra are shown in Figure S1. It can be observed from Figure S1A and S1B
that pure Cyrene is stable at 120 °C. New cross-signals were detected at 5¢/6y 66.0/3.5-3.7 ppm, 71.6/4.4
ppm, and 102.9/4.7 ppm (Figure S1 C) after heating Cyrene/water 2:1 (v/v) mixture at 120 °C for 1 h, which
were assigned to geminal diol. The addition of 33 mM sulfuric acid to the Cyrene/water mixture gave rise
to a number of new peaks after heating, as shown in Figure S1D. These peaks are associated with the
exothermic behavior observed during heating, and future study is needed to understand this reaction and its

impact on the pretreatment process.

Though the inherent acidity of Cyrene/water mixture was unable to extract lignin from switchgrass, the

system demonstrated high delignification after the addition of sulfuric acid, even at a low acid concentration
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of 33 mM, as shown in Table 2. Delignification reached 61.8% after 1 h pretreatment using Cyrene/water
2:1 mixture with 33 mM H,SO, (pretreatment #1), while increasing the acid concentration to 67 mM further
improved delignification to 73.3% (pretreatment #2). Li et al. reported 69.2% delignification from
switchgrass after 3 h pretreatment at 160 °C using the ionic liquid 1-ethyl-3-methylimidazolium acetate,
while dilute acid pretreatment at 160 °C for 20 min only led to 22.4% delignification.* Previous studies
have demonstrated that Cyrene is an alternative to polar aprotic solvents like dimethylsulfoxide (DMSO)
and DMF for lignin dissolution and processing,?® and results of this study clearly indicate that Cyrene is a
promising solvent for extracting lignin from the biomass. After pretreatment #1, 56.5% of the extracted
lignin was recovered, accounting for 34.9% of the total lignin in the switchgrass. From Table 1, it can be
speculated that with the same volumetric ratio between Cyrene and water, extending the pretreatment time
led to improved lignin recovery yield, along with decreases in the recovery yield of the solid residue.
Comparing the results of pretreatment #1, 2, 4, 5, 7, and 9 shows that Cyrene/water 2:1 mixture is more
efficient in delignification than the 1:1 and 1:2 mixtures, while when the ratio between Cyrene and water
was 1:1, high sulfuric acid concentration is needed to achieve similar results. These results indicate that the
volumetric fraction of Cyrene in the mixture plays an important role in biomass delignification, which was

further investigated via molecular simulation and discussed in a later section.

Meng et al. reported that the cellulose conversion to glucose by enzymatic hydrolysis of Cyrene
pretreated poplar was inhibited by free lignin that was previously dissolved in Cyrene and deposited back
onto the biomass surface during water wash.!* Post-treatment by 1% NaOH solution was able to remove
the residual lignin and boost the cellulose conversion as significant weight losses were observed after post-
treatment (Table 2). The untreated control switchgrass with 1% NaOH post-treatment released ~0.2 g
glucose/g biomass with ~40% cellulose conversion during enzymatic hydrolysis. Overall, the Cyrene
pretreated switchgrass in this study doubled glucose release and improved cellulose conversion by up to 27%
at a mild pretreatment temperature of 120 °C as compared to the control switchgrass without Cyrene

pretreatment. It should be noted that the highest cellulose conversion in this study was less than 70% (Table
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2) under the conditions investigated. To achieve high glucose release yield, further study on optimization

of the Cyrene pretreatment process is needed. In addition, the recovery and utilization of hemicellulose

dissolved into the pretreatment liquor after Cyrene pretreatment needs further investigation in future studies.

The impacts of Cyrene pretreatment on switchgrass lignin chemical structure

In an acid-catalyzed organosolv pretreatment, the lignin-carbohydrate matrix is broken down to release
lignin fragments into the solution. Our previous study on co-product lignin obtained from THF organosolv
pretreatment showed that the degree of lignin depolymerization depended on the reaction temperature, acid
concentration and duration, among which reaction temperature was the key factor that can be employed to
tune the molecular weight and structure of lignin.?® In this work, the impact of reaction temperature was
excluded considering the chemical instability of Cyrene at elevated temperatures, and preliminary data
suggest that lower temperature is not effective in terms of delignification. The correlation between
switchgrass lignin molecular weight and Cyrene pretreatment condition was demonstrated in Figure 2. The
acid-catalyzed Cyrene pretreatment was able to reduce switchgrass lignin molecular weight by 20~60%
comparing to CEL, but interestingly, the average molecular weight dispersity (P) of these switchgrass
lignin was 2.67 + 0.3.2, close to CEL (P = 2.64). When Cyrene/water volume ratio was 1:1 and 1:2, the
lignin molecular weight decreased as more H,SO,4 was added to the reaction system, showing an opposite
trend to pretreatment #1 and #2 (Cyrene/water = 2:1). Switchgrass lignin samples obtained from
pretreatment #4 and #7 possessed unexpected high molecular weights and low yields, indicating that their
macromolecular backbone underwent mild cleavage reactions. However, as the duration time or acid
concentration increased, both lignin yield and molecular weight of pretreatment #9~11 started to show an

upward trend.

Hydroxyl groups are the most important functionality for lignin, providing the latter with not only sites
for various chemical modification, but also strong hydrogen bonding capacity and anti-oxidative/UV-
blocking properties. *'P NMR analysis involving reacting hydroxyl groups with phosphorylation reagent

(Figure 3A) can distinguish and quantify various hydroxyl groups found in lignin macromolecules.?¢-3 The
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quantitative information of switchgrass lignin hydroxyl groups including aliphatic, phenolic and carboxylic
ones is summarized in Figure 3B. The content of aliphatic hydroxyl groups tended to decrease as the Cyrene
pretreatment severity increases by adding more H,SO, and/or extending duration time. Compared to CEL,
the total hydroxyl content of Cyrene pretreated switchgrass lignin decreased dramatically due to the heavy
loss (up to 50%) of aliphatic hydroxyl group. The fraction of free phenolic hydroxyl groups in total
hydroxyl content was boosted from 13% (CEL) to 17~25% with similar quantitative results,
indicating that the change was attributed mainly to the decrease of aliphatic hydroxyl groups.
Figure 3C shows the composition of phenolic hydroxyl groups including Cs-substituted, guaiacyl and p-
hydroxylphenyl. The content of Cs-substituted hydroxyl group was doubled compared to CEL as the

syringyl subunits (Cs-substituted by methoxyl group) were exclusively connected with f—O—4 ether.

HSQC NMR has been the most common technique used to study the relative abundance of inter-unit
linkages (B—O—4 ether, B—f resinol and -5 phenylcoumaran), subunits (guaiacyl, syringyl, p-
hydroxyphenyl) and end-groups (p-coumarate and ferulate), which constitute the backbone of lignin
macromolecules. The semiquantitative analysis of lignin subunits and inter-unit linkages are shown in
Figure 4A and B, while example 2D HSQC NMR spectra can be found in Figure S2. f—O—4 ether is the
most abundant inter-unit linkage found in switchgrass CEL (Figure 4A). The relative abundance of 3-O-4
linkage in CEL was 48/100 aromatic ring (AR). This chemically liable linkage was well-preserved after
pretreatment #1 (45/100 AR), #7 (46/100 AR), and #8 (43/100 AR). All three pretreatments were conducted
with 33 mM sulfuric acid. The B-O-4 content decreased with increasing acid concentration, as can be seen
from pretreatment #2 (29/100 AR), #5 (36/100AR), and #9 (21/100 AR). The ratio between Cyrene and
water also affects the lignin structure, as shown in Figure 4A. Under the same acid loading, pretreatment
with Cyrene/water 1:1 resulted in lower f-O-4 linkage retention than pretreatment using Cyrene/water 2:1
and 1:2, while the B-O-4 content was less affected by increasing acid loading in Cyrene/water 1:2 than in
the 2:1 mixture. The cleavage of ether bonds was the main reaction during acid-catalyzed delignification;

C-C bonded inter-unit linkages such as B—f resinol and -5 phenylcoumaran, are more difficult to be
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degraded.’® As shown in Figure 4A, the relative abundance of B—f resinol and f—5 phenylcoumaran linkage
in Cyrene pretreated switchgrass lignin saw a slight increase compared to CEL. The frequency of —O—4
ether inter-unit decreased as the pretreatment severity was leveled up by increasing duration time and/or
H,SO, concentration using a fixed Cyrene/water ratio. Yet, increasing Cyrene volume fraction seems to be
able to effectively improve the rate of B—O—4 ether removal under the same reaction conditions (i.e.
duration time and H,SO, concentration). Nevertheless, the B-O-4 retention is inversely related to
delignification, especially in the case of Cyrene/water 2:1, where delignification increased from 61.8% to
73.3%, and the relative abundance of B-O-4 linkage decreased from 45/100 AR to 29/100 AR. This
phenomenon was less pronounced when the ratio between Cyrene and water was 1:2, as the $-O-4 content
was 40/100 AR when the highest delignification under this condition was achieved (54.9%, pretreatment
#9). Overall, pretreatment with Cyrene/water 2:1 led to 60-73% delignification in 1 h at 120 °C, while 29-
45/100 AR of B-O-4 linkage was retained in the lignin structure, which is much higher than pretreatment
with ethanol or dilute acid,*® #!' and comparable with pretreatments using deep eutectic solvents,*
demonstrating the potential of Cyrene as a solvent for lignin extraction. To overcome the barrier between
delignification and lignin structural integrity, future studies with Cyrene might consider the integration of

stabilization strategies.

A similar observation was documented in the change of p-courmarate content in switchgrass lignin in
response to the Cyrene pretreatment condition: p-courmarate ester tended to be recalcitrant under elevated
pretreatment severity, but the impact of the latter effect was weakened by reducing Cyrene volume fraction.
It was reported that p-courmarate end-group were incorporated into grass lignin mainly via acetylation with
the aliphatic side chain y—OH, and p-courmaration preferred to occur on S subunits.** The subunits
composition shown in Figure 4B indicated that G subunits seemed to be the major contributor to the loss
of aromatic rings during mild Cyrene pretreatment. The portion of H subunits underwent an initial boost,

and then decreased as lignin depolymerization proceeded.
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Since lignin is the largest renewable source for platform aromatic chemicals and current strategies to
derive such value-added products from lignin involves depolymerization, the amount of liable ether
linkages like the B-O-4 linkages in lignin becomes a crucial factor.* Shuai et al. have demonstrated that by
preserving the lignin structure and preventing condensation, near theoretical monomer yields could be
obtained after depolymerization.*> Though the lignin structure could be well-preserved after the current
Cyrene pretreatment, the ratio between Cyrene/water, pretreatment temperature and time still need tuning

to achieve both high delignification and lignin recovery yield along with structurally well-preserved lignin.

Molecular Dynamics Examination of Lignin Aggregates, isolated chains, and model dimers in Cyrene

and Cyrene/Water Mixtures

Molecular dynamics (MD) simulations are a powerful tool for gaining insights into solvent-
polymer interactions and biomass pretreatments.*¢* Recent work by Mood et al provided an account of
lignin-Cyrene and lignin-Cyrene:water interactions using a combination of COSMO-RS and all-atom
molecular dynamics simulations and suggested that Cyrene has a preferential interaction with lignin when
in mixtures with water and caused isolated lignin chains to adopt random-coil like conformation.>® However,
the prior work made use of non-optimized force-field for Cyrene obtained from CGenFF, modelled a
generic lignin, did not consider inter-lignin chain interactions, i.e. the behaviour of lignin aggregates, and
performed MD simulations of only two of the experimental ratios considered here. Here, simulations were
performed with an updated parameterization of Cyrene (see SI for details) and the influence of Cyrene,
water, and Cyrene:water mixtures on the behaviour of both (low-molecular weight) switchgrass-like lignin
aggregates and isolated switchgrass-like lignin chains. Additional, simulations with softwood-like lignin
were also performed and are reported in the SI. Figure 5 summarizes the results of simulations of pre-
formed switchgrass-lignin aggregates under Cyrene, mixtures of Cyrene with water (4:1 v/v, 2:1 v/v, 1:1
v/v, 1:2 v/v), and bulk water at elevated temperatures (~393K). Figures 5A and 5C report the average
minimal and maximal distances in 10ns time-windows between lignin chains, respectively. These sub-

figures clearly show that in the presence of Cyrene and Cyrene:water mixtures, lignin aggregates are
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disrupted, with minimal inter-chain distances exceeding 1.5nm within 30ns of simulation time. By setting
a dissociation distance threshold of having two independent chains be more than Inm apart, and tracking
the “first exit times” for such an event to occur, Figure 5B provides an alternative quantification of
aggregate disruption under the varied solvent conditions. Interestingly, the average first exit times show
that for the tested solvents, 2:1 Cyrene:water mixtures have the fastest disruption of lignin aggregates.
Furthermore, by calculating the atomic inter-chain radial distribution functions of the lignin chains over
the last 30ns of the simulations (Figure 5D), it is clear that the interchain correlations are similar, though
not identical, to bulk solutions, with the exceptions of lignins in bulk water and 1:2 Cyrene:water
environments, where aggregates may spontanecously regenerate.

While the aggregate simulations provide clear evidence that when lignin is placed in environments
consisting of bulk Cyrene or Cyrene:water mixtures with moderate Cyrene present, these simulations are
limited in providing a fair comparison of the impact of these conditions on isolated lignin chains and an
idealized view of lignin-cosolvent interactions. To circumvent the aforementioned limitation, simulations
of isolated lignin were performed, as outlined in Methods, under bulk Cyrene, bulk water , and 2:1 v/v, 1:1
v/v, and 1:2 v/v Cyrene:water stresses. Figure 6 summarizes the impact of these solvent conditions on lignin
morphology and short-range (Lennard-jones) intra-chain interaction strengths. As expected, given the
previously observed trends to that Cyrene and Cyrene-enriched environments result in the disruption of
lignin aggregates, isolated lignin chains adopt expanded, open-chain conformations, as evidenced by the
shifts, compared to bulk water, towards equilibrium geometries with increased radius of gyration and
solvent accessible surface area measures (as computed using the GROMACS gmx gyrate and sasa tools).
Further, the energetics of intra-chain short-range (Lennard-Jones) interactions, obtained using the gmx
energy tool and reported in figure 6C, indicate that in the tested Cyrene containing environments, lignin-
lignin self-interactions are screened. While all Cyrene containing conditions tested are found to be
disruptive, similar to the aggregate simulations, the largest changes in (single chain) lignin morphology and

self-interactions are found for systems containing 2:1 v/v Cyrene:water.
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The relative positioning of the cosolvents themselves (Figures 7A & 7B), as shown by the per
monomer center of mass-cosolvent molecule center of mass radial distribution functions (obtained from the
last 10ns of each of the 30ns isolated lignin chain production simulations) show that, in the presence of
water, Cyrene is readily enriched near lignin. Additionally, it is interesting to note that for all the tested
mixtures, except for the 2:1 v/v Cyrene:water condition, water is generally displaced from the local lignin
environment. Exploring the short-range contact (Lennard-Jones) energetics of the cosolvent components
with lignin (Figures 7C & 7D) indicate that when normalized by the number of each solvent type in the
system (i.e. number of water or Cyrene molecules) water-lignin interactions are indeed screened in the
presence of Cyrene; however, this screening is incomplete for 2:1 v/v mixtures. Additionally, the strength
of lignin-Cyrene interactions are themselves reduced in the tested cosolvent systems containing water. From
the radial distribution functions presented in Figures 7A & 7B, along with the changes in the morphology
and screening of lignin intra-chain self-interactions/contracts reported in Figures 6 and disruption of lignin
aggregates (Figure 5), it may be inferred that Cyrene:water cosolvents act in a similar manner to THF: Water
cosolvent mixtures, where one of the cosolvent components has a preferential solute-solvent interaction

with lignin, resulting in a potentially theta-like, localized solvent environment*,

Taking the above results together, it is possible to devise a ranking of cosolvent conditions by
simulation derived disaggregation first exit times (2:1 <4:1 ~ 1:1 < 1:2 ~ bulk Cyrene < bulk Water) or
degree of morphological differences from lignin morphologies found under bulk water (2:1 > 4:1 ~ 1:1 >
1:2 ~ bulk Cyrene > bulk Water) and from this it is clear that the simulations do find the same optimal
cosolvent mixture as that reported found experimentally. However, given the similarity of the Cyrene:water
cosolvent’s apparent mechanism of action to that of THF:Water cosolvent’s mechanism, it is, at first glance,
quite surprising that the experimental measures of lignin release and deconstruction show such sensitivity
to acid content and pretreatment length. One potential explanation for this is that the presence of Cyrene
near the lignin solvation shell merely encourages physical disruption, but inhibits chemical reactions, as

seen by the reduction of water in the first solvation shell for all tested Cyrene cosolvent mixtures, except
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for the 2:1 v/v mixture which has a minor enrichment of ‘trapped’ water near the lignin surface as seen
from Figure 7A. While short-range (Lennard-Jones) lignin-water interactions energies on average were
screened at the 2:1 v/v concentration, compared to other cosolvent mixtures (1:1 v/v and 1:2 v/v) this
screening was much weaker, with a substantial portion of strong water-lignin contacts still possible, as
evident by the large left-ward shoulder in lignin-water Lennard-Jones energies. Considering that the first
exit times for lignin disaggregation are fastest in the 2:1 v/v Cyrene:water mixture, it may be posited that
the observed weakening of Cyrene-lignin interactions at 2:1 v/v ratio may ‘lubricate’ the solvation shell
which prevents Cyrene’s inherent viscous nature from slowing polymer reorganization, as is found in the
bulk Cyrene exit times. It is important to caution that this analysis is excluding electrostatics and is using
the short-range Lennard-Jones interaction energies merely as a proxy for the ability of cosolvents to make

energetically favorable short-range contacts with lignin.

To better quantify whether the solvation of the experimentally most cleaved linkage (i.e., f—0—-4)
is substantially altered under the identified optimal condition (2:1 v/v Cyrene:water) in comparison to bulk
water, we performed simulations of a single }—O—4 dimer with and without “classical” reactive species
models. We reiterate that reactions are not explicitly modelled here; the aim is to primarily examine how
acid moieties and water may coordinate around the a—O-4 atom in a pre-attack state in 2:1 v/v
Cyrene:water and bulk water. Figure 8 summarizes the results from these dimer simulations. The
cumulative radial distribution functions (i.e. running coordination number function) indicates that in the
event that the a—0—4 site is exposed, as would be promoted under Cyrene:water environments, water and
(the classical) reactive acidic species (HSOy4) can localize near a—O—-4, which may facilitate f—O—4
cleavage; however, this localization is reduced in the 2:1 v/v Cyrene:water condition compared to an
idealized water environment; with waters being largely displaced and coordination of the reactive anion
being slightly reduced. When this screening is taken together with the observation that water and reactive
species diffusion dynamics are substantially slower in the 2:1 v/v Cyrene:water system compared to bulk

water (Figure 8B & Figure 8D), the data suggests that while Cyrene-water cosolvents may readily alter the
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physical state of lignin chains and aggregates, the diffusion of reactive species and localization of these
species near linkages sites is still retarded compared to an idealized water environment, and that this in turn
may inhibit chemical processes. Taken together, this may explain the experimental observation that it is
necessary to increase the severity of the reaction conditions, either by increasing reactive species content

or reaction time, to obtain substantial changes in lignin molecular cleavage under these pretreatments.

CONCLUSIONS

Mild Cyrene pretreatment has advantages in preserving lignin integrity with relatively high
delignification. In this work, to overcome the high viscosity nature of Cyrene, the pretreatment on
switchgrass was conducted using a low volume fraction of Cyrene (Cyrene/water = 2:1, 1:1 and 1:2) under
selected conditions. It was demonstrated that Cyrene pretreatment could effectively break down the
recalcitrant switchgrass cell-wall matrix, reducing lignin molecular weight by 20~60% and increasing the
cellulose conversion to up to ~70% depending on the pretreatment conditions. At 120 °C, high Cyrene
volume fraction (Cryene/water = 2:1) yielded better lignin removal and cellulose conversion rate, yet the
efficacy of Cyrene pretreatment could be compensated by prolonging duration time and adopting high
catalyst dosage. The NMR analyses indicated that the switchgrass lignin macromolecules underwent mild
modification with high preservation of f—O—4 ether inter-unit linkages and functional groups during Cyrene
pretreatment, which could benefit integrating lignin valorization into modern biorefinery. Molecular
dynamics simulations probed the possible molecular mechanisms behind the efficiency of the Cyrene-water
cosolvent mixtures and found that Cyrene readily disrupts lignin aggregate structures and modulates intra-
chain lignin-lignin contacts and results in lignin adopting expanded “open” states. Additionally, simulation
analysis of lignin solvation suggests that Cyrene has a preferential interaction with lignin. Interestingly, if
we rank the cosolvent conditions based on the simulation-based prediction of lignin aggregate disruption,
our simulations indicate that 2:1 v/v mixtures of Cyrene:water, similar to experiment, will be optimal.
Simulations comparing the localization of classical reactive-species stand-ins in water and 2:1 v/v

Cyrene:water showed that water, and to a very minor extent anionic reactive species, would be screened
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near lignin, compared to an idealized water environment. When taken together with reduced solvent
dynamics, this may explain the necessity to make use of either longer reaction times or higher reaction
severity to generate yields of low molecular-weight lignin under Cyrene:water pretreatments. It should be
noted that alternative explanations behind the need for longer reaction times or increased reaction severity
(acid loadings) may exist; while the current modeling appears consistent with the observed experimental
trends, it is important to note that the presented computational results do not explicitly treat reaction events,
and as a result the role of acid in modulating the interconversion of Cyrene with its transient germinal diol
form in the lignin solvation shell may play in retarding the cleavage of inter-unit linkages is unknown.
Future studies will likely be necessary to obtain a complete understanding of this promising and complex

cosolvent pretreatment.
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Table 1. The reaction conditions of Cyrene pretreatment and the yields of lignin and solid residue after
pretreatment estimated on the basis of untreated extractive-free switchgrass.

Cyrene/water H,SO4 Duration Lignin Solid residue
viv mM h wt% wt%
21 #1 33 1 8.8 52.3

#2 67 1 13.1 46.4
#3 0 4 0 87.7
11 #4 33 1 5.7 52.4
#5 67 1 6.0 52.2
#6 100 1 8.0 47.8
#7 33 1 2.1 63.1
#3 33 2 4.6 55.5
1:2 #9 67 1 5.4 52.1
#10 100 1 6.7 50.9
#11 100 2 7.7 45.0
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Table 2. Composition of pretreated switchgrass biomass, glucose release and cellulose conversion of the

post-treated biomass by enzymatic hydrolysis.

Composition, % Delignification Glucose Cellulose
Sample
lignin  arabinose glucose xylose % g/g biomass ? conversion ?

Switchgrass  25.2% 2.1% 36.4%  20.1% 0.201 40.5%
#1 18.4% 1.3% 52.3%  10.5% 61.8% 0.454 67.7%
#2 14.5% 0.0% 53.0%  6.4% 73.3% 0.368 57.4%
#7 25.1% 1.1% 44.0% 14.1% 37.2% 0.401 65.1%
#8 23.3% 1.3% 51.8%  9.9% 48.7% 0.439 64.0%
#9 21.8% 0.8% 549%  8.6% 54.9% 0.432 59.6%
#10 21.0% 1.6% 56.5%  6.6% 57.6% 0.391 54.4%

2 Glucose released from the biomass obtained 1 % NaOH post-treatment; ® calculated based on the glucose

content in pretreated biomass.
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Figure 1. The correlation between pH and Cyrene/water ratio.

Page 24 of 30



Page 25 of 30

Green Chemistry

8000

7000

6000

5000

4000

M,, g/mol

3000

2000

1000

IS T NS S S S S HT T S S TS RN N S T NS S SRS U A ST S SN SR Y

D 2.64

93.20

D277

B2.15

D2.58

33mM 67mM |33mM &7 mM
1h#1 1h#2 | 1h#4  1h#5

100mM| 33mM 33mM 67 mM
ih#6 | 1h#7 2h#8 1h#9

CEL |Cyrene/water 2:1 Cyrene/water 1:1 Cyrene/water

100 mM 100 mM
1h #10 2h#11

12

Figure 2. The weight-average molecular weight (M,,) and molecular dispersity index (D) of switchgrass
CEL and switchgrass Cyrene lignin extracted under different pretreatment conditions.

(A)

ligni e CDCls __ yionin—o—p( + Hal
ignin— - rpm —0—
g OH Cl F’\0 pyridine g \O
R
i )=o
o] (o]
| QOCH;, OCH;4 ! \P
P
aliphatic Cj substituted guaiacyl p-hydroxylphenyl carboxylic
120
0.16 Hydroxyl Content, mmol/g lignin ( C) Phenolic Hydroxyl Content, mmol/g lignin
086 = aliphatic-OH = phenolic-OH = -COOH ® C5-substituted ™ guaiacyl p-hydroxyphenyl
22 1.00
0.80
0.38
040 ooz G 033 033 03 i
0.39 0.38 034

33mMm

1h#1 1h#2 | 1h#4 1h#5 1h#6 | 1h#7 2h#8 1h#9 1h#10 2h#ll

yrene/water 2:1 Cyrene/water 1:1 Cyrene/water 1:2

67mM [33mM 67mM 100 mM|33mM 33mM 67 mM 100 mM 100 mM|

33mM 67mM |33mM 67 mM 100 mM)| 33 mM

33mMm
2h#8

67 mM 100 mM 100 mM

1h#1l 1h#2 | 1h#4 1h#5 1h#6 | 1h#7 1h#9 1h#10 2h#11

yrene/water 2:1 Cyrene/water 1:1 Cyrene/water 1:2




Green Chemistry

Figure 3. Quantitative 3'P NMR analysis of switchgrass CEL and Cyrene lignin. (A) Phosphitylation of
lignin hydroxyl groups with 2-chloro-4,4,5,5 tetramethyl-1,3,2-dixoaphospholane (TMDP), (B) contents of

aliphatic, phenolic, and carboxylic hydroxyl groups, (C) composition of phenolic hydroxyl groups.
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Figure 4. Semiquantitative HSQC analysis of switchgrass CEL and Cyrene lignin. Frequencies of lignin
inter-unit linkages (B—O—4 ether, f—P resinol and f—5 phenylcoumaran) and end-groups (p-coumarate and

ferulate) (A), and subunits (guaiacyl, syringyl, p-hydroxyphenyl) (B) per 100 (S+G+H) units.
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Figure 5. Lignin aggregate characterization. (A) Average minimal distances between inter-lignin
chains obtained over 10ns windows from 5 independent simulations. (B) Bar-graph representation of
mean first exit times for the disassociation of a lignin chain from other lignins. A disassociation event is
taken as the time when the minimal distance to any other lignin chains is more than 1.5nm. (C) Average
maximal distances between inter-lignin chains obtained over 10ns windows from 5 independent
simulations. (D) Inter-chain, monomer-centered, lignin-lignin radial distribution functions; radial
distribution functions were calculated using the last 25ns of each of the five-independent 70ns trajectories
per solvent condition. Error-bars presented in subfigures are standard deviations.
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Figure 6. Isolated lignin chain characteristics under water, Cyrene, and cosolvent conditions. (A) Mean lignin solvent
accessible surface area distributions. (B) Mean lignin radius of gyration distributions. (C) Mean short-range intra-chain (lignin-
lignin) Lennard-Jones interaction energy distributions. All distributions were obtained by histogramming calculated features over
the final 10ns of each (five) independent trajectory for each of the solvent conditions. Error-estimates are standard-errors for each
bin assignment. Lennard-Jones energies are used to approximate the strength and number of close intra-chain contacts. This is
necessarily an incomplete measure of contact energies as it excludes electrostatic contributions though it does provide a window
into potential contact screening.
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Figure 7. Isolated lignin chain-(co)solvent interactions. (A) Mean lignin monomer center-of-mass-water molecule center-of-
mass radial distribution functions. (B) Mean lignin monomer center-of-mass-water molecule center-of-mass radial distribution
functions. All presented data was obtained from the last 10ns of each of the five independent simulations per solvent condition.
(C) Normalized (by total number of water molecules in simulation box) Lignin-Water short-range (within 1.2nm cutoff) Lennard-
Jones interaction energy distributions. (D) Normalized (by total number of water molecules in simulation box) Lignin-Cyrene
short-range (within 1.2nm cutoff) Lennard-Jones interaction energy distributions. As before in figure 6, Lennard-Jones energies
are used to approximate the strength and number of close intra-chain contacts and is necessarily an incomplete measure of
contact energies as it excludes electrostatic contributions; however, the choice still provides a window into short-range contacts.
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Figure 8. Model lignin-dimer water and HSO, coordination and dynamics characterization. (A) Mean cumulative radial
distribution function between water and the model dimeric lignin’s a-O-4 Oxygen in proximity to the model $-O-4 linkage. (B)
Average mean squared displacements of water molecules within the simulations over a time window of 5ns. (C) Mean
cumulative radial distribution function between HSO, and the model dimeric lignin’s a-O-4 Oxygen in proximity to the model -
0-4 linkage. the monomer center-of-mass-water molecule center-of-mass radial distribution functions. (D) Average mean
squared displacements of water molecules within the simulations over a time window of 5ns. The mean cumulative radial
distributions (cCRDFs) were computed over the final 5ns of each of 20 independent 15ns production simulations per solvent
conditions. To facilitate equivalent binning during the calculations of the cRDFs, the cRDFs were only computed up-to a
maximum distance of 2.1nm. Error-bars in subfigures (A) & (C) represent the standard-error for each distance bin in the cRDFs.
Subfigure (A)’s errors are roughly equivalent to the thicknesses of the shown lines. Errors-bars in subfigures (B) & (D) are
standard errors for each lag-time over the 20 independent trajectories. The entire 15ns trajectories were used to estimate the MSD
profiles in (B) & (D)



