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Abstract

In the context of promoting a circular bioeconomy, the development of green and efficient
lignocellulosic biomass pretreatment technologies so as to realize high value-added biomass
utilization is of intense interest. We demonstrated the potential of the bio-based green solvent
dimethyl isosorbide (DMI) for the fractionation of Eucalyptus biomass with excellent
performance. Here, to investigate the mechanisms involved in biomass fractionation,
microimaging and microspectroscopic techniques were employed together with molecular
dynamics (MD) simulation and COSMO-RS quantum chemical calculations to derive
multiscale information. Both the microstructure and regional chemistry of the cell wall vary
significantly with the volume ratio of DMI/H,O. The strongest effects were found at
DMI/H,0=9:1 and showed visible cell wall tearing cracks and cell wall deformation and
collapse as well as the lowest values of cell wall thickness and circularity. From the MD
simulations, lignin exhibits collapsed-like structure in pure H,O with low solvent accessibility
surface area (SASA) and radius of gyration (R,). In contrast, lignin in DMI/H,O shows
extended structure with high SASA and solvent interactions dominated by van der Waals
forces, with maximal contact in the 9:1 system. Further, the COSMO-RS calculated sigma (o-
) potential suggests the intermolecular interactions in DMI and DMI/H,O co-solvent are weak,
leading to stronger interaction with lignin and correspondingly higher lignin dissolution. The
radial distribution functions and o-potential all show that again DMI/H,0 at 9:1 is an optimal
volume ratio for high lignin dissolution. This study provides a solvent-ratio dependent

mechanism for the action of polar aprotic solvents in the deconstruction of biomass.

Keywords
Lignocellulosic biomass, Organosolv pretreatment, Multiscale investigation, Deconstruction
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1. Introduction

Lignocellulosic biomass pretreatment is one of the most crucial steps in a biomass
refinery.!> 2 In the last decades, several pretreatment methods have been developed.? Of these,
organosolv pretreatment is an emerging approach to obtain high-quality lignin and high-purity
cellulose.* 3 In the context of promoting an eco-friendly and sustainable bioeconomy and to
realize the clean separation and high value-added utilization of lignocellulosic biomass,® as
alternatives to conventional organic solvents, bio-based green solvents are being investigated,
such as y-valerolactone (GVL),” dihydrolevoglucosenone (Cyrene)® and dimethyl isosorbide
(DMI),! Among these, DMI is an aprotic, water-miscible and non-toxic solvent which can be
derived from D-glucose.”!? It is considered as one of the top 10 biobased platform chemicals.!3
DMI was used in the field of lignocellulosic biomass pretreatment for the first time by our
group. ! In previous experimental and computational investigations,' ! we demonstrated the
potential of the DMI/H,O co-solvent system for lignocellulosic biomass (Eucalyptus)
fractionation. Under mild pretreatment conditions (120 °C, 60 min) and a volume ratio of DMI
to H,O of 9:1, the removal of lignin and hemicellulose reached more than 90% and 98%,
respectively, and was better than those found for ratios of 10:0 (79.4%, 81.7%) and 8:2 (71.3%,
80.5%, see Table.S1 for evidence). Meanwhile, high-purity lignin was obtained, preserving a
good fraction of B-O-4 linkages (~25%).

The mechanisms underlying the above results for DMI/H,0O pretreatment, including how
DMI/H,0 co-solvent interacts with lignin and the role of H,O in the co-solvent system, need
to be elucidated. Current research on the deconstruction mechanisms of lignocellulosic biomass
organsolv pretreatment has applied at least four main groups of approaches. The first is using
microscopic imaging or microspectroscopic techniques to directly characterize changes in the
composition and distribution of main components in cell walls.!"* Xun Zhang!> used micro-
Raman spectroscopy for quantitative visualization of the lignin from Poplar in various cell wall
layers during delignification. A linear relationship between Raman intensity ratios and the
lignin content (acquired by chemical compositions analysis) was established for the
quantitative illustration of lignin removal in different cell wall layers. The second is using gas

chromatography-mass spectrometry (GC-MS) to detect the structure and type of products, and
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to infer possible degradation routes from the perspective of covalent bond breaking.'® For
example, Jasiukaityté et al.!” took benzyl phenyl ether (BPE) as a representative lignin model
compound with the a-O-4 linkage, and investigated its reaction mechanism in sulfuric acid-
acidified GVL and GVL/H,O co-solvent via GC-MS. Results showed that the product
distribution was strongly affected by H,O, which was found to be of benefit in inhibiting the
formation of larger lignin structures. The third is using the quantum-chemical computational
COSMO-RS technique to study radial distribution functions (RDFs) reflecting microscopic
interactions between lignin and the investigated solvent systems.!® For example, we computed
the RDFs between lignin and a cyrene/H,O co-solvent system at different molar ratios to
understand the effects of various solvent/H,O ratios on the solubility of the co-solvent system.
Results showed that the higher contact probability of H,O and lignin in cyrene/H,O co-solvent
at 4:1 molar ratio led to greater solvation of lignin molecules than at 1:1 and thus provides a
preferred molar ratio for lignin dissolution.!” The fourth is using molecular dynamics (MD)
simulation to study the behavior and conformation of lignin fragments in solution.?%- 2! Vural
et al.?? investigated the solvation of lignin polymers with different S/G/H compositions in co-
solvents (H,O, THF/H,0O and GVL/H,0). Results showed that THF/H,0O and GVL/H,0 co-
solvent were found to be “good” solvents for all types of lignin. In addition, the lignin solvent
interactions, became slightly more favorable with increasing lignin methoxy substitution in
GVL/H,0 co-solvent system, but did not vary in THF/H,O co-solvent system. These indicate
that the performance of lignin deconstruction and removal varies in different types of solvents.
The above four groups of approaches focus on mechanisms at different scales and should be
combined to optimally elucidate biomass deconstruction mechanisms in novel solvent-based
systems.

The objectives of this work are to understand the deconstruction mechanism of the new
DMI/H,O co-solvent system for lignocellulosic biomass pretreatment at multiple scales,
including macrostructural, cellular, subcellular and molecular scales. In addition, several
unconventional characterization and analytical methods are used in this work. For example, we
used an X-ray microscope to obtain both 3D and 2D structural changes of the biomass before
and after pretreatment, as well as conductivity to reflect the free H" concentration in the co-

solvent system — an appropriate characterization method for solvent systems such as DMI for
4
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which it is difficult to measure the pH. This study concentrates on a deep and systematic
approach to analyze the deconstruction mechanism for biomass (Figure.l), and thus can
provide a fundamental understanding for other bio-based polar non-protonic solvents like DMI

used in the field of biomass pretreatment with a green and sustainable strategy.
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Figure.1 Multiscale investigation of the mechanism of biomass deconstruction in the

DMI/H,0 co-solvent pretreatment.

2. Experimental and Computational Details

2.1 Materials and chemicals

Eucalyptus (E. urophyllaXE. grandis) used in this study was obtained from Guangxi,
China. Dimethyl sulfoxide (DMSO) was purchased from Sinopharm Holding Chemical
Reagent Co., LTD. (Shanghai, China). Nail polish (H60100627) was provided by Nanjing
Jiushan Chemical Co., LTD. (Nanjing, China). The specifications, models and procurement

channels of other chemical drugs were the same as with our previous study.!
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2.2 Eucalyptus cross-section preparation and pretreatment

The secondary xylem of the Fucalyptus was cut into small pieces of 20 mmx10 mmx10
mm. After exhausting and softening treatment, the cross-sections with a thickness of 20 pym
were prepared by using a microtome (LeicaSM2010R, Leica, Germany). The prepared
Eucalyptus cross-sections were placed in a Synthware™ cylindrical pressure bottle with 15 mL
of DMI-based co-solvent at different DMI to H,O volume ratios (10:0, 9:1, 8:2) and 75 mM
H,SO,. The samples were heated in Synthware™ aluminum blocks and reacted at 120 °C for
keeping 60 min. After the reaction, the samples were cooled to room temperature (20 = 5 °C),
then soaked in the same proportion of co-solvent system for 12 h. After that, the cross-sections
were soaked in dimethyl sulfoxide (DMSO) for 12 h, then soaked in Milli-Q for 12 h after
washed repeatedly with Milli-Q for 3 times. The samples could be used for subsequent analysis

and detection.
2.3 Characterization Methods

X-ray microscopy (XRM, Xradia 610 Versa, Zeiss, Germany) was used to characterize
the two-dimensional (2D) and three-dimensional (3D) structural changes of the Eucalyptus
cross-sections before and after DMI/H,O co-solvent pretreatment. The freeze-dried samples
were fixed on a plastic holder by double-sided adhesive tape. The current and voltage of the
X-ray source were 71 pA and 70 kV, respectively. The detector 4X was chosen in the scan
recipes, which means the optical magnification is 4. The pixel size was 0.78 pum and each CT
image contained 1012*843 pixels. The phase segmentation and analysis of 2D cross-sections
before and after pretreatment used the softwares ilastik?? and Fiji/ImageJ.?* The circularity was

calculated using the following equation (1):2°

Circularity = 477214 (D)
P

where 4 and P are the area and perimeter of the cell lumens. Changes of surface
morphology and roughness were detected using a field emission scanning electron microscopy
(FE-SEM, Gemini 450, Zeiss, Germany) and atomic force microscope (AFM, Jupiter XR,
Oxford, USA), respectively. The AFM testing was under the tap mode. The probe type was
AC160TS-R3 with =300 KHz, C=26 N/m, tip radius of 9 nm. Eucalyptus cross-sections were

6
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fixed on a sample stage using double-sided adhesive tape before testing. The conductivity of
different DMI/H,O co-solvent systems was determined using a zeta potential analyzer
(ZetaPALS, Brookhaven, USA) at 25 °C. The Raman spectra of Eucalyptus cross-sections
were collected using a visible near infrared fast imaging Raman spectrometer (Alpha300R,
WITec, Germany). The samples were fixed on slides, and then coverslips were placed on the
samples and sealed with nail polish. Spectral calibration was performed with the Raman spectra
of single crystal silicon before testing. The excitation wavelength, power and integral time were
532 nm, 20 w and 1.5 s, respectively. The surface fluorescence signals of samples were
observed using a fluorescence microscope (Axio Zoom.V16, Zeiss, Germany). The samples
were prepared in the same way with the Raman spectroscopy analysis. Dual-channel
observation (Green Fluorescent Plot and DsRed Fluorescent Plot) was chosen, with excitation
wavelengths of 488 nm and 545 nm and emission wavelengths of 509 nm and 572 nm, and the
exposure time was 1.5 s. The milled wood lignin was prepared by ball milling and dioxane
extraction,?® as well as the lignin solubility at 30 °C was measured according to a previously

reported method.?’
2.4 Molecular Dynamics Simulations

The lignin model polymer for MD simulations was taken from our previous studies,'!- 2%
29 where the lignin molecule was generated using the Lignin Builder?® 39 with a molecular
weight of ~5 kDa (and the degree of polymerization is 26). For all the investigated molecules,
CHARMM force field parameters were used, and the force field parameters for lignin, water,
and DMI were taken from our earlier work.!!: 2° In our recent studies, we validated the DMI
force field parameters against experimental densities and experimental Hansen solubility
parameters.!! Therefore, further validation of force field parameters has not been performed in
the present study.

To study the microscopic interactions and structural changes of lignin in different
DMI/H,0 co-solvent system, MD simulations were carried out using the NAMD package.?!
The initial configuration for all the investigated systems was prepared according to the molar
ratio of DMI and H,O (DMI/H,0 molar ratios = 1:0, 1.1:1, 1:2, and 1:8 corresponding to
volume ratios = 10:0, 9:1, 8:2, and 1:1) using PACKMOL.3? The simulation details, such as
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the number of solvent molecules, lignin molecules, and final box size are summarized in
Table.S2. The potential energy of the system was first minimized for 200 000 steps using a
steepest-descent algorithm. The system was then heated and equilibrated for 15 ns under the
NPT ensemble using the Langevin thermostat and Nose-Hoover Langevin barostat.33 3* With
a tolerance of 107, the SHAKE algorithm was implemented to constrain all the hydrogen
involved bonds.?> The Particle Mesh Ewald (PME) method was implemented to treat long-
range electrostatic interactions at a cut-off distance of 12 A with an accuracy of 10 (PME
tolerance).3® Three separate production runs with a time length of 500 ns were performed on
each simulated system, starting with a different initial velocity distribution. At every 5 ps, the
production coordinates were saved for structural and dynamics analysis. A 2 femtoseconds (fs)
time step was used to integrate the equations of motion. All MD simulation trajectories were
visualized and analyzed using TCL scripts, and Visual Molecular Dynamics (VMD) tool.37- 38
The non-bonded interaction energies between lignin and DMI/H,0 co-solvent were calculated
per mole of lignin. The calculation formulas of non-bonded interaction energies between lignin

and DMI/H,0 co-solvent in the support information.
2.5 COSMO-RS Calculations

The chemical structures of DMI and H,O were drawn using Avogadro.® In our earlier
studies, the COSMO files of DMI and H,O were generated using the BVP86/TZVP/DGALI
level of quantum chemical theory and basis set, and the same COSMO files were used in the
present study.!!- 4942 The generated COSMO files were utilized in the COSMOtherm package
(version 21)*-44 to calculate the sigma (o-) potentials of the isolated and DMI/H,O mixtures,
and partition coefficient of DMI in octanol/water with BP_ TZVP 21 parametrization. The o-
profiles of mixtures of DMI/H,0 at different molar ratios were calculated as the mole-fraction-
weighted sum of the o-profiles of their individual components.*>- 46 Further, using the o-profiles
of solvent mixtures, the o-potentials of mixture can be calculated. Calculation of partition

coefficients using the COSMO-RS model was discussed in detail elsewhere.*’-43

3. Results and discussion

3.1 Changes in 3D cellular morphology of Eucalyptus cross-sections

Our previous results showed that DMI/H,O co-solvent pretreatment significantly altered
8
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the composition of lignin, hemicellulose and cellulose in the samples, removing over 90% of
the lignin and almost all of the hemicellulose.! Changes in the content of these components are
likely to correspond to changes in the macrostructure and microstructure of the samples. X-ray
microscope has high resolution and non-destructive stereo reconstruction micro-imaging
capability, as well as can characterize both 3D and 2D structures of the samples. The internal
3D microstructure of the samples can be constructed with sub-micron precision.

The 3D macrostructures of the Eucalyptus cross-sections before and after DMI/H,O
pretreatment obtained by X-ray microscopy are in Figure.S1. The segmented 3D structures
(Figures 2a-2d) and raw images (Figures 2e-2h) show the effect of pretreatment. Foreign matter
was found (blue arrow in Figure.2b) generated on the surface of Eucalyptus cross-section
pretreated with the condition of pure DMI (10:0), which may be due to lignin microspheres
formed during the pretreatment process being deposited on the surface of the samples. The
sample pretreated at DMI/H,0=9:1 showed visible cell wall tearing cracks (yellow arrow in
Figure.2c) and cell wall deformation and collapse (red arrow in Figure.2c), which was
beneficial for raw materials fractured into much smaller fibrillar particle during the
pretreatment process.! In contrast, the Fucalyptus cross-section pretreated under the condition
of DMI/H,0=8:2 (Figure.2d) did not differ significantly from that of the raw material
(Figure.2a).

In order to understand the changes in cell wall morphology more accurately, changes in
the cell wall thickness and roundness before and after pretreatment were analyzed (200 cells in
the white rectangles area in Figure.2 (e, f, g, h)) using the software ImageJ (Figure.2i and
Figure.2j). Circularity reflects the degree of cell wall deformation: the smaller the circularity
the greater the deformation.” From Figure.2i and Figure.2j, it can be seen that after
pretreatment, the cell wall thickness and circularity values were reduced, and trends of changes
in two indicators were consistent. The more obvious change was the samples under the
condition of DMI/H,0=9:1 with the lowest values of cell wall thickness and circularity,
meaning that the samples under this condition had the highest lignin and hemicellulose removal
efficiencies, consistent with our previous experimental findings.! In addition, the cell wall
thickness and circularity of the samples pretreated under the 10:0 condition were slightly higher

than those under the 8:2 condition, but these differences were not significant.
9
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Figure.2 X-ray microscopy images of the Eucalyptus cross-sections before and after
DMI/H,0 co-solvent pretreatment. (a,b,c,d) Binarized images (obtained with the help of
ilastik and Fiji/ImagelJ sofware). (e,f,g,h) 2D original images. Changes of cell wall thickness
(1) and circularity (j).

3.2 Changes in morphology of Eucalyptus cross-sections

In general, wood cross-sections were found to undergo a variety of changes in their
apparent morphology after the DMI/H,O pretreatment, including cell collapse, wood fibers
breaking and surface roughness and color changes.**-3! Figure.3 shows apparent morphologies
of raw and pretreated Eucalyptus cross-sections (10:0, 9:1, 8:2) in circle images (Figure.3 (a,
b, c, d)). One visible change was that the surface color of Eucalyptus slices changed from milky
white to yellowish brown after pretreatment with DMI/H,0O (10:0), mainly due to structural

changes of lignin during Eucalyptus pretreatment.>? Previous studies have shown that the B-
10
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O-4 bond in the lignin structure was broken into ketones by acidification during the
pretreatment process,>> 3* which accelerated the degradation and condensation of lignin,
forming color-emitting groups such as Hibbert ketones, quinones and quinone methyl groups.>?
The second change was that the surface of Eucalyptus slices became rougher after pretreatment,
mainly due to the removal of lignin and hemicellulose during the solvent pretreatment. The
components on the surface of the wood slices were more likely to be preferentially removed,
which led to the roughness of the wood slice surfaces. In order to quantify the roughness of the
samples before and after sample pretreatment, Eucalyptus slices before and after pretreatment
were analyzed using AFM. Figure.3 (a, b, c, d), (e, f, g, h) & (i, j, k, 1) are images after
magnification of 2, 4 and 50 times, respectively. From the 2x and 4x images it can be found
that the deformation of the cell wall was most obvious after the pretreatment under the 9:1
condition with the roughness as 74.743 nm, consistent with the degree of delignification

results.!

4 um

10 pm v 0 3 10 pm

=4 pm
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~4pm
150 nm
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400 nm
=150 nm

Figure.3 Images of raw and pretreated Eucalyptus cross-sections and changes of cell wall
roughness of Eucalyptus cross-sections before and after pretreatment.

3.3 Changes in the microstructure of Eucalyptus cell wall

Figure.3 shows the changes in the apparent color and surface roughness of the samples

11
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but does not yield information about the cell-wall microstructure. Therefore, FE-SEM was
applied (Figure.4). The untreated Eucalyptus had a dense structure, and the regions between
the cell corner middle lamella (CCML) and the compound middle lamella (CML) were
completely filled. On further magnification to 4000x (Figure.4b), it was observed that the
untreated Eucalyptus cell wall was intact, with a smooth and dense surface on the cross-section
and a flat inner cell wall. After pretreatment with different DMI/H,O co-solvent systems for
60 min, the cell wall structure of Eucalyptus changed to different degrees. The most severe
deformation of the cell wall occurred under the condition of DMI/H,0=9:1, and the highest
lignin removal efficiency (91.2%)! was observed under this condition, only leaving a thin
cellulose skeleton (Figure.4c and Figure.4g). In addition, the deposition of lignin microspheres on
the surface of the sample treated with pure DMI (Figure. 4f) was observed, confirming the presence of
foreign substances on the surface of the sample captured by X-ray microscopy (Figure.2b).
Theoretically, if the DMI/H,O co-solvent systems with different ratios had the same
deconstruction mechanism, the changes in cell wall thickness should be proportional to the
total removal efficiency of lignin and hemicellulose. However, this was not the case, the levels
of lignin and hemicellulose removal efficiency (Table.S1) being 9:1 (91.2%, 98.6%) > 10:0
(79.4%, 81.7%) > 8:2 (71.3%, 80.5%),' whilst that of cell wall thinness was 10:0 (Figure.4f) >
8:2 (Figure.4h) > 9:1 (Figure.4g). These results imply that the lignin at the cell corner (CC)
was preferentially removed in the pure DMI (10:0) system. Only in this way may the thickness
of the cell wall under the condition of 10:0 still be higher than 8:2, even if the lignin removal

efficiency under the condition of 10:0 is higher than 8:2.
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Figure.4 Microstructure of Eucalyptus cell wall before and after DMI/H,0 co-solvent
pretreatment by FE-SEM (Figure. 4f was colorized to indicate the deposited lignin particles).

3.4 Changes in the cell wall region chemistry of Eucalyptus cross-sections

Confocal Raman microscopy was utilized to investigate the distribution of the main
chemical components of the cell wall during the pretreatment, with a view to analyzing the
above phenomena from the changes of subcellular scale. The assignments of the characteristic
peaks of the main components in the cell wall are summarized in Table.S3. The Raman shifts
of cellulose mainly occurred at 2897 cm!, and the characteristic peaks of lignin mainly
occurred at 1605 cm™! and 1660 cm!. Therefore, the spectral integration of 2840-2920 cm™! can
be used to obtain Raman imaging of cellulose distribution in the cell wall of Eucalyptus, and
the spectral integration for 1600-1680 cm! can be used to obtain the lignin distribution. The
results are shown in Figure.5. The distribution of cellulose in untreated Eucalyptus (Figure.5a)
was heterogeneous in different regions, the highest concentration of cellulose being in the
region of the secondary wall, followed by the region of the CML, and the region of the CCML.
As lignin was removed from the samples after pretreatment, the strength of cellulose gradually
increased, with the highest concentration of cellulose in the secondary wall of Eucalyptus under
the 9:1 condition (Figure.5b), and it also can be seen that the cell wall occurred a severe
deformation and the wood fibers were fractured in this condition.

For the distribution of lignin in the cell wall of untreated Eucalyptus (Figure.5d), the
region with the highest concentration was the CCML region, followed by the CML region and
the lowest concentration was found in the secondary wall region. After DMI/H,0O co-solvent
pretreatment, the lignin distribution trends were very different and the signal intensity was
reduced to different degrees. There was still a strong lignin signal present at the CCML under
the condition of 8:2. Thus, the decrease of lignin concentration under this condition mainly
originated from the lignin removal in the region of secondary wall, which indicates that the
dissolution of lignin located in the secondary wall region was more pronounced than in the
CCML region under this condition. One possible explanation for this phenomenon is the
solvent permeation mechanism, which allowed the solvent to permeate from the lumen to the

CCML and then to the cell wall, and thus preferential delignification might occur in the

13
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secondary wall region.’> This explanation is supported by the laxity of the cell walls, which
peeling away from each other in Figure.4d and Figure.4h. The cell wall was also found to be
more lax in the secondary wall region than in the CCML region.>> When the volume ratio of
DMI to H,O in the co-solvent system was 9:1, the lignin signal almost disappeared (Figure.5¢),
indicating that most of lignin was removed under this condition. In addition, we also found that
the resolution of the component distribution images was decreased after co-solvent
pretreatment, mainly due to the erosion of the sample surface during the solvent pretreatment,
which resulted in a rougher surface compared to the original (Figure.3). We were unable to
obtain Raman spectra of the samples in pure DMI (10:0) because the strong fluorescence signal
(wavelength around at 600 nm) under this condition had obscured the Raman signal on the
sample surface. Lignin itself was auto-fluorescent.’® 37 Normally, the auto-fluorescence
intensity is positively proportional to the concentration of lignin, so the lignin concentration
can be indirectly estimated by the change of fluorescence intensity under the same exposure
time. Therefore, a change of fluorescence intensity on the surface of Eucalyptus cross-section
before and after DMI/H,O co-solvent pretreatment was observed, as shown in Figure.S2. The
changes of green fluorescence were consistent with the trend of the removal efficiency of the
lignin under different conditions. However, the trend of the red fluorescence intensity on the
surface of pretreated Eucalyptus cross-section was different from that of the green fluorescence
intensity, mainly because the fluorescence intensity of the sample treated with the 10:0
condition was uniform and stronger than that of the raw sample, which is the direct reason why
no Raman signal was observed on the sample surface under this condition. Lahdetie et al.®
also investigated the reason why samples containing lignin produce laser-induced fluorescence
(LIF) that overlaps with the Raman band. By analyzing the Raman spectra of lignin dimer
model compounds, results showed that the molecular structure and conformation were key
factors influencing the fluorescence intensity. The same reason can also explain the
phenomenon in this experiment, as it was found that the lignin in the cellulose-rich pulp under

10:0 condition occurred severe condensation in our previous work.!

14
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Cellulose

Lignin

Figure.S Raman imaging of lignin and cellulose dlstrlbutlon in Eucalyptus cell walls before
and after DMI/H,O co-solvent pretreatment. (a) Raw_cellulose. (b) 9:1 cellulose. (¢)
8:2 cellulose. (d) Raw_lignin. (e) 9:1 lignin. () 8:2 lignin.

From the above experimental phenomena, both the microstructure and regional chemistry
of the cell wall were very different under the different pretreatment conditions, reflecting that
the DMI/H,O co-solvents correspond to different delignification mechanisms at different
volume ratios of DMI to H,O. It can be inferred that the efficient removal of lignin from
Eucalyptus slices under pure DMI (10:0) conditions mainly depends on the solubilization of
DMI, but only dissolving the CCML region and some regions that were easily penetrated by
DMLI. In contrast, under 8:2 conditions (more H* free in the co-solvent system), dominated by
the breaking of covalent bonds (benzyl ether bonds, phenyl glycosidic bonds and y ester bonds,
etc.) within the LCC molecule, the addition of H,O leads to a poor lignin solubility in the
DMI/H,0O co-solvent system. Thus, based on the experimental results a hypothesis can be
proposed that the efficient removal of lignin should be a balanced process between the breaking
of LCC bonds, the solubilization of lignin degradation fragments and their stability in the co-

solvent system.
3.5 Conductivity of different DMI/H,0 co-solvent systems

During the acid catalyzed solvent pretreatment, the LCC bond breaking in biomass was
mainly related to the free H" concentration in the co-solvent system.’® Therefore, it was
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necessary to quantify the free H* concentration in the co-solvent system. DMI is a polar non-
protonic solvent and hard to ionize, and thus it is difficult to measure the pH of the co-solvent.
However, it is possible to reflect the relative free H* concentration by measuring the
conductivity of different co-solvent systems, and the result of this is shown in Table.1. The
conductivities of both pure HO and DMI are all nearly 0 uS/cm. When 75 mM H,SO, was
added to the pure DMI (0:10) system, the conductivity of the solvent is only 0.6 uS/cm, close
to zero. However, when 75 mM H,SO, was added to the pure H,O (0:10) system, the
conductivity of the system reached more than 40,000 uS/cm. This result illustrates that the
removal of lignin in the pure DMI mainly relies on DMI to dissolve the lignin out of the cell
wall, because there was no free H* present in the solvent system. Furthermore, the conductivity
of the co-solvent system was found to increase gradually with the increase of the H,O content
in the co-solvent system, from 0.6 pS/cm in 10:0, 225.6 uS/cm in 9:1 to 1591.7 uS/cm in 8:2.
It can be seen that the different contents of H,O in the co-solvent system lead to different
concentrations of free H*, which also implies that the ability of different co-solvent systems to

break LCC bonds in the biomass is different.

Table.1 Conductivity of DMI, H,0, and different DMI/H,0 co-solvents volume ratios.

DMI/H,O0 ratio Conductivity (uS/cm )
10:0 0.6
9:1 225.6
8:2 1591.7
0:10 42287.2

3.6 Dissolution mechanism of lignin in the DMI/H,O co-solvent system from MD

simulations

To understand the dissolution mechanism of lignin, the solubility of milled wood lignin
was tested (Figure.S3). The results show that the solubilities of 10:0 and 9:1 are similar, both

slightly higher than that of 8:2. In addition, MD simulations were performed with DMI/H,0 at
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different DMI/H,0 volume ratios at 10:0 (neat DMI), 9:1, 8:2, 1:1 and 0:10 (neat water). The
MD simulation data for pure DMI (10:0) and H,O (0:10) were taken from our previous work.!!

To assess the compactness of the lignin structures, the radius of gyration (R,) of lignin in
different DMI/H,O co-solvent systems environments was calculated for the last 150 ns of the
production runs. Figure.6a shows the probability distribution of the R, of lignin in DMI, H,O,
and DMI/H,0 co-solvent systems. The average R, values were 9.75 A, 16.45 A, and ~15.83 A
for the H,O, DMI, and DMI/H,O co-solvent systems, respectively. The lower and narrowly
distributed R, values in H,O indicates a collapsed structure. In contrast, the R, values of lignin
in the DMI and DMI/H,0O co-solvent systems are considerably higher, indicating that lignin
adopts a more extended structure. These observations are corroborated by visual inspection of
representative snapshots from the simulations (Figure.S4). In addition to R,, the solvent-
accessible surface area (SASA) is a useful property for measuring the interface between a
solute and its solvent i.e., the surface area of solute that in contact with the solvent. The
probability distributions of the lignin SASA are shown in Figure.6b. The SASA is higher in
the DMI and DMI/H,0 co-solvent systems than in H,O, implying that lignin is more accessible
to DMI and DMI/H,0. The characteristics of the SASA probability distributions resemble

those observed for R,.

0.018 — — — — : 0.025 ——— 1
{——DMI (a) | —DMI (b) ]
0.016 4 —— DMI-water (9:1) 1 —— DMI-water (9:1)
| —— DMI-water (8:2) —— DMI-water (8:2) |
=  0.014 4 ——DMl-water (1:1) a 0.020 4 —— pM-water (1:1)
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2] wn
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Figure.6 Probability distributions of the (a) radius of gyration (R,) and (b) SASA for the
lignin polymer in different DMI/H,O co-solvent systems environments.
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As the concentration of H,O increases, DMI and H,O were found to phase separate at 8:2
and 1:1 volume ratio of DMI to H,O (Figure.S5). Although the delignification of biomass in
8:2 and 1:1 volume ratios of DMI to H,O is lower than in pure DMI (10:0)' and DMI/H,0O
water 9:1, the R, and SASA of lignin are similar. This is mainly due to the lignin being fully
solvated by DMI in all three systems. To further examine the phase separation of DMI and
H,0, COSMO-RS calculations were performed to calculate the octanol/water partition
coefficient. The resulting value of 1.25 confirms the hydrophobic nature of DMI. Since lignin
has aromatic rings and does not tend to interact with H,O, DMI better solvates the polymer and
results in increased SASA and configurational extension (Figure.S6). Thus, the R, and SASA
of lignin are higher in DMI/H,O at 8:2 and 1:1 than in pure water.

To gain further insights into the energetics of the lignin-solvent interactions the non-
bonded interaction energy between the lignin and solvent molecules was calculated. The total
non-bonded interaction energy is a sum of electrostatic and van der Waals (vdW) terms. The
results are given in Figure.7. Due to the significant presence of both hydrophilic and
hydrophobic sites on lignin, both electrostatic and van der Waals interactions play an important
role in its interaction with DMI/H,0.11: 0. 61 [n contrast, in the cases of cellulose and
hemicellulose, electrostatic interactions govern the dissolution process.5% 63

Figure.7 shows that the total interaction energy is roughly constant with DMI
concentration. However, the highest interaction energy for lignin was obtained in DMI/H,0 at
9:1 volume ratio (i.e., -668.72 kcal/mol), consistent with the highest delignification of the
biomass. Strikingly, in the DMI systems vdW interactions dominate the interaction energies.
In contrast, for lignin-H,O the interaction energy is dominated by electrostatics and the
contribution of vdW interaction is much smaller. The strong vdW interaction energy between
lignin and DMI is surface-area dependent and leads to extended polymer structures.'’> 28 A
representation of an MD snapshot for lignin-DMI/H,0 is shown in Figure.S6. DMI tends to
make stronger interactions with lignin aromatic rings, while water interacts with lignin through

hydrogen bonds.
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Figure.7 Nonbonded interaction energies between the lignin polymer and solvent species

computed by MD simulations.

Next, to derive local structural features, radial distribution functions (RDF; g(r)) were
computed between lignin and the DMI/H,O co-solvent systems. The RDFs between the lignin
oxygen (O) and the O (acceptor) atoms of DMI or H,O are depicted in Figure.8. Figure.8a
shows the RDF at different volume ratios. The first and highest solvation peak between lignin
and DMI is at 3.45 A, indicating that DMI forms well-defined coordination around lignin. The
height of RDF peak g(7) for lignin/DMI (10:0) is ~1.2, implying that the contact-pair formation
between lignin and DMI molecules is stronger in the first solvation shell (3.45 A) than at 9:1
and 8:2 volume ratios. The RDF for the second and third solvation shells (5.5 A and 6.5 A) and
beyond for lignin/DMI are dominated by DMI/H,O at 9:1. In the case of lignin/H,O (0:10),
the H,O molecule approaches lignin moiety most frequently at a distance of 2.85 A in all
systems (Figure.8b), and the H,O molecules are again well ordered around the lignin. In pure
H,0 (0:10) system and in DMI/H,O at 1:1 volume ratio, the lignin/H,O RDF peak height is
~0.6-1, while the g(r) height in DMI/H,0 at 9:1 is ~2.8, indicating that the contact-pair number
between lignin and H,O in DMI/H,O at 9:1 is much higher (2-5 times greater) than in pure
H,0 or a 1:1 volume ratio of DMI to H,O, and also 2 times greater than DMI/H,0 at 8:2. The
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higher contact-pair in the 9:1 volume ratio leads to higher polarity of DMI/H,O at 9:1, thereby
increasing the dissolution of lignin. This was further correlated with the COSMO-RS calculated
sigma (o)-potentials and experimentally measured Kamlet-Taft parameters.?’-28 From Figure.8,
it is interesting to observe that the first solvation shell peak between lignin-DMI is at 2.70 A,
while for lignin and water this is at 2.85 A, indicating that lignin is more closely approached

by DMI (see Figure.S4 for evidence).
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Figure.8 Radial distribution function (RDF) plot between the O atom of lignin and (a) the O1
atom of DMI, (b) the O atom of H,O in pure and DMI/H,0 co-solvent systems.

In the COSMO-RS analysis, the o-potential measures the affinity of a molecule to a
surface of polarity o, which provides insights into a solvent’s interactions with itself and in a
mixture.* As shown in Figure.9, we categorize the o-potential into three regions: affinity to
interact with HB acceptor (¢ > +0.01 e/A2), affinity to interact with HB donor (¢ < -0.01 e/A?),
and non-polar (-0.01 e/A2 < ¢>+0.01 e/A2) regions.® In the o-potential plot, the negative value
of chemical potential («(c)) indicates a molecule rich with acceptor or donor sites, while
positive u(o) signifies a lack of acceptor or donor surfaces.'® 4 For H,O, COSMO-RS
calculations yield a symmetric o-potential with negative u(o), meaning intermolecular
interactions between the H,O molecules are strong (HB acceptor regions interact with HB
donor region). In contrast, the o-potentials of DMI and the DMI/H,O co-solvent are

asymmetric, and the values of x(o) and are more negative in the negative charge density region
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(0> -0.01 ¢/A2), which implies that DMI and DMI/H,O co-solvent have a higher affinity to
interact with H-bond donor surfaces than water. The o-potentials of DMI and DMI/H,0 are
positive or less negative in the large positive region of screening charge densities (¢ > +0.01
e/A?), which corresponds to the DMI and DMI/H,O co-solvent systems lacking H-bonding
donor sites. Thus, the intermolecular interaction in DMI and DMI/H,O co-solvent is very weak,

leading to stronger interaction with lignin and correspondingly higher lignin dissolution.
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Figure.9 COSMO-RS-calculated sigma (o)-potentials of H,O, DMI, and DMI/H,0 co-
solvent systems.

A closer look at Figure.9 shows that the o-potential of DMI/H,0 co-solvent in the H-bond
acceptor region (¢ > -0.01 e/A?) is more negative than for DMI, implying that the DMI/H,0
co-solvent exhibits higher hydrogen bonding acceptor capability than does pure DMI. Yu et al.
(2023)?7 reported the Kamlet-Taft parameters of DMI/H,O co-solvent systems at different
volume ratios, and found the hydrogen basicity () of DMI/H,O at 9:1 volume ratio to be higher
(f=1.04) than for pure DMI and DMI/H,0O co-solvent at 8:2, indicating that DMI/H,0O at 9:1
has a high interaction affinity with lignin. The o-potentials and Kamlet-Taft parameters of

DMI/H,0 at 9:1 volume ratio are consistent with each other and with the MD calculated RDF
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and interaction energies. Therefore, of those tested both experimentally and theoretically,

DMI/H,0 at 9:1 volume ratio has the greatest capacity to dissolve lignin.
4. Conclusions

In this work, biomass cross-sections before and after pretreatment with the DMI/H,O co-
solvent system were characterized and analyzed at multiple length scales using a variety of
microimaging and microspectroscopic technologies and with computational chemistry. The
experimental results indicate that both the microstructure and regional chemistry of the cell
wall are very different under the different pretreatment conditions, reflecting different
delignification mechanisms at various volume ratios of DMI to H,O.

The addition of H,O changes the free H" concentration as demonstrated by the
conductivity measurements and the lignin solubility as revealed by solubility test as well as
computational simulations. In pure DMI, lignin dissolution removal is sufficient in the CCML
region, where lignin is more accessible than in other regions, due to the excellent lignin
solubility of DMI, although its free H" concentration is low. Under 8:2 conditions, where higher
free H* concentration favors covalent bond cleavage, lignin removal is limited by its poor
ability to dissolve lignin. The role of water in affecting lignin solubility was further
demonstrated by MD simulations and COSMO-RS calculations. The MD results showed that
as the H,O concentration increases, a phase separation occurs under the 8:2 condition, which
limits the accessibility of solvent to cell wall components and thus results in a poor lignin
removal efficiency. In contrast, 9:1 provides the optimum conditions for biomass
delignification, combining effective bond breaking and superior lignin dissolution due to
stronger interaction energies and higher contact pair formation (RDF analysis) between lignin
and DMI/H,0 with higher hydrogen bond acceptor capacity (COSMO-RS analysis).

In conclusion, microscopic visualization of cell walls from the micrometer to the
nanometer scale provides information on the spatial, morphological and chemical changes of
cell walls before and after DMI/H,0O co-solvent pretreatment. Combining these observations,
conductivity measurements, solubility tests and MD simulations, we have shown that the
efficient removal of lignin is a balanced process between the breaking of LCC bonds, the

solubilization of lignin degradation fragments and their stability in the co-solvent system. As a
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part of future work, we are exploring the different solvent recovery routes and evaluating the
environmental and economic performances of DMI/H,O co-solvent based biorefinery designs.
This study thus provides a fundamental understanding of the multiscale results on the biomass
deconstruction mechanism by solvent DMI. These knowledge and approaches take will
contribute to the research field with regards to discover and understand the green, efficient and
sustainable lignocellulosic biomass pretreatment technologies and the promotion of their large-

scale realization.
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