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A B S T R A C T

Biomass deconstruction and lignin depolymerization was performed using three different deep eutectic solvents.
Various temperature (110°, 130°, and 150 °C) and time (1, 5, 10, 15min) conditions were tested in a 2450MHz
microwave reactor. Oxalic acid (130 °C, 15min) and formic acid DES (150 °C, 15min) gave the highest lignin
yield. Microwave heating reduced the processing time significantly. NMR characterization shows that micro-
wave heating promotes selective bond cleavage during lignin depolymerization and has a narrow molecular
weight distribution compared to conventional heating techniques. Molecular dynamic simulations showed that
certain lignin bonds are stretched under the electric field imparted during microwave irradiation, increasing its
probability of breaking.

1. Introduction

Pretreatment of lignocellulosic biomass is a critical step in biofuel
production, lignin is being generated as a byproduct of biomass pre-
treatment [1,2]. Despite its great potential to produce a wide range of
chemicals, lignin remains severely underutilized [2]. It is critical to
convert lignin waste streams to high value-added chemicals for the
economic viability and success of a bio-refinery, enabling cost-compe-
titive biofuel and chemical production [3–5].

The heterogeneity of lignin (both in its varied bond chemistry and
its variability between plants), is the primary hurdle to its targeted
upgrading and reuse as a feedstock for chemicals and advanced mate-
rials. Lignin is a complex hetero-biopolymer composed primarily of
three different monomers (monolignols; H, G and S,) connected through
as many as eight different bonding motifs. The most common bonding
motif is the β-O-4 linkage [6,7]. During lignin extraction and depoly-
merization processes, lignin polymers are prone to multiple chemical
modifications, resulting in a heterogeneous mixture from which it is
difficult to analyze and separate individual lignols [3,8,9]. Thus, the
key to lignin valorization is selective depolymerization of lignin and
recovery of the end-products.

Existing techniques for biomass deconstruction and lignin depoly-
merization such as mechanical comminution [10], thermochemical

processing, steam explosion, ammonia fiber explosion, acid or alkali
hydrolysis, and organosolvation methods have limitations related to
efficiency and scalability [11]. Ionic liquids (ILs) have received in-
creasing interest because of their high efficacy in fractionating biomass
and decreasing the recalcitrance [12,13]. However, certain ionic liquids
are expensive and environmentally toxic, inhibit enzyme activity, and
often require extensive postprocessing in the form of water washes to
remove residual IL [14]. The recent discovery of the deep eutectic
solvent (DES) provided a new technique for biomass fractionation and
lignin extraction application. DES is a mixture of two or more chemicals
acting as either hydrogen-bond donors (HBD) or hydrogen-bond ac-
ceptors (HBA) [15]. DES is intrinsically cheaper than many ILs due to
low precursor cost, simple synthesis and recyclability [16]; meanwhile
DES can selectively dissolve lignin from plant materials [17]. DES’s are
shown to selectively dissolve lignin from biomass through mild acid-
base catalysis mechanism [11,18]. While there are various combina-
tions of hydrogen bond acceptor and donor (HBA and HBD) that could
form deep eutectic solvents, only a few have found to be effective in
delignification of biomass. A combination of oxalic acid – choline
chloride, formic acid – choline chloride and lactic acid – choline
chloride have shown to effectively dissolve lignin during biomass pre-
treatment [19–21]. Moreover, the ratio of HBD to HBA also plays and
important role during biomass fractionation [21–22]. Recent studies

https://doi.org/10.1016/j.enconman.2019.06.070
Received 23 April 2019; Received in revised form 24 June 2019; Accepted 25 June 2019

⁎ Corresponding authors.
E-mail addresses: pmuley1@lsu.edu (P.D. Muley), dboldor@agcenter.lsu.edu (D. Boldor).

Energy Conversion and Management 196 (2019) 1080–1088

0196-8904/ © 2019 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2019.06.070
https://doi.org/10.1016/j.enconman.2019.06.070
mailto:pmuley1@lsu.edu
mailto:dboldor@agcenter.lsu.edu
https://doi.org/10.1016/j.enconman.2019.06.070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2019.06.070&domain=pdf


have showed that DES can effectively cause cleavage of primary linkage
between xylan and lignin, thus selectively separating lignin fraction
from lignocellulosic biomass [11,15,23–24]. These results are highly
encouraging in terms of using DES’s for lignin preprocessing and de-
polymerization. However, mechanism of lignin deconstruction using
DES has not been fully explored. Understanding this mechanism can
help us tune the reaction by selecting suitable HBD and HBA to generate
a low molecular weight lignin product [11]. Existing biomass fractio-
nation and lignin depolymerization methods using DES are time in-
tensive with reaction times of about 2–16 h [11,24].

Microwave heating has been widely applied in organic chemistry as
microwaves are known to accelerate reactions, decrease reaction time
and increase product selectivity [25–28] Despite a few studies reported
using microwave heating for biomass pretreatment, application of mi-
crowave heating towards lignin fractionation and depolymerization
using electrolytic solvents has been limited [29]. Combination of DES
and microwave heating for biomass deconstruction was reported by Liu
and coworkers [23]. They showed a significant decrease in time re-
quired for biomass deconstruction using microwave irradiation. They
also noted that the use of microwaves led to cleavage of bonds between
xylan and lignin, resulting in higher lignin extraction with microwave
heating than conventional heating. The above-mentioned studies show
encouraging results in the use of microwaves and electrolytic solvents
for biomass deconstruction. However, we did not come across any
studies targeting lignin degradation using DES and microwaves.

We hypothesize that the combination of microwave heating and
electrolytic solvents can selectively depolymerize lignin with higher
efficiency than that of current processes. In this study we test different
types of DES for biomass fractionation as well as lignin depolymeriza-
tion. Various time–temperature combinations are investigated in a
microwave digestor for their ability to tune the reaction to provide
control for targeted bond scission during lignin depolymerization. We
also performed molecular dynamics (MD) simulations to investigate the
effect of microwave heating on bond energies. MD simulation was
performed on three lignin G tetramers in a deep eutectic solvent (DES)
composed of choline chloride and oxalic acid (1:1 ratio) with and
without a microwave field. Since the lignin force field used in our si-
mulations is of non-reactive type we could not directly investigate the
potential breaking of bonds. However, the MD simulations allowed us
to investigate how the transfer of the microwave energy to kinetic and
internal (e.g., inter-atomic bond stretching) energies of the molecules
affects the dynamical and structural characteristics, such as bond length
distributions, of the system.

2. Materials and methods

Pinewood sawdust was milled to sizes< 250 µm and dried in a
convection oven for 24 h at 103 °C. Oxalic acid, lactic acid, formic acid,
choline chloride, kraft lignin, and sulfuric acid were obtained from
Sigma Aldrich (St. Louis, MO, USA).

2.1. DES preparation

DES were prepared in a 2450MHz batch microwave (Milestones
Inc. Shelton, CT, USA). The binary mixtures of molar ratio of 1:1 for
oxalic acid-choline chloride and lactic acid-choline chloride and 2:1 for
formic acid-choline chloride were heated in a batch microwave reactor.
Choline chloride and oxalic acid were dried in a desiccator prior to
mixing. The mixtures were heated for 60 s until a transparent liquid was
obtained. The liquid was cooled to room temperature.

2.2. Dielectric measurements

Dielectric properties of deep eutectic solvents were determined
using an Agilent ENA series E5071C Network Analyzer and Agilent
85070E dielectric probe kit (Agilent Technologies, Inc. Santa Carla, CA)

using a slim form open-ended probe method in a 201-point frequency
sweep from 280 to 4500MHz. The network analyzer was controlled by
Agilent 85070E dielectric kit software (Agilent Technologies, Inc. Santa
Carla, CA) and calibrated using the 3-point method (short-circuit, air
and water at 25 °C).

2.3. Biomass deconstruction

5% of dried and milled biomass was mixed with 30 g DES. This ratio
was chosen based on previously reported studies. [20,30–31] The
mixture was then heated in a fully instrumented and controlled Ethos X
batch microwave system (Milestones Inc.Shelton, CT, USA), having a
maximum power output of 1.6 kW operating at a frequency of
2450MHz. The microwave system consisted of Teflon® sample holders
of 100mL capacity with magnetic stirrers to ensure constant mixing of
the biomass and DES mixture. The sample holders were rotating about a
central axis of a carousel which minimized temperature inhomogeneity.
The microwave is equipped with a fiber optic temperature sensor for
accurate temperature control. The heating ramp-up time was 5min
with a chamber vent time of 10min. The DES+biomass mixtures were
heated at 3 different temperatures (110, 130 and 150 °C) at 4 residence
times (1-, 5-, 10-, and 15-min.) under a maximum pressure of 10 bar.

2.4. Regeneration and purification

For regeneration of dissolved lignin, the resulting liquid mixture of
DES/wood was poured in a 250mL breaker containing 15mL anhy-
drous ethanol. The beaker was sealed with parafilm and the mixture
was stirred for 15min. The solid residue which mainly consists of cel-
lulose rich residue (CRR) was separated through filtration using a
ceramic funnel fitted with 20 µm filter paper on a Buchner flask under
vacuum. CRR was washed with pure ethanol five times to dissolve any
residual DES followed by multiple DI water washings to remove any
excess ethanol and DES. The CRR was dried in a desiccator overnight
and the weight was noted. To regenerate dissolved lignin, 100mL of DI
water (anti-solvent) was added to the filtrate and stirred for 1 hr. The
addition of anti-solvent resulted in precipitation of lignin which was
then vacuum filtered using a 0.8 µm filter paper on a Buchner flask.
This step was repeated until no lignin precipitation occurred. Lignin
residue on the filter paper was washed five times with 9:1 water–-
ethanol solvent. The residue was dried in the desiccator, weighed and
sampled. The used DES was purified using rotovap. Cellulose rich
matter and lignin yields were quantified. Samples with highest lignin
yield were further characterized.

2.5. Lignin depolymerization

Commercially available kraft lignin was depolymerized using deep
eutectic solvents in the same microwave reactor. The depolymerization
was carried out using oxalic acid-choline chloride DES at 130 °C for
15min and formic acid- choline chloride DES at 150 °C for 15min.
Biomass deconstruction and lignin depolymerization were carried out
in a conventional oil bath for comparison with microwave heating. The
time and temperature combination resulting in the highest lignin yield
in the microwave reactor was selected for comparison.

2.6. Characterization

The weight-average molecular weight (Mw) and number-average
molecular weight (Mn) of lignin following reactions were determined by
GPC. The lignin was acetylated via acetobromination [32]. Molecular
weight distribution of products after the reaction were analyzed by
direct injection into an HPLC system equipped with a Mixed-D PLgel
column (5 μm particle size, 300× 7.5mm i.d., molecular weight range
of 200 – 400,000 μm, Polymer Laboratories, Amherst, MA, USA) at
50 °C·THF was flowed at 0.5 mL-min-1 for 30min. The elution profile of
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the column was measured by UV absorbance at 280 nm and calibrated
using a polystyrene standards kit (Sigma-Aldrich, St. Louis, MO). Che-
mical structures of alkaline lignin and treated lignin were determined
using a Thermo Nicolet 870 FTIR-ATR spectrometer. Lignin sample
spectra were obtained with 64 scans at wavelengths from 700 to
4000 cm−1 with a spectral resolution of 1.928 cm−1. The raw FTIR
spectra were baseline corrected and normalized using Omnic 6.1a
software and compared in the range 750–4000 cm−1. 1H–13C-HSQC
NMR was performed on a JEOL ECZr 500MHz Spectrometer (JEOL USA
Inc., Peabody, MA) using the pulse sequence ‘hsqc_dec_club_pn’. All
samples were dissolved (100mg) in 4:1 DMSO‑d6: Pyridine‑d5. Ultra-
sonication and autogenous heat from the sonication bath was used to
increase the lignin solubility. The spectral widths were set to 220 ppm
and 15 ppm for 13C and 1H, respectively. In all cases, the number of
scans was set to 48, with a 1.5 s acquisition delay and 256 increments in
F1. MestReNova 12.0 was used for spectrum processing. Apodization
was used with a 90° sine bell in f2 and a 90° squared sine bell with 0.5
as the first point in f1.

2.7. MD simulations

All simulations were performed with the GROMACS 2018.1 package
[33]. The interactions of particles were described by the all atom
CHARMM36 force field [34]. Force field parameters and topology files
for choline and oxalic acid were generated from SwissParam [35].
Lignin tetramer models and topologies were created via LigninBuilder
[36]. The systems were composed of 500 choline ions, 500 chloride
ions, 500 oxalic acid molecules, and one lignin G tetramer. Initial
configurations were built using PACKMOL [37]. A simulation system is
shown in Fig. 1. Bond constraints were applied only to bonds involving
hydrogens using LINCS [38] and a 1.8 fs time step was used so that we
could obtain carbon–oxygen and carbon–carbon bond length distribu-
tions. The cutoff for Van der Waals and short-range Coulomb interac-
tions was 1.2 nm. A switching function was applied to the Van der
Waals potential to change it smoothly zero between 1.0 and 1.2 nm.
Particle mesh Ewald (PME) [39] was used for long range Coulomb in-
teractions with a Fourier spacing of 0.12 and an order of four. The
thermostat of Bussi, Donadio, and Parrinello [40] was used only on
solvent molecules to maintain the temperature at 423.15 K. Periodic
boundary conditions were applied in all directions. The microwave

electric field strength was E=0.1 V/nm and the frequency 2.45 GHz.
For reference and comparison we also investigated the behavior of pure
DES systems in the presence of microwave field of different strengths
(E=0.0, 0.05, 0.075, and 0.1 V/nm). These results are presented in the
Supplemental Information file. Due to the high viscosity of the DES, an
annealing procedure was applied to speed up equilibration. The tem-
perature was first set at 600 K and linearly cooled down to 423.15 K
over 10 ns at a constant pressure of 1 bar. Then the temperature was
held at 423.15 K for another 20 ns for further equilibration and to ob-
tain the average volume. This provided the starting configuration for
simulations of another 300 ns at 423.15 K and constant volume with or
without electric field. The first 20 ns of these final simulations with
electric field were discarded.

3. Results and discussion

3.1. Dielectric properties of deep eutectic solvents

Microwave heating is governed by dielectric properties of the ma-
terial [41]. To understand the microwave-material interaction of deep
eutectic solvents, we measured the dielectric properties of all three
DESs at different frequencies. Fig. 2 shows the dielectric constant and
loss values for lactic acid, oxalic acid, and formic acid DES with choline
chloride. As the frequency increased, both dielectric loss and constant
values decreased.

Lactic acid DES had the lowest dielectric constant values at all fre-
quencies followed by oxalic acid and formic acid DES. At 2450MHz, the
dielectric constant value for formic acid is noted as 18.0 while that for
oxalic acid and lactic acid the values are 15.0 and 10.0 respectively.
Dielectric constant attributes to the ability of the material to store
electrical energy in an electric field. Thus, for deep eutectic solvents
heated using microwave energy, the dielectric permittivity or constant
is a relative measure of its polarity. Since dipole polarization dictates
microwave heating of polar molecules, higher dielectric constant values
are desired for efficient dielectric heating [41]. Dielectric loss values
quantify the dissipation of electromagnetic energy of dielectric material
to heat energy. The dielectric loss values also followed a similar trend
with loss values of 16.2, 8.1, and 5.05 at 2450MHz for formic acid,
oxalic acid, and lactic acid DES.

3.2. Biomass deconstruction using DES in microwave reactor

We studied deconstruction of biomass to obtain cellulose rich matter
and lignin. Fig. 3 shows % lignin recovered after microwave assisted
processing using three different DESs at various time and temperatures.
For all three DESs, the lowest lignin recovery was observed at 110 °C. As
the temperature increased, lignin recovery increased, except for when
oxalic acid was applied at 150 °C for 15min. This could be because at
higher temperatures lignin tends to agglomerate, and filtered with CRM
which could reduce lignin recovery during purification step. Lignin
recovery also increased as the residence time inside the microwave
increased. Among the three DESs, lactic acid DES recovered the least
amount of lignin while formic acid DES had the highest recovery. At
150 °C, formic acid DES showed consistent lignin recovery at all re-
sidence times. Thus 150 °C and 1 to 15min of processing time with
formic acid and 130 °C with 15min with oxalic acid can be considered
optimum time–temperature combination. This time–temperature com-
bination was also used for the lignin depolymerization reaction.

The extracted lignin from biomass fractionation and depolymerized
kraft lignin was further analyzed. Table 1 shows the GPC data for
treated lignin at various conditions [MW- and CH-represents microwave
treated and conventionally treated kraft lignin (KL) or PL (pinewood
lignin), respectively]. Due to the macropolymeric structure of lignin,
the molecular weight of kraft lignin in its native form is high. The
average molecular weight (Mw) for native lignin varies from 9000 to
13000 Da [24,42]. During processing of pure kraft lignin using DES, the

Fig. 1. A simulation box containing one (β-O-4, β-O-4, β-O-4) G tetramer
(spheres) and DES solvent molecules (purple lines).
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average molecular weight (Mw) of lignin decreased with both types of
DESs. Similarly, the type of processing also affected the molecular
weight of processed lignin. For instance, the Mw of microwave treated
kraft lignin was lower than with the conventional heating method at all
processing parameters. For formic acid DES, the Mw of microwave
treated lignin was 3538 Da while that for oxalic acid DES was 5345 Da,
indicating a higher degree of depolymerization with formic acid DES
treatment of lignin.

Similarly, lignin recovered from pretreated biomass also showed
depolymerization. Lower Mw was observed for microwave treated bio-
mass (2375 Da and 5691 Da for oxalic acid and formic acid DES)

compared to conventional treatment (9038 Da and 7357 Da). This could
be attributed to the fact that microwave heating provides direct volu-
metric heating and because DES molecules also move in sync with the
electric field in the microwave system, it may help in breaking these
bonds [20,23]. Since both DES and lignin are microwave absorbent, the
degree of depolymerization is higher for microwave treated samples. In
order to obtain a similar degree of depolymerization using conventional
oil bath reactor, the residence time required is on the order of 2–6 h
[11,24]. The polydispersity index (PDI) for both DES was lower for
microwave treated lignin compared to conventional treatment, for all
samples except oxalic-PL, indicating more narrow molecular weight

Fig. 2. Dielectric properties of three DES mixtures at varying frequencies.

Fig. 3. Percent lignin recovery values for biomass treated with (a) oxalic acid DES, (b) lactic acid DES, and; (c) formic acid DES.
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distribution in microwave treated lignin [24,43]. These results confirm
that the DES tested are effective solvents for biomass pretreatment and
lignin depolymerization in a microwave environment. It should also be
noted that while hemicellulose was not analyzed, deep eutectic solvents
have also found to dissolve hemicellulose to some extent. Hemicellulose
was either partially dissolved in the DES and was not precipitated and
the remaining could remain in the cellulose rich matter [19,44].

Fig. 4 shows FTIR spectra of native lignin and lignin precipitated
from DES treatment of kraft lignin. Peaks at 3388 cm−1 corresponds to
hydroxyl groups (O–H) from aliphatic and aromatic compounds. This
peak is reduced for DES treated lignin for all samples with intensity
being lower for microwave heated lignin compared to conventional
heating. The decrease in intensity indicates that both hydroxyl groups
decreased for pretreated lignin samples [45]. The C–H bond in methyl
and methylene groups is represented by twin peaks labelled as peak 2.
This peak remained unchanged for conventional heating but decreased
for microwave treatment indicating weakening of C–H bond during
microwave processing. A carbonyl peak is observed at 1670 cm−1

corresponding to stretching of C=O functional group representing the
lignin side chain conjugated with aromatic compounds (peak 4)
[24,45]. This peak is similar both treated and untreated lignin. A peak
for aromatic skeletal vibration and ring stretching was observed at 1592
and 1511 cm−1 (peaks 5 & 6) [24]. Similarly, peak 7 and 8 indicate the
C–H deformation which decreased in the treated lignin. The intensity of

these peaks indicate that the aromatic nature of lignin is intact post
treatment. The intensity was significantly lower for peak 6 and non-
existent for peak 8 for microwave treated lignin which could be at-
tributed to formation of oxidized lignin subunits during microwave
treatment. The peak at 1368 cm−1 represents the phenolic hydroxyl
group [46]. The intensity of this peak is higher in treated lignin com-
pared to untreated lignin. This could be attributed to the cleavage of β-
O-4 bonds during pretreatment. This effect is also reflected through the
decrease in intensity of the peak at 1130 cm−1. [46] The peaks at 1267
and 856 (peak 9 & 13) corresponds to guaiacyl units. Peak 10 at
1219 cm−1 corresponds to guaicayl rings and a decrease in the intensity
of this peak for microwave treated lignin indicates that microwave
treatment reduces the G unit content during depolymerization of lignin.
Similarly, peak 12 which is a C-O-C stretching at 1033 cm−1 decreased
for microwave pretreated lignin [43,45]. These results indicate that
microwave treatment is more efficient for lignin depolymerization
compared to conventional heating methods.

Lignin obtained from biomass deconstruction of pine wood sawdust
also showed signs of depolymerization. Fig. 5 shows IR spectra of lignin
obtained after biomass deconstruction using DES through microwave
and conventional heating. Peak 1 disappeared while peak 2 decreased
in intensity for microwave processed sawdust, indicating hydroxyl
groups decreased and C–H bonds in methyl and methylene groups
weakened for both DES types. Peaks 5–7 remained intact for both
conventional and microwave treated samples, indicating that no change
in aromatic compounds for lignin was detected. Peak 8 intensity was
reduced for microwave assisted pretreatment confirming the presence
of oxidized lignin subunits. These observations confirm partial depo-
lymerization of lignin during biomass deconstruction [24].

To understand the nature of depolymerized lignin, we identified the
structures using 2D HSQC NMR spectroscopy. Kraft lignin (KL) was
used as a control and NMR analysis was conducted on KL and KL treated
with DES in microwave and conventional process (KL-MW, KL-CH). The
cross peaks detected in the side chain region of the HSQC spectra of
pure kraft lignin at δC/δH 71/4.9 (Aα), 84/4.4 (Aβ) and 61/3.5 (Aγ)
confirmed the presence of β-O-4 substructure (Fig. 6, blue markup)
[47]. However, the β-O-4 linkages disappeared for all other samples
treated with DES. The cross-signal of the methoxyl group was

Table 1
GPC analysis of lignin showing average molecular weights (Da) and poly-
dispersity (Mw/Mn) index of treated and untreated lignin.

Sample Mw Mn PDI

Oxalic-MW-KL 5345 1951 2.73
Oxalic-CH-KL 5475 558 9.80
Formic-MW-KL 3538 509 6.94
Formic-CH-KL 9243 823 11.22
Oxalic-MW-PL 2373 208 11.41
Oxalic-CH-PL 9038 1647 5.48
Formic-MW-PL 5691 1647 3.45
Formic-CH-PL 7357 1095 6.71
Kraft Lignin [24] 9544 1915 4.89

Fig. 4. FT-IR analysis of native KL and KL treated with (a) formic acid-choline chloride DES and (b) oxalic acid – choline chloride DES with microwave and
conventional set heating.
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Fig. 5. FT-IR analysis of lignin extracted from pinewood treated with (a) formic acid – choline chloride DES and (b) oxalic acid-choline chloride DES in microwave
and conventional set up.

Fig. 6. HSQC NMR spectra of the aliphatic region of kraft lignin before and after MW and CH treatment in DES.
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prominent for all samples including native kraft lignin [23,47,48]. The
cross-signals of the phenylcoumaran structures (Bα δC/δH 87/5.6, Bβ δC/
δH 53/3.6 and Bγ δC/δH 63/3.8, as seen in green) were observed for KL
samples but disappeared for processed lignin samples. Pinoresinol
substructures (Cα, δC/δH 85/4.7, Cβ δC/δH 54/3.1, and Cγ δC/δH 71/
3.8, 4.2, as seen in brown) were still present but had reduced in in-
tensity for processed lignin samples. Integrations were not used for
HSQC analysis of the aliphatic area due to the complete loss of β-O-4
and β-5 cross-peaks [23]. The most striking difference here was the
formation of cross-peaks consistent with Hibbert’s ketone (HK) in mi-
crowave treated lignin and the lack of HK in conventional treated lignin
[11]. Note, while Oxalic-CH-KL appeared to show a peak consistent
with HKα, the absence of an HKγ precludes this assignment as a Hib-
bert’s Ketone. HK is typically seen when the α-OH in the β-O-4 structure
is dehydrated to an enol ether [11]. In the presence of an acid (and
some water), the enol ether should cleave (hydrolyze) to make Hib-
bert’s Ketone. The presence of cross-peaks consistent with HK suggests
that this mechanism may be occurring during MW heating. The domi-
nant peaks in the aromatic region of the kraft lignin were p-hydro-
xyphenyl (H), guaiacyl (G), guaiacyl (G′) and vanillate (VA) (Fig. 7).
The signal intensity of the aromatic region of the CH samples was sig-
nificantly less intense than that of the KL and MW samples. This is
potentially due to decreased solubility due to the more condensed

nature of the conventionally heated samples. Interestingly, in the aro-
matic region of the HSQC spectra, microwave treated samples displayed
relatively little difference, from the original kraft lignin. HK cross-peaks
are highlighted here to suggest where the cross-peaks would show up,
however, they are, in general hidden beneath already present peaks
from kraft lignin. The peak intensities decreased for p-hydroxyphenyl
(H), guaiacyl (G) and, guaiacyl (G’), The cross-signals of xylans in
benzyl ester structures β-dxylopyranoside, 3-O-acetyl-β-D-xylopyrano-
side and 2-O-acetyl-β-D-xylopyranoside (X2, X3, X4, X5) were detected
in native kraft lignin [23], however these xylans were not visible for
DES treated lignin samples, which may suggest the cleavage of primary
linkages between xylans and lignin.

The molecular dynamic simulation results are discussed below. The
tetramer molecules which were studied are shown in Fig. 8. The
structure of the two G tetramers with all β-O-4 linkages and different
chirality are shown in Fig. 8(a). Specifically, each β-O-4 linkage con-
tains two chiral centers. The difference between the two tetramers was
that the central linkage had either S,S chirality or R,S chirality. In ad-
dition, one G tetramer with β-O-4, β-5, β-O-4 linkages was also con-
sidered (see Fig. 8(b)). Bonds which have differences in lengths greater
than their uncertainties with and without electric field are marked on
the structures. Note that all differences are only on the order of 10-4 nm
or smaller which is expected since forces due to the electric field are

Fig. 7. HSQC NMR spectra of the aromatic region of kraft lignin before and after MW and CH treatment in DES.
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small compared to thermal fluctuations. The bond with the lowest
dissociation energy [49] in the β-O-4 linkages is the Cβ-O bond which is
bonds 3, 7, and 11 in Fig. 8(a) and bonds 3 and 13 in Fig. 8(b). Bond 7
in the all β-O-4 R,R,S,S,R,S isomer was significantly longer with electric
field (Fig. 9), but none of the other Cβ-O bond lengths were increased
significantly by the electric field. Other bonds with increased lengths
were bonds 9 and 10 in Fig. 8(a) for the R,R,R,S,R,S isomer, and bonds
6 and 8 Fig. 8(b) for the β-5 linkage. Bonds with decreased lengths were
bonds 1 and 11 in Fig. 8(a) for the R,R,S,S,R,S isomer, bonds 4 and 5 in
Fig. 8(a) for the R,R,R,S,R,S isomer, and bonds 1, 5, 9, and 10 in
Fig. 8(b) for the β-5 linkage. Results for mean bond length differences
and differences in probabilities of the bond lengths being greater than
cutoff distances equal to the 99th percentiles in the zero field cases for
all bonds are in Supplementary Information.

These results show that the electric field does increase some of the
bond lengths including Cβ-O in the β-O-4 linkage, but which bonds are
affected seems to be a function of the overall conformation of the
molecule which is a function of its stereochemistry. Changing one chiral
center does not only change the bond length behavior for its linkage,
but for the whole molecule. Based on these simulations it seems likely
that some of the bonds in real lignin are stretched on average by the
microwaves leading to an increased probability of breaking and
therefore an increased rate of breakdown of the polymer.

4. Conclusions

The study shows that deep eutectic solvents are effective at selec-
tively dissolving lignin during biomass fractionation. Microwave
heating enhances this process through faster heating rates. Lignin

depolymerization occurred during biomass fractionation. Oxalic acid
and formic acid DES gave the highest lignin yield. NMR analysis
showed that microwave heating was more effective in selective bond
breakage during kraft lignin depolymerization. GPC analysis showed a
relatively narrow molecular weight distribution in microwave treated
lignin compared to conventional heating. MD simulations confirmed
that certain lignin bonds are stretched under the microwave irradiation,
which increases its probability of breaking. Based on this study, mi-
crowave heating can be effectively used for biomass deconstruction as
well as lignin depolymerization using deep eutectic solvents, reducing
processing time and increasing product selectivity.
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