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ethers enable hydrogen-free
reductive catalytic fractionation of softwood lignin
into functionalized aromatic monomers†

Bernard C. Ekeoma, Jason E. Bara and James D. Sheehan *

Catalytic reductive processes facilitate deconstruction of lignins into value-added aromatics. This study

explores the novel use of glycerol-derived ethers (GDEs), specifically 1-3-dimethoxypropan-2-ol (DMP)

and 1,3-diethoxypropan-2-ol (DEP), as hydrogen transfer solvents for reductive catalytic fractionation

(RCF) of softwood biomass, marking a departure from conventional use of high-pressure molecular

hydrogen and short-chain alcohols. The influence of process conditions, namely, batch holding time,

temperature, catalyst species and dosage, solvent-to-biomass ratio, acidic medium (by acetic acid

addition), and water volumes as a co-solvent on the yield of aromatic monomers and delignification

were evaluated. Under optimal conditions, GDE-mediated RCF of softwood achieved aromatic monomer

yields and delignification up to 24.9 wt% and 90.7 wt%, respectively. Aromatic monomers with

unsaturated and oxygenated side chains were observed including value-added species, such as vanillin,

isoeugenol, coniferaldehyde, eugenol, and vanillic acid. This observation contrasts with prior RCF studies

applying ex situ hydrogen which yield monomers with saturated alkyl side chains (e.g., 4-propylguaiacol,

4-ethylguaiacol). Mass-based green chemistry metrics (e.g., solvent intensity, process mass intensity)

demonstrate GDEs supported material-efficient, catalytic deconstruction of softwood lignins into value-

added aromatic monomers. MALDI-TOF analyses of resultant lignin oils revealed the occurrence of

sidechain dehydration and decarbonylation of oligomeric species. HSQC NMR of lignin oils indicated the

absence of native linkages, especially b-O-4 bonds, post RCF treatment. Furanic monomers derived

from carbohydrate fractions were identified and furan yields were higher under neat solvent conditions

(∼8 wt%) than in the presence of redox catalyst (∼2 wt%). This study demonstrated successful and

optimized utilization of GDEs as hydrogen transfer solvents for RCF of softwood biomass, resulting in

competitive yields of functionalized aromatics within the confines of green chemistry.
Sustainability spotlight

Lignin-rst bioreneries support sustainable chemical economies by deconstructing lignocellulosic biomass into aromatic chemicals. Reductive catalytic
fractionation (RCF) of lignins selectively produces aromatic monomers, albeit requiring the intensive use of volatile solvents and high-pressure hydrogen.
Liquid-hydrogen carriers with high boiling points can circumvent the use of hydrogen gas through hydrogen transfer pathways that enable conducting RCF
under mild pressures. Sustainable RCF should use hydrogen transfer solvents that are renewable and non-hazardous. The sustainable advancement of our work
is evaluating glycerol-derived diethers (GDEs) as eco-friendly, hydrogen transfer solvents to support mild RCF of lignins into value-added aromatics. Overall, our
study demonstrates GDE supported RCF of biomass into value-added aromatics under mild conditions. Therefore, our study supports the UN SDG of
“sustainable consumption and production”.
Introduction

Global demands for energy and chemicals are forecasted to
increase by approximately 50% between 2018 and 2050.1,2

However, chemical manufacturing of organic chemicals is
reliant on nite fossil reserves whose procurement and rening
gineering, The University of Alabama,

an@ua.edu

tion (ESI) available. See DOI:

the Royal Society of Chemistry
have substantial anthropogenic impacts on the environment.3

Advancing sustainable chemical economies must be realized
through development of environmentally cogent methods for
rening renewable resources into fuels and chemicals. Ligno-
cellulosic biomass consisting of inedible plant residues has
emerged as a promising alternative to fossil resources due to its
renewable nature, carbon neutrality, abundant availability, and
lack of competition with food production.4–9 Annual global
production of lignocellulosic biomass is estimated at 181.5 Gt,
of which only 8.2 Gt are currently utilized, with 7 Gt sourced
RSC Sustainability, 2024, 2, 2851–2870 | 2851

http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00441h&domain=pdf&date_stamp=2024-09-29
http://orcid.org/0000-0001-7183-3577
http://orcid.org/0000-0002-8351-2145
http://orcid.org/0000-0001-5548-8099
https://doi.org/10.1039/d4su00441h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00441h
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU002010


RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

7:
01

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
from forests, agriculture, and grasses and 1.2 Gt from agricul-
tural residues.10 In a mature market, the United States can
produce 1.1 to 1.5 Gt of lignocellulosic biomass annually,
providing potential for renewable liquid fuels and chemicals to
decarbonize hard-to-abate sectors (e.g., heavy-duty trucking,
shipping, aviation, chemicals) and meeting demands for food
and environmental services.11 Future biomass production will
primarily rely on purpose-grown energy species, offering
a potential annual yield of 300 to 600 Mt.11 Forestry materials
are readily abundant in the US with over 765 million acres of
forest, comprising 34% of its total land area.12 Hardwoods and
sowoods that constitute forest resources differ chemically and
morphologically, impacting biochemical conversion processes.
Both have commercial value, but sowoods dominate produc-
tion and account for roughly 29 Gt total above ground biomass,
with a corresponding biomass density of almost 78 000 tons per
mi2.13 In order to realize valorization of abundant lignocellu-
losic biomass, advancements are needed in chemical rening
technologies as lignocellulosic materials differ from fossil
resources due to their molecular heterogeneity, recalcitrance,
and high heteroatom content, in particular oxygen.4,14,15 Ligno-
cellulosic biomass is constituted by three main biopolymers,
namely cellulose (40–60 wt%), hemicellulose (10–40 wt%), and
lignin (15–30 wt%).4,14 Biorenery processes are primarily based
on the valorization of the carbohydrate fraction (e.g., bioethanol
production16,17). However, economic feasibility and sustain-
ability of lignocellulosic bioreneries can be enhanced by fully
integrating the utilization of lignin, which is the most abundant
renewable feedstock for aromatic chemicals. Lignin is a poly-
mer of phenylpropane units covalently bonded by approxi-
mately 50–70% C–O bonds (e.g., b-O-4) and 30–50% C–C bonds
(e.g., b-5, 5–5, and b–b).18–20 Through selective cleavage of these
linkages, lignin can be depolymerized into aromatic
compounds with potential applications as feedstocks for liquid
fuels, chemicals, and direct use as value-added products (e.g.,
vanillin). Lignin possesses valuable chemical properties and
bioactive effects, and studies indicate that lignin's energy
content exceeds the needs of ethanol production.19 With its
robust mechanical, physicochemical, and thermal properties,
lignin can be modied for diverse material applications.6,19

Thus, development of tractable chemical processing technolo-
gies is needed to promote scalable integration of lignin-derived
products into chemical supply chains.

Reductive catalytic fractionation (RCF) is an emergent ther-
mocatalytic process that can support biorening of lignin. RCF
combines solvothermal extraction of lignin with simultaneous
catalytic reductive depolymerization to form aromatic species,
including monomers, dimers, and oligomers.21–23 In compar-
ison to other biorening technologies, such as organosolv,
oxidation, pyrolysis, and hydrothermal liquefaction, RCF offers
advantages of high carbon atom economy, better selectivity to
monomers, and low char formation.21–23 RCF of sowood
species generally produced monomer yields ranging 10–30 wt%
and delignication ranging 40–95 wt%.22,24–33 Common solvents
include short chain alcohols such as methanol, ethanol, and
isopropyl alcohol, and catalysts consist primarily of supported
noble metals and Ni nanoparticles.21–23,34,35 However, a major
2852 | RSC Sustainability, 2024, 2, 2851–2870
limitation of RCF is utilization of high-pressure molecular
hydrogen (10–50 bar),6,24 which necessitates the use of capital
intensive and specialized high-pressure reactors to mitigate
safety risk factors. Liquid-hydrogen carriers can circumvent the
need for ex situ hydrogen and offer routes for applying “green”
hydrogen derived from bio-based chemicals, such as formic
acid and alcohols.36–38 As such, hydrogen transfer solvents
consisting of liquid-hydrogen carriers can support ex situ H2-
free RCF of lignins. However, elevated pressure conditions (>20
bar) still exist owing to the high volatility of predominantly used
short-chain (i.e., low boiling point) alcohols.39–42 Tractable low-
pressure and H2-free RCF processes should use non-volatile
and renewable chemicals as hydrogen transfer solvents.

Non-volatile compounds have garnered research interest as
hydrogen transfer solvents to facilitate hydrogenation reactions
in biomass conversion processes.43–45 Through utilizing non-
volatile hydrogen carriers, the need for high-pressure storage
and transportation infrastructure for molecular hydrogen can
be circumvented. Amongst non-volatile, hydrogen transfer
solvents, glycerol has gained attention due to its abundance,
low-cost, and renewability.46,47 O'Dea et al. performed a reactive-
distillation process for H2-free RCF of technical lignins using
glycerol at 250 °C and reported aromatic monomer yields of
31.7 wt%.48 Facas et al. conducted H2-free RCF of poplar using
glycerol at 225 °C with several heterogeneous catalysts and re-
ported aromatic monomer yields ranging from approximately 5
to 10 wt%.49 Furthermore, the same authors evaluated glycols
(e.g., ethylene glycol, propylene glycol, butylene glycol) for H2-
free RCF and reported aromatic monomer yields ranging from
approximately 11 to 20 wt%. Collectively, these results indicate
the promising efficacy of non-volatile, hydrogen transfer
solvents for H2-free RCF of lignins. Nonetheless, the viscosities
of glycerol (1412 mPa s) and glycols (∼18 to 50 mPa s) lead to
challenges with downstream processability and separation;
indeed, processing limitations of glycerol (i.e., very high boiling
point and viscosity) contributed to its designation as a “prob-
lematic” solvent in the CHEM21 solvent selection guide.50

Furthermore, biorening solvents should consist of “benign”
species derived from renewable resources, in accordance with
green chemistry principles.51 For instance, ethylene glycol and
its oligomers (mono-, di-, tri-, tetra-, and penta-ethylene glycol)
are acutely toxic at high concentrations and rapidly absorbed
through ingestion and inhalation.52 Additionally, despite
promising efforts made towards shiing to biomass-derived
ethylene glycol, industrially, it is produced primarily via
hydration of ethylene oxide, which is itself derived from petro-
chemicals (e.g., ethylene).53 As such, efforts towards advancing
eco-friendly and biogenic solvent candidates could support
sustainable biorening of lignins.

Hence, in the present study, we investigate the novel use of
glycerol-derived ethers (GDEs) as hydrogen transfer solvents to
support extraction and catalytic hydrogenolysis of sowood
lignin into value-added aromatics. GDEs are produced through
etherication of glycerol scaffolds with alcohols, leading to
production of bio-derived solvents with elevated boiling points
(∼160 to 200 °C) andmodest viscosities (∼3 to 4 mPa s at 20 °C),
which, collectively, can support development of tractable low-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of how this study (low pressure H2-free RCF) offers significant advancements in process safety, sustainability, and product
range when compared to traditional RCF and high pressure H2-free RCF.
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View Article Online
pressure and H2-free RCF processes. GDEs have been evaluated
previously for plastic upcycling54–56 and CO2 absorption.57–59

However, their application towards biomass valorization has
not been evaluated. Thus, we evaluate application of two GDEs,
specically, 1-3-dimethoxypropan-2-ol (DMP, 170 °C, 3.52 mPa
s) and 1,3-diethoxypropan-2-ol (DEP, 188 °C, 3.93mPa s)54,57,60 as
hydrogen transfer solvents for H2-free RCF. The inuence of
process conditions on monomer yields and delignication was
evaluated, specically, effects of time, temperature, catalyst
dosage, and solvent-to-biomass ratio. Furthermore, the inu-
ence of employing water as a co-solvent and addition of organic
acid additives was explored. A series of chromatographic and
spectroscopic techniques were employed to characterize liquid
and solid products, in order to provide insights into the depo-
lymerization process. With increasing demand for sustainable
chemicals produced by environmentally benign processes,
GDEs can support advancement of green solvents that drive
lignin deconstruction towards value-added chemicals. By
leveraging GDEs as hydrogen transfer solvents for H2-free RCF,
this study promotes green chemistry principles including the
use of less hazardous chemical syntheses, safer solvents and
auxiliaries, the use of renewable feedstock, and inherently safer
chemistry for accident prevention.51 Distinctions of the present
study with respect to the state of the art are offered in Scheme 1.
Experimental section
Chemicals

No additional purication was conducted on the commercially
purchased chemicals used in this study. Ruthenium on carbon
(Ru/C, 5 wt% Ru) and platinum on carbon (Pt/C, 5 wt% Pt)
catalysts were purchased from BeanTown Chemical Corpora-
tion. Pure phenolic monomers were used as calibration stan-
dards for GC-FID quantication, specically 2-methoxy-4-
propylphenol (4-propylguaiacol), 2-methoxy-4-ethylphenol (4-
© 2024 The Author(s). Published by the Royal Society of Chemistry
ethylguaiacol), 3-(4-hydroxy-3-methoxyphenyl)prop-2-enal (con-
iferaldehyde), 2-methoxy-4-(2-propenyl)phenol (eugenol), 2-
methoxy-4-((E)-prop-1-enyl)phenol (trans-isoeugenol), 4-
hydroxy-3-methoxybenzaldehyde (vanillin), and 4-hydroxy-3-
methoxy-benzoic acid (vanillic acid) were purchased from
Sigma-Aldrich (all$98%). Acetic acid (AA,$99.7%) and acetone
($99.5%) were purchased from VWR, dimethylsulfoxide-d6
(99.8%) and heptane (99%) from Sigma-Aldrich, dichloro-
methane (DCM, $99.5%) from Macron Fine Chemicals, and
isopropyl alcohol (iPrOH, $99.5%) from J. T. Baker. Ultrapure
water was obtained from a Milli-Q® IQ 7005 (Q-Pod dispenser).
For chemicals used in the synthesis of the GDEs, (±)-epichlo-
rohydrin (ECH, 99%) and sodium sticks (99%, in mineral oil)
were respectively procured from BeanTown Chemical and Alfa
Aesar, ACS-grade methanol (MeOH) and ethanol (EtOH) were
purchased from VWR, and anhydrous magnesium sulfate
(MgSO4, >99.8%) was purchased from JT Baker.
Synthesis of glycerol-derived ethers

The syntheses of DMP and DEP were performed in accordance
with the methods published by Qian et al.57 To produce DMP,
a 1000 mL round-bottom ask was used, and 300 mL of MeOH
(237.6 g, 7.42 mol) was added to the ask under careful
temperature control at 0 °C using a circulating chiller. Sodium
metal (24.15 g, 1.05 mol) was carefully added in portions over
30 min. The reaction mixture was then transferred to a hotplate
and heated to 50 °C until all sodium particles disappeared. ECH
(46.26 g, 0.50 mol) was added dropwise over 30 min, and the
reaction was stirred overnight at 50 °C with a reux condenser
attached. Aerward, the reaction was quenched with 50 mL of
deionized water. Any remaining MeOH was removed using
rotary evaporation. DCM (300 mL) was added to the remaining
liquid in the ask. The organic phase was washed with 5 ×

50 mL of deionized water and dried using anhydrous MgSO4.
The solids were ltered, and DCM was removed via rotary
RSC Sustainability, 2024, 2, 2851–2870 | 2853
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evaporation. The resulting product was then distilled and
stored over molecular sieves. The isolated yield was 31.23 g
(52.0%). The 1H NMR analysis (500 MHz, DMSO-d6) showed
peaks at d 4.77 (d, J = 5.2 Hz, 1H), 3.74–3.67 (m, 1H), 3.29 (dd, J
= 9.9, 4.9 Hz, 2H), and 3.27–3.20 (m, 8H). These 1H NMR results
were consistent with the literature.60

DEP was obtained through a reaction involving EtOH (300
mL, 236.7 g, 5.14 mol), ECH (46.26 g, 0.50 mol), and sodium
(24.15 g, 1.05 mol) using a similar approach to the synthesis of
DMP. The isolated yield was 41.32 g (55.8%). The 1H NMR
analysis (500 MHz, DMSO-d6) showed peaks at d 4.71 (d, J =
5.2 Hz, 1H), 3.69 (qd, J= 5.8, 5.0 Hz, 1H), 3.47–3.39 (m, 4H), 3.33
(dd, J = 9.9, 5.1 Hz, 2H), 3.27 (dd, J = 9.7, 6.0 Hz, 2H), and 1.10
(td, J = 7.0, 0.7 Hz, 6H). These 1H NMR results were consistent
with the literature.60

Biomass preparation

Moisture, extractives, ash, lignin and holocellulose contents
(mass fractions) of lodgepole pine (LPP) were determined in
a previous study61 following the Laboratory Analytical Proce-
dures of the National Renewable Energy Laboratory (NREL).62–64

In brief, LPP chips sized at #2 mm underwent a drying process
in a vacuum oven at 105 °C for 15 h until a consistent mass was
achieved. The moisture content of the chips was determined by
dividing the mass of the dried chips by the mass of the chips
before drying. Extractives were removed via Soxhlet extraction
using EtOH and resulting extract-free biomass was subjected to
washing, ltration, and drying to produce dried extract-free
pine (DEFP). Oil isolated from the extraction process was
considered extractives. Ash content was determined by heating
the moisture-free chips in a muffle furnace and quantifying the
weight of the resultant ash. The Klason lignin analysis method
was employed to quantify lignin content of the DEFP, as
described in Section A of the ESI.† Holocellulose content was
calculated as the difference between unity and the Klason lignin
content. Relevant equations and results for these analyses are
presented in Table S2.†

H2-free reductive catalytic fractionation

H2-free RCF experiments were carried out in 15 mL heavy-wall,
borosilicate tube reactors (Ace Glass). 730mg of biomass (DEFP)
were carefully loaded into the reactors followed by the catalyst
(0.1–0.3 g cat per g DEFP), solvent (0.0068, 0.0096, 0.0137, and
0.0205 mL per mg DEFP), and a magnetic stir bar. Reactors were
sealed with a Teon screw cap and placed into a preheated oil
bath with a mixing rate of 1000 rpm. Variations in the process
solvent composition, reaction temperature (160–250 °C), time
(1–7 h), catalyst dosage and solvent-to-DEFP ratio were
employed to achieve optimal results. Variations in process
solvent composition included the use of either neat 7 mL GDE,
7 mL GDE + AA as an additive (0.5, 0.6, and 0.7 g AA per g DEFP),
1 : 1 vol GDE/vol H2O, and nally 1 : 1 vol GDE/vol H2O with an
AA additive loading of 0.6 g AA per g DEFP. Control experiments
including RCF in the absence of the catalyst and 1 : 1, 1 : 5 and
2 : 1 v/v glycerol/H2O solvents were also performed. Reactions
were primarily conducted with the reactor headspace composed
2854 | RSC Sustainability, 2024, 2, 2851–2870
of air; however, control experiments using an inert gas (e.g., 1
atm He) were also implemented. Aer completing a set reaction
time, the reaction was quenched by allowing the reactor to cool
to room temperature. Vacuum ltration was used to separate
the resulting black liquor (BL) from residual pulp, aer which
the pulp was washed with 10 mL isopropanol, 10 mL acetone
and 5 × 10 mL ultrapure water before drying for 12 h at 105 °C
in an oven. Pulp yield was calculated using eqn (1). The Klason
method of lignin analysis was subsequently employed in
determining the lignin content of the residual pulp, and
delignication was calculated using eqn (2). Concern about
pulp yield overestimation due to the presence of catalyst parti-
cles in the isolated pulp was resolved using Energy-Dispersive X-
ray Spectroscopy (EDS). The result of EDS analysis revealed
a negligible presence of the catalyst metal in the pulps and is
provided in Section A of the ESI.† Liquid–liquid extraction (LLE)
(to remove soluble sugars) and micro-distillation unit opera-
tions (to remove GDEs) were carried out on the BL to yield the
desired depolymerized lignin oil (LO). Details of the Klason
lignin determination, LLE and micro-distillation are provided
in Section A of the ESI.†

Pulp yieldðwt%Þ ¼ mass of dried residual pulp

mass of DEFP
� 100 (1)

Delignificationðwt%Þ ¼
�
1� mass of acid insoluble lignin in dried residual pulp

mass of insoluble lignin in DEFP

�

�100 (2)

Surface morphology characterization by scanning electron
microscopy

Surface morphology characterization of solid samples was
carried out using an Apreo 2 ThermoFisher Scientic scanning
electron microscope (SEM). Initially, wood chips and residual
pulp samples underwent a gold coating process to enhance their
conductivity. Coating was performed using an MCM-200 Ion
Sputter Coater fromMicro-Optics by applying a current of 10 mA
for 2 min. Subsequently, SEM imaging was performed using an
ETD detector in the secondary electron (SE)mode, employing low
voltage (2.00 kV) and low current (3.1 rA) settings to prevent
sample incineration. Working distance (WD) and scanning
resolution were set to 10 mm and 1536 × 1024, respectively, and
imaging was conducted at magnications ranging from 50× to
500×. The EDS spectrum was collected under the same condi-
tions with the counts per second (cps) being above 9 × 103.
Crystallographic characterization by X-ray diffraction (XRD)

Crystallinity of fresh DEFP and RCF pulps was evaluated using
a Rigaku MiniFlex desktop X-ray diffractometer in the 2q range
between 5° and 50°. Cu Ka radiation, a high voltage of 623.5 V,
a scan rate of 2° min−1, and a width of 0.05° were used. Size
reduction with a mortar and pestle was done prior to XRD
analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Identication of lignin monomers by GC-MS

Samples for GC-MS were prepared using a 1 : 20 dilution ratio of
LO/heptane, aer which the mixture was vortexed. Analysis was
conducted using an Agilent 7890 A series gas chromatograph
(GC) equipped with an HP5-MS capillary column measuring 30
m (length) and 0.32 mm (internal diameter, i.d.) and with a 0.25
mm lm thickness. An Agilent 5975C inert XL MSD with a Triple-
Axis detector was employed, with helium serving as the carrier
gas. Initial and injection temperatures were 40 °C and 250 °C
respectively, the ramp rate was 25 °C min−1, and nal temper-
ature was 300 °C with a hold time of 5.6 min. Aer analysis,
species associated with individual peaks were identied by
matching peak mass spectra and total ion chromatogram (TIC)
values to standard reference values in the National Institute of
Standards and Technology (NIST) database.
Quantication of lignin monomers by GC-FID

Samples for GC-FID were prepared using a 1 : 20 dilution ratio
of LO/DCM, and 1 mL iPrOH was used as an internal standard
(IS). Analyses were performed on a Thermo Scientic Trace 1310
GC equipped with a 30 m × 0.25 × 0.25 (length × internal
diameter × lm thickness) Rtx-5 column and a ame ionization
detector (FID) using helium as carrier gas. Both injection and
detection temperatures were 300 °C. The column temperature
program consisted of an initial temperature of 30 °C, ramping
at a rate of 10 °C min−1 to 340 °C and holding at 340 °C for
4 min. Lignin monomer yield (total lignin basis), monomer
selectivity, and monomer productivity were calculated with eqn
(3) and (4) respectively.

Monomer yieldðwt%Þ ¼

massmonomer

massDEFP;initial �DEFP initial lignin content
� 100 (3)

Monomer selectivityexp:i ¼
total monomer yieldðwt%Þexp:i

delignificationð%Þexp:i
(4)
Molecular weight characterization of LO samples using
MALDI-TOF

Molecular weights of the deconstructed lignins were evaluated
using a Bruker RapieX MALDI-TOF/TOF & MALDI imaging
spectrometer. Red phosphorus (P-red) was used for calibration,
MS thin layer laser application was used, and MS were recorded
in the linear positive ion mode using 2,5-dihydroxybenzoic acid
as the matrix. To improve the signal-to-noise ratio and accuracy,
spectral averaging was done aer replicate spotting at different
points. Analysis of generated spectra was done using RapieX
Flexcontrol/FlexAnalysis soware.
Structural elucidation of depolymerized lignins by 1H–13C
HSQC NMR and 1H NMR
1H–13C HSQC NMR and 1H NMR spectroscopies were con-
ducted to evaluate the molecular structures of the RCF lignins.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Samples were prepared for NMR analysis as follows: 50 ml of LO
(73 mg) was dissolved in 500 ml of DMSO-d6 and transferred into
an NMR test tube. LO samples were recorded at 25 °C on an
Avance 500 NMR spectrometer (Bruker) with an Oxford Cry-
omagnet (74 × 40 × 40 in), equipped with a BBI inverse broad
band probe with z-gradients, a BVT3000 unit for temperature
control, and a low T accessory. With regard to the analysis
settings, Bruker standard pulse sequence ‘hsqcetgpsp.3’ was
employed, utilizing the following parameters: a spectral width
of 13 ppm with 2048 data points in the F2 dimension (1H),
a spectral width of 165 ppm with 256 data points in the F1
dimension (13C), and a total of 16 scans recorded with a 2 s
interscan delay (D1).23 1H NMR data processing was performed
using the MestReNova soware, while TopSpin 4.3.0 data pro-
cessing soware was used for HSQC NMR. Chemical shis were
referenced to the central DMSO peak (dC/dH 39.5/2.5 ppm) and
assignment of the HSQC spectra was based on previously re-
ported spectra.65,66
Results and discussion

The following section provides an in-depth presentation and
explanation of the results obtained from this study. First, GDEs
are evaluated for H2-free RCF of sowood biomass in the
presence of heterogeneous catalysts. Secondly, the inuence of
process conditions on delignication and aromatic monomer
yields is evaluated. Thirdly, molecular characterization of the
deconstruction lignins is elucidated with MALDI-TOF and NMR
analyses. Finally, characterization of the residual pulps and
furan monomers is conducted to gain insights into the impact
of the H2-free RCF process on holocellulose. Tabulated versions
of the data presented in this study are offered in the SI.
Inuence of solvent and catalyst on H2-free RCF

Fig. 1a offers results for monomer yield, delignication, and pulp
yield resulting from H2-free RCF using DMP, DEP, and aqueous
glycerol solvents. Glycerol was evaluated as a benchmark for
GDEs, and aqueous glycerol solutions were evaluated due to
difficulty in working up viscous glycerol liquors. RCF was con-
ducted at 200 °C for 7 h with 10 wt% catalyst (5 wt% Pt/C)
loading. For clarication, monomer yields and delignication
are based on the initial lignin content of DEFP (0.289 g lig. per g
DEFP), while pulp yields are based on the total DEFPmass. Dried
pulp yields were found to be highest when using aqueous glycerol
mixtures, ranging from 43.6–44.8 wt%. GDEs produced lower
pulps as DMP and DEP resulted in yields of 34.4 wt% and
36.3 wt%, respectively. Correspondingly, DMP and DEP facili-
tated higher degrees of delignication, 79.1 wt% and 75.2 wt%,
respectively, while values for aqueous glycerol mixtures ranged
from 58.7–63.7 wt%. RCF using DMP produced the highest
monomer yield, 22.9 wt%, while DEP yielded 21.4 wt%. Aromatic
monomer yields were not reported for the aqueous glycerol
mixtures as their viscosity inhibited successful work up of the
product matrix to isolate liquid products derived from lodgepole
pine. This observation buttresses earlier motivations for evalu-
ating glycerol derivatives as RCF solvents.28,67–69 The observed
RSC Sustainability, 2024, 2, 2851–2870 | 2855
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Fig. 1 Total monomer yield, pulp yield, and delignification with respect to speciation of (a) solvent (Pt/C as the catalyst) and (b) catalyst (DMP as
solvent). Reaction conditions: 730 mg DEFP (595 mg in the experiment with recycled DMP), 7 mL solvent (5.7 mL recovered and used in the DMP
recycle experiment), 73 mg catalyst (59.5 mg for DMP the recycle experiment), 200 °C, 7 h, 0.1 g per g catalyst dosage, 0.0096 mL per mg
solvent-to-DEFP ratio, 1000 rpm.
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yields of aromaticmonomers are comparable with those reported
for conventional and hydrogen-transfer RCF, which demon-
strates the efficacy of DMP and DEP as solvents for H2-free RCF.
Fig. 1b provides the inuence of heterogeneous catalysts on
monomer yield, delignication, and pulp yield. Specically, RCF
was conducted at 200 °C, 7 h, 0 wt% or 10 wt% catalyst loading
with DMP as solvent. With respect to aromatic monomer yield
and delignication, in decreasing order, catalytic systems ranked
as Pt/C > Ru/C > no catalyst. When pulp yield is considered, the
opposite ranking occurs. Pt/C facilitated a monomer yield and
delignication of 22.9 wt% and 79.1 wt%, respectively, while Ru/
C facilitated respective values of 18.6 wt% and 72.1 wt%. In the
absence of the catalyst, lower monomer yield and delignication,
5.5 wt% and 33.0 wt%, respectively, were observed. Interestingly,
formation of monomers in experiments devoid of catalysts
indicates that GDEs can facilitate solvolysis of interunit linkages
present in lignin. Furthermore, higher degrees of delignication
were observed for heterogeneous catalytic systems, which
potentially indicates that deconstructed lignins support solubi-
lization of lignins within lignocellulosic substrates.70–74

As indicated in Fig. 1a, DMP acted as the optimal solvent as it
is associated with higher monomer yields and delignication.
Efficacy of DMP could be attributed to factors including favor-
able solubility of lignins and electronic effects facilitated by the
terminal methoxy groups that promote hydrogen abstraction.
Solubility effects are investigated using Hasen solubility
parameters (HSPs), as presented in Table S3;† HSP values for
a wide range of GDEs were recently reported by Soyemi and
Szilvási.54 In comparison to DEP, HSPs of DMP align more
closely with values reported for lignin75 and monolignols,76 thus
indicating that their intermolecular forces are relatively well-
matched and may effectively associate. Furthermore, methoxy
2856 | RSC Sustainability, 2024, 2, 2851–2870
groups are smaller than ethoxy and experience less steric
hindrance,77 thus enabling increased molecular accessibility to
extract lignins from mesoporous wood structures. This obser-
vation is corroborated by our previous study that demonstrated
an inversely proportional relationship between molecular
volume of solvents and delignication of sowoods.61 Consid-
ering the need for sustainability and enhancing overall solvent
intensity, the recyclability of GDEs was investigated by con-
ducting H2-free RCF with recycled DMP under the same exper-
imental conditions (200 °C, 7 h, 10 wt% loading of 5 wt% Pt/C,
and 0.0096 mL per mg solvent-to-DEFP ratio) used in the
experiment with fresh DMP. This is presented in the last set of
columns in Fig. 1a. Monomer yield, pulp yield, and deligni-
cation obtained were respectively 21.03 wt%, 37.22 wt%, and
76.3 wt%; these outcomes were very similar to those observed
using fresh DMP. This result demonstrates that GDEs have
excellent potential for solvent recycling and reusability to
further facilitate additional iterations of RCF.

Fig. 2 provides speciation of aromatic monomers produced
by neat solvolysis (i.e., no catalyst) and H2-free RCF. Neat
solvolysis of DEFP using GDEs produced vanillin and con-
iferaldehyde as major monomer products. In the presence of
heterogeneous catalyst, yields of monomer species increased
along with a diversication of the product prole. For instance,
in the presence of the catalyst, major monomer species
included vanillin, vanillic acid, trans-isoeugenol, eugenol, con-
iferaldehyde, 4-ethylguaiacol, and 4-propylguaiacol. Interest-
ingly, selectivity favored highly functionalized lignin
monomers, consisting of carbonylated and unsaturated side
chains, which is a unique outcome of the present RCF study.
Fig. S1† shows the selectivity for dominant monomeric species
under neat solvolysis and H2-free RCF. Previous RCF studies
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Monomer yields (lignin mass basis) resulting fromH2-free RCF of DEFP with (a) DMP and (b) DEP. Reaction conditions: 730mg DEFP, 7 mL
solvent, 200 °C, 7 h, 0.1 g cat. per g DEFP, 0.0096 mL solvent per mg DEFP, 1000 rpm.
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leveraging ex situ H2 predominately produced lignin monomers
containing saturated alkyl side chains (e.g., propyl, ethyl).21–23,26

More recent studies pursuing H2-free RCF with non-volatile
solvents have reported the presence of lignin monomers with
alkenyl side chains, although in low abundance;48,49 lignin
aromatic compounds with carbonylated side chains were not
reported. However, formation of aromatics with oxygenated
side chains has been reported previously for solvolytic processes
(e.g., Hibbert ketones).78,79 Interestingly, several of the resultant
monomers in the present studies have direct economic value as
fragrances and avorants, including vanillin, eugenol, and
coniferaldehyde, which could enable an insertion point into
high-value marketspaces. Overall, these observations indicate
unique capacities of GDEs as hydrogen transfer solvents for
enabling product selectivities towards functionalized and value-
added aromatics.

Mechanistic origins of the lignin monomers with oxygenated
side chains were probed by evaluating the role of the gaseous
species comprising the headspace by benchmarking reactions
conducted under an air headspace (standard procedure) against
those run under an inert gas (e.g., helium). Interestingly, RCF
conducted under inert headspace resulted in lignin monomer
yields (22.3 wt%) and product selectivities comparable to those
produced in air headspace under comparable conditions (200 °C,
© 2024 The Author(s). Published by the Royal Society of Chemistry
7 h, 10 wt% catalyst; see Table S5 in the ESI†). This observation
indicates that in the present system, autoxidative routes do not
facilitate formation of oxygenated lignin monomers. We hypoth-
esize that oxygenated lignin monomers are produced via solvo-
lytic routes akin to Hibbert ketones78,79 and subsequently, reactive
intermediates are quenched via reduction on the catalyst surface.
In comparison to conventional RCF using ex situ H2, we hypoth-
esize that the catalyst surface in the present system is relatively
hydrogen poor, thus enabling production of oxygenated lignin
monomers rather than those with fully saturated sidechains.
Effects of process conditions on H2-free RCF

Fig. 3 presents the inuence of RCF conditions on monomer
yields, delignication, and dried pulp yields. Specically, the
inuence of process conditions such as temperature, time,
catalyst dosage, and solvent-to-DEFP ratio was evaluated. Given
their optimal performances observed previously (Fig. 1), DMP
and Pt/C were employed as solvent and catalyst, respectively.
Fig. 3a provides aromatic monomer yield, delignication, and
pulp yield resulting from H2-free RCF conducted for 4 h with
10 wt% catalyst at varying temperatures. Monomer yield
increased from 16.1 wt% to 20.3 wt% as temperature was varied
from 160 °C to 200 °C. Temperatures above 200 °C promoted
small changes in monomer yield; for example, aromatic
RSC Sustainability, 2024, 2, 2851–2870 | 2857
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Fig. 3 Effects of (a) temperature, (b) time, (c) catalyst dosage, and (d) solvent-to-DEFP ratio onmonomer yield (yellow), delignification (gray), and
dried pulp yield (green). Reaction conditions: 730mgDEFP, 7mLDMP, 73mg 5wt% Pt/C, 200 °C (b–d), 4 h (a, c and d), 0.1 g per g catalyst dosage
(a, b and d), 0.0096 mL per mg solvent-to-DEFP ratio (a–c), 1000 rpm.
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monomer yields at 230 °C and 250 °C were 20.7 wt% and
21.2 wt%, respectively. Delignication increased from 67.9 wt%
to 73.4 wt% as temperature was increased from 160 °C to 200 °
C. Delignication followed a similar trend to the aromatic
monomer yields, whereby increasing temperature beyond 200 °
C had little impact; for instance, H2-free RCF conducted at 250 °
C led to a delignication of 74.3 wt%. Pulp yield reduced from
39.5 wt% to 37.2 wt% as temperature was increased from 160 °C
to 200 °C, followed by negligible drops to 37.1 wt% and
37.0 wt% with a further increase in temperature to 230 °C and
250 °C, respectively. Collectively, these observations indicate
that 200 °C is an optimal temperature for DMP-mediated, H2-
free RCF of sowood biomass. These trends are consistent with
those of previous RCF, where signicant increments in the
yields of desired products were primarily observed at tempera-
tures below 230 °C. Beyond this temperature, increased incre-
ments had negligible effects on product yields.22,24–33

Fig. 3b demonstrates the inuence of batch holding time on
aromatic monomer yield, delignication, and pulp yield
resulting from RCF. These experiments were conducted at 200 °
C with 10 wt% catalyst and varying batch holding times.
2858 | RSC Sustainability, 2024, 2, 2851–2870
Increasing the reaction time from 1 h to 7 h led to increasing
monomer yield (15.3 to 22.9 wt%) and delignication (63.7 to
79.1 wt%) and decreasing pulp yield (51.3 to 34.4 wt%). These
trends are consistent with those in previous reports as
increasing process intensity led to higher product yields and
deconstruction of biomass.22,26,80,81

Fig. 3c offers insight into the inuence of catalyst dosage on
H2-free RCF. RCF was conducted at 200 °C for 4 h, with varying
catalyst dosages. An increase in catalyst dosage from 0.1 to 0.3 g
cat. per g DEFP resulted in an increase in monomer yield (20.3
to 23.3 wt%) and delignication (73.4 to 81.7 wt%). However,
monomer yield and delignication achieved with 0.2 g cat. per g
DEFP were similar to those resulting from 0.3 g cat. per g DEFP.
This trend indicates that a further increase in catalyst dosage
beyond 0.2 g cat. per g DEFP has a negligible impact on
monomer yield and delignication. Similarly, for pulp yield, an
increase in catalyst dosage from 0.1 to 0.3 g catalyst per g DEFP
resulted in a decrease in the value from 37.2 wt% to 35.0 wt%;
pulp yields at 0.2 g cat. per g DEFP and 0.3 g cat. per g DEFP
were comparable.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00441h


Fig. 4 Lignin extraction and monomer production relationship for
temporal (blue, 200 °C) and temperature variations (black, 4 h).
Reaction conditions: 730 mg DEFP, 7 mL DMP, 73 mg Pt/C, 0.1 g per g
catalyst dosage, 0.0096 mL per mg solvent-to-DEFP ratio, 1000 rpm.
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Fig. 3d provides the inuence of the solvent-to-DEFP ratio on
H2-free RCF. These experiments were conducted at 200 °C for
4 h and used 10 wt% catalyst. Experiments were conducted by
xing DEFP to a mass of 730 mg and varying the volume of DMP
from 5 mL (0.0068 mL DMP per mg DEFP) to 7 mL (0.0096 mL
per DMP mg DEFP). Overall, increasing solvent loading from
0.0068 to 0.0096 mL DMP per mg DEFP led to an increase in
monomer yield (17.8 to 20.3 wt%) and delignication (68.5 to
73.4 wt%). Enhancements inmonomer yield and delignication
by increasing solvent loading can be attributed to enhanced
mass transfer, increased availability of hydrogen transfer sour-
ces, and better catalyst dispersion. A further increase in solvent
loading did not facilitate appreciable improvements as
Fig. 5 (a) Influence of organic acid additive (AA) on H2-free RCF process
additive. Reaction conditions associated with Fig. 5 (a and b): 730 mg DEF
bars), 0.1 g per g catalyst dosage, 0.0096 mL per mg solvent-to-DEFP ra
RCF process yields. Reaction conditions associated with (c): 730 mg DE
hatched), 0.1 g per g catalyst dosage, 0.0096 mL per mg solvent-to-DE

© 2024 The Author(s). Published by the Royal Society of Chemistry
0.0205 mL per DMP mg DEFP produced a monomer yield and
delignication of 20.5 wt% and 74.5 wt%, respectively. Similar
trends were observed with respect to the decrease in pulp yield
as solvent loading increased.

Relationships between the extent of delignication and
monomer selectivity were evaluated in an analogous fashion as
classic conversion versus selectivity plots, as shown in Fig. 4. In
this analysis, monomer selectivity is dened as the ratio of mass
of lignin monomers and the mass of lignin removed from the
sowood feedstock (i.e., yield divided by conversion). Two
experimental cases were considered: isothermal conditions (200
°C) with temporal variations and constant batch holding time (4
h) with temperature variations. In both cases, as delignication
increases from approximately 0.63 to 0.78 g per g lig. initial,
selectivity for monomers increases from approximately 0.24 to
0.29 g mon. per g delig. A monotonic increase in a given product
selectivity in conversion versus selectivity plots indicates that
the product is terminal with respect to the global reaction
network. Under this interpretation, Fig. 4 suggests that
aromatic monomers are terminal products within the evaluated
reaction system. This observation is operationally signicant as
lignin-derived aromatics are known to be reactive towards
recondensing into higher molecular weight products, especially
in the presence of Brønsted acids or electron-decient inter-
mediates (e.g., carbocations). Thus, the delignication versus
monomer selectivity plot indicates that GDE solvent systems
support stabilization of aromatic monomers andmay limit their
selectivity towards formation of higher molecular weight prod-
ucts. The present analysis was conducted in a limited range of
delignication values, and future experiments should consider
careful evaluation of delignication versus monomer selectivity
trends under a wider range of delignication conditions.
Inuence of organic acid additives and aqueous co-solvent

Fig. 5a demonstrates the effect of introducing organic acid
additives (e.g., AA) to H2-free RCF. Integrating AA was of interest
yields. (b) Monomer selectivity of H2-free RCF experiments with the AA
P, 7 mL DMP, 73 mg Pt/C, 200 °C, 4 h (bars not hatched), 7 h (hatched
tio, 1000 rpm. (c) Influence of using water as a co-solvent on H2-free
FP, 7 mL DMP, 73 mg Pt/C, 200 °C, 4 h (hatched bars), 7 h (bars not
FP ratio, 1000 rpm.
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Fig. 6 Comparison of solvent intensity and process mass intensity in
the present study and previous H2-free RCF studies.
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as organic acids have precedent for increasing lignin extraction
in organosolv processes.82–84 This study was conducted at 200 °C
for 4 and 7 h, using a heterogeneous catalyst dosage of 10 wt%.
Increasing the presence of AA led to higher monomer yields and
delignication, thus indicating that organic acid additives
promote lignin extraction and deconstruction. This observation
is consistent with Renders et al.; however, these authors applied
a stronger acid (e.g., H3PO4) which led to larger relative increases
in yields.25 For a 4 h reaction, monomer yield increased from
22.9 wt% (no AA, 7 h) to 24.3 wt% (0.5 mg AA per mg DEFP). A
further increase to 0.6 and 0.7 mg AA per mg DEFP led to limited
increments in monomer yields, 24.7 wt% and 24.8 wt%, respec-
tively. Extending the 0.7 mg AA per mg DEFP loading experiment
to 7 h led to a negligible monomer yield increase (24.9 wt%). In
the 4 h experiments, delignication showed an increase from
79.1 wt% (without AA) to 83.5 wt% (0.5 mg AA per mg DEFP).
Subsequent increases to 0.6 and 0.7 mg AA per mg DEFP resulted
in smaller increments in delignication, with values of 84.7 wt%
and 84.9 wt%, respectively. Extending the duration of the
experiment with a loading of 0.7mg AA permgDEFP to 7 h, while
keeping all other parameters constant, resulted in a reasonable
increase in delignication to 86.4 wt%. Adding AA had a negli-
gible effect on pulp yield as the value decreased from 34.4 wt%
(no AA) to 34.1 wt% (0.7 mg AA per mg DEFP) aer 4 h. However,
increasing the reaction time to 7 h promoted a small decrease in
pulp yield to 32.0 wt%. Fig. 5b shows the monomer selectivity of
the RCF under the same conditions provided in Fig. 5a. While
addition of AA facilitated an increase in monomer yield, it had
a negligible effect on monomer selectivity as under all observed
conditions, monomer selectivity was approximately 0.29 g mon.
per g delig. Collectively, these observations indicate that AA
facilitates extraction of lignin from the wood matrix and does not
inhibit production of monomers. Considering the trends in
monomer yield, delignication, and pulp yield, 0.6 mg AA per mg
DEFP loading is a rational optimum loading.

Fig. 5c provides the effects of water as a co-solvent on mono-
mer yield, pulp yield, and delignication. Water as a co-solvent
was evaluated as its nucleophilicity could facilitate solvolytic
deconstruction of lignins and its low cost and abundance could
potentially enhance process viability. Solvent mixtures consisted
of equi-volume portions of DMP and water and experiments were
conducted at 200 °C using a catalyst dosage of 10 wt% and reac-
tion times of 4 h and 7 h. Overall, addition of water as a co-solvent
noticeably improved delignication, but suppressed aromatic
monomer yield. For instance, RCF consisting of DMP/H2O (1 : 1 v/
v) observed delignication and monomer yield of 89.2 wt% and
16.2 wt%, respectively; pure DMP treatments resulted in
a delignication and monomer yield of 79.1 wt% and 22.9 wt%,
respectively. Aqueous DMP mixtures were also prepared with the
AA additive (0.6 mg AA per mg DEFP), and interestingly, a mono-
mer yield and delignication of 23.5 wt% and 90.7 wt%, respec-
tively, were observed. As such, aqueous co-solvent with the
addition of organic acid additives can maintain monomer yields
observed for neat solvent systems yet improve extraction of lignins
from sowoods. Pulp yield as anticipated reduced with the
increased delignication impact of using water as a co-solvent.
With water as co-solvent, pulp yield was 30.0 wt%. The ability of
2860 | RSC Sustainability, 2024, 2, 2851–2870
water to enhance delignication albeit at the expense of monomer
yield has been noted in some previous studies.22,85–87 Sels and
colleagues evaluated solvent effects in the RCF process and
observed that water facilitated the highest delignication, while
apolar solvents were less effective.87 The authors reported that
ethylene glycol and MeOH facilitated high delignication, while
tetrahydrofuran and 1,4-dioxane (i.e., cyclic ethers) were less effi-
cient for extracting lignins. Nonpolar solvents (e.g., n-hexane) were
unable to appreciably extract lignin. Furthermore, these studies
suggest that increases in lignin extraction and suppression of
aromatic monomers may be attributed to competitive adsorption
of water to catalytic surface sites, as well as catalyst deactivation
facilitated by water-induced leaching of transition metals.22,85–87
Mass-based green chemistry benchmarking

The process sustainability of RCF using GDEs was quantitively
evaluated using mass-based green chemistry metrics and
benchmarking the present study against optimum results re-
ported by previous H2-free RCF studies; optimum results were
considered conditions that facilitated the highest lignin
monomer yields within a respective study. Process sustain-
ability was evaluated using mass-based green chemistry
metrics, specically, solvent intensity (SI) and process mass
intensity (PMI) as shown by eqn (5) and (6),88 respectively:

Solvent IntensityðSIÞ ¼ mass of solvent

mass of product
(5)

Process Mass IntensityðPMIÞ ¼

total mass in processðincluding H2OÞ
mass of product

(6)

For both metrics, the total mass of aromatic monomers was
considered the mass of the product, with all related masses
(e.g., solvents, biomass, catalysts, and additives) conned to the
H2-free RCF process; mass contributions from the biomass
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mass of reactants and products used for the SI and PMI calculations in the present study and state-of-the-art comparisons

Biomass (g) Biomass type
Solvent
(g)

Catalyst
(g)

Aromatic monomers
[product] (g)

SI (g solvent
per g monomer)

PMI (g inputs
per g monomer)

This work (DEP) 0.73 Sowood 7.31 0.073 0.048 151.5 168.2
This work (DMP) 0.73 Sowood 6.63 0.073 0.045 147.0 164.8
This work (DMP/H2O-0.6 AA) 0.73 Sowood 7.59 0.073 0.050 153.0 169.1
Facas et al. (ref. 49) 1.00 Hardwood 22.20 0.100 0.054 415.3 435.9
Zhou et al. (Birch) (ref. 89) 0.50 Hardwood 10.00 0.100 0.043 230.2 244.0
Zhou et al. (Pine) (ref. 89) 0.50 Sowood 10.00 0.100 0.012 843.9 894.5
Kenny et al. (ref. 90) 2.00 Hardwood 23.73 0.100 0.146 162.7 177.1
Brienza et al. (ref. 91) 3.00 Agricultural residue 94.68 0.300 0.081 1166.1 1206.8
Midhun Kumar et al. (ref. 30) 0.25 Alkali lignin from pine 15.70 0.050 0.081 193.8 197.5
Hu et al. (ref. 31) 2.00 Hardwood 25.70 0.150 0.180 142.7 154.7
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pretreatment and downstream separation and isolation steps
were not considered. With regard to interpreting the intensity
results, lower SI and PMI values indicate more sustainable RCF
systems as fewer materials are needed to yield a unit mass of
lignin monomers (i.e., products). Fig. 6 provides calculated SI
and PMI values for our 5% Pt/C catalyzed experiments per-
formed with DEP, DMP, and DMP in combination with an
aqueous co-solvent (1 : 1 v/v) and an organic acid additive (0.6 g
AA per g DEFP) under the conditions of 200 °C, 7 h, and 0.1 g
cat. per g DEFP, along with optimum results of other studies
reported in the literature. In comparison to the state of the art,
the SI and PMI values of the present study ranged between 147
and 153 g solvent per g product and∼165 and 169 g inputs per g
product, respectively. These values are amongst the lowest re-
ported in the literature, and only the aq. isopropanol-based RCF
process of Hu et al.31 facilitated lower SI (142.7 g solvent per g
product) and PMI (154.7 g input per g product) values. Higher
values of SI and PMI range from ∼400 to ∼1200 g input per g
solvent. Generally, SI and PMI values are similar, indicating the
relatively large material footprint solvents have in RCF
processes. As such, design of recyclable and benign solvent
systems is paramount towards advancing sustainable, lignin-
rst bioreneries. Table 1 summarizes the quantities of
biomass, solvent, and catalyst used, along with the monomer
yields associated with the SI and PMI calculations. It is evident
that sowood RCF generally achieves lower monomer yield
compared to RCF with hardwood and agricultural residues,
primarily due to the lower content of cleavable b-O-4 bonds in
sowoods.6,89 Achieving ∼0.05 g of aromatic monomers from
RCF of pine in the present study, in comparison to the 0.01 g of
aromatic monomers reported for RCF of sowood by Zhou
et al.,88 is noteworthy and places our results closer to the
monomer mass range of 0.04–0.18 g observed in the presented
RCF studies with hardwoods and agricultural residues. Overall,
themass-based green chemistry metrics demonstrate that GDEs
facilitate materially efficient deconstruction of sowood
biomass into value-added aromatic monomers.

MALDI-TOF MS of lignin oils

MALDI-TOF mass spectra of select lignin oil (LO) samples
produced via H2-free RCF are shown in Fig. 7. LO consisted of
extracted and deconstructed lignins, including monomers and
© 2024 The Author(s). Published by the Royal Society of Chemistry
oligomers. Molecular weight ranges of chemical species were
categorized as monomers (<250 m/z), dimers (275–450 m/z),
trimers (450–600 m/z), tetramers (600–840 m/z), pentamers
(850–1000 m/z), hexamers (1020–1180 m/z), and heptamers
(1200–1350 m/z).92,93 LO samples associated with higher mono-
mer yields had relatively lower molecular weight distribution.
For instance, LO produced at 160 °C, 4 h, with 10 wt% catalyst
loading, had a monomer yield of 16.1 wt% and molecular
weight distribution ranging from 83 m/z to 1300 m/z, while LO
produced at 200 °C, 7 h, with 10 wt% catalyst loading had
a monomer yield of 22.91 wt% and molecular weight distribu-
tion ranging from 83 m/z to 955 m/z. This trend is reasonable as
it simply indicates further deconstruction of oligomeric frag-
ments into monomers under process conditions that enhanced
monomer yields. With regard to identication of specic
molecular species, mass spectra of 181–182 m/z likely corre-
spond to hydrogenated forms of coniferyl alcohol, guaiacyl
acetone, or hydrogenated variants of hydroxy eugenol. Addi-
tionally, spectral peaks at 207–209 m/z are attributed to dime-
thoxycinnamic acid and hydrogenated analogs.93 Within the
molecular mass range of dimeric products, signicant species
may represent various structures such as biphenyl, phenyl-
coumaran, diarylpropane, and resinol types.92–94

Additionally, MALDI-TOF MS facilitated insights into
chemical modication of higher molecular weight species. For
instance, MALDI TOF mass spectra indicate occurrence of
dehydration reactions during H2-free RCF as several major
peaks differentiated by ∼18 m/z (assuming z = 1). For example,
in Fig. 7b, dehydration is indicated by the following pairs of
mass spectra: 83.0–100.8 m/z, 100.8–118.8 m/z, 266.2–284.0 m/z,
and 601.2–619.2 m/z. In addition, decarbonylation reactions
evidenced differences of 28 m/z between the following mass
spectral pairs: 434.1–462.1m/z and 475.1–503.0m/z. Occurrence
of dehydration and decarbonylation reactions during RCF was
also observed by Medlin and colleagues.90 These authors con-
ducted RCF using coniferyl alcohol as a model compound and
observed that Pd/C and Pt/C catalysts were selective towards
formation of 4-ethylguaiacol in comparison to Ru/C and Ni/C.
Furthermore, the authors proposed dehydration and decar-
bonylation pathways as the main pathways towards 4-ethyl-
guaiacol with Pd/C and Pt/C catalysts, while Ru/C and Ni/C
primarily performed the hydrodeoxygenation (HDO) reaction.
RSC Sustainability, 2024, 2, 2851–2870 | 2861
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Fig. 7 MALDI-TOF spectra of LOs produced via RCF under conditions including (a) DMP, Pt/C, 160 °C, 4 h, (b) DMP, Pt/C, 200 °C, 7 h, (c) DMP,
Ru/C, 200 °C, 7 h and (d) DMP/H2O-0.6 mg AA per mg DEFP, Pt/C, 200 °C, 4 h. Mixing speed and solvent-to-DEFP were 1000 rpm and 0.0096
mL mg−1 for (a–d).
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NMR characterization of lignin oil

Fig. 8a presents 1H–13C HSQC NMR spectra of LO produced
from H2-free RCF conducted at 200 °C for 7 h, using DMP as
solvent and 10 wt% catalyst dosage. Cross-peaks were assigned
using previous reports in the literature.23,95,96 b-O-4 linkages, the
most abundant native linkage, were absent. Furthermore, all
1H–13C HSQC NMR spectra were absent of native b-5 phenyl-
coumaran units. Instead, spectra indicated the presence of b-5
propanol (b-5 g-OH) and b-5 ethyl (b-5 (E)) derivatives, which are
obtained through hydrogenolysis of the etheric ring and
hydrodeoxygenation, respectively. Similarly, native b–b resinol,
b-1 spirodieneone, and 5–5 dibenzodioxicin structures were not
present in the LO. Instead, hydrogenated forms of b–b THF, b-1
propanol (b-1 g-OH), and 5–5 biphenyl were observed.

Neat solvolysis experiments were conducted in the absence of
the catalyst to facilitate insights into the role of competing
reaction processes (e.g., solvolysis and hydrogenolysis) on the
deconstruction of lignins. Fig. 8b provides 1H–13C HSQC NMR
spectra of LO produced via neat solvolysis under the same
conditions as those in Fig. 8a. Interestingly, a weak b-O-4 cross
2862 | RSC Sustainability, 2024, 2, 2851–2870
peak was observed in the 2D HSQC NMR spectrum of LO
produced by neat solvolysis. Furthermore, cross peaks indicative
of other native structures, including b-5 phenylcoumaran and
b–b resinol, were present in the 1H–13C HSQC NMR spectra.
However, the signals corresponding to these native units were
relatively weak compared to the signals of their hydrogenated
forms, which were also present in the spectrum. The presence of
b-O-4 linkages in solvolytic lignins indicates that hydrogenolysis
pathways enabled by transition metal catalysts contribute to the
lysing of etheric linkages. Furthermore, the presence of native
C–C linkages in the solvolytic lignins indicates that reductive
pathways contribute towards their deconstruction and/or chem-
ical modication. Previous reports have indicated that transition
metal catalysts facilitate reductive stabilization of reactive inter-
mediates.49,74,97,98 For reference, Fig. S2 and S3† provide 1H NMR
spectra for H2-free RCF and neat solvolysis.
Furan derivative yield

In addition to aromatic monomers, other value-added small
molecules, including furans derived from holocellulose, can be
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) 1H–13C HSQCNMR spectra of LO resulting fromH2-free RCF using 10 wt% Pt/C loading. (b) 1H–13C HSQCNMR spectra of LO resulting
from neat solvolysis. Reaction conditions: 730 mg DEFP, 7 mL DMP, 200 °C, 7 h, 0.0096 mL per mg solvent-to-DEFP ratio, 1000 rpm.
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produced during solvolysis and hydrogenolysis of lignocellulosic
biomass. Fig. 9 provides yields of furan derivatives resulting from
neat solvolysis and H2-free RCF of lodgepole pine conducted at
200 °C and 7 h using DMP; the offered yields are normalized by
the holocellulose content of lodgepole line. Previously, furans
have been reported as minor products resulting from catalytic
fractionation.99–101 Similar furan species were yielded from both
neat solvolysis and RCF, including 2-furaldehyde, 5-hydrox-
ymethylfurfural (5-HMF), furan-2,5-dicarboxylic acid, and tetra-
hydrofuran. Levulinic acid was also produced, which is derived
© 2024 The Author(s). Published by the Royal Society of Chemistry
from ring opening of 5-HMF. Based on an initial holocellulose
content of 71.1% (519.0mg of holocellulose in 730mgDEFP), neat
solvolysis, Ru/C catalyzed RCF, and Pt/C catalyzed RCF facilitated
total furan yields of 8.1 wt%, 4.7 wt%, and 4.2 wt%, respectively.
Interestingly, the presence of supported transition metal catalysts
induced lower yields of furans, which could be due to hydroge-
nation and hydrogenolysis of the observed furanic species.
Fig. S4† shows that on a DEFP mass basis, neat solvolysis results
in a higher yield of furan derivatives compared to monomers,
while H2-free RCF favors the opposite trend. While reduced forms
RSC Sustainability, 2024, 2, 2851–2870 | 2863
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Fig. 9 Yields of furan derivatives from neat solvolysis and H2-free RCF.
Reaction conditions: 730 mg DEFP, 7 mL DMP, 73 mg catalyst, 200 °C,
7 h, 0.1 g per g catalyst dosage, 0.0096 mL per mg solvent-to-DEFP
ratio, 1000 RPM.
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of the observed furanic species were not directly detected in the
present study, there is potential for GDEs to facilitate valorization
of furans via transfer hydrogenolysis pathways in future studies.
Fig. 10 (a) XRD of DEFP (blue), pulp produced from DMP RCF conducte
from DEP RCF conducted at 200 °C, 7 h, 10 wt% Pt/C catalyst dosage (red
Pt/C catalyst dosage (green); SEMmicrographs of DEFP (b) and residual pu
green).

2864 | RSC Sustainability, 2024, 2, 2851–2870
Inuence of H2-free RCF on cellulosic pulps

RCF studies focus primarily on depolymerization of lignins;
however, residual cellulosic pulps constitute a major product
fraction (∼30 to 40 wt%) that will contribute to the economic
viability of biorening paradigms. Hence, crystallographic and
morphological characteristics of residual pulps resulting from
H2-free RCF are provided in Fig. 10. Fig. 10a provides XRD dif-
fractograms of DEFP and residual pulps from select experiments.
XRD indicated DEFP and residual pulps displayed diffractogram
patterns characteristic of cellulose Ib, specically peaks observed
at 2q of 16.3°, 22.5°, and 34.7°.102 Residual pulps displayed lower
XRD signal intensities than DEFP, with the crystallinity index [CI
(%)] following a decreasing order: DEFP – blue (52.1%) > pulp
produced from DMP RCF conducted at 160 °C, 4 h, 10 wt% Pt/C
catalyst dosage yellow – (36.3%) > pulp produced from DEP RCF
conducted at 200 °C, 7 h, 10 wt% Pt/C catalyst dosage – red
(35.8%) > pulp produced from DMP RCF conducted at 200 °C,
7 h, 10 wt% Pt/C catalyst dosage – green (31.4%). CI was calcu-
lated in accordance with Segal's method,103 with the relevant
equations and calculations provided in Section A of the ESI.†
Reduced crystallinity of the resultant pulps can be due to
chemical deconstruction of crystalline domains within the native
cellulosic matrix; reduction in crystallinity of pulps with a negli-
gible change in diffractogram patterns has been previously re-
ported.104,105 Fig. 10 (b–e) provide SEM micrographs of the same
DEFP and residual pulp samples provided in Fig. 10a. Overall, the
shape, texture, and surface structure of lignocellulosic pulps are
analogous to those of raw wood.
d at 160 °C, 4 h, 10 wt% Pt/C catalyst dosage (yellow), pulp produced
), and pulp produced from DMP RCF conducted at 200 °C, 7 h, 10 wt%
lps corresponding to the XRD samples ((c) – yellow, (d) – red, and (e) –

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

GDEs have been demonstrated as effective hydrogen transfer
solvents for supporting lignin deconstruction into functional-
ized monomers under mild conditions. Monomer yields of
∼20 wt% to ∼25 wt% were achieved and delignication
approaching ∼90 wt% was achieved in the presence of aqueous
and organic acid additives; these values are competitive with
previous reports for sowoods. Monomer yields are improved in
the presence of organic acid additives and are reduced when
RCF is conducted in aqueous co-solvent (without organic acid).
Both AA additives and aqueous co-solvent facilitated enhanced
delignication of lodgepole pine. Aromatic monomers con-
sisted primarily of species with unsaturated and oxygenated
sidechains, including vanillin, trans-isoeugenol, con-
iferaldehyde, eugenol, and vanillic acid. Production of func-
tionalized aromatics, especially those rich in oxygenated
functionalities, contrasts with prior RCF reports which
primarily observed monomers with saturated alkyl sidechains
(e.g., 4-propylguaiacol, 4-ethylguaiacol). This observation
demonstrates that GDEs can support valorization of lignocel-
lulosic biomass directly to value-added species suitable for
fragrances and avorants (e.g., vanillin, coniferaldehyde). Other
small molecule product streams included furanic monomers
derived from carbohydrate fractions, with higher yields
observed for neat solvolysis than for RCF, as the latter likely
facilitated their reduction. Mass-based green chemistry metrics
demonstrated that GDEs facilitate materially efficient RCF of
sowood biomass into value-added monomers. MALDI-TOF MS
of lignin oils indicated that the sidechains of higher molecular
weight species undergo dehydration and decarbonylation
reactions. 1H–13C HSQC NMR demonstrated the presence of
native linkages in lignin oils produced by neat solvolysis
whereas samples resulting from H2-free RCF lacked native
linkages, thus indicating the role of catalysts in facilitating
hydrogenolysis. Residual pulps resulting from H2-free RCF were
produced at yields of ∼30 to 40 wt% and maintained crystalline
structures and overall morphology of the sowood feedstock.
Collectively, these ndings demonstrate the efficacy of GDEs for
H2-free RCF of sowood biomass into valuable aromatic and
furanic monomers, which can be leveraged towards the devel-
opment of sustainable and environmentally cogent lignin
valorization processes. Future studies should consider roles of
catalyst supports on transfer hydrogenolysis pathways facili-
tating deconstruction of recalcitrant oligomers in order to
improve production of value-added aromatic monomers.
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C. B. Faulds, H. Kim, J. Ralph, Á. T. Mart́ınez and J. C. del
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