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Introduction

Feedstock-agnostic reductive catalytic
fractionation in alcohol and alcohol—water
mixturest

Jun Hee Jang,}? Ana Rita C. Morais, (&) 1* Megan Browning,® David G. Brandner,
Jacob K. Kenny,?® Lisa M. Stanley,® Renee M. Happs, {22 Anjaneya S. Kovvali,“®
Joshua I. Cutler,® Yuriy Roman-Leshkov, {2 *" James R. Bielenberg*® and
Gregg T. Beckham (2 *@

Many biomass conversion technologies focus primarily on tailor-made processing conditions for a single
feedstock, in contrast to developing a practical operational window for effective processing of a broad
variety of lignocellulosic biomass substrates available year-round. Here, we demonstrate the feedstock
flexibility of reductive catalytic fractionation (RCF), performed in both batch and flow-through (FT) modes,
to effectively process a range of biomass types (hardwoods, softwoods, and herbaceous monocots),
regardless of their macromolecular composition and morphological structure differences. Both batch and
FT-RCF performed with pure methanol as a solvent allow delignification (or lignin oil yield) values and lignin
monomer yields greater than 65 wt% and 25 wt%, respectively, and high retention of carbohydrates (>90%)
from herbaceous monocots (corn stover and switchgrass) and hardwood (poplar) biomass substrates, despite
the inherent differences between woody and herbaceous biomass feedstocks. FT-RCF of pine (softwood)
exhibited lower lignin extraction efficiency (<40%), but the high content of lignin in pine enabled a similar
lignin oil yield on a biomass basis relative to other feedstocks. FT-RCF was subsequently tested by adding
water as a co-solvent (i.e.,, 50 : 50 w/w methanol/water), and delignification values increased to greater than
78% regardless of the feedstock. Together with the comparable delignification values, similar lignin oil and
carbohydrate yields, as well as lignin oil properties, were observed across the tested feedstocks, suggesting
that RCF with an alcohol/water mixture can effectively and consistently handle a wide range of lignocellulosic
biomasses, including hardwoods, softwood, and herbaceous biomasses.

not have access to a single low-cost biomass feedstock with the
year-round availability necessary to meet the high feedstock

The longstanding interest in developing a large-scale bioecon-
omy has driven the need for a highly available, consistent, and
stable supply of biomass feedstocks for producing bio-based
fuels and chemicals." However, many places in the world do
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capacity necessary for economically feasible biorefinery oper-
ations. The viability of bio-based fuels and chemicals will par-
tially depend on the development of robust biomass proces-
sing technologies that can effectively handle biomass varia-
bility regarding particle morphology, intra-particle pore struc-
ture, and biomass structure and composition.> These pro-
perties are dependent on biomass type, growing conditions,
harvesting, handling, and storage.>* Research of leading
biomass conversion technologies, such as those using mineral
acids, steam explosion, or ammonia-fiber expansion (AFEX™),
often focus primarily on tailor-made processing conditions for
a single feedstock, and thus the developed processing con-
ditions may not be applicable to different types of biomass
substrates.” For example, while dilute-acid hydrolysis and
AFEX™ are effective in processing agricultural residues like
corn stover and wheat straw, they are unable to economically
process hardwoods.® Significant efforts have therefore been
made towards the development of feedstock-agnostic techno-
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logies that can be applied to a variety of biomasses, indepen-
dently of their type, composition, and structural morphology.
For example, thermochemical processes such as pyrolysis and
gasification are more robust to feedstock type,” and the use of
ionic liquids (ILs) affords fractionation for hardwoods, soft-
woods, herbaceous dicots, and monocots.?*°

Additionally, a new class of biomass conversion techno-
logies based on tandem biomass fractionation and lignin
depolymerization/stabilization, which is termed lignin-first
biorefining, has been developed to avoid lignin degradation by
either the use of heterogeneous reducing catalysts or chemical
stabilization agents to stabilize reactive intermediates.’*™” Of
note among lignin-first biorefining methods, reductive cata-
lytic fractionation (RCF) is an active stabilization technology
capable of producing depolymerized lignin oil while preser-
ving the biomass carbohydrates.'” Specifically, RCF involves
solvent-mediated extraction of lignin fragments from biomass,
followed by the depolymerization and stabilization of reactive
lignin-derived intermediates over a redox-active catalyst through
hydrogenolysis and hydrogenation reactions in the presence of
H, or a hydrogen donor.'®'® The outcome of the RCF process is
lignin oil composed of a narrow distribution of monomers in
near-theoretical yields along with dimers and low molecular
weight oligomers, as well as a carbohydrate-rich pulp.'”*° The
composition of the solid pulp from RCF typically includes cell-
ulose with varying quantities of hemicelluloses and residual
lignin, which depend on the reaction conditions.'” To achieve an
economically viable RCF process,”’ reactor configurations,* >
low-pressure solvent systems,*® solvent recycling,””® catalyst
type,?>*° and utilization of entire RCF oil,>' have been pursued.
Along with these process innovations, RCF has been applied to
hardwoods (poplar,®* oak,** beech,* and eucalyptus®®), soft-
woods (pine*® and spruce®®), and herbaceous biomasses (corn
stover,'® switchgrass,> Miscanthus x giganteus,”® walnut shell,*
and wheat straw"®). In reports to date, RCF has been shown to be
applicable to a wide range of feedstocks, suggesting the potential
for this process technology to be feedstock agnostic.

In the present work, RCF was applied to poplar (hardwood),
switchgrass (herbaceous monocot), corn stover (herbaceous
monocot), and pine (softwood), in batch RCF conditions, at
varying solvent compositions (alcohol and alcohol/water), to first
provide insights into the conditions required to maximize lignin
extraction and depolymerization for each feedstock. Subsequently,
RCF was performed on each feedstock using a flow-through (FT)
reactor,"”*>** to determine the effect of biomass type on lignin
extraction, monomer yield, and carbohydrate recovery. By studying
the impact of feedstock type on RCF performance, this work
intends to provide a technical assessment regarding the feasibility
of RCF to be used as a feedstock-agnostic technology.

Experimental section

Chemicals

Ethanol (>99.6%), methanol (>99.8%), and ethyl acetate
(>299.5%) were purchased from Fischer Scientific. Sulfuric acid

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

(72 wt%) was purchased from Macron. Acetone-ds (99.9
atom% D), dimethyl sulfoxide-ds (99.9 atom% D), pyridine
(anhydrous, 99.8%), acetic anhydride (99.5%), tetrahydrofuran
(inhibitor-free, >99.9%), 1,3,5-tri-tert-butylbenzene (97%),
ruthenium on carbon (Ru/C, 5 wt%), coarse fused silica
(4-20 mesh), and glass beads (5 mm) were purchased from
Sigma-Aldrich. Borosilicate glass wool was purchased from the
Ohio Valley Specialty Company. Fine fused silica (30/50 grade)
was purchased from Dupre Minerals.

Biomass substrates

The four feedstocks included in this study were poplar, switch-
grass, corn stover, and pine. Hybrid poplar was harvested in
Morrow County, OR in 2013 and provided by Greenwood
Resources. Switchgrass was harvested at in Garvin County, OK
in 2012 and provided by Oklahoma State University. Corn
stover was harvested in Boone, IA and provided by Idaho
National Laboratory. Pine was harvested in Edgefield, SC and
provided by FTX Consulting. All biomasses were size reduced
via knife-milling (Thomas Scientific Wiley Mill) through a
2 mm screen and stored at room temperature in closed con-
tainers until use.*’ Compositional analyses were performed
based on a standard compositional analysis using NREL’s
Laboratory Analytical Procedure described elsewhere.**™**
Table S1f contains the compositions of the biomass
substrates.

Batch reductive catalytic fractionation

RCF batch experiments were conducted in a magnetically-
stirred reactor (Parr, 5000 series, 75 mL). The reactors were
filled with 2 g of (non-dried) feedstock, 30 mL of solvent, and
400 mg of 5 wt% Ru/C. The reactors were closed and purged
with high pressure He (three cycles), then pressurized with 30
bar of H,. Subsequently, the reactors were heated to 230 °C
(heating time of 30 min). The operating pressure reached
80-83 and 65-70 bar with methanol and methanol/water,
respectively, at 230 °C. The reaction time was started once the
reactors reached the set temperature. After 4 h of residence
time, the reactors were quenched in cold water and depressur-
ized at room temperature. The reaction slurry was filtered
using a 0.2 pm filter.

Flow-through reductive catalytic fractionation

FT reactions were performed using a custom-built flow reactor
with two biomass beds (5/8” ID) and one catalyst bed (9/32"
ID). The experimental equipment and procedures have been
previously described in detail."***?® In the FT-RCF experi-
ments, each biomass bed was packed with 2.7 g of (non-dried)
biomass and the catalyst bed (downstream of the biomass) was
packed with 0.9 g of 5 wt% Ru/C, diluted with 2.1 g of fine
fused silica. Solvent and hydrogen flow rates were 2 mL min "
and 200 SCCM, respectively. The first biomass and catalyst bed
were run in series at 1600 psig (110 bar) of total pressure for a
1 h heating ramp and 3 h reaction time at 225 °C. Duplicates
were performed with the second biomass bed, maintaining
the same catalyst bed. Liquid samples were collected and ana-

Green Chem., 2023, 25, 3660-3670 | 3661


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc04464a

Open Access Article. Published on 12 April 2023. Downloaded on 2/12/2026 3:45:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

lyzed for monomer yield and lignin oil properties. The pulp
residue from the biomass beds was used for compositional
analysis.

Lignin oil analysis

Lignin oils from batch and FT-RCF were obtained by evaporat-
ing the solvent and performing liquid-liquid extraction. After
removing the solvent using rotary evaporation, the resulting oil
underwent liquid-liquid extraction with 10 mL of DI water and
ethyl acetate. The water fraction was extracted again with 5 mL
of ethyl acetate (3 cycles). Sodium sulfate was added to the
ethyl acetate fraction to remove residual water. The ethyl
acetate fraction was dried and weighed to obtain the lignin oil
yield. The lignin oil yields were calculated on a weight basis
using the following equation:

MasSiignin oil
MaSSfeedstock.initial X iNitial lighin content

Oilyield (%) = % 100

(1)

Gas chromatography (GC) analysis

Lignin-derived monomers were quantified using an Agilent GC
(8890 series) equipped with a HP5-column and a flame ioniza-
tion detector (FID) was used to analyze the samples. GC
samples were prepared by diluting a liquid sample aliquot
with methanol containing 1,3,5-tri-tert-butylbenzene as an
internal standard. The operation conditions were as follows:
injection temperature of 250 °C; column temperature program:
70 °C, 2 min hold, 10 °C min™" to 280 °C, 2 min hold; detec-
tion temperature of 300 °C. The monomer yields were calcu-
lated on a weight basis using the following equation:

Monomeryield (%) =
MaSSmonomer __ <100 2
MaSSteedstock,initial X iNitiallignin content

Gel permeation chromatography (GPC)

Lignin oil molecular weight distributions of post FT-RCF reac-
tions were determined using GPC as described previously.*'
Briefly, approximately 20 mg of the isolated oil sample was
acetylated with 1 mL of 50: 50 v/v mixture of acetic anhydride
and pyridine at 40 °C for 24 h with stirring. Subsequently,
1 mL of methanol was added to terminate the reaction, and
the reagents were removed by evaporation under flowing nitro-
gen. The addition-drying step with methanol was repeated five
times. Acetylated samples were dried in a vacuum oven (~0.7
bar) at 40 °C overnight, dissolved in tetrahydrofuran, and fil-
tered through a 0.2 pm filter. For the GPC measurements,
20 pL of each prepared sample was injected on a high-perform-
ance liquid chromatography (HPLC) installed with PLgel 7.5 x
300 mm columns: 10 pm x 50 A, 10 pm x 103 A, 10 pm x 104 A
(Agilent Technologies). The measurement was conducted at
ambient temperature by flowing isocratic tetrahydrofuran
(1 mL min™") for 40 min, with measurements taken at 210 nm,
260 nm, and 270 nm on the diode array detector.
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Heteronuclear single-quantum coherence (HSQC) 2D-NMR
spectroscopy

To prepare an NMR sample, 20 mg of the post-extraction
lignin oil was dissolved in 700 pL acetone-ds. HSQC NMR
spectra were acquired in a 11.7 T (600 MHz) Bruker Avance III
spectrometer with a room temperature broadband probe. For
spectra, 1024 points for an acquisition time (AQ) of 71 ms and
a spectral width (SW) of 12 ppm were acquired in the F2 ("H)
dimension and 256 points for an AQ of 1.93 ms and a SW of
220 ppm were used in the F1 (**C) dimension with a standard
phase-sensitive, gradient-selected pulse sequence. The
acquired spectra were processed using TopSpin 4.1.4 with pre-
viously reported spectral processing parameters.*’

Carbohydrate pulp characterization

Carbohydrate pulps from RCF were subjected to a standard
compositional analysis protocol.*” Briefly, the post-reaction
carbohydrate pulp was dried and subjected to acid hydrolysis
(72 wt% sulfuric acid) at 30 °C for 1 h. Then, the suspension
was diluted to a 4% acid concentration and autoclaved at
121 °C for 1 h, followed by filtration to yield the Klason lignin
(acid-insoluble lignin). The acid-soluble lignin was quantified
via absorbance measurements at 240 nm wavelength. The
carbohydrate fraction was quantified using HPLC with a
Shodex Sugar SP0810 column coupled with a de-ashing guard-
column (Bio-Rad No. 1250118). We note that the concentration
of polymeric sugars (glucan, xylan, galactan, arabinan, and
mannan) was calculated from the concentration of the corres-
ponding monomeric sugars.*® Thus, glucan was calculated
based on glucose from cellulose and hemicellulose fractions.
Delignification and retention of glucan/xylan were calculated
using the following equations:

T masSiignini
Delignification (%) = (1 - hgmnmpulpsample) x100 (3)

MasSinitial loaded lignin

. massgj in pul 1
Glucan retention (%) = ( ELCnTIPIPRIPE ) 100 (4)
MassSinitial loaded glucan

. MasSyylan i 1 1
Xylan retention (%) = ( WAL RPURRPE Y <100 (5)
MasSinitial loaded xylan

Results
Batch RCF of woody and herbaceous biomasses

RCF was first conducted on poplar, switchgrass, corn stover,
and pine with four solvent systems in batch reactors to investi-
gate the effect of biomass types and composition on process
performance for simultaneous extraction of lignin and pro-
duction of aromatic monomers. Methanol is a commonly used
solvent in RCF reactions to extract and depolymerize lignin
while retaining carbohydrates.*®™*® In addition, ethanol has
been frequently used in RCF due to its availability from cellu-
losic ethanol production.?””***° Alcohol/water mixtures have
also been used as RCF solvents, exhibiting higher delignifica-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Phenolic monomer and lignin oil yields on a total lignin basis from batch RCF of poplar, switchgrass, corn stover, and pine. The secondary
x-axis label (below the solvent description) indicates the feedstock. Reaction conditions: 2 g feedstock, 30 mL of solvent (methanol, ethanol, 50 : 50
w/w methanol/water, or 50 : 50 w/w ethanol/water), 400 mg of 5 wt% Ru/C, 230 °C, 30 bar H, (at room temperature), and 4 h. Table S2} contains
the quantitative information for the data shown here. The error bars are the range of total monomer yields and oil yields of duplicate measurements.

tion extents relative to pure alcohols.’®*®*” Fig. 1 and

Table S21 summarize the influence of batch RCF performed
under varying solvent systems on the final lignin oil and
monomer yields obtained from the four substrates.

Distinct lignin oil and monomer yields, as well as final
monomer compositions, were obtained across the different
types of feedstocks at the same reaction conditions. In metha-
nol at 230 °C, batch RCF of poplar achieved 65.1 + 8.7% oil
yield and 32.6 + 2.7% monomer yield. Similar monomer yields
for switchgrass (31.6 + 1.6%) and corn stover (32.1 + 1.5%)
were observed even with their higher oil yield values, 81.4 +
11.6% and 82.8 + 3.2%, respectively. As expected, the compo-
sition of the produced monomers varied with feedstock type.
RCF of poplar lignin produced propyl-, propenyl-, or propanol-
substituted guaiacol and syringol (Fig. 1)."> Among them,
propyl monomers were dominant, in agreement with previous
reports on Ru/C catalyzed RCF of birch in methanol.™** In
addition to guaiacyl and syringyl phenolic monomers, hydroxy-
cinnamates are included in herbaceous lignin;**”* RCF of
switchgrass and corn stover with methanol resulted in hydro-
xycinnamate-derived monomers: methyl-dihydrocoumarate,
methyl-dihydroferulate, and ethyl phenol (Fig. S1-S4f).'**”
Methylation and hydrogenation of p-coumaric acid and ferulic
acid produced methyl-dihydrocoumarate and methyl-dihydrofer-
ulate, respectively. Decarboxylation and hydrogenation also con-
verts p-coumaric acid to ethyl phenol."® Under the same reaction
conditions, RCF of pine exhibited a much lower lignin oil yield
(42.5 £ 2.3%) and monomer yield (12.7 + 0.2%) than hardwood

This journal is © The Royal Society of Chemistry 2023

and herbaceous feedstocks. Similarly, a recent study investigated
the yields of phenolic monomers of batch RCF with varying feed-
stocks and reported the order of hardwood (40-45%) > herbac-
eous biomass (19-26%) > softwoods (11-15%).>*

The use of ethanol as a solvent exhibited similar oil and
monomer yield values compared to RCF reactions with metha-
nol. The monomer composition from RCF with ethanol was
similar to that of RCF in methanol for poplar and pine. The
major hydroxycinnamate-derived monomers from corn stover
in ethanol were, as expected, ethyl-dihydrocoumarate and
ethyl-dihydroferulate (Fig. S31). Ethanol RCF of switchgrass
produced dihydrocoumaric acid, and dihydroferulic acid as
well as the corresponding ethyl esters (Fig. S47).

In the presence of water as a co-solvent, lignin oil yield
values increased significantly.*®*” For poplar, methanol/water
RCF exhibited an oil yield of 71.4 + 8.8% with a similar
monomer yield and composition to methanol RCF. In the case
of pine, oil yield increased from 42.5 + 2.3% to 76.2 + 1.1% by
adding water. For switchgrass and corn stover, when water was
added as a solvent, enhanced oil yield values (96.7 + 13.3%
and 104.5 + 24.2%, respectively) were observed and selectivity
of dihydrocoumaric acid and dihydroferulic acid increased
relative to dihydrocoumarate and dihydroferulate (Fig. S3 and
S47). Overall, the monomer-to-lignin oil ratio decreased when
using an alcohol/water mixture (Fig. S5f). The GPC traces of
lignin oil from RCF in methanol/water exhibited a concomi-
tant decrease in the monomer peak at 200 Da and an increase
in an oligomer peak at 300-900 Da in Fig. S6.1

Green Chem., 2023, 25, 3660-3670 | 3663
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Flow-through RCF of woody and herbaceous lignin

FT-RCF is a semi-batch type reaction wherein the biomass and
catalyst are located in separate beds and the solvent flows over
the biomass and catalyst beds in series for tandem lignin
extraction and reductive stabilization. This setup enables
physical separation and recovery of the catalyst and carbo-
hydrate-rich pulp, which is a challenge for batch RCF
operation.'®?>?%?%3%757 g evaluate the fractionation efficiency
and monomer yields through RCF with different types of feed-
stocks, we conducted FT-RCF reactions with methanol and
50 : 50 w/w methanol/water. Subsequently, the produced lignin
oil and solid pulp residue were analyzed. We note that FT-RCF
is an experimentally convenient construct, but acknowledge
that processes would likely not be run in these conditions at
scale due to overly high solvent usage (180 L solvent per kg
biomass) in single-pass FT-RCF mode.

Fractionation efficiency

Each native feedstock has a unique composition (Fig. 2A). The
compositions of as-received and dried feedstocks are shown in
Table S1.1 All results are calculated on a dry weight basis unless
otherwise noted. Concerning lignin, poplar contains 26% lignin
whereas switchgrass and corn stover have 17-18% lignin content.
Pine showed the highest lignin percentage of 34%. Glucan and
xylan are the major carbohydrates in native poplar, switchgrass,
and corn stover. For pine, mannan (11%), not xylan (7%) is the
dominant polysaccharide in its hemicellulosic fraction.

After the FT-RCF reactions, changes in composition of
biomass could estimate the extent of lignin removal and carbo-
hydrate retention (Fig. 2B). FT-RCF of poplar in methanol
selectively extracted lignin (64.0 + 0.2%) with high glucan and
xylan retention (98.4 + 0.2% and 101.4 + 0.8%, respectively). In
agreement with the batch reaction results, the use of a 50:50
w/w methanol/water solvent system significantly increased

A BGlucan @Xylan DOGalactan DArabinan
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3 O Protein OFree sugars OAcetates mWater
i i i
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delignification to 92.5 + 0.7% relative to pure methanol.
However, xylan retention decreased significantly with the
addition of water as a co-solvent to 15.2 + 0.03%, while glucan
retention remained high (86.1 + 1.1%).%® In previous studies, it
was reported that the extracted hemicellulose dissolved in
water is likely depolymerized into oligomeric sugars, mono-
meric C5-C6 sugars, and C2-C6 polyols.”*>°

RCF of switchgrass and corn stover showed similar fraction-
ation efficiency to that of poplar. Delignification values
obtained from methanol RCF (64.6 + 0.6% and 70.9 + 0.6% for
switchgrass and corn stover, respectively) increased to 94.5 and
92.5% in RCF with a methanol/water mixture. Although xylan
retention values in methanol RCF (93-100%) were significantly
reduced to 17-22% in methanol/water RCF, glucan retention
remained high (>88%) regardless of solvent. RCF of pine with
methanol exhibited lower delignification of 32.9 + 0.9% relative
to the three other feedstocks. Methanol/water RCF increased
the delignification extent to 77.9 + 1.2%, which enables con-
sideration of pine as a candidate for feedstock-agnostic pro-
cesses with hardwoods and herbaceous biomasses.

Lignin oil and monomers

To characterize the lignin oil and monomers and measure
their yields, liquid samples underwent solvent removal, fol-
lowed by liquid-liquid extraction, thus isolating the lignin oil
from the RCF oil (Fig. 3 and Table S3t). In the literature, oil
yield has been used to estimate the extent of lignin
extraction,'®*” but discrepancies between oil yield and deligni-
fication could be observed because liquid-liquid extraction
may not selectively isolate only lignin from the RCF oil. In par-
ticular, extractives and acetates (Fig. 2A) extracted from
biomass by the solvent likely remain in the organic ethyl
acetate phase during liquid-liquid extraction and cause an
overestimation of the oil yield.'” A high extractives (8-9%,

B
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Fig. 2 FT-RCF with poplar, switchgrass, corn stover, and pine in methanol or methanol/water mixture. (A) Compositional analysis of native feed-

stocks and post-RCF carbohydrate-rich pulps. (B) Calculated delignification and glucan and xylan retention. FT-RCF reaction conditions: 2 mL min™

1

feed solvent, 2.7 g feedstock, 0.9 g 5 wt% Ru/C (diluted with 2.1 g of fused silica), 1600 psig (110 bar), 200 SCCM H,, 225 °C, and 1 h heating ramp
and 3 h run. Table S1f contains the quantitative information for the data shown here. The error bars are the range of duplicates.
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Fig. 3 Monomer and oil yields of FT-RCF with poplar, switchgrass, corn stover, and pine in methanol or methanol/water mixture. Reaction con-
ditions: 2 mL min~ feed solvent, 2.7 g feedstock, 0.9 g 5 wt% Ru/C (diluted with 2.1 g of fused silica), 1600 psig (110 bar), 200 SCCM H,, 225 °C, and
1 h heating ramp and 3 h run. Table S3} contains the quantitative information for the data shown here. The error bars are the range of total

monomer yields and oil yields of duplicates.

Fig. 2A) and acetates (2-3%) content, coupled with low lignin
content (17-18%) in switchgrass and corn stover would there-
fore result in the significant overestimation of oil yield, and
indeed, methanol RCF of switchgrass and corn stover exhibited
higher lignin oil yields (88.9 + 12.4% and 94.2 + 7.0%, respect-
ively) than their delignification values (64.6 + 0.6% and 70.9 +
0.6%, respectively). We note that extractives such as fatty acids
could be co-processed with lignin oil, for example through
hydrodeoxygenation processes.”® Compared to herbaceous
biomass types, poplar and pine exhibited higher lignin con-
tents (26% and 34%, respectively) and lower amounts of extrac-
tives (4-5%), reducing the effect of extractives and acetates on
the measured oil yields. We note that the water content was
negligible (0.4-0.6 wt%) in lignin oils from RCF of corn stover
and switchgrass in methanol/water.

Conversely, in methanol/water RCF of poplar, the oil yield
(75.7 + 3.2%) was lower than the delignification extent of 92.5
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+ 0.7%. The lower oil yield relative to the delignification arose
because (1) lignin is partially deoxygenated during the depoly-
merization process and (2) some portion of the lignin extracted
from biomass and included in RCF oil was not collected in the
organic phase, but remained in the aqueous phase during
liquid-liquid extraction. This is supported by the mass flow of
the major biomass components (Fig. 4), UV-Vis (Fig. S77), and
HSQC 2D NMR (Fig. S8t) analyses of the aqueous phase.
During methanol/water RCF of poplar, the extracted lignin
(24.1 wt%) of total lignin (26.0 wt%) remained in RCF oil
(54.0 wt%). However, liquid-liquid extraction of the RCF oil
produced only 19.6 wt% lignin oil, suggesting incomplete
recovery of lignin in the extraction step. UV-Vis analysis
revealed that the aqueous phase contained 3.8 g L™' lignin
(8.1 wt% of the initial lignin), supporting the contention of
lignin loss during extraction and the resulting lower lignin oil
yield than the measured delignification extent (Fig. S77).
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Fig. 4 Mass flow of major components of biomass (A) FT-RCF of poplar in methanol. (B) FT-RCF of poplar in methanol/water. RCF oil represents
the oil after solvent removal of liquid RCF samples. Lignin oil is the oil obtained from the organic phase after liquid—liquid extraction of the RCF oil.
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Consistently, p-hydroxybenzoic acid or methylparaben peaks
were detected in the HSQC spectra of solid products dissolved
in the aqueous phase (Fig. S87). It is worth noting that only
1.8 wt% of the initial lignin was detected in the aqueous phase
obtained from methanol RCF of poplar and subsequent
liquid-liquid extraction. In methanol/water RCF of switchgrass
and corn stover, the opposite effects of extractives and acetates
and lignin loss during extraction seem to be reflected in the
lignin oil yields (96-105%), which were close to the delignifica-
tion values (92-95%).

The lignin monomers collected at different times during
the FT-RCF reactions were also analyzed by GC-FID. The cumu-
lative monomer yields over the 3 h reaction are shown in Fig. 3
and Fig. S9, Table S3.f In poplar-RCF with methanol, the
cumulative monomer yield for the first biomass bed was
26.3% which was slightly lower than the monomer yield in a
batch reactor (32.6 + 2.7%) even with a similar lignin oil yield
(65.1 + 8.7% in batch and 68.2 + 7.0% in FT). The second
biomass bed with a reused catalyst bed showed a 24.0% cumu-
lative monomer yield, indicative of catalyst deactivation. In the
same reactor system, we previously observed a decrease in the
monomer yield (from 22% to 16%) and increase in the selecti-
vity of unsaturated monomers (from 2% to 18%) over the con-
secutive FT-RCF reactions with 6 biomass beds while reusing
the catalyst.>® Catalyst deactivation likely arose due to sinter-
ing, leaching, and poisoning, as observed in our previous
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study.?” The average cumulative monomer yield of two FT-RCF
reactions was 25.2 + 1.7%. Arylpropanol lignin monomers were
dominant, whereas the batch reactions produced arylpropyl
monomers as the major products. Note the distribution of
stabilized lignin monomers from FT-RCF did not change even
with additional batch or FT catalysis steps, excluding the effect
of catalytic residence time on monomer selectivity.®

The lignin oil was also analyzed by GPC and HSQC 2D
NMR (Fig. 5 and Fig. S107). In the GPC trace of the poplar
lignin oil from FT-RCF with methanol, peaks at 200 and 250
Da are assigned to propyl- and propanol-substituted
monomers.'>'®?>?847 The larger molecular weight peaks at
310, 540, and 750 likely represent the dimer, trimer, and tetra-
mer peaks, respectively. NMR analysis of the lignin oil sup-
ports depolymerization of lignin during FT-RCF by showing
the disappearance of p-ether units and the appearance of pro-
panol and propyl sidechain peaks (Fig. 5B and Fig. S10Af).

Whereas the use of a 50:50 w/w methanol/water mixture
instead of pure methanol increased delignification to 92.5%,
the cumulative monomer yield was reduced to 15.0 + 1.1%.
Consistently, the significant reduction of monomer peaks at
200 and 250 Da was observed in the GPC trace of the lignin oil
from FT-RCF reaction in methanol/water. The higher portion
of oligomers, compared to that from methanol RCF, suggests
either that depolymerization was not effective or condensation
occurred in the presence of water. The absence of p-O-4 lin-
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Fig. 5

(A) GPC traces of lignin oil from FT-RCF with poplar, switchgrass, corn stover, and pine in methanol or methanol/water mixture. (B) NMR

spectra of lignin before and after the catalysis step in RCF. Poplar lignin represents the extracted lignin through FT-solvolysis without the catalysis
step. MeOH and MeOH/H,0 are post FT-RCF (tandem solvolysis and catalysis) of poplar samples. The full spectra are presented in Fig. S10.}
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Fig. 6 FT-RCF performance over different feedstocks (A) in methanol and (B) in methanol/water mixture.

kages in the NMR spectrum rules out the possibility of ineffec-
tive lignin depolymerization due to water, and instead suggests
condensation. We posited that condensation arose between
the biomass bed and catalyst bed, wherein the extracted lignin
remained at the reaction temperature before encountering the
catalyst for stabilization. In the batch reaction, the extracted
lignin could react with the catalyst immediately after extrac-
tion, thus achieving higher monomer yield (33.4 + 0.7%) and
less condensation, evident by GPC traces (Fig. S67).

The cumulative monomer yields for switchgrass and corn
stover in methanol were 27.0 + 1.4% and 35.8 + 1.6%, respect-
ively, close to the value observed in poplar FT-RCF (25.2 + 1.7).
As observed in the batch reactions, ethyl phenol, methyl-dihy-
drocoumarate, and methyl-dihydroferulate were the major pro-
ducts, as well as arylpropyl and arylpropanol monomers
(Fig. 3). These monomers are consistent with the peaks at 200
and 270 Da in the GPC trace (Fig. 5A) and peaks in HSQC
spectra (Fig. S117). In methanol/water RCF, condensation and
the resulting (1) lower portion of monomer peaks (Fig. 5A) and
(2) lower yields of S/G-type monomers (Fig. 3) were also
observed for switchgrass and corn stover. However, hydroxycin-
namate-derived monomers were not reduced by adding water
(Fig. 3). FT-RCF of pine showed cumulative monomer yields of
6.5 + 0.1% in methanol and 6.3 + 0.5% in methanol/water. It
should be noted that theoretical maximum monomer yields
depend on the abundance of f-ether units in lignin and the
low monomer yields of pine RCF were due to the lower $-O-4
frequency of pine than for other feedstocks.>®

Discussion

The FT-RCF reaction and analysis of the obtained liquid and
solid samples revealed the overall performance of RCF with
different types of feedstocks in both the alcohol and alcohol/

This journal is © The Royal Society of Chemistry 2023

water solvent systems. Fig. 6 and Table S4f summarize the
FT-RCF process performance including delignification,
monomer yield, glucan and xylan retention, and oil and pulp
yields across all four feedstocks. Poplar, switchgrass, and corn
stover exhibited similar delignification (64-71% in methanol
and 92-95% in methanol/water), glucan retention (93-105% in
methanol and 86-101% in methanol/water), and xylan reten-
tion (93-108% in methanol and 15-22% in methanol/water).
These similarities across RCF performances with poplar,
switchgrass, and corn stover suggest the potential as a feed-
stock-agnostic process.

Pine RCF with methanol exhibited a lower extent of lignin
extraction (33%) than other feedstocks. The recalcitrant nature
of pine resulted in the reduced efficiency of RCF with metha-
nol, as observed in previous studies.’’”' Despite the lower
delignification extent, pine has a higher lignin content (34%
of dried biomass) than other feedstocks (17-26%). As a result,
pine RCF produced a similar yield of the isolated lignin oil on
a dried biomass basis (12%), compared to values observed in
RCF with other feedstocks (15-18%, Fig. 6A). It is worth noting
that although switchgrass and corn stover have low lignin
content (17-18%), the high content of extractives/acetates
included in the isolated lignin oil resulted in a similar value of
oil yield per dried biomass (Fig. 2A). In batch RCF with various
biomass feedstocks in methanol, this study exhibited 14-17%
lignin oil yields per biomass, which is in line with previous
work, which ranged from 8-17% (Table S57).

In methanol/water (Fig. 6B), delignification of pine RCF
increased to 78%, close to the delignification values observed
with hardwoods and herbaceous biomasses (92-95%). Samec
et al. reported similar delignification values (84-94%) from
RCF with 50:50 v/v ethanol/water across hardwoods (birch
and poplar) and softwoods (spruce and pine), with low
monomer yields (7-12%) obtained from softwoods
(Table S5%).°° The reduced gap in delignification values
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between pine and other feedstocks, combined with high lignin
content of pine, resulted in similar yields of the lignin oil
(17-20%) regardless of feedstock. The oil yields in batch RCF
in methanol/water in this study ranged 16-26%, which is in
line with previous work in alcohol/water from 17-26%
(Table S51). Interestingly, GPC traces of the lignin oil from all
tested feedstocks were similar for a given solvent system
(Fig. 5A). In addition to the similarities in the yields and GPC
traces of the lignin oil across feedstocks, the yield of pulp
residue of each biomass did not vary significantly (65-77%
from methanol RCF and 37-48% from methanol/water RCF).
Thus, the similar yields and GPC traces of oil and pulp yields
support the possibility of a feedstock-agnostic process with all
types of biomass tested in this study.

The concept of feedstock-agnostic RCF could be made more
tractable with breakthroughs in separation technology because
each type of biomass has different monomer compositions
(Fig. 1 and 3).°*"% Pine RCF produced only G-type monomers
with significantly lower yields, based on total lignin, under all
tested reaction conditions relative to the RCF with other feed-
stocks. Conversely, RCF of poplar, switchgrass, and corn stover
exhibited similar monomer yields, with hydroxycinnamate-
derived monomers observed exclusively in RCF of herbaceous
biomass, making different monomer distributions between
poplar and herbaceous biomasses. A submitted paper from
Ralph et al. describes in detail the impact of biomass type on
the yield and distribution of phenolic monomers, distinguish-
ing the monomers from the core lignin and from pendant
units on the cell wall.®® Batch RCF reactions with 16 different
biomass feedstocks exhibit the monomer yields (based on
Klason lignin) with the order of hardwood (43-55%) > herbac-
eous biomass (29-30%) > softwoods (15-16%).%® Beyond separ-
ation approaches, methods for whole oil valorization, such as
the recently demonstrated hydrodeoxygenation of whole RCF
oil to produce jet-range fuels,” could also be a viable down-
stream method for processing lignin oils in a feedstock-agnos-
tic context, which we will evaluate in future studies.
Concerning catalyst stability, reversible (poisoning) and irre-
versible (sintering and leaching) deactivation was previously
observed under RCF conditions.”” In addition to a recent novel
catalyst design for mitigation of the sintering problem during
lignin hydrogenolysis,®” further investigation of deactivation
mechanisms and regeneration methods of RCF -catalysts
should be explored.

Conclusions

In summary, we conducted batch and FT-RCF reactions with
different types of biomass feedstock including poplar, switch-
grass, corn stover, and pine using alcohol and alcohol/water
solvent systems. In methanol, batch RCF of poplar, switch-
grass, and corn stover at 230 °C produced similar yields of aro-
matic monomers (31-33%). The recalcitrant nature of pine
resulted in lower lignin extraction extent and lower monomer
yield (13%). Batch RCF with ethanol exhibited similar
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monomer yields (27-31% for poplar, switchgrass, and corn
stover and 11% for pine), compared to RCF in methanol. The
use of water as a co-solvent significantly increased the lignin
oil yield, and the overall monomer yields remained similar.
Based on compositional analysis of the delignified pulp
residue from FT-RCF, fractionation efficiency including
delignification and glucan/xylan retention was similar across
poplar, switchgrass, and corn stover. FT-RCF produced com-
parable monomer yields (25-36% in methanol and 15-32% in
methanol/water) to batch RCF across hardwood and grasses
and lower monomer yields (6-7%) of pine. Through batch and
FT-RCF, herbaceous feedstocks produced S/G-type and hydro-
xycinnamate-derived monomers, whereas poplar included
S/G-type monomers and pine yielded only G-type monomers.
Despite the lower delignification and monomer yield of pine
RCF, due to its higher lignin content the lignin oil yield on a
biomass basis was similar to that in RCF of other hardwood
and herbaceouse feedstocks. These results suggest the indus-
trial potential of RCF as a feedstock-agnostic process.
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