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Lignin is a promising renewable feedstock for the production of valuable phenolic and hydrocarbon building
blocks. However, the economic viability of lignin upgrading strategies has so far been hampered by the
recondensation of primary products and the preferential formation of char over bio-oil. Here, we demonstrate that
lignin pretreatments effectively lower char formation and enhance carbon volatilization during pyrolysis. Various
solvolytic and catalytic pretreatments were investigated using sub- and supercritical ethanol and supported metal
catalysts. By combining GPC, GC-FID/MS, elemental analysis, HSQC NMR, and TGA, we decoupled the effects of
solvolytic and catalytic steps and identified their independent roles on chemical modifications relative to the parent
lignin. The pretreatment step enhanced the production of volatiles and concurrently reduced char formation
during fast pyrolysis, from 58 C% to 9 C% for lignin deconstructed at 250 °C using Pd/C. The strategy was then
extended directly to lignocellulosic biomass (corn stover, switchgrass, red oak) to fractionate and pretreat lignin in a
one-pot approach. The lignin oil obtained from this process exhibited an excellent potential to be converted into
platform chemicals. Upon catalytic fast pyrolysis of the lignin oil, 11-14 C% aromatic hydrocarbons were produced,
while hydrodeoxygenation yielded 34-40 C% of aromatic hydrocarbons (50—-56 C% total hydrocarbons). Similarly,
the recovered carbohydrates-rich water-soluble fraction was subjected to hydrodeoxygenation and yielded

Received 18th July 2022, 10-15 C% of aromatic hydrocarbons and 15-29 C% of C,—Cg alkenes (32-74 C% total hydrocarbons).
Accepted 24th October 2022 Furthermore, the residual pulp recovered from this method was enriched in sugars and was three times more
DOI: 10.1039/d2ee02304k amenable to enzymatic hydrolysis than the parent biomass. This approach provides new opportunities for the

selective and effective conversion of lignin into value-added chemicals and, thereby, enhanced carbon recovery,
rsc.li/ees which is vital for implementing biomass as a feedstock for chemical manufacturing.

Broader context

To achieve economic viability and strive, the bioeconomy needs to build on the existing bioethanol infrastructure and broaden the portfolio of products manufactured
from biomass. To this end, substantial work has been done to convert cellulose to biobased chemicals through innovations in biocatalysis and thermocatalysis. In contrast,
lignin, an aromatic polymer that accounts for 10-25% of lignocellulosic biomass, remains underutilized as a feedstock although its deconstruction could readily supply the
chemical industry with platform aromatic hydrocarbons. The challenge comes for lignin’s building blocks propensity to repolymerize and form a more condensed
network. Reductive catalytic fractionation (RCF), a strategy that combines solvents and metal catalysts to deconstruct lignin and stabilize its building blocks, was recently
proposed to directly convert the lignin component in whole biomass. Technologic and economic analyses have highlighted the promise of this strategy but also its present
limitations. In particular, new valorization strategies must be explored and developed to also upgrade dimers and oligomers that account for up to 50% of the
deconstructed lignin. This work identifies conversion pathways to enhance lignin deconstruction, mitigate carbon loss due to char formation, and facilitate the complete
upgrading of lignin to valuable aromatic and olefinic hydrocarbons. When applied to whole biomass, the proposed process also enhances the enzymatic digestibility of
cellulose, hence its potential for biofuel and biochemical production. Results obtained for the upgrading of corn stover, an abundant (>75 million tons per year) and
underutilized byproduct of corn production, showed a 65% increase in lignin-derived aromatics along with a 200% increase in cellulose digestibility.
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1. Introduction

Lignocellulose comprises about 10-25% lignin, 20-30% hemi-
cellulose, and 40-50% cellulose." Considering its structure,
lignin is the largest renewable source of aromatic building
blocks in nature and has significant potential to serve as a
feedstock for the production of bulk phenolics and aromatic
hydrocarbons such as benzene, toluene, and xylene (BTX)
that are currently derived from petroleum.> However, lignin
valorization has proven to be challenging owing to its complex
nature and recalcitrant structure, which is why nearly 95% of
the extracted lignin is burnt for its energy value instead of being
upgraded.’ When used only as an energy source, lignin is worth
only about $150 per ton; in contrast, its full conversion to
aromatics would increase its value to about $1200 per ton.*
Therefore, it is critical to design new conversion strategies that
overcome present technical hurdles.

The upgrading of lignocellulosic biomass using thermo-
chemical methods typically starts with its fast pyrolysis.>”
In this process, biomass or its components are heated to 450
600 °C, in the absence of oxygen, and using fast heating rates
to maximize the production of bio-oil over solid products
(biochar). Unfortunately, raw bio-oil presents adverse proper-
ties due to its high oxygen content (about 40%), namely poor
thermal and chemical stability, corrosivity from high acidity,
low heating value, and high viscosity compared to petroleum-
derived oils.*®° Several strategies were proposed to lower the
bio-oils’ oxygen content, overcome its adverse properties, and
improve its compatibility with existing infrastructure in the
chemical industry. Most of these strategies focus on the pro-
duction of aromatic hydrocarbons because of their high energy
density and important role in chemical manufacturing. Cataly-
tic fast pyrolysis (CFP) is a thermal upgrading strategy that
enables the production of BTX, polycyclic aromatic hydrocar-
bons, alkanes, and olefins.>*>'! The best results were obtained
with ZSM-5 zeolite due to the unique size and shape selectivity
provided by the crystallographic structure of this solid acid
catalyst.">"** Hydrodeoxygenation (HDO) presents another ave-
nue for upgrading bio-oil by adding hydrogen gas as a reactant.
Recently, low-pressure HDO reactions over transition metal
oxides, particularly MoO;, were shown to completely remove
oxygen from biomass/lignin pyrolytic vapors and produce valu-
able aliphatic and aromatic hydrocarbons.">*®

Although studies have shown that it is possible to convert
lignin bio-oil into hydrocarbons, the yields are much lower than
for whole biomass- and cellulose-derived bio-oils. For instance,
14 C% of aromatics were produced through CFP of pinewood
while only 6 C% of aromatics were obtained from its lignin
fraction using ZSM-5 at 600 °C."”'® Similarly, HDO of cellulose
using MoO; in a tandem micropyrolyzer system at 400 °C
generated 84 C% of hydrocarbons while only 30-32 C% were
obtained with lignin as the starting material.'®*° Compared to
whole biomass and cellulose, pyrolysis of lignin generates a
significantly higher amount of char, which halved the bio-oil
yields across all reaction temperatures.”’ > But, interestingly,
when the aromatic hydrocarbon yields generated using a ZSM-5
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catalyst at 500 °C were normalized on a pyrolysis vapor basis
(in the absence of catalyst), the yields were comparable at 16%
for all three components of biomass.>* Thus, the low hydro-
carbon yields obtained for lignin CFP are not due to the nature
of the species in the vapor phase but to the efficiency of the
volatilization process during the initial pyrolysis step. There-
fore, lignin pretreatments that would enhance the volatilization
step are vital to increase the production of valuable products
and lower carbon losses through char formation.

Several research groups have explored pretreatment strate-
gies that could improve the carbon efficiency during catalytic
deoxygenation. Feng et al. investigated a microwave-assisted
formic acid pretreatment as a possible way to improve the
production of aromatics for the CFP of lignocellulosic biomass.
The pretreated beech wood produced a higher yield of valuable
aromatic products than the untreated control (29.8 C% vs.
23.2 C%) along with a 10% reduction in char formation.>
The effects of HCI, NaOH, and H,0, were also investigated for
the pretreatment of kraft lignin prior to its pyrolysis, and
upgrading at 650 °C.>° HCl was found to depolymerize the
lignin matrix effectively, increasing the liquid yield, and, at
optimized conditions, the selectivity to phenols reached greater
than 50% using a large pore zeolite catalyst.”® More recently,
Saraeian et al. demonstrated that partial depolymerization of
lignin using a copper-doped porous metal oxide catalyst in
methanol at 300 °C prior to pyrolysis significantly improved the
yield of volatile products and decreased the yield of pyrolytic
char.'® Furthermore, the yield of aromatics obtained from HDO
using MoOj; increased by 90% for the depolymerized samples
compared to the parent lignin.'® Although there is a plethora of
studies on the pretreatment of biomass/lignin, the exact effect
of this additional step remains poorly understood, and the key
parameters that would unlock the selective upgrading of lignin
to chemicals remain to be identified. Furthermore, accurate
carbon tracking to account for losses encountered during the
pretreatment step is necessary to draw quantitative conclusions
about the beneficial effects of different pretreatments.

Here, we studied the independent and synergistic roles of
solvolysis and catalysis during the pretreatment of technical
lignin and raw biomass. We focused in particular on their role
in enhancing (i) the deconstruction/volatilization of lignin
during fast pyrolysis and (ii) the aromatic hydrocarbon yields
achieved through subsequent CFP and HDO of the pyrolysis
vapors. By combining various complementary characterization
techniques, we first gained insights into the chemical trans-
formations occurring during these pretreatments and the para-
meters that govern the size distribution of the lignin fragments.
The product distributions from fast pyrolysis of the parent and
pretreated lignin samples were compared to evaluate the effect
of the pretreatment on bio-oil vapors and char yields. Next,
the pretreated lignin obtained using the optimized reaction
condition was upgraded to aromatic hydrocarbons through
ex-situ CFP and low-pressure HDO, and the obtained yields
were compared to the parent lignin.

Using the insights gained from the first part of our study on
technical lignin pretreatments, we demonstrate the one-pot

This journal is © The Royal Society of Chemistry 2023
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[llustration of the whole biomass upgrading strategy described in this study. The lignin oil recovered after one-pot fractionation and

pretreatment was successfully upgraded to bulk platform chemicals at higher yields than conventional pulping approaches. The EtOH-insoluble pulp
obtained in this study was enriched in sugars and showed improved digestibility, a desired property for bioethanol production.

fractionation and pretreatment of lignin from raw biomass
(Scheme 1). The pretreated lignin oil generated through this
one-pot approach was readily converted to bio-oil through
fast pyrolysis and was funneled to platform chemicals such as
aromatics and alkenes at higher yields compared to lignin
extracted using conventional fractionation methods. In addition,
the residual carbohydrate pulp was preferred for enzymatic hydro-
lysis and, therefore, should be highly amenable to bioethanol/
biochemical production. We further demonstrate the robustness
of this ‘one-pot’ approach for various lignocellulosic feedstocks to
elucidate the impact of structural variability using compositional
analysis and carbon balances. The results provide valuable insights
that further advance reductive catalytic fractionation (RCF)
and lignin-first fractionation strategies, realizing an ‘ideal lignin
stream’ through pretreatment and fractionation that could facili-
tate complete biomass utilization.

2. Results and discussion

2.1. Lignin pretreatment

Independent roles of the solvent and catalyst during pre-
treatment. Liquefaction technologies using either water (hydro-
thermal liquefaction, HTL) or organic solvents (e.g., reductive
catalytic fractionation, RCF) effectively deconstruct lignin,
affording the highest lignin monomer yields to date.>”** While
HTL gives excellent results for technical lignin, RCF is superior
for whole biomass upgrading as its mild reaction conditions
enable a good compromise between delignification and carbo-
hydrate retention,®®*' and thus better prospects to achieve
economic viability for biorefineries.** As our ultimate goal for
this study was to achieve complete biomass valorization, we
started the present work with the RCF of corn stover-derived
organosolv lignin in ethanol (EtOH) under subcritical (200 °C)
and supercritical (250 °C) conditions for 3 h. Reaction tempera-
ture and time were selected based on prior results obtained for
the RCF of whole biomass (birch, corn stover) and the solvolysis
of technical lignin.****** These studies established that frac-
tionation at 200-250 °C for 3 h affords the best tradeoff
between the production of lignin monomers and the retention
of cellulosic sugars, with ethanol being slightly superior to
methanol for lignin solvolysis.

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Amount of sample (wt%) recovered after treating organosolv lignin
in EtOH at 200 and 250 °C for 3 h in the presence of various catalysts.

As shown in Fig. 1, at 200 °C, 61-65 wt% of the pretreated
sample relative to the initial lignin was isolated. When the
reaction was performed under subcritical conditions, signifi-
cant differences in product yields were not observed across the
tested catalysts. Under supercritical conditions at 250 °C, the
yield of the pretreated sample dropped to 50 wt%, and char was
observed on the reactor walls in the absence of a catalyst. The
benefits of adding a reductive catalyst at 250 °C were evident, as
the yield of the products obtained increased by about 10 wt%.
In contrast, the addition of HY zeolite, a solid acid catalyst,
reduced the product recovery to 46 wt%.

The molecular weight distributions of the pretreated
samples were measured to qualitatively assess the extent of
deconstruction as a function of reaction conditions. The aver-
age molecular weight, M,,, of the products generated at 200 °C
ranged from 1000 to 1386 Da, corresponding to approximately
18-25% of the parent lignin’s molecular weight (Fig. S1a, ESIT).
An apparent decrease in M,, to about 520-800 Da with a sharp
peak corresponding to monomers around 200 Da was observed
for the samples pretreated at 250 °C (Fig. S1b, ESIT).

Interestingly, the samples pretreated with and without catalyst
showed almost identical molecular weight distributions, meaning
the cleavage of the linkages in lignin occurred primarily through
solvolysis. However, in the absence of catalyst, a 10 C%
loss was observed along with noticeable char deposition on

Energy Environ. Sci., 2023,16, 97-112 | 99
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the reactor walls. These observations, when taken together,
indicate that depolymerization and secondary recondensation
reactions co-exist and compete with each other. Depolymeriza-
tion reactions lead to smaller species such as monomers, while
repolymerization reactions generate higher molecular weight
products, including char, which are not recovered as pretreated
lignin oil and are absent in the GPC data.>*?*?*® At higher
temperatures, the latter reactions are promoted, and thus the
reductive passivation of the reactive intermediates becomes
all the more necessary to prevent their repolymerization and
enable a higher product recovery.**?”3°

Effect of the pretreatment on elemental composition. The
Van Krevelen diagram in Fig. 2 displays the H/C vs. O/C ratios of
the starting lignin and of the pretreated samples. In general,
hydrogenation reactions increase the H/C ratio, while the
removal of oxygen functionalities decreases the O/C ratio.
A greater extent of deoxygenation was observed at 250 °C than
at 200 °C, as seen from the lower O/C ratio (0.32 vs. 0.38).
In contrast, transition metal catalysts had only little effect on
the O/C ratio and predominantly altered the H/C ratio. These
results show that deoxygenation is mainly carried out through
solvolysis, while the transition metal catalysts are primarily
involved in the hydrogenation of the produced fragments.*’
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Fig. 2 Van Krevelen diagrams depicting the H/C ratio versus O/C ratio for
organosolv lignin and the samples pretreated in EtOH at (a) 200 °C and
(b) 250 °C in the presence of various catalysts.
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These observations are consistent with recent studies that
found that the catalyst was merely responsible for the hydro-
genation of the unsaturated sidechains in the solubilized lignin
intermediates, while the solvent was primarily involved in
the fragmentation of lignin."*™** Pd/C had a superior ability
to hydrogenate the intermediates compared to other tested
catalysts. CO chemisorption revealed that these results cannot
be attributed to a difference in the number of active sites for
Pd/C compared to other catalysts (Table S1, ESIt). This remark-
able catalytic activity was also highlighted in other studies.**™*®

Yield and distribution of phenolic monomers. The volatile
monomeric products obtained upon pretreatment of corn
stover-derived organosolv lignin as a function of various reaction
conditions and catalysts are shown in Fig. 3. Differences
were observed for the monomeric yields and product distri-
butions depending on the catalyst used for the pretreatment
(Fig. 3). Moreover, higher yields of monomeric product were
obtained with supercritical EtOH than with subcritical EtOH
(4.2-8.9 C% vs. 1.9-6.1 C%). These results were in line with
the molecular weight distributions, where a greater extent of
depolymerization was observed after reaction at 250 °C com-
pared to 200 °C. In addition to increasing the rate of lignin
depolymerization, supercritical conditions could also enhance
the dissolution of lignin, which could potentially contribute to
the increase in monomer product yield.*”

Corn stover lignin is composed of up to ~20% p-coumaric
acid and ~10% ferulic acid pendant units, which are linked
through both ester and ether linkages.*® These linkages are
cleaved under reaction conditions primarily through solvolysis
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Fig. 3 Yield of phenolic monomers (C%) obtained after subjecting orga-
nosolv corn stover lignin to a 3 hour pretreatment in EtOH in the presence
of various catalysts at (a) 200 °C and (b) 250 °C. (c) The monomeric
products consist of (1) ethyl phenol, (2) ethyl guaiacol, (3) 4-propyl
guaiacol, (4) propanol guaiacol, (5) 4-(3-hydroxypropyl)-2,6-dimethoxy-
phenol, (6) ethyl 3-(4-hydroxyphenyl) propanoate, (7) ethyl 3-(4-hydroxy-
3-methoxyphenyl) propanoate, (8) p-coumaric acid, (9) ferulic acid.
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even in the absence of a catalyst, as evidenced by the yields of
monomers 8 and 9. In the presence of a transition metal catalyst,
these hydroxycinnamic acids undergo esterification with EtOH
followed by their subsequent hydrogenation to give monomers 6
and 7.*** Monomers 1 and 2 are formed through decarboxylation
followed by hydrogenation of the unsaturated functionalities of
formed hydroxycinnamic acids.®*' Monomers 3, 4, and 5 are
formed through the cleavage of -O-4 linkages in lignin mediated
by the supported metal catalyst.>® Only p-coumaric (8) and ferulic
acid (9) were observed for lignin pretreated in the presence of HY
zeolite catalyst. Moreover, the yield was lower than for samples
deconstructed through solvolysis.

Together, these results indicate that lignin is first solvolytically
deconstructed in a polar solvent at elevated temperatures to yield
unsaturated products. These products, including monomers,
undergo passivation over a hydrogenation catalyst producing satu-
rated alkyl-phenols, guaiacols, ethyl ferulates, and coumarates.

Heteronuclear single quantum coherence (HSQC NMR)
analysis. Structural information was collected for the parent
lignin and the pretreated samples using 2D HSQC NMR (Fig. S2,
ESIt). For the parent corn stover organosolv lignin, peaks corres-
ponding to -O-4 linkages were prominent in the side chain region
of the NMR spectra. The peak corresponding to y-p-coumaroy-
lated B-ether units (B-O-4 (pCA)) was also observed in this
region. Hydroxycinnamic acid peaks (pCA and FA), which are
characteristic of corn stover lignin, were observed in the aro-
matic region. For a quantitative comparison, the number of
interunit linkages from lignin and pretreated samples was
estimated through the volume integration of HSQC spectra
cross signals (eqn (S1), ESIf). The concentration of B-O-4
linkages, defined as the integration ratio of f-O-4 to aromatics
(Sz/6y S/z/m G, subunits), was found to be 30% for the parent
lignin, which was in agreement with previous studies.>® Upon
pretreatment, the signals of A, and Ag corresponding to
benzylic alcohols and secondary alkyl protons of f-O-4 linkages
decreased due to the scission of C-O-C linkages. The tempera-
ture was found to be the main driver for the cleavage of $-O-4
linkages as the B-O-4 concentration dropped to 6% when
solvolysis was performed at 250 °C in the absence of any
catalyst. Catalyst offered only modest gains, and further low-
ered the B-O-4 concentration to 2.3% when the pretreatment
was performed at 250 °C in the presence of Pd/C.

The increase in the presence of ethyl 3-(4-hydroxyphenyl)
propanoate (dihydro pCA ethyl ester) and ethyl 3-(4-hydroxy-3-
methoxyphenyl) propanoate (dihydro FA ethyl ester) C-H cross
signals along with the disappearance of pCA and FA signals
were observed for samples pretreated using a metal catalyst.
These results are consistent with the major lignin monomer
products detected by GC-FID/MS. These insights further corro-
borate that lignin is deconstructed solvolytically, and the
heterogeneous metal catalyst is responsible for the stabilization
of the extracted monomers through reductive chemistry. The
mechanistic insights gained from elemental analysis (Van
Krevelen diagrams), GC-FID/MS analysis of the monomers,
and HSQC NMR analysis of the pretreated samples are further
summarized in Fig. S3 (ESIt).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 DTG curves of lignin and representative pretreated samples.

Thermogravimetric analysis (TGA) of the pretreated sam-
ples. TGA was performed as the rate of volatilization and the
associated weight loss is influenced by the inherent structure and
the various functional groups present in lignin. The differential
thermogravimetric (DTG) profiles obtained from the TGA of the
starting lignin and representative pretreated samples are shown in
Fig. 4 (TGA in Fig. S4, ESIT). The thermal decomposition of lignin
during TGA is known to occur in three stages: (i) removal of
moisture and light volatiles (50-150 °C), (ii) decomposition/
volatilization of lignin to phenolics and other light molecules
(150-470 °C), (iii) the final stage (>470 °C) is attributed the decom-
position of the more thermally stable groups present in lignin, but
with a noticeably lower rate compared to the second stage.”*>°

As seen from the DTG curves, a larger fraction of the pretreated
samples was volatilized compared to the parent lignin. The first
contribution at ~250 °C is related to the devolution of small
phenolic compounds upon B-ether cleavage, the corresponding
release of H,0, and the release of light gases from the cleavage of
lateral chains in the lignin polymer.”” This contribution was
prominent for pretreated samples, especially for the sample
treated using Pd/C at 250 °C, possibly due to the volatilization of
monomeric species. The peak at 340-350 °C corresponds to the
decomposition of higher molecular weight phenolics, and the rate
of volatilization was higher for the pretreated samples due to their
partial deconstruction through solvolysis (vide supra).”® Proximate
analysis for all the samples is reported in Fig. S5 (ESIT). The weight
percentage of the volatiles fraction in the parent lignin was 63
wt%, while the pretreated samples showed a notable increase.
Higher fractions of volatiles are preferred for lignin upgrading
through pyrolysis, CFP, and vapor-phase HDO. By combining
solvolytic deconstruction with Pd/C at 250 °C, the volatile content
increased to 83 wt% along with a concomitant decrease in fixed,
non-volatile, carbon (14 wt% vs. 26 wt%).

2.2. Upgrading of pretreated lignin through fast pyrolysis,
catalytic fast pyrolysis, and hydrodeoxygenation

Char yields obtained from fast pyrolysis of pretreated sam-
ples. The fast pyrolysis of the parent lignin and pretreated
samples was carried out at a temperature of 500 °C.

Energy Environ. Sci., 2023,16, 97-112 | 101
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The quantified products include GC-FID/MS detectable pheno-
lic monomers and light gases, as well as char (Fig. S6, ESIT).
Since the pretreatment enhanced the fraction of volatiles
formed during pyrolysis, it conversely reduced the formation
of reactive species that could polymerize and form char
(Fig. 5)."°°%% In general, samples pretreated in supercritical
EtOH produced less char than samples pretreated under sub-
critical conditions due to a greater extent of depolymerization.
Pd/C was the most effective catalyst under all conditions, with
significant benefits on char formation compared to the solvo-
lytic deconstruction alone (30.7 C% vs. 38.7 C% at 200 °C and
8.8 C% vs. 29 C% at 250 °C).

It has been previously reported that the unsaturated C—=C
bond located in the phenolics side chains has a strong pro-
pensity towards (re)polymerization reactions.®>* In a follow-up
study, lignin-derived monomers were pyrolyzed to identify the
mechanisms leading to char formation.®® It was observed that
the extent of secondary char formation was strongly related to
the types of functional groups on aromatic side chains, decreas-
ing in the order of (C=C) > (C=0) > (0O-CHj;).** Here, the
hydrogenation of unsaturated bonds attenuated the formation
of char through secondary reactions. Moreover, the combined
yields of CO and CO, were lower for the pretreated samples,
potentially due to the lower number of C-O bonds susceptible
to decarbonylation or decarboxylation reactions. Overall, the
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Fig. 5 Char yields (in C%) measured after fast pyrolysis at 500 °C of the
parent lignin and lignin samples pretreated in EtOH at (a) 200 °C and (b)
250 °C in the presence of various catalysts.
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pretreatment step successfully reduced the yield of pyrolytic
char from 58.4 C% for lignin to 8.8 C% for the sample
deconstructed at 250 °C using Pd/C and enhanced the for-
mation of volatile species.

Phenolic monomers obtained upon fast pyrolysis. The iden-
tity and yield of phenolic monomeric products generated
during fast pyrolysis at 500 °C, as a function of pretreatment
temperature and catalysts, are presented in Fig. 6. In most
cases, the pretreatment significantly improved the yield of
monomeric products generated during fast pyrolysis compared
to the parent lignin. The total phenolic monomeric product
yield for the parent lignin was 13.72 C%, with 4-vinyl phenol
(VP) and 4-vinyl guaiacol (VP) as the primary products (VP +
VG = 10.63 C%). These compounds can be generated through
the degradation of hydroxycinnamic acids and the cleavage of
B-aryl ether linkages in lignin.°>®> Along with these com-
pounds, 4-ethyl phenol (EP), 4-ethyl guaiacol (EG), phenol,
guaiacol, and cresols were also generated. The sample decon-
structed using subcritical EtOH showed an increase in mono-
mer yield to 17.00 C% while maintaining high selectivity to VP
and VG (12.76 C%). Deconstruction through supercritical EtOH
showed an increase in EP and EG with a total monomer yield of
18.20 C%, while the yield of VP + VG increased only slightly
(10.99 C%).

In contrast, samples pretreated using transition metal catalysts
showed a decrease in VP and VG formation with a concomitant
increase in EP and EG yields compared to that of lignin. Addi-
tionally, the formation of ethyl 3-(4-hydroxyphenyl) propanoate
and ethyl 3-(4-hydroxy-3-methoxyphenyl) propanoate (dihydro
(pCA + FA) ethyl ester) was also observed. For samples depolymer-
ized using Pd/C at 250 °C, the yield of dihydro p-coumaric acid
ethyl esters increased to 9.8 C%, while the yield of VP + VG
dropped to 2.5 C%.

These results corroborate our previous observation that
unsaturated functionalities present in lignin were reduced
during pretreatment, leading to the formation of ethyl pheno-
lics and dihydro p-coumaric acid ethyl esters instead of vinyl
phenolics.

Rationalizing the difference in char yields among various
pretreatments. In an attempt to rationalize the differences
observed in the decomposition/volatilization of the pretreated
samples for various catalysts and reaction conditions, the
reduction in char yields was plotted against the length of the
vector between lignin and the pretreated sample in the Van
Krevelen diagram (Fig. 7). This distance indicates the relative
extent of deoxygenation and hydrogenation compared to the
parent lignin. As can be seen in Fig. 7, a strong correlation
exists between both measures. In contrast, the decrease in
guaiacyl units revealed by the lower S/G ratios for the pretreated
samples compared to the parent lignin (eqn (S1) and Fig. S2,
ESIT) only had a marginal effect equivalent to a distance of
~0.01 in Fig. 7. Guaiacyl units were previously shown to be a
strong contributor to char formation.®® However, no correlation
between char yield and S/G ratio was observed for our set of
samples. Overall, catalysts with a higher hydrogenation capa-
city produce a lignin fraction that generates a higher bio-oil

This journal is © The Royal Society of Chemistry 2023
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yield during pyrolysis. Furthermore, the depolymerization and
the associated deoxygenation of lignin during pretreatment
also improve the volatility of the starting material. The mole-
cular weight distribution is one of the essential characteristics
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of lignin, which significantly influences the pyrolysis product
distribution. A combination of experimental and modeling
insights provided by Marathe et al. revealed that heavier
molecules tend to polymerize faster than lighter molecules,
which results in higher char yields.®® In essence, the partial
depolymerization, deoxygenation, and hydrogenation of the
unsaturated functionalities present in lignin attenuate second-
ary reactions during pyrolysis and subsequently improve bio-oil
formation.

CFP and HDO of samples pretreated using Pd/C at 250 °C.
The sample treated using Pd/C at 250 °C produced the lowest
amount of char among all tested pretreatments, leading to a
higher fraction of carbon being volatilized. CFP and HDO of the
parent lignin and sample pretreated using Pd/C at 250 °C were
therefore conducted, and the yields of the products obtained
are reported in Fig. 8. For these experiments, the volatiles
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Fig. 8 Carbon yields of products obtained from CFP and HDO of lignin
and sample pretreated in EtOH at 250 °C over Pd/C catalyst. Reaction
conditions: CFP (ZSM-5 (Si/Al = 15) catalyst, fast pyrolysis temperature (FP):
500 °C, catalytic bed temperature: 500 °C, catalyst : biomass ratio = 20:1)
and HDO (MoOs catalyst, fast pyrolysis temperature (FP): 500 °C, catalytic
bed temperature: 500 °C, catalyst : biomass ratio = 20:1).

Energy Environ. Sci., 2023, 16, 97-112 | 103


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ee02304k

Open Access Article. Published on 24 October 2022. Downloaded on 1/21/2026 5:26:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

generated upon pyrolysis of the starting material were carried
to the catalytic bed for upgrading. It is important to note that
the carbon yields reported in Fig. 8 are calculated relative to the
carbon present in the pretreated sample used for the CFP and
HDO experiments. CFP exclusively produced aromatic hydro-
carbons, namely BTX, ethylbenzenes, and naphthalenes. The
total yield of aromatics (mono-aromatics and di-aromatics)
generated upon lignin CFP was 7.53 C%, which was consistent
with prior studies.’®®” In contrast, the aromatic yield almost
doubled to 14.76 C% for the pretreated sample. A 52% increase
in mono-aromatics yields such as benzene, toluene, and xylenes
was observed. The yield of di-aromatic hydrocarbons also
increased from 3.57 C% to 8.55 C% for the pretreated sample.

The same samples were also subjected to HDO for compar-
ison. The combined yields of mono-aromatics increased for the
pretreated samples to 30.2 C% compared to 22.3 C% for the
parent lignin. The yield of compounds such as benzene and
ethylbenzene decreased slightly for the pretreated samples,
while the yield of propyl benzene increased substantially from
0.95 C% to 6.10 C%. The change in selectivity could be
explained by the presence of propyl guaiacol and propanol
guaiacol as monomers in the pretreated sample. Saraeian
et al. reported the formation of propyl benzene as a primary
product during the HDO of propyl phenol using MoO; at
400 °C.%® Similarly, Guan et al. reported a 98% yield of propyl
benzene over Rh/Nb,Os catalyst under 0.5 MPa H, using
4-propyl guaiacol as the starting compound.®® In contrast to
CFP, the formation of di-aromatics such as naphthalenes
accounted for less than 2 C%. The yield of alkenes such as
ethylene, propylene, and butene improved moderately upon
pretreatment. Thus, the beneficial impact of the solvolytic and
catalytic pretreatment was also reflected in enhanced aromatic
and aliphatic hydrocarbon yields after CFP and HDO.

2.3. One-pot fractionation and pretreatment of lignin from
whole biomass and upgrading to hydrocarbons

Mass balance and composition analysis of products recovered
after pretreatment. As the pretreatment showed clear benefits on
bio-oil and CFP/HDO product yields for corn stover organosolv
lignin, we further investigated if this strategy could be directly
applied to whole biomass. This proposed one-pot approach was
explored using the most promising pretreatment conditions
identified in the first part of the work, namely in EtOH at 250 °C
with Pd/C. Supercritical EtOH served as the reaction medium to
extract and depolymerize lignin from the lignocellulose matrix,
and the Pd/C catalyst enabled the reductive passivation of the
intermediates. The overall mass balance and composition
of the products are presented in Fig. S7 (ESIt). An upper and
lower bound estimate for the amount of EtOH-insoluble pulp
recovered is also reported to account for the interference of the
Pd/C catalyst present in the solid residue during mass measure-
ments. Based on the guidelines established by Abu Omar et al.
on evaluating the fractionation efficiency, glucan or cellulose,
xylan or hemicellulose, and lignin component balance are
reported for the three feedstocks in Fig. 9, and Fig. S8 (ESIF).”°
Cellulose retention in the EtOH-insoluble pulp increased in the
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Fig. 9 Component balance (upper bound values) for the products
obtained from the one-pot fractionation and pretreatment of whole
biomass in EtOH at 250 °C using Pd/C for (a) corn stover, (b) switchgrass,
and (c) red oak. The corresponding component balances with the lower
bound values are presented in Fig. S8 (ESI).

order of corn stover (55 wt%) < switchgrass (86 wt%) < red oak
(98 wt%) for the feedstocks tested. Xylan retention in the EtOH-
insoluble pulp varied between 24 and 31 wt% for the feed-
stocks. Van den Bosch et al. reported that the higher retention
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of glucan compared to xylan in the pulp is due to better
protection of glucose in the crystalline structure, while xylose
in the amorphous hemicellulose is more prone to solvolysis.>
The low mass balance closure for xylan sugar can be attributed
to the solvolytic deconstruction of these sugars during the
reaction. As described in previous studies, the Cs and Ce sugars
solubilized in the solvent are recovered as their corresponding
ethyl analogs, such as ethyl xylopyranoside and ethyl glucopyr-
anoside. The remaining solubilized C5 and Ce sugars are likely
to be present as ethylated sugar di- and oligomers and are not
accounted for during biomass composition analysis.*'*>7*
The ethanol-soluble fraction was rich in lignin extracted
from the lignocellulose matrix. The extent of extraction varied
between 64 and 95 wt% and was heavily dependent on the
nature of the biomass sample. In some cases, the lignin
component balance was greater than 100%, likely due to the
incorporation of EtOH into the depolymerized lignin or the
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overestimation of the weights on the EtOH-insoluble pulp
caused by the Pd/C catalyst, particularly for the upper bound
measurements.

Characterization of the EtOH-soluble fraction. The pre-
treated lignin oil obtained from liquid-liquid extraction of
the EtOH-soluble fraction was characterized by GPC, GC-FID/
MS, elemental analysis, and fast pyrolysis at 500 °C. The results,
along with the organosolv pretreated lignin oil for reference,
are presented in Fig. 10. The weight-averaged molecular
weights of the oils ranged between 390 and 470 Da, which
demonstrated that the lignin fraction from the starting feed-
stocks was successfully depolymerized into smaller molecules.
The total monomeric product yields varied between 11 and
16 wt% relative to the lignin content present in the starting
biomass. Notably, the yield of monomers was almost two
times higher for pretreated oils obtained directly from biomass
compared to organosolv lignin. During organosolv extraction of
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Fig. 10 Characterization of the pretreated lignin oil obtained from the one-pot fractionation and pretreatment of whole biomass at 250 °C in EtOH over
Pd/C. (a) Yield of monomers (wt%) relative to lignin content present in the starting biomass; (b) molecular weight distributions along with their average
M,y; (c) Van Krevelen diagram; (d) char yields (C%) obtained after fast pyrolysis at 500 °C. The results for pretreated organosolv lignin are also provided for

comparison.
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lignin from biomass, acid-catalyzed cleavage of B-O-4 linkages
and ester bonds occurs, leading to a more condensed structure
than native lignin.””> Furthermore, Phongpreecha et al. demon-
strated that the B-O-4 content present in the starting feedstock
is directly proportional to the maximum achievable monomeric
product yields.”> Elemental analysis also revealed that the
pretreated lignin oil obtained from biomass was similar to
the oil obtained from organosolv lignin, indicating that hydro-
genation and deoxygenation reactions occurred during the one-
pot fractionation and pretreatment. When the pretreated
samples were subjected to fast pyrolysis at 500 °C, the char
yields were also remarkably lower (<6 C%) for all the biomass
samples tested.

Upgrading of the recovered lignin fraction through CFP and
HDO. The lignin oil samples obtained from one-pot fractiona-
tion and pretreatment were subjected to CFP and HDO to
understand if the trend between char and product yields shown
in Fig. 8 can be generalized (Fig. S9, ESIf). The reported total
aromatic (mono- and di-aromatic) product yields during
the ex-situ CFP of lignin using acidic zeolites are around
7-9 C%."*®7* As shown in Fig. S9a (ESI), the total aromatic
product yields upon CFP for lignin oils obtained from
one-pot treatment was between 11 and 14 C% depending on
the feedstocks tested.

Similarly, alkene and aromatic hydrocarbon yields obtained
for HDO of the lignin pyrolytic vapors using MoO; catalyst
range between 16 C% and 29 C%."'®"'*°®”> As observed for CFP,
an increase in yields of hydrocarbons was observed up to
33-36 C% for pretreated lignin oils obtained from biomass
(Fig. S9b, ESIY). Further HDO optimization was performed by
increasing the MoO; catalyst to 20 mg for the lignin oils
obtained from the one-pot fractionation and pretreatment of
biomass. Compared to technical lignins, nearly twice the
amount of carbon was volatilized during pyrolysis for the
pretreated samples. Thus, the proportional increase in MoO;
kept the mass ratio of pyrolysis vapors to catalyst loaded
constant for all samples. Fig. 11 presents the carbon yields
obtained for the HDO of the one-pot pretreated lignin oils
along with other technical lignins (the corresponding product
distributions are provided in Table S2, ESIf). The yield of
hydrocarbon-range products was significantly higher for the one-
pot fractionated and pretreated samples than for the technical
lignins (49-56 C% vs. 20-30 C%). It was apparent that lignin oil
obtained after pretreatment could reduce the overall yield of
char and increase the amount of volatilized carbon to increase
the yield of valuable products upon upgrading.

Upgrading of the recovered water-soluble fraction through
HDO. In addition to lignin oil, the one-pot fractionation of
whole biomass produced a water-soluble fraction rich in
sugars. This fraction was recovered, dried, and subjected to
HDO using the same reaction conditions as for the upgrading
of lignin oil. HDO was preferred over CFP due to the higher
hydrocarbon yields achieved in the case of lignin oil and the
potential for using a single process to upgrade all EtOH-soluble
products, circumventing the need for an extraction/separation step.
Fig. 12 shows that in addition to 10-15 C% of mono-aromatics,
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Fig. 12 Carbon yields of products obtained from HDO of the water-
soluble fraction recovered after ‘one-pot’ fractionation and pretreatment
of whole biomass. Conditions: MoOs catalyst, fast pyrolysis: 500 °C,
catalytic upgrading: 400 °C, catalyst: volatile = 40: 1.

HDO of this fraction produced a significant amount of valuable
C,-Cs alkenes (15-29 C%) and alkanes (7-33 C%). In the case of
switchgrass and red oak, 70-74% of the carbon present in the
samples was upgraded to hydrocarbons (the corresponding
product distributions are provided in Table S3, ESIt). These
results are significant as there have been very few attempts to
upgrade the non-lignin water-soluble fraction but a recent
technoeconomic analysis (TEA) and life cycle assessment (LCA)
study revealed that the entirety of the fractionation oil must be
utilized to maximize product revenues and improve the cost
efficiency of biorefineries.*>

2.4. Enzymatic hydrolysis of EtOH-insoluble pulp

We further performed the enzymatic hydrolysis on the EtOH
insoluble pulp obtained from corn stover to investigate whether
the cocktail enzymes could digest the sugars present upon

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Enzymatic digestion performed on EtOH-insoluble pulp and
untreated corn stover as a control experiment at a digestion time of 72 h.

pretreatment. This analysis also helped rule out detrimental
reactions between the reagents and sugars to which enzymes
are sometimes sensitive. The results of the 72 h digestion are
reported in Fig. 13 and Table S4 (ESIt). The residual solids
showed a three-fold improvement in glucan and a four-fold
improvement in xylan conversions compared to untreated
biomass. Ferrini et al. stated that the quality of pulp obtained
from RCF of biomass possessed superior quality compared to
residual pulps obtained from organosolv fractionation. This
was associated with the passivation of the lignin stream, which
decreased the likelihood of lignin redeposition onto the fibers
through recondensation processes.*’

2.5. Remarks on the performance of the proposed approach
for whole biomass upgrading in biorefineries

TEA/LCA studies highlighted the vital role of lignin valorization
for biorefineries to become economically viable.'®?* To this
end, various strategies were explored to deconstruct lignocellu-
losic biomass into separate carbohydrate-rich and lignin-rich
streams that could be individually upgraded to value-added
products. “Lignin-first” strategies that release lignin from plant
biomass were shown to be the most effective to provide a
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processable lignin along with a cellulosic pulp amenable to
bioethanol production.***%7¢ Significant work focused on the
release of lignin monomers and small oligomers that could
find applications in inks, adhesives, and other high-value
products.”®”’® However, there is a discrepancy between the size
of these niche markets and the large volumes of bioethanol
produced from the sugar-rich pulp. Therefore, pathways to
commodity chemicals like mono-aromatics (benzene, toluene,
xylene) and alkenes (ethylene, propylene, butene, butadiene)
are significantly more attractive.'>”” Recent TEA revealed that the
coproduction of olefins and aromatics could lower the minimum
selling price of ethanol from $2 per gal to $0.75 per gal."’

Several strategies were explored to convert ‘lignin-first”
monomers to commodity aromatic hydrocarbons and oxygenates
(phenol, cresol). However, very few studies tracked carbon atoms
throughout the upgrading process, from the lignocellulosic feed-
stock to the final chemicals. The most comprehensive investiga-
tions to date are compiled in Table 1 and Table S5 (ESIt) and
compared with the results obtained in the present work (our
method for carbon tracking is provided in the ESIT). In their
seminal Science article, the Sels group reported on the “lignin
first” deconstruction and upgrading of birch and pine wood
lignin to phenol, cresols, and propylene. They achieved a cumu-
lative product yield of 33.3 wt% relative to the feedstock’s lignin
fraction (12.8 wt% relative to whole biomass).”® The Rinaldi
group performed the hydrodeoxygenation of fractionated lignin-
oil using a phosphidated Ni/SiO, catalyst. Aromatic and aliphatic
hydrocarbons were produced with excellent yields under their
reaction conditions, reaching 33.8 and 11.3 wt%, respectively,
relative to lignin (10 wt% total relative to whole biomass).”
However, these exceptional yields came at the expense of a broad
product distribution ranging from Cg to C,,, with a large number
of branched and di-aromatic compounds, which would prefer-
entially find applications as biofuels.

In comparison, the present work produced 28.8 wt% of
mono-aromatics, 4.0 wt% of C,-Cg alkenes, and 8.7 wt% of
C,—Cs alkanes when processing red oak. Benzene, toluene,
xylenes, ethylbenzene, and propylbenzene accounted for 79%
and 85% of the mono-aromatics produced from the lignin and
water-soluble fractions, respectively (Tables S2 and S3, ESIT).

Table 1 State-of-the-art results obtained for the lignin-first fractionation and upgrading of lignocellulosic biomass. The results obtained in the present
work for red oak are provided for comparison. Additional comparisons are provided in Table S5 (ESI)

Feedstock (reference) Fractionation conditions

Upgrading conditions

Yield (wt% reference
to lignin content)

Yield (wt% reference
to mass of biomass)

Birchwood (Liao et al.)’® 235 °C, methanol, 5 wt% Hydroprocessing Phenol: 19.8 wt% Phenol: 7.1 wt%
Ru/C, 30 bar H,, 3 h 305 °C, 64 wt% Ni/SiO, Propylene: 9.3 wt% Propylene: 3.7 wt%
Dealkylation Cresols, benzenes, Cresols, benzenes,

others:4.2 wt% others:2.0 wt%

410 °C, Z140-H

Poplar (Cao et al.)’® 180 °C, 2-propanol : water HDO

(7:3 v/v), RANEY"™ Ni, 3 h

300 °C, phosphidated

Ni/SiO,

Red Oak (this work) 250 °C, ethanol, 5 wt%

Fast pyrolysis

Aromatic C¢—Cqq

and C;,~Cyp:33.8 wt%
Aliphatic C¢—Cyo

and Cy4-C,0:11.3 Wt%
Aromatics: 28.8 wt%

Aromatic C¢-C;o and
C14-Cso: 7.5 Wt%
Aliphatic C¢-C; and
C1a-Cpo:2.5 Wt%
Aromatics: 9.5 wt%

Pd/C, 30 bar H,, 3 h 500 °C Alkenes: 4.0 wt% Alkenes: 3.3 wt%
HDO Alkanes: 8.7 wt% Alkanes: 5.2 wt%
400 °C, M0O;

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 Carbon flow (upper bound values) for the one-pot fractionation
and pretreatment of whole biomass in EtOH at 250 °C using Pd/C followed
by HDO of both the ethyl acetate and water fractions.

Similarly, ethylene, propylene, and butenes represented
45-47% of all the olefins produced from the two fractions.
In addition to generating drop-in commodity chemicals, our
approach achieved a cumulative hydrocarbon yield of 18.0 wt%
relative to the initial biomass in the case of red oak, along with
98% glucan retention in the pulp (see Section 2.3 and Fig. 9).
For completeness, we also tracked carbon atoms from raw red
oak biomass to final products. As can be seen in Fig. 14, 29.4
C% of red oak was converted to hydrocarbons while 43.5 C%
were recovered as highly amenable pulp, giving a total carbon
recovery of 72.9%. Our approach also presents technical advan-
tages as the hydrodeoxygenation was performed under ambient
pressure conditions, overcoming the need for costly high-
pressure reactors for this step.

Global warming potential (GWP) calculations are particu-
larly challenging for emerging technologies due to the many
parameters involved during technology optimization and scale
up. Nevertheless, the TEA-LCA study by Bartling et al. for an
ethanol biorefinery incorporating RCF is encouraging as it
revealed that the valorization of the lignin fraction yields a
GWP of —0.175 kg CO, eq. per kg when ethanol is used as a
solvent, hence a net decrease in CO, emissions.*> Moreover, the
calculated GWP did not consider the GWP of the petrochem-
icals that would be displaced by the corresponding biopro-
ducts. The manufacture of fossil-derived platform alkenes and
aromatics (ethylene, propylene, and benzene/toluene/xylene)
is responsible for nearly 250 megatons of carbon dioxide
equivalent per year.’* Although a detailed TEA-LCA remains
to be conducted for our approach, we anticipate that the
advances presented here will further improve the GWP of
lignin-first biorefineries and contribute to the decarbonization
of the chemical industry.

3. Conclusion

The pretreatment of lignin was investigated using solvolytic
and catalytic pretreatments to partially depolymerize it and
enhance its conversion to aromatic hydrocarbons through CFP
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and HDO reactions. EtOH was chosen as the reaction solvent
due to its ability to solubilize and depolymerize lignin along
with Pd/C, Ru/C, Pd/Al,O3, Ru/Al,O3, and Y zeolite catalysts at
sub- and supercritical conditions. At 200 °C, nearly 60 wt% of
the loaded corn stover organosolv lignin was isolated after
3 hours irrespective of the catalyst added. At supercritical
conditions (250 °C), a reductive catalyst was required to sup-
press detrimental recondensation reactions. Elemental analysis
showed that a greater extent of deoxygenation took place at
250 °C compared to 200 °C. It was also inferred that deoxygena-
tion was carried out mainly through solvolytic deconstruction.
In contrast, the transition metal catalysts are primarily involved
in the hydrogenation of the products, as evidenced by the
similar O/C ratios and varying H/C ratios.

The partially deconstructed samples’ molecular weight dis-
tributions ranged between 1000 and 1386 Da using subcritical
EtOH and 520-800 Da with supercritical EtOH. The volatile
monomeric products obtained upon pretreatment of corn
stover lignin as a function of various reaction conditions and
catalysts were analyzed by GC-FID/MS. Higher monomeric
product yields were obtained with supercritical EtOH than with
subcritical EtOH (4.0-7.5 wt% vs. 1.5-4.0 wt%), and the product
distribution greatly varied upon the catalyst used in the system.

The thermal characteristics of the pretreated samples and
parent lignin samples were studied using TGA and proximate
analysis. In general, a larger portion of the products was
volatilized from the pretreated samples than from the parent
lignin. These results were corroborated by the proximate ana-
lysis. Specifically, 83 wt% of the volatile fraction was observed
for the sample pretreated using Pd/C catalyst in EtOH at 250 °C
compared to 63 wt% for the parent lignin. During fast pyrolysis
of the pretreated samples, the yield of pyrolytic char dropped
from 58.4 C% for lignin down to 8.8 C% for the sample
deconstructed at 250 °C using Pd/C, and it subsequently
enhanced the formation of volatile species.

The lignin sample that was deconstructed using Pd/C and
supercritical EtOH was subjected to upgrading to aromatic
hydrocarbons through CFP and HDO routes, and the yields
were significantly higher than that of the parent lignin (96%
increase for CFP and 38% increase for HDO).

We extended this approach to the one-pot fractionation and
pretreatment of lignin from whole biomass for low-carbon-
footprint chemical production. The lignin oil generated
through this pretreatment was funneled to platform hydrocar-
bons, while the carbohydrate pulp was amenable to bioethanol
production. The yield of mono-aromatics, di-aromatics, and
alkenes improved significantly upon one-pot pretreatment and
fractionation of lignin from biomass using Pd/C catalyst
at 250 °C (39-45 C%) compared to other technical lignin
(16-26 C%) generated using conventional fractionation techni-
ques. The same HDO conditions were subsequently applied to
the carbohydrates-rich water-soluble fraction to reduce waste
and improve the overall carbon efficiency of the studied pro-
cess. This step generated primarily C,-C, alkenes and aromatic
hydrocarbons. It also showed that all EtOH-soluble products
could be upgraded using HDO, circumventing the need for a

This journal is © The Royal Society of Chemistry 2023
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costly extraction/separation step. Overall, the production of
platform alkenes and aromatics increased by up to 174%, while
the residual pulp was rich in sugars and 200% more digestible,
making it more amenable to bioethanol production. The total
carbon efficiency of the complete process, from raw biomass to
final products, was 72.9%.

4. Experimental
Chemicals and materials

Corn stover-derived organosolv lignin was obtained from
Archer Daniels Midland (ADM). Renmatix lignin (RL) extracted
from mixed hardwood using supercritical water extraction was
provided by Renmatix and used without any further treatment.
Indulin lignin (IL) extracted from pinewood is an unsulfonated
kraft lignin obtained from Ingevity. Corn stover, switchgrass,
and red oak biomass samples were provided by Iowa State
University’s BioCentury Research Farm. HPLC grade ethanol
(EtOH, Decon Labs) was used as the reaction solvent for all
experiments. Commercial 5 wt% Pd/C, 5 wt% Ru/C, 5 wt%
Pd/Al, 03, 5 wt% Ru/Al,O; were purchased from Sigma-Aldrich and
were used as received. HY zeolite (CBV 720 with SiO,/AL,O; = 30)
and ZSM-5 (CBV 3024E with SiO,/Al,0; = 30 in its ammonium
form) were purchased from Zeolyst International. The purchased
NH,-ZSM-5 was calcined in air at 550 °C for 10 hours (ramp:
5 °C min ") to obtain the acidic form HZSM-5 of the zeolite before
catalytic testing. MoO; (Sigma-Aldrich, reagent grade) was calcined
in a muffle furnace at 550 °C prior to catalytic testing. Polystyrene
standards purchased from Agilent (Agilent Technologies, Inc.,
Santa Clara, CA) were used to calibrate molecular weights as a
function of retention times for the GPC analysis. Tetrahydrofuran
(Certified), which contains about 0.025% butylated hydroxytoluene
as a preservative, was purchased from Fisher Scientific. For a
complete list of commercial standards used for gas chromatogra-
phy calibration, the reader is kindly referred to the ESIt (Table S6).

Lignin pretreatment

Approximately 200 mg of lignin was added to 40 mL EtOH in a
75 mL Parr 4590 reactor along with 40 mg of the catalyst. After
the reactor was sealed, it was purged three times with nitrogen.
Next, the reactor was charged with 30 bar of hydrogen at room
temperature. The reactor was then heated to either 200 or
250 °C (ramp: 10 °C min~ ") and held at the target temperature
for 3 h while stirring at 400 rpm. The pressure in the reaction
vessel reached 70 bar at 200 °C and 110 bar at 250 °C. After the
reaction, the reactor was cooled and depressurized at room
temperature.

Approximately 1.5 mL of the product dissolved in the solvent
was collected, filtered using a 0.22 pm nylon syringe filter, and
subjected to GC-FID/MS analysis. The remaining reactor con-
tent was recovered, the reactor was washed thoroughly with
excess solvent, and the two solutions were combined in the
same beaker. The mixture was then filtered using a 0.2 pm
poly(ether sulfone) filter to separate the catalyst, and the
obtained filtrate was dried. It is important to note that char

This journal is © The Royal Society of Chemistry 2023
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and very high molecular weight oligomers are insoluble in
EtOH at room temperature and were thus not recovered after
pretreatment. The mass of the sample obtained after pretreat-
ment was measured after drying it in a vacuum oven overnight
at 40 °C. The obtained pretreated samples were further char-
acterized through GPC, elemental analysis, HSQC NMR, and
TGA analysis.

Fast pyrolysis of the parent lignin and pretreated samples

Untreated lignin and the pretreated samples were pyrolyzed in
a two-stage Frontier tandem micropyrolyzer system (Frontier
laboratory, Japan) equipped with an auto-shot sampler (Rx-3050
TR, Frontier Laboratories, Japan) connected to an Agilent
7890B GC-FID/TCD/MS (Fig. S10, ESIf). A deactivated
stainless-steel cup containing approximately 500 pg of the
sample was dropped into a first-stage reactor preheated at
500 °C, where the sample was pyrolyzed. Prior investigations
have shown that the heating rate for this system is 500 °C s~ .5
Helium gas was used as both the sweep and carrier gas (Fig.
S11, ESIt). The second-stage reactor was maintained at 300 °C
to avoid condensation of the pyrolytic products. The vapors
exiting the pyrolyzer were directly carried to the online GC for
analysis. Char yields were measured gravimetrically by weigh-
ing the sample cups before and after pyrolysis. For the purpose
of reporting on carbon yields, the carbon content of char was
assumed to be approximately 90% based on previous reports.*?

CFP and HDO

CFP and HDO reactions were carried out in the same micro-
pyrolyzer system as the one used for fast pyrolysis. For CFP, a
quartz tube containing approximately 10 mg of the zeolite
catalyst (210-297 pm) was inserted in the second-stage reactor
to act as a packed bed reactor (Fig. S12, ESIt). The pyrolysis
reactor and the catalyst bed temperatures were both set at
500 °C.

For HDO, hydrogen gas was used as the sweep and carrier
gas. The pyrolyzer and the second stage reactor were kept at
500 and 400 °C, respectively. Approximately 10 mg of MoOj;
(37-105 um) catalyst was mixed with ~70 mg acid-washed glass
beads (149-210 um), fixed between two layers of quartz wool,
and placed in the second reactor. The catalyst was reduced at
400 °C for 1 h in situ before reaction. The product yields were
determined based on the following formula:

Yield of products (C%) =

Mass of product(mg) x carbon content in product

100
Mass of sample(mg) x carbon content of sample

All interfaces, including the GC inlet, were kept at 300 °C to
minimize condensation and repolymerization of generated
vapors. The glass beads and quartz wool were previously tested
and found to be inactive under reaction conditions."
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One-pot fractionation and pretreatment of lignin from biomass

Approximately 1 g of biomass with a particle size <2 mm,
100 mg of 5 wt% Pd/C, and 40 mL EtOH were added to a 75 mL
Parr 4590 reactor. The reactor was sealed and purged with
nitrogen three times. Next, the reactor was pressurized with
30 bar of hydrogen, heated to 250 °C (at a heating rate of
10 °C min~ "), and held for 3 h while stirring at 400 rpm. To obtain
an adequate amount of sample for further characterization, all
experiments were repeated for a minimum of 5 times.

After the reaction, the reactor was cooled down to room
temperature and depressurized. The solid residue (Pd/C and
EtOH-insoluble pulp) was separated by filtering the reactor
contents using a 0.2 pm poly(ether sulfone) filter and washed
with 30 mL EtOH. The catalyst was separated from the EtOH-
insoluble pulp using a 75 pm sieve. EtOH was evaporated from
the EtOH-soluble products by drying the filtrate overnight in a
vacuum oven. The starting biomass, the EtOH-insoluble pulp,
and the EtOH-soluble products were subjected to composition
analysis to perform an overall mass and component balance.
The EtOH-insoluble pulp obtained from corn stover was also
subjected to enzymatic hydrolysis to determine the digestibility
of pulp compared to the parent corn stover.

To separate the soluble lignin- and carbohydrates-derived
products present in the EtOH-soluble fraction, liquid-liquid
extractions were performed three times with ethyl acetate and
water. The lignin oil was mainly concentrated in the ethyl
acetate phase, while the aqueous phase contained dissolved
sugars.®®®? The pretreated lignin oil was recovered by evapor-
ating the ethyl acetate from the sample in a vacuum oven at
40 °C. The obtained lignin oil was characterized by GC-FID/MS,
GPC, elemental analysis and further upgraded using CFP and
HDO. Similarly, the sugar rich aqueous fraction was evaporated
to remove water using a vacuum oven at 40 °C for two days. The
dried sugar fraction obtained was also subjected to catalytic
upgrading through HDO.
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