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Strategic design principles for greener
biorefineries: a substrate—process matrix
emphasizing complete lignocellulose utilization
from various biomass feedstocks

Jianyu Guan,+? Aamir Khan, (2 +2 Yi Zhang,® Yixing Zhou,” Molly Meng-Jung Li, 2°

Raffel Dharma Patria*® and Shao-Yuan Leu () x@.c.de

Lignocellulosic biomass are promising feedstocks for sustainable biofuel and bioproduct production.
Despite their abundance, however, only a fraction of biomass is utilized, highlighting their complex com-
positions and the need for advanced biorefinery technologies. This study investigates two biorefinery
strategies, i.e., pretreatment followed by catalytic transfer hydrogenolysis (PT-CTH) and reductive catalytic
fractionation (RCF), aiming to harvest high-value lignin monomers from diverse biomass feedstocks
including hardwood, softwood, grasses, barks, and seed coats. We classify these biomass feedstocks
based on their lignin structures and physiochemical properties, which influence their reactivity and suit-
ability for specific treatment processes. Through analyses on mass balance, environmental sustainability,
and economic profitability, we propose recommendations and suggest future research directions to
improve current processes for each biomass species. Our analysis reveals that while RCF converts lignin
to higher monomer yields and exhibits higher economic feasibility, PT-CTH is more sustainable and uti-
lizes the whole biomass more efficiently due to its efficient pretreatment. Hardwood and grass demon-
strate high resource efficiency, with higher yields of monomers in RCF; softwood and barks are preferred
feedstocks for PT due to higher extractive contents and carbohydrates compositions. Seed coats, rich in
C-lignin, offer high potential for aromatic monomer production, but demonstrate lower resource
efficiency while barks require tailored approaches due to their complex lignin units. This study proposes
recommendations to advance efficient, sustainable biorefinery operations, exploiting the structural diver-
sity of different biomass for optimized biomass utilization, and supports the development of more econ-
omical and environmentally friendly biorefinery techniques toward carbon neutrality.

1. The concept of “lignin-first” biorefinery techniques has recently been implemented to produce aromatic monomers, while the values of carbohydrates have been

sometimes sacrificed. Here, we discuss the potential of building a bioeconomy with specific targets on carbohydrates the profitability and environmental protection.

2. Five major lignocellulosic biomass types are considered as feedstocks for two common thermochemical processes, namely, hardwood, softwood, grass, barks, and seed

coats. We evaluate the potential values of each biomass in two major biorefinery approaches via their aromatic monomer yield and carbohydrates utilization efficiency.

3. Further studies on the development of greener biorefinery would rely on combining the benefits of low-temperature pretreatment, highly selective catalytic

conversion processes, and advanced separation techniques, in order to treat more biomass in an integrated system.
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has long been utilized in the pulp and paper industry, where
cellulose and hemicellulose are the primary components for
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losic materials, many studies have been conducted to utilize
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this biopolymer.> However, the low value and high energy
content of lignin by-products derived from pulp mills have
highlighted the need for more effective biorefinery techno-
logies.® Overall, a total of 50 million tons of lignin are gener-
ated annually as a by-product.* Despite the annual production
of 181.5 billion tons of lignocellulosic biomass, only 8.2
billion tons are currently utilized, underscoring the impor-
tance of advancing technologies to convert this abundant
resource into useful products.’

Biorefining is an integrated process of various unit oper-
ations, aiming to maximize the potential of lignocellulosic
biomass. Biorefinery techniques have been constructed on two
major principles, i.e., the sugar-based (biological) and syngas-
based (thermochemical) platforms. The sugar-based platforms
have focused on how to effectively hydrolyze cellulose and
hemicellulose into sugars for fermentation to bioethanol and
many other bio-products.® The syngas-based platforms, such
as gasification and pyrolysis, have been designed for rapid pro-
duction of syngas, bio-oil, and biochar from LCB.” Based on
the two basic principles, the “lignin-first” concept has been
introduced as an emerging approach for the valorization of
lignin to produce high-value aromatic monomers for down-
stream applications, such as food, biopolymer, and
pharmaceuticals.®® This approach is crucial for balancing the
low profitability of biorefinery practices that use non-food feed-
stock compared to conventional refineries and food-based
biorefinery products. By doing so, it enhances the competitive-
ness of LCB in establishing a bio-economy.'*"*

The high complexity of lignocellulosic biomass, however,
presents significant technical challenges that must be
addressed to fully realize the benefits of biorefinery techno-
logies. Biomass consists of plant-based composite materials
with physical and chemical properties that vary significantly
from the harvesting plant species, parts, and conditions of the
plants. This variability can lead to a wide range of products/by-
products and yields in biorefining, impacting the economic
viability of the selected techniques. As researchers and indus-
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tries continue to explore innovative solutions, the effective util-
ization of lignin and the advancement of biorefinery techno-
logies will be key to unlocking the full potential of ligno-
cellulosic biomass. A comprehensive understanding of the
relationship between biomass characteristics and processing
methods is essential to fully clarify these benefits.

In this study, two lignin-first biorefinery processes were
investigated, which are pretreatment followed by catalytic
transfer hydrogenation (PT-CTH) and reductive catalytic frac-
tionation (RCF) (Fig. 1). The two reaction routes have signifi-
cantly different design principles and process conditions,
while thermochemical catalytic hydrogenolysis is involved in
both systems to depolymerize lignin into monomers.

PT-CTH and RCF are constructed based on different reac-
tion principles, which offer distinct advantages for processing
biomass. PT aims to fractionate lignocellulosic biomass into
building block chemicals,"” and CTH is included to depoly-
merize the fractionated lignin into monomers. RCF is a one-
pot strategy which combines PT and CTH in one reactor.'?
Although some research works have tested and compared
RCF’s efficiency, only limited studies have addressed the

of high temperature systems for carbohydrate
14-17

issues
utilization.

We conducted a comprehensive data analysis on the
PT-CTH and RCF processes applied to various biomass feed-
stocks suitable for biorefinery. Our analyses are presented in
figures to highlight key insights, with detailed values provided
in tables in the SI. Key parameters such as monomer yield,
monomer selectivity (types of monomers produced), oligomer
yield, and carbohydrate recovery were examined. Through
mass balance analysis, we reviewed the product yields and
resource efficiencies for each type of lignocellulosic biomass in
both RCF and PT-CTH processes. We also explored the
relationships between monomer yields and delignification, as
well as monomer yield versus -O-4 contents, across different
studies involving RCF and PT-CTH for each biomass. Finally,
we conducted preliminary quantification of environment
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Fig. 1 Process flow of PT-CTH and RCF biorefinery processes. Color codes of the concerned processes and substrates used throughout this article:
light blue: pretreatment followed by catalytic transfer hydrogenation (CTH); pink: reductive catalytic fractionation (RCF); green: cellulose; dark blue:

mono sugar products; orange: lignin and its monomer product.

factors (E-factor), evaluated carbon sustainability based on
energy consumption and biomass utilization, and quantified
economic feasibility through cost-benefit analysis. Based on
our findings, recommendations have been made to enhance
current biorefinery techniques and directions for future
research are suggested.

2. Classification of biomass

To better distinguish the impacts of verified biomass species
on PT-CTH and RCF, lignocellulosic biomass feedstocks are
first classified based on their physiochemical properties into
five categories, which are (i) hardwood with guaiacol (G) and
syringol (S) lignin, (ii) softwood with G lignin, (iii) grass (her-

v
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baceous) with G, S, and hydroxycinnamate lignin, (iv) barks
with suberin, and (v) seed coats with catechyl (C) lignin
(Fig. 2). The unique lignin units and chemical composition of
each biomass are listed in Table 1 and Fig. 3.'%>°

2.1. Hardwood, softwood, and grass

Hardwood lignin is a promising candidate for the RCF
process. In general, hardwood has both S-lignin and G-lignin
with an S/G ratio ranging from 0.1 to 7.0 (Table 1). Despite
having relatively low lignin content, hardwood lignin is charac-
terized by a notably high proportion of p-O-4 linkages
(55.6-99.1% of total lignin), indicating considerable potential
for depolymerization. The hemicellulose in hardwood is pri-
marily xylan, which is a C5 sugar less desirable in the fermen-
tation process. Softwood generally has higher lignin content
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Fig. 2 Lignin model structures and unique lignin units investigated in this study.

than hardwood, ranging from 24.7% to 36.6%.%°*°° Unlike
hardwood, softwood lignin is characterized by high G-lignin
units with more side-chain structures and a lower proportion
of p-O-4 linkages (31.2-38.1%). Consequently, direct RCF of
softwood typically results in a higher production of oligomers
and lower monomer yields (10-22%). However, the high pro-
portion of G-units in softwood lignin (over 90%) allows for
selective lignin depolymerization.”® The dominant polysac-
charide in softwood is mannose (about 12.1%), with xylan con-
stituting only 6.2%.

Grass (herbaceous) biomass has significantly higher hemi-
cellulose content (predominantly in the form of xylan) than
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woody biomass. Generally, grass also has higher ash content
(5-10%), which can be incorporated into the lignin structure.
In addition to G/S units, its lignin often contains unique aro-
matic end units, such as p-hydroxybenzoate-lignin, p-couma-
rate-lignin (pC), ferulate-lignin (F) and tricin-lignin.>">* This
allows for the production of some specific monomers such as
ethyl phenol and methyldihydroferulate (methyl-F). For more
details on lignin units in hardwood, softwood, and grass,
Lupoi et al. (2015) have provided extensive lists of p-O-4,
resinol, phenyl-coumaran amounts of 30 plant samples and
S/G ratios of 80 plant samples consisting of hardwood, soft-
wood, and grass.>”
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Table 1 S/G ratios or amount (wt% of biomass) of Klason lignin units in five biomass types

Biomass Name Klason lignin units” Ref.
Hardwood Poplar S/G = 1.52-3.85 52
Eucalyptus S/G =1.5-2.9 53
Silver birch S/G =3.0-7.0 53
European beech S/G=0.75 53
Acacia H:G:S=1:1:0.1 53
Cork oak S/IG=1.2 53
Teak S/G =0.7-0.8 53
Softwood Maritime pine S/G =0.041 53
Loblolly pine H/G =0.01 53
Scotch pine H/G =0.048 53
Pine H:G:S=n.d.:99:1 51
Spruce S/G=0.0 51
Grass Wheat straw S:G:H:pCA:FA:T=44:54:2:6:21:10 53 and 54
Miscanthus S:G:H:pCA:FA:T=37:61:2:31.8:7.7:0 53 and 55
Sorghum S:G:H:pCA:FA:T=32.7:63:4.3:50.9:6.3 56
Rice straw S:G:H:pCA:FA:T=37.5:62.5:0:n.d:n.d:n.d 51
Bamboo S:G:H:pCA:FA:T=43:56.7:0:21.6:6.4:0.2 7
Giant reed stalk S:G:H:pCA:FA:T=38.3:61.7:n.d:n.d:n.d 53
Corn cob S:G:H:pCA:FA:T=46:39:1:88.4:121:10.7 57
Barks Monkeyhair tree (fossil) Suberin = 26.3% 58
European beech Suberin = 48.3% 59
Aspen Suberin = 37.9% 59
Sycamore maple Suberin = 26.6% 59
English oak Suberin = 39.7% 59
Evergreen oak Suberin = 24.9% 59
Cork oak Suberin = 37.0-60.0%; S/G = 0.1 53 and 59
Silver birch Suberin = 32.2-58.6%; S/G = 0.1 53 and 59
Canadian poplar Suberin = 3.03% 59
Willow Suberin = 1.82% 59
Maritime pine Suberin = 1.5% 59
Stone pine Suberin = 2.5% 59
Seed coats (C-lignin) Vanilla Benzodioxane = 98%” of dimeric units 7.e., almost exclusively C-lignin 60
Vanilla C = 13%" wt-seed-coat 44
Melocactus Predominantly C-lignin 60
Chinese tallow C/(G + S) = 1.5% C = 15.4%° wt-seed-coat 47
Jatropha C/(G +8)=0.4% 48
Candlenut c/(G+8)=0.7¢ 48
Tung C/(G +8)=0.6" 48
Castor C/(G+8)=4.27 48
Castor C/(G +8)=6.97 61
Castor C = 4.6%° wt-seed-coat 62

“n.d. = not detected. ? Measured by 2D NMR method. ¢ Measured by '*C NMR method. ¢ Measured by thioacidolysis method.

2.2. Barks and seed coats

the lignin content (weight%) in vanilla seed coats, which con-

Barks and seed coats represent a frequently overlooked cat-
egory of biomass, partly due to their low abundance when
compared to hardwood, softwood, and grass. Research studies
on RCF and PT-CTH of barks and seed coats are also more
limited than those on hardwood, softwood, and grass. These
residues typically have rapid growth cycles and contain rela-
tively low cellulose content, but higher lignin content. The
lignin content of these materials may be overestimated due to
the presence of suberin or other lipid-like compounds, which
can be misidentified as Klason lignin using the NREL
method.®*** In order to prevent this overestimation, research-
ers have attempted to quantify these lignin through other
methods. For barks, suberin can be depolymerized first
through methanolysis, and then extracted with DCM, dried,
and measured gravimetrically.®® For seed coats, the ">*C NMR
method can be used to approximate the C-lignin amount, i.e.,

This journal is © The Royal Society of Chemistry 2025

tains almost 100% C-lignin units, decreases from 65.4%
(Klason lignin) to 13% when using the *C NMR method, as
indicated in Table S1 and Table 1.** However, unlike Klason
lignin, these methods are still not widely accepted for accurate
quantification of lignin in barks and seed coats.

Barks contain a unique lignin unit of suberin, as well as H,
G, and S lignin units.>®®® Suberin is generally present in most
barks and roots. However, some plant species also have
suberin in other parts, such as fruit skins of pears, seed coats
of Arabidopsis thaliana, and skins of root species like carrot or
potato where suberin accounts for 20-50 weight% of dry
biomass.””®*® Suberin functions as a physiological protective
barrier for plants due to its hydrophobic properties to retain
water, insulate, and protect against pathogenic microbial
attack.®®”® In RCF, suberin can be converted further into ali-
phatic monomers, such as fatty acid methyl esters (FAMEs)
and dimethyl esters.®® Suberin content differs across wood

Green Chem., 2025, 27, 11581-11606 | 11585
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Fig. 3 (a) Plant part classification and chemical composition (weight%) of different biomass, including hardwood, softwood, grass, bark, and seed
(with or without C-lignin). Data are taken from Table $1.8-5° (b) Decision framework for biomass processing based on cellulose content and lignin
depolymerization potential. (c) Mechanisms of lignin—hemicellulose dissociation during pretreatment (PT) and reductive catalytic fractionation
(RCF). PT relies on acid hydrolysis under mild conditions, while RCF involves high-temperature catalytic p-O-4 cleavage. (d) Phase distribution of
biomass components after PT and RCF. PT enables full separation of cellulose, hemicellulose sugars, and lignin; RCF yields lignin oil and sugar by-

products in the solvent phase.

species. For example, suberin is high in some hardwood barks
like cork oak bark (32.2-58.6%) and silver birch bark
(37.0-60.0%), but it is low in poplar bark (3%) and willow bark
(1.82%). Meanwhile, the ratio of H/G/S may depend on the
type of wood of the plant species. For example, the bark of
pine (softwood) contains low suberin (1.5-2.5%) and an H/G
ratio of 0.25-0.59, while barks of eucalyptus and teak (hard-
wood) contain lignin with an S/G ratio of 0.8.>>

Catechyl-lignin (C-lignin) was first discovered in seed coats
of vanilla orchid and Melocactus genus in 2012. In seed coats
of Vanilla planifolia, benzodioxane constitutes 98% of dimeric
units from 2D NMR analysis, indicating that the lignin is
almost exclusively composed of C-lignin and no S-G lignin
units.®® This phenomenon is most likely due to the absence of
the O-methyltransferase (OMT) compound in the vanilla
species, thereby preventing the pathway to convert C-lignin
into G-lignin and subsequently S-lignin.***® Following these
studies, Li et al. (2018) attempted to extract the valuable cate-
chyl monomer units through combinations of enzymatic pre-
treatment and RCF.** Out of 13% C-lignin w/w of vanilla seed
coats, 88.6% monomer yields with 89% selectivity towards
catechylpropanol was successfully achieved through RCF with
a Pd/C catalyst and methanol solvent. This monomer yield is
higher than the maximum monomer yields achieved through
depolymerization of plant species with natural (S + G) lignin-
units (x50%) and with genetically modified (high-S) poplar
(78%).>>** Due to the high potential of C-lignin depolymeriza-
tion, some studies attempted to depolymerize C-lignin of seed

11586 | Green Chem., 2025, 27, 11581-11606

coats in castor, Chinese tallow, jatropha, and candlenut in the

Euphorbiaceae family, which were found to have high C-lignin
Units, 2:45:46,48,61,71,72

3. PT-CTH and RCF of hardwood,
softwood, grass, barks, and seed coats

In this section, we review the treatment conditions, delignifica-
tion kinetics, monomer/oligomer yields, carbohydrate recov-
ery, and monomer selectivity on PT-CTH and RCF processes
over five biomass species.

3.1. Pretreatment followed by catalytic transfer
hydrogenolysis (PT-CTH)

Pretreatment includes two major components, ie., physical
and chemical processing. The physical treatment involves
various approaches to break down biomass particles, such as
ultrasound, microwave, extrusion, and milling, while chemical
treatments are critical to cleave the linkages among the build-
ing block chemicals.> As the effectiveness of physical separ-
ation relies heavily on the chemical reactions in biorefineries,
we emphasize the chemistry of biorefining in this review. The
goal of pretreatment is to increase accessibility of the substrate
to allow chemicals or enzymes for effective conversion.”® This
process reduces cellulose polymerization, destroys cellulose
crystallinity, and increases the surface area and pore size of
the substrates.”* Pretreatment also separates cellulose from

This journal is © The Royal Society of Chemistry 2025
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lignin, preventing the inhibition caused by lignin during enzy-
matic hydrolysis of cellulose into residual sugars.”?

Various chemical(s)’>’® and solvent(s)””’® have been
applied to catalyze the reaction and to dissolve the fractionated
lignin and hemicellulose, respectively. The Kraft pulping
process (Na,S and NaOH in 145-170 °C) can be considered as
the most representative pretreatment technique for delignifica-
tion.”” It has outstanding lignin removal efficiency (about
90%) and hence is widely applied in the pulping industry.*® In
the Kraft and other alkali pretreatment processes, lignin is
removed from the cellulosic/hemicellulose bundles via signifi-
cant ether bond breakage, lignin degradation and conden-
sation.’” Kraft and alkali-based pretreatment processes,
including the ammonia fiber explosion (AFEX) process,®>
provide high quality polysaccharides to favor paper, polymer,
and sugar production after further processing. However, as
those processes can result in more severe and uncontrollable
condensation issues on the fractionated lignin, they are con-
sidered less favorable in lignin-first application. Acid-catalyzed
pretreatment processes include a few different variations, e.g.,
organic solvents (organosolv),®* deep eutectic solvents (DES),**
and co-solvent enhanced lignocellulosic fractionation
(CELF).®® In these processes, easily hydrolysable acetyl groups
are removed from hemicellulose branches linking between
cellulose and lignin, providing opportunities to better preserve
useful C-O-C structures in lignin for depolymerization. To
narrow the focus of this review, we discuss mainly the acid-
based organosolv and DES pretreatment processes.

3.1.1. Organosolv pretreatment. In organosolv pretreat-
ment, numerous types of organic solvents have been used with
acid catalysts for LCB fractionation. The most commonly
applied organosolvs include glycerol, ethylene glycol, butanol,
methanol, ethanol, and other alcohols. Organic acids (such as
oxalic acid, formic acid, acetylsalicylic acid, acetic acid, and
salicylic acid) and mineral acids, such as HCI, H,SO,, and
H;PO,, are often employed as catalysts to speed up delignifica-
tion and hemicellulose removal.”* Other organosolv pretreat-
ment approaches include the utilization of tetrahydrofuran
(THF), y-valerolactone (GVL), and 2-methyltetrahydrofuran
(2-MeTHF), which show even better delignification perform-
ance.®* Some organosolvs have the ability to prevent lignin
condensation. For example, formaldehyde protects a-hydroxyl
groups by forming 1,3-dioxane in Ca and Cy, and diol forms
ether linkages with Ca.>®®® Organosolv pretreatment has been
studied extensively as shown in Table S2.

3.1.2. Deep eutectic solvent (DES) pretreatment. DESs are
generally produced through mixing two components, ie.
hydrogen bond donor (HBD) and hydrogen bond acceptor
(HBA). Examples of HBDs include amines, carboxylic acids,
alcohol, and carbohydrates, while examples of HBAs include
quaternary salts like choline chloride (ChCl). HBAs and HBDs
are solid forms at room temperature and become liquid when
two reagents are combined. The eutectic temperature of
various acidic DESs can be found in a review conducted by Qin
et al.¥” DESs have similar properties to ionic liquids (ILs), but
with greener attributes, ie. non-toxic, biodegradable, and
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biocompatible.**°° The recent studies on acid-based DES pre-
treatment of hardwood, grass, and seed coats are compiled in
Table S3. Like organosolvs, DESs can be classified into three
pH categories, i.e., acid, alkali, and neutral. DESs have been
found to be suitable solvents for pretreatment of LCB due to
their high lignin dissolution ability.®* Interestingly, DESs have
also been utilized in RCF as a substitute for solvents.
Comparison between organosolv and DES pretreatment in
terms of reaction parameters and efficiency is shown and
explained in further detail in the SI (Table S4).

3.1.3. PT-CTH efficiency in various biomass feedstocks.
After pretreatment, hydrogenolysis (CTH) or solvolysis is used
to stabilize the lignin and oligomer ether bonds by cleaving
them into monomers.”! Primarily, CTH is added to enable util-
ization of remaining lignin after pretreatment and thus, it
aims to produce the highest monomer yield from lignin.
Lignin fractionated from the biomass is suitable for depoly-
merization into phenolic monomers, if the pretreatment is
efficient enough to extract lignin with the maximum amount
of native linkages, particularly p-O-4 and/or benzodioxane.””

CTH efficiency is dependent on reaction conditions like
temperature, pressure, catalyst, and solvent. Cellulose recovery,
hemicellulose dissolution, delignification, and monomer yield
of PT-CTH are listed in Table S2 for organosolv (from 32
studies)?®4>4%48:72,77,83,86,927119 and Table S3 for DESs (from
12 studies).*®*7:8488:1207127 ‘The monomer yield and carbo-
hydrate recovery of PT-CTH of five LCBs are shown in Fig. 3e.
Note that some of the monomer yields are not given in the lit-
erature and thus approximated from the p-O-4 content using
the equation from Phongpreecha et al.,'°’ and the carbo-
hydrate recovery here includes the amount of carbohydrate
remaining in the solid residue and the hemicellulose deriva-
tives dissolved in the pretreatment liquor. Some calculations
were performed to convert the units to g/g-biomass and to
determine the carbohydrate recovery (Appendix 5 in the SI).

Since the main objective of PT-CTH is whole-biomass utiliz-
ation, we evaluated cellulose yield, hemicellulose yield, and
monomer yield to evaluate the total utilization in each
biomass (Fig. 4). Across all biomass feedstocks, PT exhibits
high efficiency in extracting cellulose and hemicellulose, but
CTH efficiency is still low, only utilizing 3.2-10.4% of lignin.
Seed coats with C-lignin have the highest average monomer
yield of 7.0% g/g-biomass, compared to all other biomass
types. This is because benzodioxane is preserved during acid
pretreatment, while the B-O-4 content generally decreased.
However, the PT-CTH data in this analysis only include acid
pretreatment. Under base pretreatment, the benzodioxane
structure may be partially cleaved.””

It is also observed that the range of monomer yields of seed
coats is very broad, from 0.02 to 0.13 g/g-biomass. This is
mainly because the monomer yield is highly dependent on
C-lignin content, but C-lignin contents in seed coats (in
g/g-biomass) have large margins e.g., 4.6% in castor, 13% in
vanilla, and 15.4% in Chinese tallow from the *C NMR
results, as shown in Table 1. When the monomer yield is cal-
culated based on g/g-C-lignin, the range of monomer yield is
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Fig. 4 Component fractionation performance of five representative biomass types (hardwood, softwood, bark, grass, and seed) under organosolv
pretreatment. Pie charts illustrate the distribution and recovery of lignin (L), hemicellulose-derived sugars (H), cellulose (C), and lignin-derived
monomer yield (MY) per g of raw biomass. Bar charts show the corresponding organosolv pretreatment conditions. DES-based pretreatment
showed comparable performance to organosolv methods, with detailed comparisons available in Table S4 (not shown here). The radar chart sum-
marizes the biomass utilization potential and separation difficulty across different feedstocks. A total of n = 55 data points are included in this figure.
Other experimental conditions and pretreatment performance, including solid loading, acid type, and acid dosage, are listed in Table S2.

Table 2 RCEF setups and results summarized with illustration of the effects of solvents

Feedstock Catalyst Solvent H source Monomer yield Ref.
Poplar RANEY® Ni Ethyl acetate From solvents  26% 133
Acetone 17%
Methanol 12%
Cotton stalks Ru/HY zeolite Ethanol H, (1-40 bar)  18% for 30 bar H, 134
Pine sawdust CuO/C Dioxane H, (3 MPa) 2% 135
isopropanol 5%
Methanol 15%
Ethanol 7.7%
Silver birch wood  0.15% Co/N-C Ethanol H, (3 MPa) 38.9% 136
chips Methanol 48.3%
Isopropanol 28.9%
1-Propanol 35.4%
Tetrahydrofuran 19.1%
Corn stover Ni or Ru/activated carbon ~ Methanol For 30 bar H, 37.9% for Ru/C with H;PO, added 137
Birch Ru/C Deep eutectic solvent of ChCI/EG ~ From solvents ~ 59% for 10% EG-ChCl 138
Poplar Ni/C Methanol 6 MPa H, 18% maximum 139
Poplar 5% Ru/C Isopropanol (IPA) From solvents  4.9% 140
Methanol (MeOH) 17.9%
IPA:MeOH 1:1 17.3%
IPA:MeOH 7:3 12.2%
IPA:MeOH 3:7 16.6%
Birch sawdust Ni/Al,O4 Methanol 3 MPa H, 44% maximum 141
Poplar sawdust 5% Ru/C (RCF) Methanol 3 MPaH, 25% 9
5% Ru/C (ARCF) Ethylene glycol From solvent  25.8%
Birch sawdust 5% Ru/C Methanol 3 MPa H, 52% 142
Water 3 MPa H, 25%
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0.71-0.84,*24443:47:48,62,72 pcrogg all biomass feedstocks except
seed coats, low monomer yields are observed after PT-CTH,
but utilization of protection agents like formaldehyde during
PT (OS-P) can significantly increase the monomer yield. For
PT-CTH of barks, only the phenolic monomer yield from
lignin is included.

3.2. Reductive catalytic fractionation (RCF)

RCF is a lignin-first approach for the conversion of biomass
into value-added aromatics. Lignin’s physical location and
activity in biomass composites make it possible to extract and
depolymerize it into phenolic monomers, dimers, and oligo-
mers. The performance of $-O-4 unit cleavage and its stabiliz-
ation are catalyst-specific.'*® RCF consists of three significant
stages: solvo-thermal fractionation of lignin from biomass,
depolymerization of the fractionated lignin into phenolic
monomers, and monomer stabilization."*® Studies have pro-
posed that the fractionation primarily occurred through solvo-
lysis (e.g. methanol in 200-250 °C), while the depolymerization
and monomer stabilization occurred through hydrogenation
by catalysts (e.g., Ru/C) and H, gas.*>'*° Without the presence
of reductive catalysts, f-O-4 cleavage leads to repolymerization
and stable C-C bonds. After repolymerization, the condensed
lignin is intended to be inert and incapable of being cleaved
under RCF conditions."" This section will first discuss the
effects of solvents in RCF, and then evaluate the RCF perform-
ance on hardwood, softwood, grass, barks, and seed coats.

3.2.1. Effects of solvents on monomer yield. The catalysts
and solvents used in the recent RCF studies are listed in
Table 2. Generally, polar solvents with strong protonating capa-
bility (e.g. carboxylic acids) favor both the fractionation of
lignocellulose and the fragmentation of lignin due to active
intermediates formed after the protonation of hydroxyl groups
in lignin, but inhibiting repolymerization between these reac-
tive protonated species can be relatively difficult, especially in
acidic environments at elevated temperatures compared to
neutral conditions.'*

In contrast, alcohol solvents that are less protic typically
assist the RCF process by acting as in situ hydrogen donors
while exhibiting promising solubility for lignin.'** Most
alcohol solvents are also capable of stabilizing lignin mono-
mers formed via the formation of acetals or other protecting
groups with reactive phenolic aldehydes, which is especially
prominent when diols are used."** Since the Ca-OH group in
lignin is prone to be eliminated and form carbocations that
easily bind with other units during the depolymerization
phase of RCF, Zhang et al. utilized the etherification between
Ca-OH and ethylene glycol (EG) and acetalization of aldehyde
monomer products to suppress side reactions. Their kinetic
analysis for reaction pathways implies that when the tempera-
ture increases, EG still acts as an excellent stabilizing agent for
the acidolysis of lignin."** Therefore, the mixed usage of both
acids and alcohols can have synergistic effects for improving
RCF performance.

Wang et al. discovered that when using methanol as a
solvent for poplar lignin RCEF, its etherification with Ca and Cy
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hydroxyl groups to form a methoxy group is prominent for
lignocellulosic feedstock, yet the presence of a CuO/C catalyst
can effectively inhibit the further methoxylation of obtained
monomers with OH groups."* Li et al. conducted the control
experiments for a Co/N-C catalyst with a bare support or
N-free catalyst tested for RCF, and it turned out that the
monomer yields of using N-C and Co/C dropped from nearly
50% to 8.1% and 19.9% respectively. They also found that
N-doping might facilitate the breakage of C-O bonds and
C=C double bonds in lignin."*® Anderson et al. investigated
the co-catalysis of homogeneous weak acids for RCF of corn
stover in 2016. When H;PO, was added, the monomer yield
increased from 28.6% to 37.9%, among which methyl couma-
rate was the compound with the highest increment in quan-
tity."*” Overall, the direct supply of hydrogen and utilization of
traditional hydrogenation catalysts such as Ru or Ni based
complexes were widely adopted in previous studies on RCF.
Yet, several trials under hydrogen-free conditions with these
catalysts also achieved decent RCF performance in terms of
monomer yields. For instance, Li et al. confirmed the feasi-
bility of achieving efficient hydrogen transfer from solvents
during lignin hydrogenolysis via the tuning of HBA. The EG
and HBA used in this study formed a DES system during RCF
where the hydrogen donating rate can be adjusted simply by
changing the EG : HBA ratio."®

3.2.2. RCF efficiency in various biomass feedstocks.
A total of 26 RCF studies were analyzed in terms of
monomer yield, monomer selectivity, oligomer yield,
carbohydrate retention, and by-products. References and
reaction parameters of the RCF are compiled in
Table 85.14717,25,28,36,40,41,43,44,62,65,71,128,141,142,1457163 Except fOr
seed coats, average reaction parameters are similar across all
biomass feedstocks, i.e., 212-234 °C temperature, 3.1-4.0 h
reaction time, 10.8-12.1% catalyst dosage, 32-36 bar, 4.3-5.8%
solid loading (Table S6). The biggest differences in the RCF of
seed coats are 23.8% catalyst dosage and 0.8% solid loading,
which indicate that the process requires much higher amounts
of catalyst and solvent. The temperature used in all RCF reac-
tions ranges from 180 to 250 °C, possibly because hemicellulose
starts decomposing to oligomeric Cs derivatives at 180 °C."**

As lignin is the priority in most RCF studies, we analyzed
RCF efficiency based on monomer yield and monomer selecti-
vity. We also investigated the carbohydrate recovery in the RCF
pulp to evaluate its sustainability. Here, carbohydrate recovery
is the carbohydrate retention, which is the cellulose and hemi-
cellulose remaining in the RCF pulp. Each parameter is pre-
sented in absolute value (i.e., g/g-dry-biomass) and relative
value (i.e., g/g-lignin, g/g-carbohydrate, and g/g-monomer) to
allow comparison between five different types of biomass feed-
stocks. The collected data are shown in Tables S7 and S8.
Average values are listed in Table 3 and illustrated in Fig. 5.
Some calculations were performed, mainly for unit conversion,
such as from g/g-lignin to g/g-biomass, and for quantification
of by-products.

In terms of monomer yield (g/g-lignin), the RCF of seed
coats produces the highest yield, with an average of 64.1 +
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Fig. 5 RCF performance of five representative biomass types (hardwood, softwood, bark, grass, and seed). Bar charts show the average reaction
conditions, including temperature, time, and hydrogen pressure taken from Table 3. Chemical structures illustrate the dominant lignin-derived
monomer types taken from Table S8. Hardwood primarily yields S-type monomers, softwood produces G-type monomers, bark generates long-
chain unsaturated hydrocarbons derived from suberin, grass yields H-type fatty acid (FA) monomers, and seed biomass can produce C-type lignin
monomers. The scatter plot highlights the correlation between p-O-4 or benzodioxane linkage abundance and monomer yield (data from Table S1),
indicating that lignin structural features can serve as predictors of depolymerization efficiency. The black dotted line is the expected monomer yield
based on the equation proposed by Phongpreecha et al.1%! i.e., (3-O-4 content)?.

18.2% g/g-C-lignin (equivalent to 6.1 + 2.5% g/g-biomass), fol-
lowed by hardwood, suberin-in-barks, grass, seed coats
(without C-lignin), softwood, and lignin-in-barks. However, it
should be emphasized that this value (seed coats) is based on
g/g-C-lignin measured by >C NMR, while the values of other
biomass feedstocks are based on g/g-Klason-lignin in biomass.
Although not an accepted method yet, the "*C NMR method is
currently used to predict C-lignin content in most recent
447,62 g allow for comparison between
the five LCBs, the monomer and oligomer yields of seed coats
were calculated in g/g-C-lignin and g/g-biomass. When the
monomer yield is calculated based on g/g-biomass, hardwood
produces the highest monomer yield of 9.3 + 1.7%.

The Klason lignin and suberin in barks are separated in
our analysis. This results in a comparable g/g-Klason-lignin
value with the other LCBs i.e., hardwood, softwood, and grass.
RCF of suberin resulted in 40.9 + 25.2% aliphatic monomer,
but RCF of lignin in barks produced only 7.9 + 4.7% g/g-lignin

studies on seed coats.

phenolic monomer. This suggests that barks have higher
potential for aliphatic monomer production e.g., fatty acid
methyl esters (FAME), OH-FAMEs, dimethyl ester, or other
lipid derivatives.

Limited data are available for oligomer yield and carbo-
hydrate retention of barks and seed coats; therefore, some
assumptions were made to approximate these values e.g,
62.5% g/g-carbohydrate was approximated for barks,*® while
63.6% g/g-carbohydrate was assumed for seed coats'®® (details

This journal is © The Royal Society of Chemistry 2025

of these assumptions are listed in Table S5). In both aspects,
hardwood has the highest oligomer yield and the highest
carbohydrate retention, followed by softwood and grass.
Significantly lower values of RCF carbohydrate retention were
observed for barks (22.2%) and seed coats (12.0%), due to
their inherently low carbohydrate content. Barks have a high
lignin content left behind as a by-product in the RCF solid
residue (pulp), i.e., out of 36% lignin (g/g-biomass) in black
locust bark, 21% lignin (g/g-biomass) remained in the bark
residue after RCF.®® For seed coats, the high lipid content
was mostly extracted during the pre-extraction (e.g., with
water/acetone) or converted into lipid derivatives after RCF,
which is usually unquantified and unaccounted for as a
product.71’154‘155

4. Discussion

4.1. Biomass potential based on p-O-4/benzodioxane and
cellulose content

Due to the unique chemical composition of each biomass, the
biomass potential for monomer production was evaluated for
each species. The proportion of B-O-4/benzodioxane linkages
in lignin was investigated (Table S1) and theoretical RCF
monomer yield was predicted based on the model proposed by
Phongpreecha et al. (black dotted line, Fig. 5)."°" It can be

observed that the correlation between B-O-4/benzodioxane
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content and monomer yield of the RCF data collected in this
study is consistent with the model proposed by Phongpreecha
et al.'®" We then constructed a scatter plot (Fig. 6) to illustrate
the potential of each biomass for monomer production, solely
based on theoretical monomer yield and cellulose content.
The scatter plot is then divided into four quadrants, each of
which suggests a recommended process for different biomass
species, i.e., PT, PT-CTH, RCF, or others.

From the discrepancy of RCF monomer yield between
hardwood and softwood, a high S/G ratio also seems to
increase the monomer yield. However, Anderson et al. (2019)
conducted flow-through RCF in five natural poplar variants
with S/G ratios ranging from 1.41 to 3.60 and found that
there is no correlation between the S/G ratio and the
monomer yield at 50% lignin extraction.'®® All poplar
samples with different S/G ratios were depolymerized to 32%
monomer yields, at 80% lignin extraction. To explain these
findings, the study hypothesized that the initial monomer
concentrations across all biomass variants were of similar
value, prior to bio-lignification. In the lignification process,
the slow addition of monomer reduces the dimerization (C-C
bond linkage) and increases the amount of $-O-4, which sub-
sequently increases the monomer yield. The study concluded
that the monomer yield is affected by the C-O or C-C bond
formation during the lignification process.'®® Furthermore,
Guo et al. (2017) suggested that the higher amount of -5 and
the higher molecular weight of softwood may be the main
reasons behind the low depolymerization yield."** From
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g BII’CI‘ * Aspen
5 Peachg @ Maple ™ Poplar
B 50 Chermy .. Pistachig ® Corn stalk
§ Black locust P> walnut P % Spruce
oA Spruce 3 pine
T T T T T T T T T T T
0 10 20 30 40 50 60

Cellulose content (w%)

Fig. 6 A two-dimensional compositional map showing the relationship
between lignin depolymerization potential (x-axis) and cellulose content
(y-axis) across diverse biomass feedstocks. Samples are grouped into
four quadrants, each suggesting a preferred valorization route: PT-CTH
for carbohydrate- and p-O-4-rich species (Quadrant |, e.g., poplar and
miscanthus); direct RCF for lignin-rich, low-carbohydrate feedstocks
(Quadrant I, e.g., candlenut and castor); thermochemical or extractive
routes for low-reactivity, low-carbohydrate biomass (Quadrant lll, e.g.,
walnut shell and black locust); and cellulose-focused pretreatment for
softwood with recalcitrant lignin (Quadrant 1V, e.g., pine and spruce).
Data can be referred from Table S1.
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these observations, it can be inferred that instead of the S/G
ratio, the monomer yield is more affected by the amount
of C-O bonds (e.g., high B-O-4/benzodioxane) and C-C
bonds (e.g., low p-5) in the biomass. These findings are con-
sistent with the theoretical monomer yield model used by
Phongpreecha et al.***

4.2. Monomer yield and carbon utilization

The ranges of monomer yield and carbohydrate recovery rate
for RCF and PT-CTH are shown in Fig. S1. Mass balance ana-
lysis was conducted based on average values of the data for
monomer yield, oligomer yield, carbohydrate retention, and
by-product (all values are in %g/g-biomass). The results of the
mass balance are illustrated in Fig. 7. Sankey diagrams were
drawn to illustrate the fate of each component in hardwood
after PT-CTH and RCF (Fig. 7a and b). The mass balance ana-
lysis for RCF (Fig. 7c) showed that hardwood has the highest
yield across all parameters i.e., 9.3% monomer yield, 8.3% oli-
gomer yield, and 47.6% carbohydrate recovery (in the unit of
%g/g-biomass). The mass balance of PT-CTH does not include
the PT-CTH with protection of -O-4 (e.g., formaldehyde,>® pro-
pionaldehyde,'”” and p-toluene sulfonic acid*®) where the
monomer yield will be close to the RCF value, as shown in
Fig. S1.

Across most biomass types, RCF produces higher monomer
yield, except for seed coats with benzodioxane, and PT-CTH
exhibits higher carbon utilization (Fig. 7d). Separation of the
dissolved lignin and hemicellulose derivatives (such as xylose)
in PT-CTH can simply be performed via lignin precipitation or
extraction prior to the hydrogenolysis process. This is followed
by the efficient hydrolysis of cellulose in the solid residue of
PT-CTH into glucose. Due to these reasons, the Cs ¢ sugar
derivatives from cellulose and hemicellulose are considered as
utilizable in PT-CTH, resulting in higher total utilizable pro-
ducts in PT-CTH. On the other hand, Cs_¢ sugar derivatives are
treated as a by-product (usable with limitations in Fig. 7d) in
RCF, as it is required to separate the derivatives from the
lignin oil first before it can be utilized. RCF pulps contain
high fractions of carbohydrate and are present in high quan-
tities after the reaction (43.0-75.2% of initial biomass weight).
However, in the lignin-first biorefinery process, RCF pulps are
generally not hydrolyzed to Cs_¢ sugar in most studies.
Therefore, they are considered as usable with limitations.
Nevertheless, it is important to note that although most RCF
studies do not evaluate the potential utilization of Cs_¢ sugar
derivatives, some studies have successfully extracted and uti-
lized these derivatives from RCF.>%3¢142145,150,151

4.3. Monomer selectivity

Monomer selectivity for different combinations of solvents
and catalysts was analyzed for all five types of LCBs. The
average value of the highest selectivity towards specific
monomers in RCF was calculated for each LCB (Fig. 5).
The average was calculated from the selectivity of major

monomers produced in 21 different studies, as listed in
Table S8 15-17,25,26,28,36,41,43,44,65,71,141,142,152,154,155 As expected
M b
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Fig. 7 Sankey diagram depicting the mass balance of (a) PT-CTH of hardwood and (b) RCF of hardwood. (c) Average values of the initial compo-
sition of biomass (Raw), product composition after PT-CTH, and product composition after RCF. For the initial composition of biomass (Raw), the
four components are lignin (converted to a monomer), hemicellulose (converted to a Cs sugar), cellulose (converted to glucose and a Cg sugar), and
suberin (converted to an aliphatic monomer). (d) Average values of utilizable products (utilized), possibly usable products (usable with limitations),
and lost by-products (unavailable) after PT-CTH and RCF. Note that the mass balance does not include the PT-CTH with protection agents (i.e.,

OS-P) to better represent the general PT-CTH in the literature. The mass

balance is calculated based on Table 3 for RCF and the average values

obtained from Tables S2 and S3 for PT-CTH. Calculation methods for the mass balance are shown in Appendix 5 in the SI.

the choice of feedstock affects the monomer selectivity for
both RCF and PT-CTH ti.e., hardwood produces propyl-/propa-
nol-G/S (62%), softwood produces propyl-/propanol-G (69%),
grass produces methyl-dihydro-F/pC (43%), lignin in barks
produces propyl-/propanol-G/S (31%), suberin in barks pro-
duces OH-FAMEs (49%), and seed coats produce propyl-/propa-
nol-C (76%). On the other hand, the monomers produced after
PT-CTH are vastly distinct across different pretreatments, as
shown in Table 4.

Selection of the catalyst and the solvent can considerably
affect the RCF selectivity towards propyl-/propanol-mono-
mers. Several studies have shown that Ru-C and Ni-C gener-
ally produced propyl-based monomers, while Pd-C catalysts
typically produced propanol-based monomers. Our analysis
showed similar results where we observed low standard devi-
ations of monomer selectivity of RCF with methanol, Ru/C
and methanol, Pd/C in hardwood (75 + 6% propyl-G/S in Ru/
C; 85% propanol-G/S in Pd/C), softwood (82 + 1% propyl-G in
Ru/C; 87 + 3% propanol-G in Pd/C), grass (39 + 6% propyl-F/
pC in Ru/C), and seed coats (80 + 9% propanol-C in Pd/C).
We also observed that changes in solvents, setup, and cata-
lyst-support can alter the selectivity towards other monomers.
Changing the solvent from methanol to methanol/water in
RCF with Ru/C changes the selectivity from 82% propyl-G to
55% propanol-G in pine, and increases selectivity towards
ferulic acid and coumaric acid in grass.'® RCF of eucalyptus
in butanol/water with Ru/C produced 85% propanol-G/S, and

This journal is © The Royal Society of Chemistry 2025

RCF of castor seed coats in ChCl/EG with Pd/C produced 89%
propyl-C. When flow-through RCF (FT-RCF) with methanol is
utilized, Ru/C alters the selectivity towards 65% propanol-G/S
in poplar and 60% propanol-G/S in pine.'® Finally, changing
the catalyst support to Ni/Al,O; produces 66% propanol-G/S
in birch,'*! while Ru/CNT produces almost equal selectivity
of propyl-based and propanol-based monomers in both hard-
wood and softwood."”

In contrast with other biomass types, PT-CTH of seed
coats shows comparable selectivity of 71%-97%, when com-
pared to RCF, due to the intrinsic acid-resistant benzodiox-
ane in C-lignin. In biomass with S/G/H-type lignin, the reac-
tion with an acid during pretreatment may have resulted in
various monomers which are not obtained in RCF. Distinct
products were generated in PT-CTH such as ethyl-S/G and
methyl-ether-propyl-S/G/pC.">****"** In the PT-CTH with a
formaldehyde protection agent, 3-methyl-4-propyl-G/S was
produced.® This implies that although the use of a protection
agent to preserve p-O-4 during pretreatment increases the
monomer yield, it may produce varying monomers and
decrease monomer selectivity. On the other hand, it may be
possible to produce the desired monomers by fine-tuning the
pretreatment conditions. Finally, although the monomer
selectivity of PT-CTH is lower than that of RCF, there are less
Cs and Cg sugar by-products in PT-CTH. This leads to higher
overall selectivity of monomers in the lignin oil from
PT-CTH.
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Table 4 Monomer selectivities of various PT-CTH studies

No CTH substrate” Solvent Catalyst Monomer” Selectivity® Ref.
1 Oak Methanol Pd/C : 78% 12
PT-0S IG/S
Methanol/H;PO, W/
160 °C, 2 h I
Q m—
2 Beech THF Ru/C |— e I 1:29% 26
PT-OS dioxane/HCI 1S | s/ s 2:28%
80°C, 5 h '/ ! '/ 3: 26%
o
X
3 Beech THF Ru/C :_ :_ :_ 1: 30% 26
PT-OS-P dioxane/HCIl/FA s 's 1 2:21%
80°C, 5 h 1/ N/ Y/, 3:16%
[} } I
4  Hi-S poplar THF Ru/C :_ :_ :_ 1: 61% 26
PT-OS dioxane/HCI 's I's I's 2:11%
80°C, 5 h 1/ I, 1/ 3: 23%
I 1 1
o
I
5 Hi-S poplar THF Ru/C 1 |— ! 1: 24% 26
PT-OS-P dioxane/HCI/FA = s s 2:21%
80°C, 5 h N/ e/ N/ 3: 20%
1 1 1
o
X
6  Birch Methanol Ru/C — ! 1: 91% 26
PT-DES ChCI/OA (1:1) e s 2: 9%
120 °C, 0.5 h Y/ N/
1 1
7 Birch Methanol Ru/C : :_ :_ 1: 49% 26
PT-DES-P ChCl/EG/OA 's I's 1 G 2:28%
(1:2:0.2) N/ N/ / 3: 8%
100 °C,24 h ! ! '
o
X
8  Birch Methanol Ru/C ! ! 1: 73% 26
PT-DES-P ChCI/EG/OA e i 2: 9%
(1:2:1) )/ %/
80°C, 0.5 h ! |
9  Spruce Methanol Ru/C ! : 1: 60% 26
= —
2:10%
1G 1G
DD
1 1
10  Spruce THF Ru/C 1 ! ! 1: 37% 26
PT-OS-P dioxane/HCI/FA > . o 2: 33%
100°C, 2 h N/ N/ N/ 3: 9%
1 1 I
11 Sorghum Isopropyl alcohol Ru/C | | ! 1: 16% 88
PT-DES . :; ::: o 2:15%
ChCI/LA (1:2) N/ Y/ e/ 3:13%
145°C,6 h | 1 I
o
I
12 Bagasse Methanol Pd/C = = = = 1: 34% 124
PT-DES-P |E>_\_ 1pC 16 1pC 2:18%
1-Cys/LA (1:10) 1Y :j/>_\_/< ' 7 ' 7 3:16%
80°C,6 h o— 4:15%
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No CTH substrate® Solvent Catalyst

Selectivity® Ref.

13  Bagasse Methanol Pd/C !
PT-DES-P
1-Cys/LA (1:10)
100 °C, 6 h

14  Castor sc Methanol Pd/C

PT-OS

Ethanol/H,SO,

190 °C, 4 h

15  Castor sc Methanol Pd/C
PT-DES
ChCI/LA (1:2)

100 °C, 6 h

;7

16  Castor sc Methanol Ru/ZnO/C
PT-OS
Dioxane/HCI

85°C, 3 h

_-ST-

17  C. tallow sc Methanol Pd/C
PT-DES
ChCI/EG/AICI;

140°C,4 h

ol
N

18 Jatropha sc Methanol Pd/C
PT-OS
Dioxane/HCl

85°C, 3 h

19 Vanilla sc Methanol
PT-DES
LiBr/HCI

160 °C, 2 h

Pd/C

-(-)-l

20 Candlenut sc Methanol Pd/C
PT-0OS
2-MeTHF/H,0O/HCl

160 °C, 2 h

(2]
NS
15T
N
/ES/J
151
NS
15T
N

1: 32% 124
2:20%
3:17%
4: 18%

o
|

82% 72

HO

86% 72

HO

72% 45

NS
’

95% 47

HO

97% 48

°/

HO

71% 44

HO

91% 42

°/

o
b

“PT-0S = organosolv pretreated; PT-OS-P = organosolv pretreated with protection agent; PT-DES = deep eutectic solvent pretreated; PT-DES-P = deep
eutectic solvent pretreated with protection agent; sc = seed coats with C-lignin; FA = formaldehyde; ChCl = choline chloride; EG = ethylene glycol;
OA = oxalic acid; 1-Cys = 1-cysteine; LA = lactic acid. Protection agents like FA, EG, and L-Cys are bolded and italicized. ® G = guaiacyl; S = syringyl;
G/S = guaiacyl/syringyl; pC = p-coumaryl; C = catechyl.  The monomers are labelled chronologically from left to right i.e., the leftmost is 1.

4.4. Delignification kinetics

In PT-CTH and RCF, temperature plays a major role in influen-
cing the reaction kinetics. For instance, Dong’s study on diol
pretreatment in eucalyptus at 160 °C achieved 93% lignin
removal,'®® while Wang’s study using p-toluene sulfonic acid
with poplar at 80 °C achieved only 54.8% delignification
within one hour.®” This discrepancy underscores the substan-
tial impact of temperature on lignin removal efficiency. To
better illustrate the comparison, pretreatment conditions were

This journal is © The Royal Society of Chemistry 2025

categorized into high-temperature (HT, Temp > 170 °C),
medium-temperature (MT, 100 °C < Temp < 170 °C), and low-
temperature (LT, Temp < 100 °C) groups (Fig. 8). RCF reactions
are also compared here. RCF reactions are relatively standar-
dized, typically conducted at 200-250 °C (HT) under 20-40 bar
H,, yielding consistent kinetic profiles.

OS-PT-MT and DES-PT-MT pretreatment achieves the fastest
lignin removal rates, consistently reaching over 80% removal
within 60 minutes, as observed across multiple studies.””**%°
As the temperature decreases, the lignin removal efficiency
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Fig. 8 Delignification kinetics in various pretreatment methods and
RCF (Appendix 6 in the SI),26:120:121.169.171

gradually declines. Nonetheless, the presence of an acid in
organosolv pretreatment enhances polysaccharide hydrolysis,
allowing medium-temperature organosolv treatments to out-
perform RCF in lignin removal speed. When RCF operates at
elevated pressures and temperatures, it typically requires
around 3 hours to reach 80% lignin removal.'®® Notably,
DES-PT-LT treatments exhibit slower lignin removal kinetics;
for instance, the study by Yu et al. (2018) reported only 37%
removal after 6 hours."””® In summary, medium-temperature
pretreatment demonstrates the most rapid lignin removal kine-
tics, while low-temperature DES pretreatments offer potential
for more controlled and gradual delignification.

View Article Online
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4.5. Environmental and economic factors

To quantify environmental factors, we calculated the carbon
economy and E-factor for RCF and PT-CTH across the five
biomass species. For economic factors, cost-benefit analysis
was performed. Parameters, assumptions, and calculation
methods are shown in Appendix 7 in the SI.

4.5.1. Carbon economy. Here, carbon economy is the
carbon utilization in biomass subtracted by energy consump-
tion (both in kg-CO,e). Some important assumptions are made
for this calculation. Since the main objective is to compare
RCF and PT-CTH in terms of energy, the boundary conditions
are set only within the reaction itself and the subsequent
solvent recovery, which are the main contributor to energy con-
sumption. Other processes like pre-extraction of biomass and
other downstream processes are not considered since they are
assumed to be similar between RCF and PT-CTH. Carbon in
all biomass feedstocks is assumed to be 45% from the
CHNS-O analysis."”* Fig. 9 shows the carbon economy com-
parison between PT, PT-CTH, and RCF.

Solvent recovery contributes to 70-80% of energy consump-
tion in all cases, highlighting the importance to increase the
solid loading in both RCF and PT-CTH to reduce the solvent
per kg of biomass. In terms of biomass, softwood achieves the
highest carbon economy in all processes, followed by hard-
wood, grass, barks, and seed coats. For seed coats, high cata-
lyst dosage (25.71% g/g-biomass) and low solid loading (0.8%
g/mL-solvent) significantly reduce its carbon economy. In
terms of the environmental footprints, PT is the most sustain-
able process followed by RCF and CTH. It is important to note
that RCF pulps are not considered as utilizable products in
Fig. 9, due to limited use of RCF pulps in the literature.
Nonetheless, when RCF pulps are included in the calculation,

PT-Biomass utilization [Jll CTH/RCF monomer [ PT-reaction energy
Il PT-solvent recycling Il CTH/RCF-reaction energy Il CTH/RCF-solvent recycling
Net carbon
-0.02 PT
Hardwood | -1.49 PT-CTH
-1.20 RCF
PT
Softwood PT-CTH
RCF
PT
Grass PT-CTH
RCF
PT
Bark PT-CTH
RCF
PT
Seed | PT-CTH
RCF
T T T T T T T T T T T T / /l T T T T
25 2 15 1 05 0 -05 -1 -15 -2 -25 -3 -8 -85 -9 -95

Carbon economy(kg-COz€)

Fig. 9 Carbon economy (in kg-CO,e) comparison between PT-CTH and RCF.
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both PT and RCF have similar net carbon, with PT being
slightly higher (Table S10). These findings highlight three
important recommendations, i.e., increase the solid loading,
explore the possibility of utilizing RCF pulps, and increase the
monomer yield in CTH.

4.5.2. E-Factor. E-Factor is the preliminary quantitative
measure of environmental factors, defined as waste divided by
utilizable products.'®® The wastes include by-product solvent
waste, catalyst waste, and enzyme waste; while utilizable pro-
ducts are monomers, oligomers, and carbohydrate recovered.
The E-factors of PT, PT-CTH, and RCF of various biomass feed-
stocks were calculated and are shown in Table 5. The most
favorable feedstocks for PT-CTH and RCF are softwood and
hardwood, respectively. However, when RCF pulps are
included in the calculation, softwood becomes the best feed-
stock for RCF. In terms of the process, PT has lowest the
E-factor, followed by RCF and CTH. Under the assumption of
96% solvent recycling, solvent waste contributes to approxi-
mately 75% of total waste. These findings emphasize the
importance of complete solvent recovery in the biorefinery.

4.5.3. Cost-benefit analysis. Cost-benefit analysis was per-
formed by calculating the profitability of each process.
Revenues are generated from the sale of monomers, oligomers,
ethanol, and pulp. Costs include catalyst, solvent, and enzyme
wasted during the process. Table 6 compares the profitability
between PT, PT-CTH, and RCF. Prices of raw materials and pro-
ducts were taken from various literature
studies.'*®148136:1737176 Three important assumptions must be
emphasized here, i.e., the monomer price is equal to the vanil-
lin price (16.2 US$ per kg),'”® the catalyst price is equal to the
Pt/C catalyst price estimated by Baddour et al. (NREL),"”® and
the catalyst recycling rate is 96%. In this case, RCF is more
profitable than PT and CTH across all biomass species, due to
the high contribution of monomer sale to the revenue. The
best feedstock for both PT-CTH and RCF is hardwood.
However, when the monomer price drops to 1.89 US$ per kg
(the price in a techno-economic study by Liao et al.),"*® the

Table 7 Recommended process for each biomass
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contribution of ethanol and pulp to the revenue increases,
resulting in similar profitability between hardwood and soft-
wood for both PT-CTH and RCF (with pulp). In terms of the
cost, the catalyst and solvent have similar contributions,
emphasizing the need to decrease catalyst dosage and increase
solid loading.

5. Recommendations and prospects
5.1. Recommendations

By combining the analysis in section 4, it is possible to rec-
ommend the best biomass for each process and vice versa, the
best process for each biomass. The criteria for deciding the
recommendation are biomass potential, monomer yield and
selectivity, environmental factors, and economic feasibility.
Tables 7 and 8 demonstrate the recommendation for each
biomass and for each process. Overall, RCF is the rec-
ommended process among most biomass feedstocks and
hardwood is the recommended biomass for most processes.
For maximizing monomer and economic factors, RCF of hard-
wood is recommended. In terms of environmental factors, PT
of softwood is recommended. It can be observed that PT-CTH
is not recommended in all biomass species, but PT-CTH can
fully harness biomass potential. To achieve this, more optimiz-
ation needs to be performed in future research, with the aim
to increase the monomer yield of PT-CTH to a comparable
value to that of RCF.

Several recommendations for future research, which apply
to all biomass species and all processes, can be proposed:

1. Improve the monomer yield of PT-CTH through usage of
a protection agent during pretreatment or catalytic cleaving of
the C-C bond.

2. Increase the solid loading to reduce solvent usage.

3. Reduce the catalyst dosage to increase profitability.

4. Find effective ways to utilize RCF pulps, such as for
hydrolysis to sugars and cellulose-based material production.

Biomass Environmental Economic Best process for
Biomass Process potential Monomer sustainability feasibility this biomass
Hardwood PT X RCF
PT-CTH X
RCF X X
Softwood PT X X PT/RCF
PT-CTH
RCF X X
Grass PT X RCF
PT-CTH X
RCF X X
Barks PT X X PT/RCF
PT-CTH
RCF X X
Seed coats PT X RCF
PT-CTH X
RCF X X
Best process for this criterion PT-CTH RCF PT RCF
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Biomass

Process Biomass potential Monomer

Best biomass
for this process

Economic
feasibility

Environmental
sustainability

PT Hardwood
Softwood X

Grass

Barks

Seed coats

Hardwood X

Softwood

Grass

Barks

Seed coats X
RCF Hardwood X
Softwood

Grass

Barks

Seed coats X

Hardwood X X
Softwood
Grass
Barks
Seed coats
Best biomass for this criterion

PT-CTH

RCF (+pulp)

Hardwood

5. Completely recover the solvent and catalyst to minimize
waste and costs.

5.2. Methods to improve the monomer yield of PT-CTH

5.2.1. Protection agent to preserve $-O-4 and/or prevent C-
C condensation in PT-CTH. Since the monomer yield is mostly
affected by the innate (-O-4/benzodioxane content, it is
difficult to gauge the effect of pretreatment by direct compari-
son of monomer yields across different types of biomass feed-
stocks. Therefore, monomer yields were normalized against
theoretical RCF yields, with these yields set as 100% normal-
ized monomer yield for each biomass type. After normaliza-
tion, Ouyang et al’s study showed that as delignification
increased from 44% to 77%, the normalized monomer yield
decreased from 75% to 49%, primarily due to the cleavage of
B-O-4 followed by lignin condensation facilitated by stable C-C
bond formation during pretreatment.”® Meanwhile, Shuai’s
study compared conditions with and without formaldehyde
protection under similar delignification levels (~70%). In this
case, the normalized monomer yield was around 91% with for-
maldehyde protection, compared to approximately 47%
without it.>® From the HSQC NMR results, it was noted that
formaldehyde was able to protect the p-O-4 bond. Usage of for-
maldehyde** and propionaldehyde®” during pretreatment of
spruce resulted in a CTH monomer yield of 20.56% and
20.10% g/g-lignin respectively.

Another study utilized p-toluene sulfonic acid to encapsu-
late dissolved lignin and prevent C-C condensation. The study
found that although the p-O-4 content decreases from 57.8%
to 36.1% after pretreatment, the monomer yield only decreases
from 41% (RCF) to 30% g/g-lignin. Therefore, it was hypoth-
esized that instead of preservation of p-O-4, the prevention of
C-C condensation after p-O-4 cleavage is more crucial to
obtain a high monomer yield.>* Overall, these findings suggest

This journal is © The Royal Society of Chemistry 2025

Hardwood/seed coats

Softwood

X Hardwood

Hardwood

X Hardwood

Softwood Hardwood

that incorporation of protective agents in PT-CTH can preserve
f-O-4 and/or prevent C-C condensation, thereby achieving
potential monomer recoveries close to theoretical limit
obtained in RCF.

5.2.2. Catalytical cleaving of C-C bonds. In general, C-O
interunit bonds have lower bond dissociation energy (BDE)
compared to C-C linkages, and the most abundant linkage in
lignin from all natural sources is the p-O-4 linkage (C-O bond).
In native lignin, C-O bonds take up around 2/3rd of all lin-
kages between monomers and the rest are all C-C linkages.
However, for technical lignin that is often attained from the
industrial pulping process and for the lignin obtained from
PT-CTH process, the substitution of ether bonds for recalci-
trant C-C bonds (lignin condensation) is prevalent within its
structure.'”” Therefore, an effective method to cleave the C-C
bond will be beneficial for improving the monomer yield of
lignin depolymerization in PT-CTH.

For the C-C bonds in lignin, the reaction pathways of its
reductive cleavage were rarely investigated previously. There are
two major oxidative routes for the scission of the Ca—Cp bond
that had been reported before i.e., oxidation of Cp to peroxide
after the formation of Ca ketone, and direct abstraction of Cf-H
from the photocatalyst to form free radicals."””®'”® Although the
modification of Cp-H is the rate-determining step in both path-
ways, the direct activation without transformation into a ketone
intermediate was only viable through photocatalysis, namely
the photo-induced hole generation on the catalyst. Regarding
the C-C bond cleavage in CTH, one of the proposed mecha-
nisms is the retro-aldol pathway for the breakage of Ca-Cp in
f-O-4 model compounds, which requires hydrogen abstraction
from Cy-OH to form a Cy aldehyde intermediate.

Finally, it is important to note that the CTH process was
predominantly studied via the experiments with lignin model
compounds in previous research, yet the mechanistic differ-
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Fig. 10 Mechanism and final products of catalytical cleavage of the C—O bond and the C—-C bond in lignin.

ence between CTH with model compounds and real lignin
needs to be further elucidated in the future. In terms of clea-
vage pathways of different lignin interunit linkages, C-O
bonds, especially the p-O-4 linkages, have been extensively
studied. Meanwhile for the cleavage of C-C bonds, most
studies focus on oxidative approaches rather than hydrogenoly-
sis. In recent years, there are more discoveries on the self-
hydrogen transfer mechanism in studies on CTH, which is in
line with the general trend of developing green chemical pro-
cesses. Fig. 10 summarizes the mechanism of C-O and C-C
cleavage in lignin.

5.3. Modern setup of RCF

In industrial settings, majority of the production costs in RCF
is attributed to the catalyst and the solvent. The RCF setup
which can facilitate recycling of the catalyst and solvent can
significantly reduce production cost in the industry. Anderson
et al. (2017) designed a flowthrough multi-bed RCF reactor in
2017 that substituted a conventional batch reactor."*® While
catalyst deactivation and product repolymerization occurred
rapidly during the operation of their device, catalyst recycling
is more amenable, and the multi-bed design enabled in-depth
analysis for reaction intermediates. In a batch reactor, possible
methods to recycle the catalyst without sacrificing the
monomer yield include the usage of magnetic catalysts such
as RuO,/y-Fe,0; '** and the porous catalyst basket."*" On the
other hand, recycling of lignin oil can be done to lower solvent
consumption and reduce downstream cost while maintaining
a high monomer yield, but at the cost of 71-85% reduction in
cellulose retention when the reaction is conducted in solvents
with a high lignin concentration of 60-100% wt%."®

Since hydrogen gas is inherently dangerous and explosive,
attempts to replace hydrogen with safer gases have been made.
Atmospheric reductive catalytic fractionation (ARCF) is oper-
ated in an open vessel without hydrogen, which can improve
the cost-effectiveness and safety of the process. While the
monomer yield of ARCF was significantly lower than via a con-
ventional route, the product selectivity towards oxidized mono-

1600 | Green Chem., 2025, 27, 11581-11606

mers increased.’ Experiments conducted in a hydrogen-free
environment revealed that a comparable monomer yield can
be attained in hydrogen-free RCF of poplar when using the cat-
alysts Pd/C and Pt/C (25-30% g/g-lignin in both cases with/
without H,), but a lower yield was observed with Ru/C and Ni/
C. However, high selectivity towards propanol-G/S in Pd/C and
Pt/C catalysts was only observed when 30 bar H, was used,
while in a hydrogen-free environment, high ethyl-G/S is
observed in Pd/C and high propylene-G/S is observed with Pt/
C. Meanwhile, selectivity towards propyl-G/S in Ru/C and Ni/C
remains high with/without hydrogen.'®' Also, RCF conducted
in an N, environment resulted in a comparable monomer
yield (35.8% g/g-lignin under N, vs. 46.0% g/g-lignin under H,
in birch; 17.3% g/g-lignin under N, vs. 22.6% g/g-lignin under
H, in wheat straw) with different target monomers (propenyl-
side chain monomers under N, vs. propyl-side chain mono-
mers under H, with the Ru/C catalyst)."3**>*

In summary, the RCF process has been extensively investi-
gated from the aspects of process setup, solvent effects, cata-
lyst effects, gas effects, recycling, and product separation. Most
research studies focus on the lignin depolymerization stage
when implementing mechanistic analysis, while delineations
of how lignin—-carbohydrate (LC) linkages change during RCF
are rarely reported. The predominantly used setup for RCF
requires the direct supply of hydrogen, but efficient RCFs with
hydrogen-donating solvents and new catalysts have been
increasingly covered in recent studies, which might bring
changes to the state-of-the-art process design in the future.

5.4. Future directions

Based on the extensive discussion in this study, the summary
and future research directions are listed in Fig. 11. It is impor-
tant to note that this study has three limitations i.e., it only
includes PT-CTH with acid-based organosolv and acid-based
DES pretreatment, the relative value of the monomer yield of
seed coats is expressed in g/g-C-lignin based on the *C NMR
results which is not a widely accepted method yet, and some
assumptions were made in the data analysis and calculations

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Summary and future research directions.

such as prediction of the PT-CTH monomer yield with (-O-4
content)>.’°" In addition to the future works mentioned in
Fig. 11, other research directions can be considered i.e., faster
preliminary analysis of the f-O-4 content to predict the
monomer yield, catalytic cleaving of the C-C bond, lignin oil
recycling, and analysis methods to accurately determine lignin

in barks and seed coats.

6. Conclusion

This study provides a comprehensive insight into two thermo-
chemical conversion processes (RCF and PT-CTH) of five
biomass types, i.e., hardwood, softwood, grass, barks, and seed
coats. Overall, RCF produces higher monomer yield with hard-
wood being the best biomass, while PT-CTH produces higher
utilizable products particularly Cs_¢ sugar derivatives from cell-
ulose and hemicellulose. Hardwood, softwood, and grass
produce higher utilizable products in PT-CTH and potentially
usable products in RCF due to higher contents of carbohydrates.
Seed coats, enriched with acid-resistant C-lignin, exhibit high
potential for efficient aromatic monomer production via PT-CTH
and RCF, but demonstrate low resource utilization. Barks are the

This journal is © The Royal Society of Chemistry 2025

only biomass which can produce both phenolic and aliphatic
monomers. The choice of solvents and protective agents during
pretreatment plays a crucial role in minimizing condensation of
lignin and thus increasing the monomer yield. In both RCF and
CTH processes, strong correlations were observed between cata-
lyst choice (Ru-based or Pd-based) and monomer selectivity.
These findings offer specific processing recommendations for
each biomass type, advancing sustainable biorefinery operations
that maximize value recovery and economic profitability from
diverse lignocellulosic feedstocks. The insights gained here
support the development of green biorefinery systems towards
optimized whole-biomass utilization.
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