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Reductive catalytic fractionation (RCF) is an effective technique that enables lignin depolymerization into
aromatic monomers while preserving cellulose for downstream valorization. However, the typically
prolonged reaction durations (>3 h) required for conventional RCF, stemming from slow kinetics of lignin
extraction and depolymerization, impeding its industrial scalability. This study systematically investigated
solvent composition, acid concentration, and reaction parameters to accelerate RCF kinetics and
modulate monomer distribution. Through rapid benchmark reactions measured immediately at target
temperature (0 h) using Ni/C, we demonstrated that a phosphoric acid-assisted RCF process in ethanol—
water solvent achieves efficient lignin depolymerization. Remarkably, by finely tuning the acid
concentration in the reaction system, this approach achieved a high monomer yield of 31% at O h, with
a remarkably high production efficiency of 3.44 mg monomers per g lignin per min, exceeding most
previously reported rates. Time course analysis further established that precise acid tuning and
identifying the optimal temporal window are critical for maximizing monomer yield while preserving
carbohydrates. Under optimized conditions employing 0.3 wt.%, HzPO4, an aromatic monomer yield of

43% was attained within only 30 minutes. The resulting cellulose-rich solid residue, containing the RCF
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Accepted 24th October 2025 catalyst, was directly converted to ethylene glycol (35% yield) via an integrated one-pot aqueous-phase

hydrolysis-hydrogenolysis process. This simultaneous valorization strategy also facilitated effective
catalyst recovery and reuse. Our work establishes an efficient and potentially scalable rapid RCF
paradigm, offering a promising route for the holistic utilization of lignocellulosic biomass.
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1 Introduction

The sustainable valorization of lignocellulosic biomass relies on
fractionation strategies that maximize the utility of all major
components. While cellulose and hemicellulose conversion
routes are well-established, lignin remains underexploited due
to its recalcitrant and heterogeneous nature.'™ Conventional
biorefining often degrades lignin into intractable wastes
through irreversible condensation reactions during prolonged
and severe pretreatment processing.”” Reductive catalytic frac-
tionation (RCF) has emerged as a transformative lignin-first
paradigm, prioritizing the extraction and catalytic depolymer-
ization of lignin under reductive conditions while generating
a carbohydrate-rich pulp.*** This approach preserves lignin's
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aromatic nature for value-added chemical production and
enables parallel valorization streams. However, achieving
sufficient lignin removal and high monomer yields typically
necessitates extended reaction times (often > 3 hours) at
elevated temperatures, significantly impeding its production
efficiency toward industrial scale deployment.®**>*

Dilute acid pretreatments (e.g., H,SO,, H3PO,) represent
a well-established strategy for lignocellulose fractionation,
primarily effective in hydrolyzing hemicellulose and enhancing
cellulose accessibility for enzymatic saccharification.'**
Regarding lignin conversion, acid additives promote the
polarization and cleavage of B-O-4 ether linkages while accel-
erating the disruption of lignin-carbohydrate complexes
(LCCs).* This effect is evident in organosolv fractionation
utilizing mildly acidic aqueous-organic solvent mixtures."” In
recent decades, innovative approaches employing acid catalysis
with capturing agents (e.g, aldehydes by Luterbacher,'® diols by
Barta'®?°) demonstrate the potential to efficiently recover well-
preserved lignin within shortened processing times. Such
lignin provides a high-quality feedstock for depolymerization,
enabling yields approaching theoretical maxima. Collectively,
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these observations underscore acidic catalysis as a key lever to
accelerate critical solvolysis and depolymerization kinetics in
lignin conversion.

Building on the lignin-first context, the product distribution
of lignin monomers is intimately associated with reaction
kinetics governed by the solvent system and catalytic
environment.”*** Debecker et al. showed that the employment
of H;PO, under lower RCF reaction temperature could improve
the lignin-derived monomer yield and recovery of cellulose in
the pulp.” Sels and coworkers found that the addition of small
quantities of acid promoted both delignification and alcohol-
ysis of hemicellulose, leaving behind a cellulose-rich pulp, and
such simultaneous acid-catalyzed fractionation of the carbo-
hydrates into separate cellulose and hemicellulose streams
provides opportunities for more efficient downstream conver-
sion.”” However, boosting RCF rates involves inherent trade-
offs, with increased reaction severity often compromises
carbohydrate integrity, crucial for downstream cellulose-
centralized valorization. Besides, prolonged acid treatment
often leads to significant lignin repolymerization and low
monomer production efficiency, undermining the economic
feasibility of such production mode. Therefore, the reaction
condition and operation window to achieve the optimal balance
for both carbohydrate and lignin components need delicate
control. We hypothesized that deliberately introducing a tar-
geted acidic catalyst under mild, time-constrained conditions
could overcome the kinetic limitations of conventional RCF
while preserving the optimum balance between lignin depoly-
merization and carbohydrate integrity.

In this work, we introduce a rapid phosphoric acid-assisted
RCF process that accelerates lignin solvolysis and depolymer-
ization kinetics in water alcohol co-solvents. The monomer
yield and distribution throughout the time resolved RCF study
was comprehensively studied. By finely tuned reaction condi-
tion and temporal window, efficient lignin solubilization and
depolymerization was achieved within short reaction times (0-
30 min), achieving high recovery and high purity carbohydrate
component. The solid carbohydrate residue, mixed with reus-
able RCF catalyst, is directly valorized through aqueous-phase
catalytic hydrogenolysis to platform chemicals such as
ethylene glycol. This integrated, acid-assisted RCF process
establishes a rapid and effective route for the holistic valoriza-
tion of lignocellulosic biomass, overcoming key kinetic and
selectivity barriers that have hindered conventional approaches.

2 Experimental section
2.1 Materials

Poplar wood chips was dried, pulverized and grounded, and
sieved through 50-80 meshes. The woodmeal sample was
stored in a desiccator until use. Nickel nitrate (II) hexahydrate,
activated carbon, phosphoric acid (85 wt%), sulfuric acid
(95 wt%), ethyl acetate (99.5 wt%), tetrahydrofuran (HPLC
purity), alcohols (methanol, ethanol, isopropanol, ethylene
glycol, isobutanol) and DMSO-d6 were procured from Aladdin
and used without further purification unless specified
otherwise.
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2.2 Catalyst preparation

Ni/C catalyst was prepared by a simple incipient-wetness
impregnation method. Typically, 16.56 g Ni(NO;),-6H,O was
added into 300 mL pure water in a beaker, and the solution was
added to 30 g grounded activated carbon (100 mesh). The
suspension covered by tinfoil with holes was stirred for 24 hours
at the room temperature. Then the sample was dried into the
oven at 100 °C to remove water. The dried sample was ground
and sieved with 100 mesh again, and then reduced in a hori-
zontal furnace in a 50 mL min~" 10% H,/Ar flow for 3 h at 450 °
C with 5 °C min~" heating rate.

Ni content was quantified by ICP-OES following microwave-
assisted aqua regia (HCl:HNO; = 3:1, v/v) digestion. ICP-
OES measurements were performed on an OPTIMA 8000 DV
(PerkinElmer, USA) with dual-view and automatic background
correction. Morphology was examined by cold-field-emission
cryogenic SEM (HITACHI, Japan) under high vacuum at low
beam current and 2-5 kV accelerating voltage (working distance
8-10 mm) with SE.

2.3 Development of acid assisted RCF process in alcohol-
water solvent

In a batch RCF reaction, 0.8 g of 100 mesh poplar, 0.16 g 10 wt%
Ni/C, and varied amount of H;PO, were added into 20 mL of
alcohol/H,0 solvent for process optimization. The reactor was
sealed and purged with H, three times and then pressurized to
designated pressures. The reactor was heated to the target
temperature with 3.5 °C min~ " heating rate and maintained for
designated reaction times at a stirring speed of 700 rpm. For the
time course study, 6 g biomass woodmeal, 1.2 g Ni/C, 75 mL
alcohol solvent, 75 mL H,0, varied amount of H;PO, were
added into a 300 mL of stainless steel pressure reactor. The
reactor was sealed, then purged with low pressure H, three
times and pressurized to 2 MPa H,, heated to pre-set reaction
temperatures with 5 °C min~" heating rate and maintained for
designated reaction time at a stirring speed of 700 rpm. When
the reaction end, the reactors were cooled down to room
temperature.

The liquid products were analyzed by GC-MS (Thermo Trace
1300 ISQ QD) as well as GC-FID (Shimadzu 2014C, Agilent HP-5
column) and then quantified through effective carbon number
method with o-isopropylphenol as the internal standard. The
flow rate of carrier gas and hydrogen gas was 30 mL min ", the
flow rate of the air was 400 mL min~'. The heating process was
set as below: inlet temperature was 300 °C and oven tempera-
ture was held at 60 °C for 2 min and then increased to 110 °C at
5°C min~ ', at last increased to 300 °C at 10 °C min~* and held
for 3 min. The molecular weight distribution of lignin in the
organic phase were measured by gel permeation chromatog-
raphy (GPC, 1260 LC Agilent, USA). Before GPC analysis, the
liquid sample was extracted with ethyl acetate for 4 times, and
organic phase was vacuum-distilled at 45 °C. The concentrated
lignin oil was redissolved in tetrahydrofuran and filtrated with
a 0.22 pm nylon filtrate pad. The GPC was calibrated by the
polystyrene standard. 2D "H-">C heteronuclear single-quantum
coherence (HSQC) NMR spectra were measured on AVANCE III

© 2025 The Author(s). Published by the Royal Society of Chemistry
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400 MHz spectrometer (BRUKER, Germany). The HSQC NMR
sample was prepared by vacuum distillation of the organic
phase at 35 °C to remove the solvent followed by dissolving the
dried solid with DMSO-d6. The number of collected complex
points was 1024 for the "H dimension with a delay time of 1.5 s.
The number of transients was 64-, and 256-time increments
were recorded in the **C dimension. The coupling constant J1 of
C-H used was 147 Hz.

2.4 Compositional analysis and hydrogenolysis of solid
residue

The composition of the biomass residue was measured
according to the NREL standard hydrolysis procedure.”®
Specifically, 2 mL 72% H,SO, was added to 0.1 g residue and
mixed thoroughly in a glass vial at room temperature for 2 h,
with the suspension were regularly stirred every 20 min. Then
56 mL of deionized H,O was added, and the samples was
transferred to a pressurized bottle, heated in an autoclave at
121 °C for 120 min. The final aqueous mixture containing
solubilized products was filtered through a syringe filter with
0.2 um PTFE and subjected to Waters HPLC analysis to quantify
soluble sugars, and the insoluble fraction was filtered from the
hydrolysis liquid then dried for 24 h at 60 °C. Liquid product
analysis using a Waters 2695 UPLC system equipped with
a Shodex SUGAR SH1011 column (300 mm x 8 mm). The
mobile phase consisted of 5 mmol L™ " H,SO0, at a flow rate of
0.5 mL min ', with the column temperature maintained at 50 ©
C and an injection volume of 20 pL. The quantification of
products was performed using external calibration curves,
which were prepared from corresponding standard compounds
under identical chromatographic conditions. Crystallinity of
cellulose was examined with a Rigaku SmartLab multifunction
X-ray diffractometer (Cu Ka, 40 kV, 40 mA, 26 5-50°, 0.02° step,
2° min~"). The crystallinity index Crl (%) was calculated from
the Segal equation: Crl = [(I,00 — Iam)/I200] X 100, where I,
(=22.5°) and I,, (=18.0°) are the intensities of the (002)
reflection and the amorphous valley, respectively.

Hydrogenolysis of solid residue was conducted in 100 mL of
batch reactor, with 0.2 g solid residue (with catalyst), 20 mL H,O
and varied content of H,SO, were added into a reactor. The
reactor was sealed, then purged with H, three times and pres-
surized to designated pressure, heating to target temperatures
and maintain for 5 h at a stirring speed of 700 rpm. The weight
of the catalyst recovered in the residue was measured through
a control experiment using merely catalyst in the identical
reaction condition.

3 Results and discussion

3.1 Acceleration of RCF process in various alcohol-water
solvent systems

EtOH/water mixtures at (a) 3 h and (b) 0 h. Reaction conditions:
210 °C, 20 mL of solvent mixture, 0.8 g of poplar woodmeal,
0.16 g of Ni/C, and 2 MPa H,

Solvent composition exerted profound effects on lignin
extraction efficiency and monomer production patterns during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RCF processing, exhibiting a critical interplay between lignin
solvation and catalytic depolymerization.”” Preliminary
screening of alcohol-water systems under standard conditions
(210 °C, 2 MPa H,, 3 h) confirmed ethanol-water's superiority
for monomer production (Fig. S1). Subsequent investigation
across differing ethanol : water (EtOH : H,O) ratios uncovered
a distinct volcano-shaped dependency for both lignin oil and
monomer yields. Pure water afforded limited delignification
(26.4 wt% lignin oil) with low monomer yield (8.6 wt%),
predominantly generating propyl-substituted species (Fig. 1a).
Introduction of ethanol markedly enhanced lignin extraction
and monomer formation, culminating in peak lignin oil yield
(58.0%) and monomer yield (38.4%) at EtOH : H,O = 50:50.
Beyond this optimum, further ethanol enrichment progres-
sively diminished both extraction efficiency and monomer
yield, falling to 37.2% lignin oil and 25.3% monomer yield in
neat EtOH, aligning with literature observations on reduced
depolymerization effectiveness in pure organic solvents.?®

To elucidate the influence of solvent composition on reac-
tion kinetics, complementary short-time experiments (0 h
reaction time after 0.5 h heating) further contrasted ethanol
ratios. Both lignin oil accumulation and monomer generation
at this initial stage (Fig. 1b) exhibited similar volcanic profiles
across solvent compositions to those observed at 3 h reaction
time (Fig. 1a). This trend highlights that the EtOH : H,O = 50:
50 binary system enabled rapid monomer production
(22.38 wt% yield at 0 h), demonstrating a pronounced acceler-
ation effect in binary ethanol-water RCF reaction systems.
Interestingly, elevated ethanol fractions fundamentally shifted
monomer speciation from propyl-substituted to 4-n-propanol
derivatives, and then drop to propyl-dominant in pure ethanol
(Table S1). This is due to the enhanced stabilization of inter-
mediate <y-hydroxyl groups through ethanol co-solvation
effects,” while the pure alcohol solvent afford extra hydrogen
supply capacity to generate saturated monomer product.*®

3.2 Monomeric product distribution in acid-assisted rapid
RCF process

Building upon solvent optimization benchmarks established at
0 h reaction time, we systematically examined the coupled
effects of phosphoric acid concentration and reaction temper-
ature on lignin-derived monomer profiles (Fig. 2). For all tested
temperatures, lignin oil yields increased monotonically with
rising acid concentration, showing an elevated acid-assisted
lignin extraction capacity.”® Conversely, monomer production
universally exhibited volcano-shaped relationships versus acid
concentration. While higher acid levels continuously promoted
lignin fragmentation and solubilization (increasing lignin oil),
excessive acid simultaneously diverted reactive intermediates
toward acid-catalyzed condensation.**

Temperature fundamentally modulated the acid concentra-
tion generating the highest monomer yield, as well as the
magnitude of these volcanic maxima. At 190 °C, peak monomer
yield (21.1%) required 1.0%, H3PO, addition, and propenyl
monomers only present in the product till the concentration
reaches 109,. Elevating the temperature to 210 °C shifts the

RSC Adv, 2025, 15, 43853-43865 | 43855
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Fig.1 Monomer yield and lignin oil yield for the RCF using varied.

maximum monomer yield (30.9 wt%) to a lower acid concen-
tration (0.39%, H3PO,), with propenyl monomers show up at acid
concentration of 1.0%,. Further temperature increases to 230 °C
shifted maximal monomer yield (26.1%) to 0.1%,, stimulating
both propenyl monomers and phenol generation via dehydra-
tion and dealkylation pathways,**** even at lower acid concen-
trations (Table S2). Gel permeation chromatography (GPC)
analysis of selected samples at varied acid ratios showed
a consistent molecular weight distribution pattern. Compared
with acid-free condition, 0.39%,, acid addition generates product
profiles with decreased molecular weight distribution, while
higher acid (109%,) causes considerable amount of oligomer
formation (Fig. S2-S4). The dependence of monomer yield and

T T T
0.3 0.5 0.7
Ethanol content

0.9 1

distribution on acid/temperature reflecting a kinetic balance
where optimal acid enhanced catalytic cleavage while excess
acid drove condensation.*** On the other hand, the impact of
acid concentration on crystallinity of cellulose component in
solid pulp was compared (Fig. S5). The CI value for all samples
maintained at a high level (>88%), and the crystallinity level
decreases slightly as the acid concentration increases. These
results demonstrate an effective approach to maintain well-
preserved cellulose while achieving high monomer yield at
short retention time.

Quantitative analysis of monomer production rates (yield per
unit time, Table 1) revealed production efficiency under varied
conditions, alongside the rates achieved in other studies.
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Fig.2 The dependence of lignin oiland monomer yield on acid concentration at (a) 190 °C, (b) 210 °C and (c) 230 °C. Reaction conditions: 20 mL

ethanol: H,O =1:1, 0.8 g of poplar wood 0.16 g of Ni/C, and 2 MPa Hy, 0 h.
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Table 1 Monomer yield and production rate in precedent RCF studies®
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Monomer yield Production rate mg

Biomass Reaction condition Catalyst (lignin wt%) ¢! lignin/min Ref.

Eucalyptus 260 °C, 3 MPa H,, methanol, 4 h MoO,/SBA-15 43.4 0.76 11

Sawdust

Poplar 230 °C, 3 MPa H,, methanol: H,O0=1:1, Ru/C 32.6 0.99 12

Switchgrass 4h 31.6 0.96

Corn stover 32.1 0.97

Pine 12.7 0.38

Eucalyptus sawdust 200 °C, 3 MPa H,, n-butanol: H,O0=1:1, Ru/C 49 2.33 23
2h

Wheat straw 200 °C, 3 MPa N,, H,0, 0.1 M H;PO,, 6 h Ru/C 22 0.49 24

Poplar 200 °C, 2 MPa H, methanol, 3 h Pd/C 41 1.52 25

Poplar 200 °C, 2 MPa H,, ethanol: H,0 =7:3, 3 Pd/C 42 1.56 29
h

Corn stover 200 °C, methanol, 6 h Ni/C 38 0.84 36

Birch 200 °C, 0.2 MPa N,, methanol, 6 h Ni/C 32 0.71 37

Poplar 225 °C, 3.5 MPa H,, methanol, 12 h Ni/C 31 0.38 38

Poplar 210 °C, 2 MPa H,, ethanol: H,O0 =1:1, Ni/C 31 3.44 This work

0.3%, H3PO,, 0 h

“ Note: production rate was calculated based on full reaction time, which includes heating, reaction and cooling durations, and the heating and
cooling durations of all cases were unanimously assumed as 90 min according to the case in our study.

Crucially, the optimal 0.39,, H3;PO, assisted RCF system ach-
ieved the highest production rate (3.44 mg monomers per g
lignin per min) when considering heating and cooling times (90
min). This rate surpassed those obtained under both acid-free
conditions (2.33 mg g ' min ') and high-acid conditions
(2.89 mg g ' min~"). In comparison, the majority of previously
reported RCF processes generating high monomer yields from
various feedstocks employ substantially longer reaction dura-
tions (2-6 h), resulting in lower production rates (typically 0.38-
2.33 mg per g lignin per min). Beckham et al. emphasized that
minimizing the process turnaround time is essential for scal-
able RCF production, proposing a shift from batch to contin-
uous operation as an effective strategy.®® The present study
highlights an alternative approach for enhancing scalability,
the synergy achieved by precisely modulated acid catalysis
combined with optimized solvent composition and reaction
temperature significantly accelerated monomer synthesis
kinetics, and its applicability was also demonstrated on
different types of lignocellulosic feedstocks (Fig. S6).

3.3 Time course study of acid-assisted RCF process

Extending the investigation of phosphoric acid catalysis under
the temperature-optimized condition (210 °C, 2 MPa H,,
ethanol: H,0O = 1:1), detailed time-course studies were per-
formed to elucidate transient reaction Kkinetics. Using
a mechanically stirred reactor equipped with in situ sampling,
the impact of acid concentration on lignin depolymerization
pathways was temporally resolved. Critically, without acid
addition (Fig. 3a), monomer generation displayed sluggish
kinetics. The monomers formation was initiated only above
200 °C, with the monomer yield benchmarked at 0 h only rea-
ches 10%. The monomer formation gradually proceeds
throughout the 4-hour isothermal phase, reaching maximal
yields of 48% of lignin weight. Monomer profiles were

© 2025 The Author(s). Published by the Royal Society of Chemistry

dominated equally by propanol and propyl guaiacol/syringol
derivatives (Table S3), similar to the product profile in binary
alcohol-water among other works.*?

In stark contrast, introduction of the optimal 0.3%, HzPO,
concentration dramatically accelerated depolymerization while
substantially directing selectivity (Fig. 3b). Monomer yields
outpaced the acid-free system during the initial heating ramp,
with monomer yield approached around 30% at the reaction
time of 0 h. Depolymerization rapidly achieved 43% yield after
30 min reaction, and plateaued at a maximum yield of 47%
within just 120 minutes of isothermal reaction, demonstrating
a considerably accelerated monomer generation Kkinetics.
Notably, the selectivity of propenyl and propanol monomer
drops progressively as the reaction proceed, with the selectivity
of propyl derivatives dominated in the late phase (Table S4).
This might be associated with acid-facilitated dehydration and
hydrogenation saturation thereafter.®® Employing gradiently
higher acid concentrations (3%, and 10%, H;PO,) considerably
accelerated monomer generation during heating ramp (Fig. 3c
and d), with the monomer yield plateaued at 26.4% and 16.7%,
respectively. Noticeably, such condition induced a distinct
monomer distribution toward propenyl derivatives in early
stage (Table S5), indicating acid-catalyzed dehydration path-
ways was kinetically favored over metal-catalyzed hydrogena-
tion.”® The dropping monomer yield with increasing acid
concentration demonstrated that Ni/C was inevitably deacti-
vated through leaching, destruction, or poisoning, etc.** Luo
et al. reported a similar trend with decreasing yield and
increasing propenyl ratio as the catalyst was deactivated.*® The
double-sided effect highlights the importance of tuning of acid
concentration in RCF process, to the extent to accelerate the
reaction rate for efficient lignin extraction and monomer
generation, while avoid the undesirable catalyst deactivation.

Time-resolved GPC analysis of liquid products elucidated the
molecular weight distribution of acid-driven lignin

RSC Adv, 2025, 15, 43853-43865 | 43857
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Fig. 3 Time course study and GPC analysis of RCF process with varied HsPO, concentration (a and e) none, (b and f) 0.3%,, (c and g) 3%, and (d
and h) 109, reaction condition: 6 g poplar biomass, 1.2 g 10% Ni/C, 150 mL ethanol: H,O =1:1, 2 MPa H,, 210 °C.

transformation (Fig. 3d-f). For all acid concentrations, oligo-
mers with large M,, dominated in the early stage, confirming the
less fragmented state of lignin upon initial extraction from
biomass.*® For non-acidic and low acidic (0.3%,) conditions, the
M, weight consistently decreases as reaction time increases due

43858 | RSC Adv, 2025, 15, 43853-43865

to ether bond cleavage, matching well with progressive mono-
mer generation. In contrast, increasing acid to 10%, cause
a rapid and sharp M,, declination in the early stage, consistent
with the monomer yield trend in Fig. 3c. However, as the reac-
tion proceeded to late stage, product distribution shifted toward

© 2025 The Author(s). Published by the Royal Society of Chemistry
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higher oligomer derived from condensation. These findings
establish that precise control of acid concentration and opera-
tion window is critical for maximizing monomer yields while
minimizing side reactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The structural evolution of fractionated lignin under varying
acid concentrations was further characterized by 2D HSQC NMR
(Fig. 4). Pronounced B-O-4 motif signals (6c/0;; = 65-85/3.3-4.5
ppm) in lignin from acid-free RCF conditions indicate effective
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Table 2 Composition analysis of solid residue sample from different conditions and times
Composition (%) Cellulose

Delignification Retention
Acid-time (%) Glucan Xylan Lignin Purity (%) (%)
Raw poplar — 43.05 16.43 20.15 — —
0%,-0 h 37.18 60.03 14.75 17.86 64.80 98.84
0%,~0.5 h 57.06 61.32 10.23 13.08 72.46 94.22
0%,-1.5 h 67.04 64.59 9.53 10.70 76.15 93.13
0%,~3 h 76.01 67.64 7.77 8.43 80.68 90.12
0.3%,-0 h 57.98 62.86 12.56 12.69 71.34 97.44
0.3%,-0.5 h 81.51 74.34 8.53 6.96 81.64 92.45
0.3%,-1.5 h 85.05 75.36 6.01 6.47 85.79 81.52
0.3%,-3 h 88.03 78.70 4.63 5.81 88.29 75.87
10%,-0 h 60.07 66.54 5.19 16.65 75.29 74.69
10%,-0.5 h 50.06 58.74 4.21 23.26 68.14 59.01
10%,-1.5 h 43.59 51.11 0.00 27.02 67.50 49.95
10%,-3 h 39.12 44.63 0.00 31.08 63.72 40.92

retention of native PB-ether linkages. Concurrently, dominant
guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units in the
aromatic region (6¢/0y = 100-140/6.0-7.5 ppm) confirm structural
preservation.*>** As 0.39, acid was added to the RCF system, the
peaks of B-ether linkage remain dominant, and the presence of
phenylcoumaran signal indicates lignin fraction was more effec-
tively extracted. Conversely, the introduction of 109, acid funda-
mentally altered lignin architecture, with B-ether signals almost
disappeared while resinol (C,) emerged in the aliphatic region,
demonstrating extensive acid-driven condensation at such
condition.**

3.4 Composition analysis of solid residual from acid-
assisted RCF

Compositional tracking of solid residues sampled from varied
reaction times provides critical insights into the conversion
dynamics under varied acid-catalyzed RCF conditions (Table 2).
The acid-free system exhibited progressive delignification from
37% to 76% with extended reaction time from 0 h to 3 h,
accompanied by moderate cellulose enrichment to 80.7% purity
and good cellulose retention (90%). This gradual lignin removal
aligns with the previously observed sluggish monomer evolution,
confirming that thermal solvolysis cleavage proceeds slowly
through rate-limited, stepwise depolymerization without signifi-
cant carbohydrate degradation.” In contrast, the optimized 0.3%,
H;PO, condition shows a fundamentally altered scenario. Even at
the initial reaction stage (0 h), delignification reached 58.0% that
exceeds the 0.5 h performance of the acid-free system, demon-
strating rapid acid-facilitated lignin solvolysis during heating. This
acceleration was especially intensified during the early stage of the
reaction, with a high delignification (81.6%) and high purity
(82.8%) cellulose was achieved within 0.5 h reaction time.
Crucially, cellulose retention remained high (>75.9%) after a 3 h
reaction, reinforcing that the optimal operation window through
precisely controlled low acid to rapidly extract lignin into soluble
forms conducive to depolymerization while robustly preserving
polysaccharide integrity.

43860 | RSC Adv, 2025, 15, 43853-43865

Conversely, high acid loading (109, H;PO,) induced severe
condensation and degradation despite high initial delignifica-
tion efficacy (60% at 0 h). At 0.5 h, lignin content increased to
23% in the residue and delignification efficiency declined to
50%, indicating that acid-driven recombination of lignin frag-
ments into condensed, insoluble structures. The post-reaction
woodmeal formed dark brown, densely textured particles with
high insoluble matter content, consistent with pseudo-lignin
formation.*® Supporting this hypothesis, subjecting commer-
cial cellulose to the acid-assisted RCF conditions generated
acid-insoluble material (Table S6), suggesting potential contri-
butions to the measured lignin content. Concurrent severe
cellulose loss (retention plummeted to 41%) and complete xylan
degradation confirm excessive acid promotes hydrolytic frag-
mentation of carbohydrates, likely through dehydration path-
ways.*" Analysis on the liquid product derived from varied acid
concentrations show that dominant degraded products include
xylose, glycerol, glycol and propanediol (Fig. S7).*” Interestingly,
the portion of xylose accounts high as acid concentration
increase above 39, H;PO,4, which might be jointly attributed to
the enhanced xylan hydrolysis and deteriorating catalyst under
such high acidity.

Overall these compositional shifts reveal a critical temporal
dimension to acid-assisted RCF process. While 109, acid initially
solubilizes lignin rapidly (<0.5 h), prolonged exposure favors
condensation over extraction, generating insoluble component
and resulting in a declined delignification degree. Conversely,
0.3%, acid maintains lignin in reactive soluble forms for depoly-
merization over extended periods. This outcome reinforces that
optimal acid concentration balances extraction kinetics against
recombination thermodynamics, enabling maximal monomer
production from extracted lignin while preserving cellulose for
downstream valorization, a dual objective essential to the
economic viability of integrated biorefineries.

3.5 Solid residual conversion and catalyst recovery

The carbohydrate-rich solid residue obtained under optimized
RCF condition (210 °C, 0.3%, acid, 0.5 h) were subjected to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Hydrogenolysis of the solid residue from acid-assisted RCF process, impact of (a) acid ratio, (b) temperature and pressure, (c) solid loading.
Reaction condition: 0.2 g residue in 10 mL pure water, 19, H,SO,4 content, 2 MPa initial H, pressure, 160 °C, 5 h, 700 rpm.

hydrogenolysis, using the Ni/C catalyst from RCF stage that
mixed with solid residue. To accelerate cellulose conversion,
sulfuric acid was introduced to via one-pot tandem acid
hydrolysis and catalytic hydrogenation (Fig. 5a). Control reac-
tions without acid (0%, H,SO,4) confirmed minimal cellulose
conversion (10%), yielding only 3.3% glucose and no detectable
alcohol products. Introducing 0.1%, H,SO, causes rapid
protonation of glycosidic linkages*® and liberated glucose
monomers which underwent sequential hydrogenation over Ni
sites, achieving 61% carbohydrate conversion. Sorbitol became
a major product at such condition, implying preferential
glucose hydrogenation over C-C cleavage.*® At 0.5%, acid addi-
tion, a significant shift in product distribution, characterized by
a sharp decline in sorbitol yield (to only 0.5%) and the
concurrent emergence of ethylene glycol (EG) production
(reaching 22.6%). Crucially, increasing the H,SO, concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry

further to 19, H,SO, drove carbohydrate conversion to 86.3%
and EG yield to its maximum value of 34.7%. Higher acid
concentrations (2.5%, to 10%,) marginally increased overall
conversion (up to 93.7%) but failed to further elevate EG yield
further, which plateaued at 32.4-34.7%.

Reaction temperature and hydrogen pressure was optimized
(Fig. 5b). Elevated temperatures universally enhanced overall
carbohydrate conversion, rising from 66.4% at 180 °C to 91.4%
at 220 °C. Crucially, EG yield maximized at 34.7% at 200 °C.
While conversion further increased at 220 °C, EG yield slightly
declined to 30.65%. This pattern signifies intensified competi-
tive reactions, likely retro-aldol condensation fragmentation
leading to C1-C2 products and/or dehydration/hydrogenation
cascades forming heavier byproducts at higher severity,™
reducing EG selectivity despite enhanced depolymerization.
Hydrogen pressure significantly modulated reaction pathways.

RSC Adv, 2025, 15, 43853-43865 | 43861
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Low pressure (1 MPa) severely suppressed both overall conver-
sion (78.6%) and critically, EG yield (15.5%), indicating insuf-
ficient hydrogen availability impedes key hydrogenation steps
required for EG formation from glucose retro-aldol fragments
(like glycolaldehyde).”* Elevating H, pressure to 2 MPa
dramatically boosted conversion to 86.3% and maximized EG
yield, while higher pressure (4 MPa) plateaued, suggesting
saturation of beneficial catalytic hydrogenation effects.

Notably, the solid loading investigation demonstrated that this
one-pot conversion system can maintain stable performance at
high solid/liquid ratios (Fig. 5¢). While conversion and product
yields showed only minor reductions below 60 ¢ L™ (eg,
conversion 80.1% and EG yield 31.8% at 60 g L"), a pronounced
downturn occurred above this threshold, with the sharpest
decreases correlating with solid loadings of 80 g ™" and higher,
due to transfer limitation. Such findings highlight a critical
balance for scale-up processing, where high solid loadings reduce
reactor volumes and operational costs by minimizing solvent use,
yet require enhanced mixing to overcome mass-transfer
constraints and preserve conversion economics in industrially
relevant contexts.

The Ni/C catalyst recovered from solid residue hydrogenolysis
was directly used in the RCF process. Morphological inspect of
recovered catalyst showed no obvious change compared with the
original catalyst (Fig. S8), and analysis on the recovered catalysts
through ICP-OES showed that only marginal (10.07 wt% vs.
10.86 wt%) leaching was observed for recovered catalyst. As shown
in Fig. 6, the recovered catalyst showed good stability in the first
reuse cycle, retaining approximately 90% of the initial monomer
yield during the second run. However, a significant increase in the
proportion of propenyl monomers was observed, potentially
attributable to the loss of reduction-active Ni sites caused by acid
exposure during RCF and hydrogenolysis processing.* A further
yield decrease occurred in the third cycle. Nevertheless, the cata-
lytic performance could be fully regained following catalyst

43862 | RSC Adv, 2025, 15, 43853-43865

regeneration, with monomer composition similar to those from
original catalyst.

4 Conclusion

This work establishes an efficient approach for valorizing lignin
and cellulose component in biomass through integrated RCF
fractionation and upgrading. The synergy of ethanol-water
solvent and acid addition considerably accelerated lignin oil
extraction and aromatic monomer formation. Crucially, 31%
monomer yield was obtained at 0 h under optimized low
phosphoric acid loading (0.3%, H3zPO,, 210 °C), achieving
a production efficiency of 3.44 mg monomers per g lignin per-
min. In contrast, high acid concentration stimulated both
propenyl monomers and phenol generation via dehydration
and dealkylation pathways. Time course study demonstrated
that precision acid concentration tuning and temporal opera-
tion window is critical, with 0.3%, phosphoric acid addition
unlocks dramatically accelerated monomer generation (43%
yield) within 30 min, while preserving cellulose integrity (92.5%
retention, 81.6% purity). The resulting cellulose-rich residue
serves as optimal feedstock for EG synthesis via tandem
hydrolysis and hydrogenolysis, where a specific sulfuric acid
concentration threshold (1%,) is essential to steer retro-aldol
fragmentation and maximize EG yield. The collected catalyst
maintained good stability and can be effectively regenerated for
recycle use. Overall, this cascaded, acid-modulated RCF bi-
orefinery approach establishes an efficient and scalable para-
digm for biomass fractionation and upgrading.
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