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Production of high-carbon-number hydrocarbon bio-aviation fuels
via catalytic hydrogenation of vanillin and non-catalytic condensation:
a mechanistic study with DFT and experimental insights jet fuels

from forest-derived vanillin, a lignin decomposition product, can be
sustainably produced via catalytic hydrotreating and non-catalytic
condensation to form C14 hydrocarbons. This renewable pathway
helps reduce greenhouse gas emissions, with optimal conditions
confirmed through carefully designed control experiments and
supported by density functional theory (DFT) calculations.
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Production of high-carbon-number hydrocarbon
bio-aviation fuels via catalytic hydrogenation of
vanillin and non-catalytic condensation: a mechanistic
study with DFT and experimental insights+}
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Jina Eun,

Lignocellulose or lignin present significant potential as sustainable feedstocks to replace petroleum-derived
resources through catalytic upgrading. Hydrodeoxygenation of phenolic molecules derived from ligno-
cellulose or lignin can produce cycloalkanes, but often forms low-carbon-number hydrocarbons, which are
more suitable for gasoline rather than high-carbon-number diesel or aviation fuels. This study investigates the
production of high-carbon-number hydrocarbons in the aviation fuel range from lignin-derived compounds,
using vanillin as a model. A two-step process was performed to achieve this: selective hydrogenation of vanillin
to vanillyl alcohol and creosol using 1 wt% ruthenium on carbon, followed by non-catalytic condensation and
subsequent hydrodeoxygenation of the condensates to cycloalkanes using 3 wt% ruthenium on HZSM-5. This
process yielded C14 aviation fuel precursor (19%) and C14 deoxygenated hydrocarbon (5%) whereas the one-
step process without the condensation step did not yield any C14 compounds. The reaction pathway was elu-
cidated through density functional theory calculations and control experiments with intermediates, providing
insights into the mechanisms of upgrading lignin-derived compounds for sustainable aviation fuel production.

1. This study proposes a sustainable approach to replacing petroleum-derived aviation fuels by producing bio-aviation fuels from lignocellulose-derived vanil-
lin. The deoxygenated C14 hydrocarbons synthesized in this work have the potential to substitute for naphthenes in current aviation fuel formulations.

2. While most current bio-aviation fuels primarily consist of paraffins, this study demonstrates the potential to produce high-carbon-number naphthenes,
enabling biofuels that closely resemble petroleum-based fuels.

3. Further research leveraging lignin- or lignocellulose-derived feedstocks to produce petroleum-like renewable bio-aviation fuels will help sustain the existing

petroleum-based industry infrastructure.
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1. Introduction

In response to growing concerns about achieving net-zero
emissions, particularly in the aviation sector, significant
research efforts have focused on developing bio-aviation fuels
from biomass.! While lipds are used for producing commer-
cial paraffin-based sustainable aviation fuels meeting inter-
national regulatory standards,” lignocellulosic biomass has
emerged as a promising alternative for carbon-neutral liquid
fuels because of its abundance and non-food nature.
Composed of cellulose, hemicellulose, and lignin, ligno-
cellulosic biomass has been studied for aviation fuel synthesis
via platform compounds derived from cellulose and
hemicellulose.>* However, lignin, the second most abundant
component in agricultural and forest residues, remains under-
utilized, highlighting the need for its valorization.” Although
many studies have explored the hydrodeoxygenation and
hydrogenation of lignin-derived model compounds to produce
gasoline-range alkanes,®’ these processes predominantly yield
low-carbon-number hydrocarbons, unsuitable for diesel and
aviation fuel applications.® Recent research has shifted toward
producing higher-carbon-number hydrocarbons, suitable for
jet and diesel fuels, through strategies such as alkylation® and
aldol-condensation.'® The preparation of high-carbon-number
phenolic compounds from lignin is expected to improve the
production of high-carbon-number hydrocarbons.'* For
example, the high-carbon-number phenolic compounds were
obtained via reductive catalytic fractionation of lignin, which
were further converted to high-carbon-number naphthenes
(cycloalkanes) using Ru/C, suppressing significant cracking.'?
The condensation of lignin-derived cycloalkenes using H form
of zeolite Y was also suggested to obtain C12 or larger hydro-
carbons."® In addition to the catalysts, deep eutectic solvent
was also used for the aldol condensation of phenolic com-
pounds to prepare the aviation fuels.*

Vanillin (VAN), a lignin-derived chemical, features various
oxygenated functional groups (aldehyde, methoxy, and
hydroxyl), making it a versatile precursor for forming higher-
carbon-number hydrocarbons. Recent studies have demon-
strated the potential for fractionating VAN from lignin with a
yield of 21.1 wt%,"” offering a foundation for large-scale VAN
production despite its relatively low yield from lignin. Most
research on VAN has focused on monomeric products such as
vanillyl alcohol (VANOL),'® creosol (CRSOL),"”” methyl-
cyclohexanol,'® and methylcyclohexane.'® Additionally, VAN
condensation has been proposed for producing higher-carbon-
number hydrocarbons,***" suitable for jet and diesel fuels,
though the detailed reaction mechanisms remain unclear.
This underscores the importance of further research to opti-
mize the production of such compounds.

Catalytic hydrotreating has been widely developed for pro-
ducing hydrocarbons from biomass-derived compounds.
Noble metals such as ruthenium (Ru),** palladium (Pd),** and
rhenium (Re),** along with non-noble transition metals such
as nickel (Ni),>> copper (Cu),*® and cobalt (Co),>” have been
used in these processes. Among these, Ru has exhibited excep-
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tional efficiency in hydrogenating oxygenated model com-
pounds, including guaiacol (GUA),>* levoglucosan,*® furfuryl
alcohol,*® eugenol,*® and VAN,*" as well as in converting actual
biomass-derived oils.’ Ru catalysts selectively hydrogenate C-O
bonds while minimizing undesired cleavage of C-C and
C—-(C=0) bonds. The choice of support material significantly
influences catalytic performance by adjusting metal dis-
persion, promoting metal-support interactions, and tuning
activity toward specific substrates.** Activated carbon, a widely
used catalyst support, offers advantages such as high surface
area, low cost, and stability at elevated temperatures in oxygen-
free environments. Moreover, its economic benefits include
ease of noble metal recovery through combustion, making it
preferable to traditional supports such as alumina and silica.*®
The efficiency of hydrogenation, hydrodeoxygenation, and
alkylation reactions can be modulated by solvent choice,
which stabilizes reactants and intermediates, dissolves sub-
strates, disperses catalysts, and sometimes acts as a reactant or
promoter.>* Biphasic reaction systems, particularly those invol-
ving water and organic solvents, are advantageous for
biomass-derived oils, as they enable product extraction from
the monophasic solvent, enhancing product yield and protec-
tion.>® Because of the high water content (15-30%) in biomass
pyrolysis 0il,*® biphasic systems provide a realistic simulation
of actual biomass-derived feedstocks. Water, because of its
environmental compatibility and ability to dissolve polar reac-
tants and intermediates, is commonly used in hydrodeoxy-
genation of VAN, often in combination with an organic phase
for continuous hydrophobic product extraction.'®?*”*® This
biphasic approach improves separation efficiency and product
stability, making it a practical solution for catalytic processes.
This study investigates the synthesis of high-carbon-
number hydrocarbons from VAN based on catalytic upgrading
of VAN and other biomass-derived reactants. In addition to the
production of VANOL,** CRSOL,*>*! cycloalkanes,'® and cyclic
alcohols*” from VAN, the production of high-carbon-number
hydrocarbons is achieved via the condensation of VANOL and
CRSOL, both obtained through the selective hydrogenation/
hydrodeoxygenation of VAN (Scheme 1). The resulting C14
cycloalkane is suitable for use in aviation and diesel fuels.
This study elucidates the detailed reaction mechanism
through experimental results and density functional theory
(DFT) calculations, providing critical insights for the selective
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Scheme 1 Aviation biofuels from lignocellulose-derived VAN.
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Table 1 Literature results of condensation of phenols and cyclic compounds

Reactant Catalyst Reaction conditions Yield and product
VAN (2 mmol) in 20 mL water and 10 mL  Ru/Hp Batch, 50 bar H,, 200 °C, 1 h 7% oxygen-free dimers
n-octane®!

VAN (3.3 mmol) in 15 mL water with a K,S0,, FeSO4-7H,0 Batch, 100 °C, 5 min 95% oxygenated dimer
microwave®?

VAN (1.8 mmol) in 30 mL water>° Al,05-cogelled Ru
Cyclohexanone™*

Cyclohexene™

Lignocellulose fast pyrolysis o0il°

HRF5015 resin (2 wt%)
Re,0,-B,05/A1,03

Ru/WO,-ZrO,

Pd/C then NiFe/TiO, then HY then

Batch, 40 bar H,, 270 °C, 2 h 48 area% deoxygenated
dimers®

50% dimers

95% dimers

Dimers formed

Batch, 100 °C, 10 h

Batch, 75-80 °C

Continuous flow, 180-270 °C,
100 bar H,

“ GC-MS-measured area% assuming 100% yields of deoxygenated monomers and dimers.

production of high-carbon-number aviation fuels from lignin-
or lignocellulose-derived feedstocks.

The condensation of lignin-derivatives to higher-carbon-
number compounds has been suggested in the literature
(Table 1). The condensation of VAN to its dimers was reported.
While the alkylation using homogeneous catalysts was
reported,”® the heterogeneous catalysts produced the dimers
via oxygen-functionality-involved alkylation.”>*" Notably, the
dimer reported from the homogenous catalysis differed from
that observed in this study.”® The condensation of saturated
compounds of cyclohexanone and cyclohexane was also
suggested, which requires the saturation of phenyl rings prior
to the condensation. In addition to these single compound
reactants, the condensation of phenolic compounds in the
lignocellulose fast pyrolysis oil was also suggested.” While
several studies have been reported for the condensation of
lignin-derivatives, the reaction mechanism has not been well
understood which can be important to improve the conden-
sation. Based on these observations, the goals of this study are
(i) to understand the reaction mechanism of VAN conden-
sation and (ii) to suggest how to improve the production of
dimers from phenolic monomers, VAN in this study.

2. Experimental section
2.1.

All chemicals were used without further purification.
Ruthenium(III) chloride hydrate (RuCl;-xH,0, >99.9%), palla-
dium(Il) chloride (PdCl,, 99%), chloroplatinic acid hexa-
hydrate (H,PtCls-6H,0, >37.5% Pt), nickel(II) chloride (NiCl,,
98%), cobalt(II) chloride hexahydrate (CoCl,-6H,0, 98%), GUA
(C,HgO,, >98.0%), VANOL (CgH,,0;, 98%), VAN (CgHgOs,
99%), 4-methyl cyclohexanol (C,H;40, 98%), activated char-
coal, methyl cyclohexane (C;H;4, >99%), and pyridine (CsH;N,
99.8%) were purchased from Sigma-Aldrich (Milwaukee,
Wisconsin, USA). CRSOL (CgH;00,, >98%) and ammonium-
form ZSM-5 zeolite (Si/Al = 50 mol mol™') were purchased
from Alfa Aesar (Ward Hill, Massachusetts, USA). n-Octane
(CgHys, 97%) was purchased from Daejung Chemicals and
Metals Co. Ltd (Siheung, Korea). Deionized (DI) water (18.2
MQ-cm) in this study was prepared using an AquaMax Ultra

Materials

This journal is © The Royal Society of Chemistry 2025

370 water purification system (Young In Chromass, Anyang,
Korea). Nitrogen gas (N,, 99.999%), helium gas (He,
99.9999%), argon gas (Ar, 99.999%), hydrogen gas diluted with
Ar (H,/Ar, 5% v/v), and carbon monoxide diluted with He (CO/
He, 10% v/v) were purchased from Sinyang Medicine (Seoul,
Korea).

2.2. Catalyst preparation

Activated carbon-supported Ru catalysts (1, 3, and 5 wt% Ru/C)
were prepared by incipient wetness impregnation. A solution
of Ru precursor (RuCl;-xH,0) was prepared by dissolving the
salt in DI water, using 5 mL of DI water per 10 g of support,
based on total pore volume (0.5 cm® g™') of activated carbon
support. The solution was slowly added to the activated carbon
while stirring with a glass rod. The resulting mixture was dried
at 105 °C for 16 h and then reduced under H, flow (50 mL
min~") at 350 °C for 3 h. Catalysts containing 1 wt% of Pd, Pt,
Ni, and Co (Pd/C, Pt/C, Ni/C, and Co/C) were prepared similarly
using the respective metal chloride precursors (PdCl,,
H,PtClg-6H,0, NiCl,, and CoCl,-6H,0). The 3 wt% Ru/HZSM-5
catalyst was also prepared via the impregnation method."® The
ammonium form of ZSM-5 (Si/Al = 50 mol mol™") was first cal-
cined at 550 °C for 4 h to obtain the protonated form
(HZSM-5). RuCl;-xH,0O was dissolved in 100 mL of DI water,
and HZSM-5 was added to the solution. After mixing for 3 h,
the water was removed by vacuum evaporation. The resulting
material was dried at 105 °C for 16 h and reduced under H,
flow (50 mL min~") at 500 °C for 3 h.

2.3. Catalyst characterization

N, physisorption was performed using a Micrometrics
(Norcross, Georgia, USA) ASAP2020 instrument. The Brunauer-
Emmett-Teller (BET) surface area was determined using the
BET model, while the micropore area was calculated through
t-plot analysis. The average pore diameters and the Barrett-
Joyner-Halenda (BJH) pore size distributions were obtained
from the desorption branch of the N, desorption isotherms.
Carbon monoxide (CO) chemisorption measurements were
performed using a BELCAT-M catalyst analyzer (MicrotracBEL,
Osaka, Japan) equipped with a thermal conductivity detector
(TCD). Prior to analysis, the catalyst (0.04-0.05 g) was reduced

Green Chem., 2025, 27, 7147-7159 | 7149
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at 350 °C for 1 h under H,/Ar flow (5% v/v). After cooling to
50 °C, a CO/He mixture (10% v/v) was pulsed over the sample
to quantify the amount of chemisorbed CO. Transmission elec-
tron microscopy (TEM) was performed using a Titan
80-300TM instrument (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) at the KIST Advanced Analysis Center
(Seoul, Republic of Korea). X-ray diffraction (XRD) analysis was
performed using a Rigaku (Tokyo, Japan) Dmax2500/PC X-ray
diffractometer, scanning at 2° min~" over a 26 range of 10-90°.
Pyridine-adsorbed Fourier transform infrared spectroscopy
(Py-FTIR) was performed using a Nicolet iS20 FTIR spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA). A cata-
lyst pellet (0.02 g) was prepared and treated with He at 300 °C
for 1 h to remove residual organics and moisture. Pyridine was
adsorbed onto the catalyst for 30 min, and the sample was
evacuated. FTIR spectra were recorded at 30 min intervals over
2 h. Quantitative analysis was performed using extinction
coefficients of 1.13 cm pmol™ for Brgnsted acid sites and
1.28 cm pmol ™ for Lewis acid sites.

2.4. Hydrogenation and condensation of VAN

Hydrogenation of VAN was performed in a 150 mL stainless-
steel autoclave reactor. The reactor was charged with VAN
(2 mmol), n-octane (15 mL), DI water (30 mL), and the required
amount of catalyst. Prior to the reaction, the reactor was
purged three times with H, at 20 bar. The reactor was then
heated in an electric furnace to the target temperature, with
the reaction time counted from the moment the desired temp-
erature was reached. Throughout the reaction, the reactor was
stirred at 520 rpm. After the reaction, the reactor was immediately
quenched using cold water (10 °C) to halt further reactions.
Compounds in the n-octane and water layers were analyzed using
gas chromatography-mass spectrometry (GC-MS) equipped with
an HP-5MS column (60 m x 0.25 um x 0.25 mm ID). Product
quantification was performed using a gas chromatograph
equipped with an HP-5 column (60 m x 0.25 pm x 0.25 mm ID)
and a flame ionization detector (FID). To prevent column
damage, 2 mL of the aqueous phase was extracted with 4 mL of
ethyl acetate before analysis. n-Hexadecane was used as an
internal standard for the quantification. The catalyst was recov-
ered from the liquid products by vacuum filtration and dried in
an oven at 105 °C for 16 h. The conversion of VAN and the yields
of the products were calculated using the following equations:

. moles of unreacted VAN
Conversion of VAN (%) = (1 — ———
initial moles of VAN

x 100 (1)

Yield of compound i (%) =
(moles of compound i) x (number of carbons in compoundi)
(initial moles of VAN) x 8

x 100
(2)

The reusability of the spent catalyst was evaluated by reco-
vering it through washing the remaining solid in the reactor
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with acetone after the reaction. The collected suspension was
vacuum-filtered using a Whatman syringe filter (0.45 pm), and
the recovered catalyst powder was dried at 105 °C for 16 h
before being used in the subsequent reaction.

2.5. Condensation of VANOL and CRSOL

The condensation of VANOL and CRSOL was performed in a
150 mL stainless-steel autoclave reactor without a catalyst.
VANOL and CRSOL (1 mmol each) were added to the reactor
along with a mixed solvent of n-octane (15 mL) and DI water
(30 mL). Prior to the reaction, the reactor was purged three
times with N, gas at 20 bar. The reactor was then pressurized
to 50 bar with N,, and the temperature was incrementally
adjusted to 50, 100, 150, or 200 °C. Once the target tempera-
ture was reached, the reaction was performed for 3 h. After the
reaction, the reactor was immediately quenched using cold
water (10 °C) to halt further reactions. Products in both the
water and n-octane phases were analyzed using the same gas
chromatography-mass spectrometry (GC-MS) and flame
ionization detection (FID) methods described in section 2.4.

2.6. Condensation of VAN, VANOL, and CRSOL

The condensation of VAN, VANOL, and CRSOL was conducted
in a 150 mL stainless-steel autoclave reactor. When a catalyst
was used, 1 wt% Ru/C (0.05 g) was added to the reactor. For all
reactions, the reactants (2 mmol each) were introduced into a
mixed solvent of n-octane (15 mL) andDI water (30 mL). For
the mixture of VANOL and CRSOL, 1 mmol of each reactant
was used. The reactor was purged three times with H, before
being pressurized to 50 bar with H,. The temperature was then
raised to 200 °C, and the reaction was performed for 1 h. After
completion, the reactor contents were immediately quenched
with cold water (10 °C) to halt further reactions. Products from
both the solid and liquid phases were analyzed using the
methods detailed in section 2.4.

2.7. Hydrodeoxygenation of condensed oxygenates

The hydrodeoxygenation was performed in a 150 mL stainless-
steel autoclave reactor. VAN (2 mmol) and 1 wt% Ru/C catalyst
(0.05 g) were added to the reactor containing a mixture of
n-octane (15 mL) and DI water (30 mL). The system was purged
three times with H,, after which the H, pressure was set to 50
bar, and the temperature was increased to 150 °C. The reaction
was performed for 3 h, followed by quenching with cold water
(10 °C). Subsequently, 3 wt% Ru/HZSM-5 catalyst (0.3 g) was
added to the reactor, and the system was again purged three
times with H,. The temperature was then raised to 200 °C, and
the reaction proceeded for 1 h. The reactor was quenched with
cold water (10 °C) upon completion. Products from both the
solid and liquid phases were analyzed using the methods
detailed in section 2.4.

2.8. Characterization of condensate

The reaction mixture was diluted with DI water and extracted
with CH,Cl,. The organic layer was washed with brine, dried
over anhydrous Na,SO,, filtered, and concentrated under

This journal is © The Royal Society of Chemistry 2025
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reduced pressure. The resulting residue was purified by
column chromatography on silica gel using a gradient of ethyl
acetate/hexanes (1:8 — 1:6). Remaining impurities were
removed via preparative thin-layer chromatography (ethyl
acetate/hexanes = 1:8). NMR spectra were recorded on a
Bruker (Tucson, Arizona, USA) 400 MHz spectrometer. 'H
NMR chemical shifts were referenced to residual CDCl; (6 =
7.26 ppm), while ">C NMR chemical shifts were referenced to
residual CDCl; (6§ = 77.16 ppm). All chemical shift data are
reported in & (ppm). Abbreviations used for 'H NMR data
include: s = singlet, d = doublet, and m = multiplet. The data
for the isolated condensate are as follows:

'H NMR (400 MHz, CDCl;) § 6.82 (d, J = 8.5 Hz, 1H),
6.72-6.59 (m, 4H), 5.51-5.37 (m, 2H), 3.86 (s, 3H), 3.84-3.79 (m,
5H), 2.18 (s, 3H); *C NMR (101 MHz, CDCl;) § 146.6, 144.8,
143.9, 143.5, 132.6, 132.2, 127.9, 121.5, 116.2, 114.3, 113.1, 111.4,
56.2, 56.0, 38.6, 19.4; Ry = 0.53 (ethylacetate/hexanes = 1/8).

2.9. Density functional theory calculation of product
molecules

DFT calculations were conducted using Gaussian 16 software®®
to explore the reaction mechanism and energy profile for the
condensation of VANOL and CRSOL. All molecular geometries
were fully optimized without constraints using the M06-2X func-
tional with the 6-311++G(d,p) basis set. Geometry optimizations
were performed with the 6-311++G(d,p) basis set. The optimiz-
ation was performed with ‘opt = maxcycle = 1000’ to ensure con-
vergence, followed by frequency calculations to confirm the
nature of the stationary points and to obtain thermochemical
corrections. The self-consistent field (SCF) procedure was con-
trolled using ‘scf = (xqc,maxcycle = 1000)’ to enhance conver-
gence reliability. All calculations were performed in the gas
phase. Frequency calculations were used to confirm stationary
points as minima (reactants, products, and intermediates) and
to compute zero-point energy and thermal corrections.

2.10. Density functional theory calculation of catalysts and
reaction mechanism

To examine the changes in reaction mechanisms and product
selectivity under adjusted reaction conditions, DFT calcu-
lations were performed using the Vienna Ab initio Simulation
Package (VASP).”” The Bayesian error-estimation functional
with van der Waals forces (BEEF-vdW) was employed to
describe the exchange-correlation energy of electrons.
Calculations utilized projector augmented wave (PAW) pseudo-
potentials, a plane wave energy cutoff of 460 eV, and the
RMM-DIIS algorithm. Gaussian smearing with a width of 0.1
eV was applied, and all atomic positions were relaxed until the
maximum force components were below 0.03 eV A™. A 2 x 2 x
1 Monkhorst-Pack grid was adopted for k-point sampling.
Frequency calculations were performed to determine zero-
point energy (ZPE) and thermal corrections. Reaction free
energies (AG) were calculated as:

AG = AE + AZPE — TAS (3)

This journal is © The Royal Society of Chemistry 2025
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where AE is the electronic energy, AZPE is the zero-point

energy correction, and TAS accounts for entropic
contributions.

3. Results

3.1. Catalytic hydrogenation of VAN

Hydrogenation and condensation of VAN were performed
using 1 wt% Ru/C at 200 °C under 50 bar H, (Fig. 1) based on
the screening results of carbon-supported metal catalysts
including Ru/C, Pd/C, Pt/C, Ni/C, and Co/C (Fig. S1t). Ru/C
was selected because it exhibited the higher VAN conversion
and the higher yield of phenolic dimer. For Ru/C, the product
distribution varied with the amount of catalyst used, offering
valuable insights into the reaction mechanism. Additionally,
reaction temperature and pressure were systematically adjusted
to evaluate their effects on catalytic performance. The optimal
reaction conditions were determined based on these experi-
mental results.

3.1.1. Effects of catalyst-to-substrate ratio. The catalyst-to-
substrate ratio was adjusted from 0 to 0.50 w/w to investigate
the selective production of VAN-derivatives using 1 wt% Ru/C
(Fig. 1 and Tables S1, S27). A discontinuity in catalytic behav-
iour was observed at catalyst/substrate ratios of 0.25-0.29 w/w.
At 150 °C, aromatic products including VANOL, CRSOL, and
their condensed dimer, 5-(4-hydroxy-3-methoxybenzyl)-2-
methoxy-4-methylphenol (1), were produced at catalyst/sub-
strate ratios of 0-0.25 w/w (Fig. 1(a) and Table S17). As the cata-
lyst amount increased, the yield of CRSOL increased while that
of VANOL decreased. The maximum yield of dimer 1 (14%)
was achieved at a catalyst/substrate ratio of 0.17 w/w. At cata-
lyst/substrate ratios >0.29 w/w, VANOL was completely con-
sumed, leading to the production of CRSOL and its ring-satu-
rated derivatives, including methylcyclohexane, 4-methyl-
cyclohexanol, and 2-methoxy-4-methylcyclohexanol. These
results suggest that the presence of VANOL is essential for the
formation of dimer 1, while ring saturation of CRSOL proceeds
only after the complete consumption of VANOL.

At 200 °C, CRSOL, GUA, 2-methoxy-4-methyl-cyclohexanol
(the ring-saturated form of CRSOL), 4-methylcyclohexanol, and
methylcyclohexane were produced, along with dimer 1
(Fig. 1(b) and Table S27). At catalyst/substrate ratios >0.29 w/w,
the formation of ring-saturated compounds, including methyl-
cyclohexane, 4-methylcyclohexanol, and 2-methoxy-4-methyl-
cyclohexanol, was predominant. In contrast, at catalyst/sub-
strate ratios <0.25 w/w, partially hydrogenated phenolic com-
pounds such as CRSOL, GUA, and dimer 1 were the major
products.

The structure of dimer 1 was confirmed by 2D NMR spec-
troscopy, including COSY, HSQC, and HMBC analyses (Fig. 2;
see ESI} for details). All proton and carbon signals were
assigned based on these spectra. Notably, the HMBC result
revealed key correlations: the proton at C7 exhibited %/ coup-
lings with C5 and C8, and *J couplings with C4, C6, C9, and
C13. Additionally, the methyl protons at C14 exhibited *J coup-
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Fig. 1 Effects of catalyst-to-substrate ratio at (a) 150 °C and (b) 200 °C
exhibiting products of CRSOL (2), GUA (3), dimer 1 (4), 2-methoxy-4-
methyl-cyclohexanol (5), 4-methyl cyclohexanol (6), methylcyclohexane
(7). (Reaction conditions: 2 mmol of VAN, a mixed solvent of 30 mL of DI
water and 15 mL of n-octane, 1 h of reaction time, 0.03-0.15 g of 1 wt%
Ru/C, 50 bar of H, pressure measured at room temperature.)

lings with C3 and C5, and %/ couplings with C4, further sup-
porting the proposed structure.

3.1.2. Effects of Ru metal loading. The hydrogenation of
VAN was modulated by adjusting the Ru metal loading (Fig. 3
and Tables S3, S47). For 1, 3, and 5 wt% Ru/C prepared in this
study, HAADF-STEM analysis exhibited that the average Ru
particle sizes were comparable, ranging from 0.93 to 0.99 nm
(Fig. S2 and Table S5). The high Ru dispersion is attributed
to the low Ru loadings and the high BET surface area of
carbon (724-1029 m> g~', BET surface area; Table S57).
However, the standard deviation of the Ru particle size for
5 wt% Ru/C was larger than those for 1 and 3 wt% catalysts,
suggesting that higher Ru loadings promoted the formation of
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larger Ru particles, even though the average particle size
remained relatively constant.

The catalyst-to-substrate ratio was fixed at 0.16 w/w (<0.25
w/w, as discussed in Fig. 1), and the reaction time was set to
1 h. At 150 °C, VANOL, CRSOL, and dimer 1 were produced
using 1 wt% Ru/C (Fig. 3(a) and Table S3t). However, with
3 wt% Ru loading, VANOL was not detected, and the yield of
dimer 1 decreased. This indicates that VANOL was rapidly con-
verted to CRSOL under these conditions, thereby suppressing
the formation of dimer 1, which is typically obtained by alkyl-
ation between VANOL and CRSOL. At 5 wt% Ru loading,
additional ring-saturated compounds derived from CRSOL
were observed, indicating increased hydrogenation activity at
higher Ru loading. At 200 °C, the production of ring-saturated
oxygenated and deoxygenated cyclohexyl compounds increased
with increasing Ru loading (1, 3, and 5 wt%), consistent with
the trends observed at higher catalyst-to-substrate ratios. These
results confirm that the formation of aromatic intermediates
(VANOL, CRSOL, and aromatic condensates) during hydrogen-
ation is favoured at lower catalyst loading. Based on the results
in Fig. 1 and 2, a reaction temperature of 150 °C and a Ru
loading of 1 wt% were identified as optimal for dimer 1
production.

3.1.3. Effects of H, pressure. The effect of H, pressure on
catalytic performance was evaluated at 150 °C using 1 wt% Ru/
C (Fig. 4(a) and Table S6f). An increase in H, pressure
improved the yields of VANOL, CRSOL, and dimer 1. Notably,
at a low H, pressure of 10 bar, dimer 1 was not detected,
despite the formation of both VANOL and CRSOL.

3.1.4. Effects of reaction temperature. The effect of reac-
tion temperature was investigated using 1 wt% Ru/C (Fig. 4(b)
and Table S7t). Complete conversion of VAN was achieved at
150-200 °C, along with the formation of CRSOL and dimer 1.
Consistent with the results in Fig. 1-4, dimer 1 was formed
across the 100-200 °C range in the presence of both VANOL
and CRSOL. The highest yield of dimer 1 (14%) was obtained
at 150 °C. However, at higher temperatures, the yield of dimer
1 decreased to 3%, which coincided with the complete
depletion of VANOL.

3.1.5. Effects of reaction time. The effect of reaction time
was examined under varying H, pressure (10-50 bar) (Fig. 5
and Table S87). At 10 bar H,, VAN conversion increased over
time, along with rising yields of VANOL, CRSOL, and dimer 1.
The maximum yield of dimer 1 (16%) was observed at 6 h. At
30 bar H,, the yield of VANOL decreased from 1 to 6 h,
accompanied by a decline in dimer 1 yield and a corres-
ponding increase in saturated cyclohexane and alkylcyclohex-
ane products. These results suggest that dimer 1 formation
requires the presence of VANOL, and its decline may be associ-
ated with subsequent hydrogenation to cyclohexanes. At 50 bar
H,, the yields of both VANOL and dimer 1 progressively
decreased over time, while the formation of saturated cyclohex-
anes increased. After 6 h, only saturated cyclohexanes were
detected, indicating that higher H, pressures favour complete
hydrogenation of phenyl rings.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Effects of (a) H, pressure measured at room temperature and (b)
reaction temperature exhibiting products of VANOL (1), CRSOL (2), and
dimer 1 (4). (Reaction conditions: 2 mmol of VAN in a mixed solvent of
30 mL of DI water and 15 mL of n-octane, 50-200 °C of reaction temp-
erature, 1 h of reaction time, 0.05 g of 1 wt% Ru/C catalyst, catalyst/sub-
strate = 0.17 w/w, 10-50 bar of H, pressure measured at room
temperature.)

3.2. Non-catalytic condensation of VANOL and CRSOL

To further investigate the formation of dimer 1 through the
condensation of VANOL and CRSOL, additional control experi-
ments were performed (Fig. 6 and Table S9t). These reactions
were performed without catalysts at 50 bar of N, (measured at
room temperature) for 3 h to prevent hydrogenation and
promote reactant condensation. No dimer formation was
observed at temperatures below 150 °C, whereas a 34% yield of
dimer 1 was achieved at 200 °C. These results suggest that
non-catalytic condensation requires a temperature as high as
200 °C.
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3.3. Condensation of VAN, VANOL, and CRSOL

To further understand the catalytic function and the reactivity
of intermediates, control experiments were conducted (Table 2
and Fig. S31). In the presence of a Ru/C catalyst, the reaction
with VAN produced dimer 1, along with VANOL and CRSOL.
VAN was first hydrogenated to VANOL and CRSOL, which sub-
sequently condensed to form dimer 1. However, other combi-
nations of reactants and intermediates did not undergo con-
densation in the presence of Ru/C. In a mixture of VANOL and
CRSOL with Ru/C, no condensation occurred; Instead, hydro-
genation produced CRSOL, 2-methoxy-4-methylcyclohexanol,
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Table 2 Condensation of VAN, VANOL, and CRSOL with or without
catalyst?

Reactant Catalyst Formation of 1
VAN Present Formed
VANOL Not formed
VANOL, CRSOL? Not formed
CRSOL Not formed
VAN Not present Not formed
VANOL Formed
VANOL, CRSOL? Formed
CRSOL Not formed

@Reaction conditions: 2 mmol of reactant (VAN, VANOL, or CRSOL)
each, 30 mL of DI water, 15 mL of n-octane, 0 or 0.05 g of 1 wt% Ru/C,
50 bar of H, pressure (measured at room temperature), 200 °C of reac-
tion temperature, 1 h of reaction time. ® Reactant: a mixture of 1 mmol
VANOL and 1 mmol CRSOL.

and 4-methylcyclohexanol. This outcome is attributed to the
presence of the Ru/C catalyst and high H, pressure, which
favoured hydrogenation over condensation. These findings
suggest that the preferential hydrogenation of VANOL and
CRSOL inhibits their condensation, indicating that optimal
conditions, such as high H, pressure and low catalyst-to-sub-
strate ratios, are necessary to increase the yield of dimer 1.

In the absence of catalysts, condensation to form dimer 1
was observed when the reaction was performed with VANOL or a
mixture of VANOL and CRSOL. However, when VAN was used as
the reactant, its hydrogenation to VANOL and CRSOL did not
occur, and no subsequent condensation was observed.
Similarly, no condensation was observed when CRSOL was used
alone. Notably, condensation occurred in reactions involving
VANOL or a mixture of VANOL and CRSOL, even under 50 bar of
H,. These findings highlight that the formation of dimer 1 pro-
ceeds via condensation between VANOL and CRSOL.

In addition to all the catalysis results of Ru/C under the
adjusted reaction conditions, the spent catalyst was used for

This journal is © The Royal Society of Chemistry 2025
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the condensation of VAN. Although this study focuses more on
the catalytic pathways than on the design of high-performance
catalysts, the spent Ru/C exhibited a decrease in both VAN con-
version and dimer 1 yield (Fig. S41). Because the condensation
between VANOL and CRSOL can occur without a catalyst, the
decreased VAN conversion indicates that the selective hydro-
genation of VAN to VANOL and subsequently to CRSOL
became less active. This catalyst deactivation can be attributed
to the well-known carbon deposition on the Ru metal surface
induced by hydrogenation.*®

3.4. DFT calculations for understanding the selective
hydrogenation

Based on the Ru particle size (0.93-0.99 nm) measured using
HAADF-STEM images as depicted in Fig. S5 and Table S5, all
mechanisms were modelled using a hexagonal close-packing
(hep)-based nanoparticle consisting of 57 Ru atoms (Rus,),*
corresponding to a particle size of approximately 0.5-1.1 nm
(Fig. 7 and S5%). This model has been frequently used in the
literature because of its small dimensions and representative
structure.’®”* The Rus, with an hcp structure has the (0001)
surface on the top, which is considered the catalytically active
phase, along with the (1010) and (1220) surfaces on the sides.
We calculated the relaxation of Ru cluster to obtain stabilized
geometry prior to analysing the Ru surface interacting with
molecules.

To investigate the effects of catalyst-to-substrate ratios on
product formation, we assumed that variations in catalyst
quantity at a fixed H, concentration alter the H* (chemisorbed
H atom) coverage per catalyst. Under this assumption, DFT cal-
culations were performed for two limiting cases: 0 ML H* and
1 ML H* models. To reduce computational cost, the 1 ML H*
model considered only the upper half of the Ru surface
covered with H* (denoted as 1 ML H*/Ru, compared with 0 ML
H*/Ru).

Prior to analysing the reaction mechanism, molecular
adsorption of VAN on the 0 ML H*/Ru and 1 ML H*/Ru sur-
faces was examined, with geometric representations of the
adsorbed configurations depicted in Fig. 7. On the 0 ML H*/
Ru surface, VAN chemisorbs with the phenyl ring and aldehyde
groups anchored to the Ru surface, while the methoxy and
alcohol groups orient away from it. In contrast, on the 1 ML
H*/Ru surface, the phenyl ring fails to chemisorb, and the
aldehyde group bonds to the edge site of the Ru particle.

To elucidate the hydrogenation mechanism of VAN on these
surfaces, free energy diagrams were generated via DFT calcu-
lations (Fig. 7 and S51). On the 1 ML H*/Ru surface (Fig. 7(a)),
the preferred conversion of VAN to CRSOL without the phenyl
ring saturation was suggested. Chemisorption of VAN (CgHgO3
(g)) through the aldehyde group (A0) is more thermo-
dynamically favourable than its physisorption (VP). The con-
version of VAN (A0) to CRSOL (A5) proceeds via a main
pathway involving the formation of a carbon monohydride
intermediate (A2), while the formation of VANOL (A1 to A3 to
CgH;005(g)) constitutes a by-product pathway. Notably, the
VANOL gas molecule can be easily chemisorbed to the Ru

This journal is © The Royal Society of Chemistry 2025
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molecule.

surface and subsequently converted through the main reaction
pathway. Further hydrogenation of adsorbed CRSOL to B1 is
hindered by a high energy barrier (AG = 1.63 eV), whereas
CRSOL desorption (A5 to CgH;,0,(g)) is more favourable (AG =
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0.49 eV), indicating that desorption dominates over further
hydrogenation.

On the 0 ML H*/Ru surface (Fig. 7(b1, b2 and b3)), selective
hydrodeoxygenation of VAN to CRSOL, followed by phenyl ring
saturation to 2-methoxy-4-methylcyclohexan-1-ol and sub-
sequent hydrodeoxygenation to methylcyclohexane, was
hypothesized based on the calculated reaction pathways. VAN
strongly chemisorbs and is hydrogenated to 4-methyl cyclohex-
anol (VAN to B3). Similar to the 1 ML H*/Ru case, the reaction
via a carbon monohydride intermediate (A0 to A1 to A2 to A4
to A5) represents the primary pathway, while the VANOL for-
mation pathway (A0 to A3 to CgH;005(g)) is less favourable.
Hydrodeoxygenation of VAN to CRSOL (A0 to A5) is preferred
over phenyl ring hydrogenation to 4-hydroxy-3-methoxycyclo-
hexane-1-carbaldehyde (A0 to al to a2 to a3 to CgH;403),
because of the higher energy barrier (AG = 1.16 eV) associated
with ring saturation. The phenyl ring of adsorbed CRSOL is
further saturated to 2-methoxy-4-methylcyclohexan-1-ol (A5 to
B1 to B2 to B3 to CgH;60,), which is then hydrodeoxygenated
to methylcyclohexane (CgH;60, to D1 to D2 to C;H,,). The
reaction pathway leading to 4-methylcyclohexanol (C2) may be
favoured over the alternative higher-energy pathway to
1-methoxy-3-methylcyclohexane (C4).

Based on the calculated pathways, CRSOL production is
favoured under the limiting case of 6 = 1 or at lower catalyst-to-
substrate ratios. The formed CRSOL can couple with VANOL to
form dimer 1. In contrast, the production of ring-saturated com-
pounds is preferred under the limiting case of 8 = 0 or at higher
catalyst-to-substrate ratios suppressing the formation of 1.

3.5. Hydrodeoxygenation of a mixed product containing
dimer 1

High-carbon-number hydrocarbons containing two cyclohexyl
groups were synthesized from dimer 1 via a two-step catalytic
hydrodeoxygenation process (Table 3 and Fig. S671), which can
be useful for the aviation fuels. In the first step, catalysis using
1 wt% Ru/C formed VANOL (10%) and CRSOL (43%), alongside
the partial retention of dimer 1 (19%). In the subsequent step,
3 wt% Ru/HZSM-5 was introduced into the reaction mixture
without removing the 1 wt% Ru/C catalyst. This led to the
hydrodeoxygenation of dimer 1, producing 1-(cyclohexyl-
methyl)-2-methylcyclohexane (1sat) and mono-cyclohexyl
derivatives, including 2-methoxy-4-methylcyclohexanol,
4-methylcyclohexanol, and methylcyclohexane. The lower yield
of 1sat (5%) and the higher yield of mono-cyclohexyl deriva-
tives (62%) compared to the first step results suggest the
potential cracking of dimer 1 into mono-cyclohexyl products.
The strong solid acids of crystalline ZSM-5 (Fig. S77) cracked
the hydrocarbons into smaller or gas-phase light hydro-
carbons, decreasing the yield of 1sat (Table S10t), although
high deoxygenation activity was still be achieved.*> Notably,
the methylcyclohexane and 1sat obtained in this process show
promise as components for aviation fuels. In the absence of
the initial condensation step to form dimer 1, a one-step
control reaction of VAN with 3 wt% Ru/HZSM-5 produced only
mono-cyclohexyl derivatives and did not yield 1sat. This obser-
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Table 3 Yield of products for the condensation then hydrodeoxygena-
tion of VAN

Product yield” (%)

Mono-

VANOL CRSOL 1 1sat cyclohexyls”

Control one-step using 73
3 wt% Ru/HZSM-5°

Frist step using 1 wt% 10 43 19

Ru/c?

Second step using 5 62

3 wt% Ru/HZSM-5°

“Product yields of first and second steps were measured based on the
quantity of VAN reactant. ” Compounds including 2-methoxy-4-methyl
cyclohexanol, 4-methyl cyclohexanol, and methyl cyclohexane. ‘The
control one-step hydrogenation of VAN. Reaction conditions: 2 mmol
of VAN, a mixed solvent of 30 mL of DI water and 15 mL of n-octane,
0.3 g of 3 wt% Ru/HZSM-5 catalyst, 50 bar of H, pressure (measured at
room temperature), 200 °C of reaction temperature, 3 h of reaction
time. ¥ The first step of two-step reaction is the hydrogenation and con-
densation of VAN. Reaction conditions: 2 mmol of VAN, a mixed
solvent of 30 mL of DI water and 15 mL of n-octane, 0.05 g of 1 wt%
Ru/C catalyst, 30 bar of H, pressure (measured at room temperature),
150 °C of reaction temperature, 3 h of reaction time. ¢ The second step
of two-step reaction is the hydrodeoxygenation of the product of first
step. Reaction conditions: a product mixture of first step as a reactant,
0.3 g of 3 wt% Ru/HZSM-5 catalyst, 50 bar of H, pressure (measured at
room temperature), 200 °C of reaction temperature, 3 h of reaction
time.

vation highlights the necessity of the condensation step for the
formation of C14 deoxygenated hydrocarbons.

4. Discussion

Based on the reaction results, a reaction pathway for the conver-
sion of VAN to hydrogenated and condensed products is pro-
posed (Fig. 8(a)). At a low catalyst-to-substrate ratio (<0.25 w/w),
the formation of GUA and CRSOL was observed. VANOL is
initially produced from VAN through the reduction of the alde-
hyde group to a hydroxyl group,® followed by its further conver-
sion to CRSOL. Partial demethylation also occurred, leading to
the formation of GUA. At a higher catalyst-to-substrate ratio
(>0.29 w/w), the ring saturation of CRSOL proceeded, leading to
the formation of methylcyclohexane. The non-catalytic for-
mation of dimer 1 requires the presence of both CRSOL and
VANOL,*® and the further conversion of CRSOL must be sup-
pressed to maximize the production of dimer 1.

To further investigate the possibility of non-catalytic con-
densation when VANOL and CRSOL coexist, DFT was employed
to analyse the reaction energy profile. Building on our previous
examination of dimer formation resulting in 1, we evaluated
the feasibility of the reaction through dehydration and electro-
philic substitution mechanisms. The computational results,
illustrated in the energy diagram (Fig. 8(b)), confirm that the
condensation reaction is both thermodynamically and kineti-
cally favourable. The reaction profile depicts three key states:
the initial state with separate VANOL and CRSOL molecules,
an intermediate state (INT) likely involving the alignment of

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Reaction pathway of hydrogenation and condensation of VAN
using Ru/C and (b) its energy profile for the condensation of VANOL and
CRSOL through the formation of intermediate (INT).

reactive groups, and the final product state representing dimer
formation. The transition from the initial state to the inter-
mediate involves an energy barrier of +9.6 kcal mol™, indicat-
ing kinetic feasibility under experimental conditions (200 °C).
The intermediate state is thermodynamically favourable, with
an energy decrease of —3.9 kcal mol™" relative to the initial
state. The final step to dimer formation exhibits a significant
energy decrease of —11.9 keal mol™", highlighting the strong
thermodynamic favourability of the condensation product.
Overall, the total energy change from reactants to the final
product is —15.8 kcal mol™', demonstrating that the entire
condensation process is thermodynamically driven. These
computational findings provide strong evidence that the con-
densation reaction between VANOL and CRSOL is both kineti-
cally accessible and thermodynamically favourable, corroborat-
ing the experimental observations of condensation occurring
in the absence of a catalyst when these compounds coexist.

5. Conclusion

In this study, a candidate for aviation fuel was prepared from
lignin- or lignocellulose-derived reactants. Aviation fuel precur-
sors, intended to be converted into high-carbon-number hydro-
carbons (C14), were successfully synthesized from VAN using a
two-step process involving both catalytic and non-catalytic reac-
tions. The reaction mechanism was proposed based on DFT cal-
culations and control experiments, which improved the under-
standing of phenolic compound condensation and suggested a
strategy for enhancing the production of high-carbon-number
hydrocarbons from lignin or lignocellulose. While the conden-

This journal is © The Royal Society of Chemistry 2025
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sation of lignin derivatives has been reported in the literature
(Table 1), this study focused on elucidating the reaction mecha-
nism to improve the condensation of phenolic compounds.

For the production of aviation fuel candidates, the first-step
reaction using 1 wt% Ru/C was performed to selectively hydro-
genate VAN into VANOL and CRSOL. The production of VANOL
and CRSOL was critical for the formation of the VAN dimer, as
confirmed by control experiments. The mixture of VANOL and
CRSOL was subsequently noncatalytically condensed to form an
aviation fuel precursor, achieving a 19% yield of dimer 1, the
structure of which was confirmed via NMR analysis, without the
formation of ring-saturated mono-cyclohexyl derivatives.

For the production of VANOL and CRSOL, selective conver-
sion of VAN without ring saturation was required, which was
successfully achieved by adjusting the catalyst (1 wt% Ru/C)-to-
substrate (VAN) ratio to 0.25 w/w or lower in the batch reaction
system. DFT calculations indicated that a high concentration
of adsorbed hydrogen on the catalyst surface, facilitated by
using less catalyst under constant H, pressure, favoured the
formation of VANOL and CRSOL over phenyl ring saturation
leading to cyclohexyl derivatives.

Further deoxygenation to hydrocarbons was successfully
performed via a second-step reaction using 3 wt% Ru/HZSM-5.
Oxygen-free high-carbon-number hydrocarbons (5% yield of
1sat) from dimer 1 and mono-cyclohexyl derivatives (62%
yield), not condensed to 1, were obtained from other com-
pounds. The formation of these high-carbon-number hydro-
carbons can improve the fuel properties of lignin- or ligno-
cellulose-derived compounds for aviation applications.

The high-carbon-number hydrocarbons produced in the
second step exhibit significant potential as bio-aviation fuels.
This work establishes a viable approach for synthesizing avia-
tion fuel precursors from biomass-derived VAN, emphasizing
the critical role of intermediate selectivity in the reaction
pathway. These findings provide a promising foundation for
developing sustainable and environmentally friendly fuels
from renewable resources. Future research will focus on opti-
mizing system efficiency and expanding the approach to a
broader range of biomass-derived feedstocks.

Abbreviations

VAN Vanillin (4-hydroxy-3-methoxybenzaldehyde)

VANOL Vanillyl alcohol (4-(hydroxymethyl)-2-methoxyphenol)
CRSOL Creosol (2-methoxy-4-methylphenol)

GUA Guaiacol (2-methoyxl phenol)

1 5-(4-Hydroxy-3-methoxybenzyl)-2-methoxy-4-methyl-
phenol (oxygenated dimer)

1sat 1-(Cyclohexylmethyl)-2-methylcyclohexane
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