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This work demonstrates the potential of low-cost cobalt catalysts supported on activated biochars from biomass
on the hydrodeoxygenation of isoeugenol, bio-oil model compound for the production of sustainable aviation
fuels. Co/biochar catalysts were obtained by pyrolysis and steam activation of rice husk, leather waste, and their
mixture, followed by metal impregnation, calcination, and reduction. Compared to Co/AC, (commercial active
carbon), Co/A-RH, (rice husk biochar), exhibited competitive isoeugenol conversion to propylcyclohexane (PCH)
at 300 °C, 30 bar, 4 h, with a higher initial rate (royPCH = 0.38 vs 0.34 mmol/min gc,), but lower PCH yield (55 %

DFT vs 75 %), due to hydrocracking. By kinetic modeling, the activation energy for PCH formation was determined to
be 151 kJ/mol. Comprehensive characterization revealed that Co’-Co?* synergy enhances HDO performance.
DFT calculations provided mechanistic insight into the HDO pathways, which were consistent with the experi-
mentally derived reaction network, and kinetic model.

1. Introduction

The transition to renewable energy is driven by the need to reduce
reliance on fossil fuels, to mitigate greenhouse gas emissions [1]. The
transport sector alone is responsible for nearly 23 % of global CO:
emissions, with aviation contributing significantly [2,3]. Sustainable
aviation fuels (SAF), derived from lignocellulosic biomass are consid-
ered promising solutions [ 3], with bio-oil from fast pyrolysis serving as a
key feedstock [4,5]. In this thermochemical process, biomass is
decomposed in the absence of oxygen, producing three fractions: a
liquid (bio-o0il), a solid (biochar), and a gaseous phase (biogas) [6]. The
composition of bio-oil is highly complex, containing over 200 oxygen-
ated compounds such as acids, aldehydes, ketones, furans, and phenolics
[7]. These compounds impart poor stability, low energy density, and
corrosiveness, rendering bio-oil unsuitable for a direct use as a fuel [8].
Hydrodeoxygenation (HDO) is therefore essential to improve fuel
properties by removing oxygen mainly through hydrogenation and

* Corresponding authors.

deoxygenation pathways [9-11]. The hydrogenation reactions are
facilitated by a metallic phase (Pd [12,13], Pt [14,15], Ir [15], Ru [11,
16-18], Ni [19-23], Cu [24-26], Co [27-32], Fe [33-35]) which is
effective in saturating double bonds and enhancing stability of the
reactive intermediates [36,37]. Among these, cobalt catalysts are
particularly promising for HDO because of their oxophilicity, given by
possible coexistence of cobalt in both metallic and oxide form [28,
38-40], that enhances their interactions with oxygenated species, pro-
moting effective C-O bond cleavage during HDO [25,38]. In addition,
cobalt offers a lower cost compared to noble metals [41]. In addition to
the metallic phase, oxyphilic compounds with acidic sites and oxygen
vacancies are crucial for the deoxygenation reactions and cleavage of
the C-O bonds (Fig. 1), as they promote dehydration, hydrogenolysis,
and adsorption of oxygenated compounds [13]. For this reason, tradi-
tionally metal oxides such Al-0s [42], SiO2 [43], TiO5 [11], CeO4 [31],
ZrO; [32] or highly ordered materials such as SBA-15 [23,30,32], and
zeolites [44-46] have been used as supports. However, some of these
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Fig. 1. Reaction
propylcyclohexane.

scheme for transformation of isoeugenol to

materials could suffer from hydrothermal instability, leading to catalyst
deactivation, especially in the presence of water produced during HDO
reactions [44]. Another important limitation concerns the high pro-
duction cost of ordered mesoporous oxides and zeolites [47-49]. In the
recent years, carbon-based supports have gained significant attention in
HDO process due to their stability, tunable porosity, and large surface
area, improving metal dispersion and reducing coke formation [18,
50-53]. Recently Chen et al. reported the use of carbon fibers as support
for a Pt-based catalyst in a fixed-bed reactor for the selective dehydro-
genation of methylcyclohexane, achieving a stability of 72 h [54]. An
additional advantage is that carbonaceous material can be produced
from renewable feedstocks, as biochar, the solid carbon-rich product
obtained from biomass. Unlike conventional carbon materials from
fossil precursors, biochar represents a renewable and low-cost alterna-
tive with distinctive surface chemistry and structural properties arising
from its biomass origin and pyrolysis conditions [55,56]. Biochar typi-
cally contains oxygenated surface groups that can promote deoxygen-
ation reactions [20], while its intrinsic hydrophobicity provides
resistance to water formed during the reaction, helping maintaining
catalyst activity over prolonged periods [20,50,55,57]. Several studies
have demonstrated the superior performance of biochar-supported cat-
alysts for HDO [58,59]. For example, Shu et al. [60] reported that
ruthenium supported on biochar derived from bamboo, coupled with
HSiW, showed higher catalytic activity and stability in the HDO of
guaiacol, than commercial Ru/C + HSiW, due to the improved metal
dispersion derived from the enhanced mesoporosity of bamboo-derived
biochar.

Biochar can be produced from virtually any biomass; however, the
feedstock strongly influences the final properties of the material, in
terms of surface functionalities, porosity, and stability [61,62]. These
physicochemical features can be further tailored through various treat-
ment procedures such as, for example, steam activation, which increases
the surface area and generates additional porosity [63,64]. For this
reason, it is important to explore the potential use of different feed-
stocks, especially industrial byproducts, that can be upcycled and used
as alternative catalytic materials, providing both environmental and
economic benefits.
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In this work, two waste feedstock was selected for the production of
steam activated biochars: rice husks (A-RH), and shavings waste derived
from a chromium-free leather tannery process (A-LS). The activated
biochar obtained by the co-pyrolysis of such biomass (A-RL) was also
considered, as previous investigations showed that combining the two
precursors allows modulation of the resulting properties [65]. The
choice of these feedstocks was motivated by several considerations: rice
is the single most important crop, being a staple food for over half of the
global population [66], while tannery industry generates large amounts
of solid waste, up to 70 % of the initial leather mass [67]. Moreover,
these types of biomass differ markedly in the chemical composition: rice
husk is a lignocellulosic biomass rich of silica, whereas animal-derived
leather shavings are rich in collagen and nitrogen-containing com-
pounds. Consequently, their derived biochars exhibit distinct structural
and surface properties, as previously reported [65]. The role of these
activated biochars was investigated in combination with cobalt as the
active metal phase for the HDO of iseoeugenol (IE). IE was selected as a
representative bio-oil compound because its methoxy, hydroxyl, and
propenyl groups make it an ideal probe for investigating the deoxy-
genation mechanisms relevant to bio-oil upgrading [68].

The use of Co catalyst in the HDO of complex molecules such as
isoeugenol (IE) remains underexplored, and to date, no examples of Co
supported on biochars for this specific reaction are reported in the
literature. Lindfors et al. were the first to investigate Co supported on
various oxides for the HDO of IE, finding Co/SBA-15 to be the most
effective, with 63 % of propylcyclohexane (PCH) yield [30], however,
SBA-15 is challenging to synthesize, requiring long preparation times,
the use of templating agents that must be removed by calcination, which
makes it costly and limits its large-scale application [47,48]. More
recently, Li et al. [52] reported excellent performance using Co sup-
ported on nitrogen-doped carbon (Co/NC), for the same reaction,
although the carbon support originated from the pyrolysis of a
triazine-based polymer, which is less environmentally benign than the
reuse of waste biomass. In contrast, biochar’s renewable nature makes it
a valuable offers a greener alternative, making it an attractive catalytic
support for SAF production, contributing to the reduction of aviation’s
carbon footprint [56,69].

The HDO of IE proceeds through two main pathways: hydrogenation
steps that saturate the allyl and aromatic moieties, and deoxygenation
steps (demethoxylation and dehydroxylation) that remove oxygen
functionalities. Understanding the interplay of these pathways is
essential for controlling selectivity and minimizing undesired side re-
actions. The overall transformation of IE to propylcyclohexane (PCH), a
valuable hydrocarbon for SAF production, is shown in Fig. 1 [70].

By exploring the intrinsic properties of carbon-based materials
alongside the catalytic activity, product distribution, and stability of this
system, this study aims to advance to the development of efficient and
sustainable catalysts for bio-oil upgrading. Comprehensive material
characterizations (TPR, NH3TPD, XRD, XPS etc.) revealed the syner-
gistic role of Co®/Co?* species in promoting HDO activity. Beyond cat-
alysts screening, a kinetic study combined with density functional
theory (DFT) calculations enabled the construction of a detailed reaction
network and quantification of activation barriers. This integrated
experimental-computational approach not only elucidates the reaction
mechanism of IE HDO but also provides design principles for optimizing
biochar-supported catalysts towards sustainable aviation fuel
production.

2. Experimental
2.1. Catalyst preparation

10 wt% Co/biochar were prepared by wet impregnation. Three
activated biochars, derived from rice husk (A-RH), leather shaving waste

(A-LS) and the co-pyrolysis of the two biomasses (A-RL), were used as
supports. As a reference, 10 wt% Co/AC was prepared, using
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Fig. 2. The Co(0001) (left) and CoO(111) right models used in DFT calculations with one adsorbed isoeugenol molecule.

commercial activated carbon as support. The four catalysts were
labelled Co/A-RH, Co/A-LS, Co/A-RL, and Co/AC, respectively. The
proper amount of Co(NO3), - 6 H20 (Sigma Aldrich) was dissolved in
250 mL of distilled water and placed in a round bottom flask. 0,9 g of
biochar were added to the solution. The suspension was kept under
stirring at 70 °C for six hours to allow adsorption of the metal in the
pores of the char. After six hours, water was removed by rotary evapo-
ration and the catalyst was dried at 110 °C overnight. After that it was
subjected to calcination under an inert atmosphere (argon) and reduc-
tion under Hj. The calcination and reduction temperatures were chosen
after Temperature Programmed Desorption and Temperature Pro-
grammed Reduction analyses respectively, to evaluate the temperature
of decomposition of nitrates and the reduction temperature of cobalt
oxide. Calcination was conducted at 350 °C in Ar (40 mL/min, tem-
perature program 10 °C/min, for 2 h). Reduction was conducted prior to
every reaction, at 450 °C in Hy (5 °C/min for 2 h).

2.2. Catalyst characterization

The metal content was measured by MP-OES (Perkin Elmer Optima
5300 DV Optical Emission Spectrometer), after digesting the catalyst (ca
50 mg) in a mixture of aqua regia (HCI:HNOj3 3:1) under microwave for
one hour. The textural properties of the supports, and the fresh and spent
catalysts were evaluated by N5 physisorption at —196 °C (Micromeritics
Tristar Plus II). The surface area was calculated by the BET method.
Temperature-programmed desorption (TPD), reduction (TPR), and NHg
desorption (NH3TPD) were performed with Microtrac Belcat II equip-
ment, coupled with mass spectrometer Pfeiffer Vacuum Omni Star. TPD
was performed in He (30 mL/min) with a temperature ramp of 10 °C/
min up to 100 °C for 30 min, 10 °C/min up to 800 °C for 20 min. TPR
was performed using a mixture of 5 % Hj in Ar (flow 30 mL/min) with a
ramp temperature of 10 °C/min from 50 °C to 800 °C, after a pre-
treatment in Ar (30 mL/min) at 200 °C for 2 h. NH3TPD was per-
formed after a reduction step: first the sample was reduced by a 5 % Hy
in Ar mixture (30 mL/min) with a temperature ramp of 10 °C/min from
50 °C to 450 °C and kept at these conditions for two hours. The system
was further cooled down to 100 °C, and a mixture of 5 % of NHs in He
(30 mL/min) was exposed to the sample for 30 min, followed by purging
in He (30 mL/min) for 60 min. The desorption was carried out in He
(30 mL/min) with a temperature ramp of 10 °C/min up to 800°C. The
final temperature was maintained for 20 min. Co particles size and
distribution were evaluated by Transmission Electron Microscopy
(TEM) using a JEM-1400 (voltage). The equipment used for analysis was
a Model JEM-1400Plus system (JEOL, Japan) with a maximal acceler-
ation voltage of 120 kV. Prior to the TEM analysis, the samples were
ground and suspended in ethanol. A drop of suspension was mounted on
a copper grid coated with a carbon film and the solvent was evaporated.
The particle size distribution of metal particles was determined by
measuring the diameter (d) of more than 300 particles visible in TEM

micrographs. The size of the metal nanoparticles was measured by
ImageJ software, and assuming the spherical shape, the dispersion was
calculated as Eq.1 [71]:

6xA

No + g x100 1)

Cprox

where A = atomic mass, p = metal density, c = average surface area
occupied by one atom and Np = Avogadro’s constant. Powder X-ray
diffraction measurements were performed by Panalytical Aeris Research
Edition diffractometer in Bragg-Brentano geometry, using Cu Ko radia-
tion and equipped with PIXcellD detector, in the diffraction angle 26
between 5° and 85°. The samples were first ground to powder using a
zero-background silicon sample holder. X-ray photoelectron spectros-
copy (Thermo Fischer Scientific, NEXSA XPS) was used to analyse the
active metals on the fresh and spent catalysts. Al Ka radiation was used
for the measurements with a spot size of 400 um. The peak fitting was
made with XPSPeak4.1 software, prior to peak fitting the Shirley back-
ground was subtracted from the data. C1s (284.8 eV) peak of the carbon
support material was used as a reference peak to take possible sample
charging into account.

2.3. Catalytic experiments

HDO experiments were carried out in a 300 mL semi-batch reactor
(PARR Instruments), equipped with a mechanical stirrer. In a typical
experiment the desired amount of the pre-reduced catalyst was added to
the system together with 50 mL of dodecane (Sigma Aldrich), used as a
solvent, and the proper amount of reactant/s. The catalyst particle size
was maintained < 63 pm and the stirring 900 rpm, to avoid mass
transfer limitations. The reaction was monitored by sampling the liquid
at specific time intervals. Co/A-RH was also reused for three catalytic
cycles. Prior to recycling, the catalyst was washed with acetone, dried in
air, and reduced at the same conditions as before the first use. The liquid
samples were analyzed by a gas chromatograph using a DB-1 capillary
column (Agilent 122-103e, 30 m x 250 pm x 0.5 pm). The temperature
program used for GC analysis was the following: 60 °C then 5 °C/min
and 3 °C/min to 135 °C then 15 °C/min to 300 °C (1 min). The con-
version, yield and selectivity were calculated upon calibration, using
isoeugenol (cis + trans) (Sigma Aldrich), dihydroeugenol (>99 %,
Sigma-Aldrich), 4-propylcyclohexanone (> 98 % TCI), propyl cyclo-
hexane (Sigma Aldrich). Conversion was calculated as Eq. 2:

IE* — mol, IE)>|<100 @

L
Conversion(%) = (mo ol I

* = or DHE
The products yield was calculated as Eq. 3:

3

rild(n) = (- MOBOUT) 100

mol; IE



L. Longo et al.

| 225-230°C

TCD Signal (arb. units)

—— Co/A-LS

T T ' T T T T T T
100 200° 300 400 500 600 700 800
Temperature (°C)

Fig. 3. TPD profiles of Co/A-RH (blue), Co/A-RL (red), and Co/A-LS (black).

The mass balance was calculated as Eq. 4:
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approach. For well converged results, the wave function cut-off of
450 eV was considered sufficient. For electronic occupancies, a Gaussian
smearing of 0.10 eV was used. An initial guess for the magnetic moment

Table 1

Textural properties of the supports and the catalysts.
Sample SpeT Smicro Viot Vmicro

(mZg—l) (ng—l)c (cm(}g—l)d (cmSg—l)e
A-LS 633 789 0.25 0.23
Co/A-LS 434 528 0.19 0.15
A-RL 445 463 0.17 0.12
Co/A-RL 330 362 0.13 0.09
A-RH 367 543 0.14 0.10
Co/A- 214 173 0.11 0.07
RH

AC 1113 1064 0.40 0.26
Co/AC 1010 823 0.32 0,14

aSurface area calculated by BET method. cMicropore surface area calculated by
t-plot method. dTotal pore volume calculated according to the adsorbed amount
of N2 and P/PO values near 0.98. eMicropore volume calculated by t-plot
method.

Table 2

Carbon balance(%) = (mOZrIE + Zm(’lrpmducts) %100 4 Co loading determined by ICP-MS analysis, Co particle size and metal dispersion,
moL,IE measured by TEM, and Sggr determined by N, physisorption.
Sample Cobalt drem Drem
. wt% (nm) (%)
2.4. DFT calculations
Co/A-LS 8 9.6 + 0.8 57.8
. . ) Co/A-RL 13 8.9+0.2 62.3
Density functional theory (DFT) calculations were performed as Co/A-RH 12 89402 62.3
plane waves, as implemented in VASP 6.4.1. The electron-nuclei in- Co/AC 16 8.2+0.2 67.6
teractions were captured with the project augmented wave (PAW)
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Fig. 4. N, adsorption-desorption isotherms of the supports (dotted lines) and the catalysts (solid lines).
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Fig. 6. TPR profiles of Co/A-RH (blue), Co/A-RL (red), Co/A-LS (black), and
Co/AC (green).

Table 3
TPR results of different catalysts.

Catalyst T1, max T2, max T3, max Relative total peak area normalized
Q) (9] Q) by catalyst mass
Co/AC 240 330 530 0.61
Co/A- n.a. 410 550 0.47
RH
Co/A- n.a. 430 475 0.96
RL
Co/A-LS 290 405 450 1

of Co of 1.7 was used in the spin-polarized calculations. Standard dipole
corrections and Grimme D3 van der Waals corrections were employed.
Due to the unit cell size, the Brillouin zone was sampled at a gamma
point only. The catalyst was modelled as a Co(0001) slab of four layers,
bottom two being frozen in their bulk positions (Fig. 2). These were
identified according to a hcp unit cell with constants of a = 2.476 Ac
=4.055A, a =B = 90°, and y = 120° during the bulk geometry opti-
mization (with 8x8x8 K-point mesh). For Co 2 + species, a CoO(111)
slab of four layers was modelled. The unit cell was optimized to con-
stants of a =b =3.011 A, ¢ =7.320 A, « = p = 90°, and y = 120. To
accommodate larger adsorbates and prevent spurious inter-cell in-
teractions, the computations used 6 x 6 supercells with 12 A of vacuum
in the z direction. A force threshold of 0.01 eV/A was used as a
convergence criterion in the geometry optimizations of stable in-
termediates and transition states. The latter were identified using the
dimer method and confirmed with the vibrational analysis, which
proved precisely one imaginary frequency. For larger adsorbates, such
as isoeugenol, we studied different positions on the surface were studied.
Adsorption energies were calculated as Eq. 5:

Eads = Exmlcture — Lcatalyst — Eadsarbate (5)

where Egpycnre is the total energy of the structure with catalyst and
adsorbed species, Ecqays is the total energy of empty catalyst and
Edsorbate 1S the total energy of the adsorbate in vacuum. Similarly, the
reaction energy and activation barriers were defined as Eq. 6:

AEqs = Eﬁnal - EinitialandEa = E1s — Einitial (6)

For elementary reactions involving more than one reactant or
product, they were considered adsorbed in separate cells to ensure
thermodynamic consistency regardless of the pathway (E; + E; —
Ecatalyst)~
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3. Results
3.1. Catalysts characterization

TPD analyses were performed to evaluate the decomposition tem-
perature of Co(NO3)s. In Fig. 3, the TPD profiles of the three biochar-
based catalysts are reported.

For all samples, a primary peak centered between 225 and 230 °C is
observed, along with two smaller peaks at higher temperatures
(550-650 °C). Mass spectrometry analysis indicates that the first peak
corresponds to the release of NO, H20, CO2, CO, Nz, and O2, suggesting
the decomposition of nitrates. The higher temperature peaks are asso-
ciated with the release of CO and COz, indicative of the decomposition of
the char’s functional groups. Based on these results, a calcination tem-
perature of 350 °C was selected to ensure complete decomposition of the
metal precursor. For all samples, calcination was performed under an
inert atmosphere (Ar flow).

The textural properties of the catalysts were evaluated and compared
to the pristine support by Nz physisorption analysis (Fig. 4, Table 1). The
results demonstrated that the porous structure of the biochars was
preserved across all catalysts. The isotherms exhibited characteristics of
both Type I and Type IV, indicating the presence of both micropores and
mesopores, respectively, with an H4 hysteresis loop, which is typical of
narrow slit-like pores in activated carbons [72]. However, cobalt
impregnation led to a notable reduction in total surface area, likely due
to pore blockage by the metal. The most significant surface area
reduction, a 44 % decrease, was observed for Co/A-RH, suggesting a
more uniform distribution of the metal across the surface of the material.

ICP-MS measurements (Table 2) indicated that Co/A-RH and Co/A-
RL retained a higher metal loading (12 wt% and 13 wt% respectively)
compared to Co/A-LS (8 wt%). The enhanced metal retention of A-RH
and A-RL with respect to A-LS is attributed to their intrinsic morphology
and microstructure, as reported in a previous work [65] (more infor-
mation about the chemical composition and the morphology of the
materials is reported in the Supporting Information, Fig. S1, Table S2).
These characteristics likely facilitated more efficient cobalt deposition
and interactions with the support, contributing to the higher metal
loading observed. Notably, the amount of effective Co measured for
Co/AC was the highest, being 16 wt%. This was particularly attributed
to a very high surface area of this material (1113 m2/g).

The particle size and distribution of metal particles on the catalysts,
as shown in Table 2, were determined by Transmission Electron Mi-
croscopy (TEM) analysis (Fig. 5). All catalysts exhibited average particle
diameters below 10 nm with a similar dispersion range (Dgy 58-68 %)
with the highest distribution on Co/AC, followed by Co/A-RH and Co/A-
RL. Despite a high surface area, the Co/A-LS catalyst displayed a broader
particle size distribution, including agglomerates larger than 50 nm,
indicating poor interactions between the metal and the support.

Temperature Programmed Reduction (TPR) was conducted to eval-
uate the reducibility of the cobalt species (Fig. 6, Table 3). Fig. 6 presents
the TPR profiles of the three biochar-based catalysts, and the compari-
son with Co/AC. The major reduction events, corresponding to the
reduction of cobalt oxide (CoO) to metallic cobalt (Co®), occur between
400 °C and 600 °C across all samples. Both Co/A-LS (black curve) and
Co/AC (green curve) show initial reduction peaks at 290 °C and 240 °C,
respectively, which are typically attributed to the reduction of Coz04 to
CoO [73], indicating a higher oxidation tendency for Co for Co/A-LS and
Co/AC. In the case of Co/AC (green curve), the primary reduction event
is characterized by a broad peak that begins at 330 °C and centers
around 550 °C. In contrast, the biochar-based catalysts exhibited two
main reduction peaks. These peaks were partially overlapping for
Co/A-LS (black curve, 405-450 °C) and Co/A-RL (red curve, 430-475
°C), while in Co/A-RH (410-550 °C) they appeared more distinct and
well-separated.

The differences in peak profiles and temperatures suggest that the
nature of the support significantly influences the reducibility of cobalt
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Fig. 7. XRD patterns of the catalysts before and after reduction. b) Co/A-RH, b) Co/A-LS, ¢) Co/A-RL, d) Co/AC.

oxides. The nature of this reduction event was unveiled by XRD analysis
before and after reduction, to identify the resulting cobalt phases
(Fig. 7). The reduction temperature was set at 450 °C for all samples.
According to data from the Crystallography Open Database (COD)
files, distinct diffraction patterns corresponding to the support and metal
phases were observed. All catalysts exhibited a similar amorphous phase
peak at 20 = 23°, which is attributed to the sp>-hybridized graphitic
carbon (002) crystalline phase. In all samples, signals corresponding to
the silica phase were clearly present. The silica derived from rice husk
predominantly exists in the form of cristobalite, while the silica in A-LS
is mainly quartz. In the A-RL samples, reflections characteristic of both
cristobalite and quartz are evident. No evidence of SiO, signal was
detected on Co/AC, in line with the low ash content (Table S2). For all
the calcined catalysts (represented by the blue, orange, gray, and light
green curves), the diffraction peaks associated with cobalt indicated the
formation of a face-centered cubic (fcc) structure of CoO. The charac-
teristic diffraction peaks at 36.3°, 42.3°, 61.5°, 73.4°, and 77.2° corre-
spond to the (111), (200), (220), (311), and (222) planes of CoO,
respectively [38,74]. After reduction, the Co/A-LS and Co/A-RL cata-
lysts exhibited complete reduction of Co(II) to Co(0), forming a hexag-
onal close-packed (hcp) structure. The characteristic diffraction peaks
for the hep phase were observed at 41.7° (100), 44.5° (002), and 47.5°
(101). In contrast, the Co/A-RH catalyst exhibited the coexistence of
both hcp and fcc phases of metallic cobalt, as indicated by a
low-intensity diffraction peak at 51.5°, corresponding to the (111) plane
of the fec Co structure. Additionally, a minor contribution from the oxide
phase was detectable in this sample [75]. A significant contribution from
the oxide phase was observed in the reduced Co/AC sample. These

findings align with TPR measurements (Fig. 6), suggesting that the
support influenced the reducibility of the cobalt phase, resulting in only
a partial reduction of Co for both Co/A-RH and Co/AC.

The surface chemical composition of the catalysts was investigated
by XPS. The deconvoluted Co 2p spectra are shown in Fig. 8, while the
corresponding binding energies and relative atomic percentage of cobalt
species are summarized in Table 4. The C 1 s and O 1 s binding energies
are reported in Table S1. The fitting of the Co2p region was done by first
subtracting the Shirley background from the data. All catalysts exhibited
a major peak (781.1 eV), along with the characteristic satellite peak
(786.6 eV), corresponding to the Co* [76], and a minor peak (~
778.8 eV) corresponding to the metallic Co? [38]. Notably, the atomic
ratio between Co® and Co®* followed the order Co/A-LS > Co/A-RL
> Co/A-RH > Co/AC. It should be noted that during the preparation of
the samples for XPS analysis, exposure to air led to partial surface
passivation. Therefore, a higher proportion of metallic cobalt is expected
under reaction conditions [28]. Nevertheless, the Co%/Co?* ratio follows
the same trend observed in the XRD results: the samples with a higher
Co® content, namely Co/A-LS and Co/A-RL, showed only the metallic
phase in XRD. Conversely, Co/A-RH and Co/AC, which showed a lower
amount of Co® by XPS, exhibited CoO reflections in XRD. This consis-
tency suggests that the presence of metallic cobalt detected by XPS
correlates well with the crystalline phases identified by XRD.

Given the documented cooperative effect between Co® and Co**
species, acting respectively as hydrogenation and acid sites [38,77], the
acidity of the catalysts was evaluated by NH3-TPD. The desorption
profiles are shown in Fig. 9, with the numerical values collected in
Table 5.
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Table 4
XPS results of Co 2p signals for the different catalysts.
Co/A-LS Co/A-RL Co/A-RH Co/AC
BE (eV) AC (at%) BE (eV) AC (at%) BE (eV) AC (at%) BE (eV) AC (at%)
Co 2p 781.1 93.8 781.1 94.5 781.1 95.4 781.1 96.8
778.6 6.2 778.8 5.5 778.9 4.6 778.7 3.2

All biochar-based catalysts exhibited a broad desorption peak around
150 °C, indicative of weak acid sites. In Co/AC, this peak shifted to
higher temperatures (around 245 °C). Co/A-RH (represented by the blue
curve) displayed two sharp peaks centered at 455-470 °C, while Co/AC
showed a broad peak at high temperatures, starting at 330 °C and
centered at 535 °C. In contrast, this peak was almost absent in Co/A-LS
and Co/A-RL. This observation indicates the presence of medium to
strong acid sites in significant concentrations only for Co/A-RH and Co/
AC. Comparison with the NH3TPD of the catalysts with the ones of the
bare support (Fig. S2) revealed no evident desorption signals can be
attributed to the support themselves. Therefore, the acidity observed in
Co/AC and Co/A-RH was attributed to the presence of CoO, which was
absent in the other catalysts, as confirmed by XRD analysis (Fig. 7). The
Co** species in CoO infer Lewis acidity, likely due to the electronic
deficiency of the cobalt cations [38]. These comprehensive character-
ization results clearly demonstrate that the nature of the support
significantly influences the metal distribution, metal-support in-
teractions, and the oxidation state of the metal, that can determine the

overall activity of the material, as will be discussed below.

3.2. Isoeugenol HDO

3.2.1. Preliminary experiments

HDO preliminary experiments were conducted using different
catalyst-to-reactant ratios to verify whether the reaction occurred under
kinetic control. The concentration of IE was kept constant at 2 mg/mL,
while the amount of Co/A-RH catalyst was varied (20, 50, 80 mg). The
results are reported in the Supporting Information (Fig. S3, S4, S5).

3.2.2. Screening of the catalysts

The catalytic performance of Co/A-LS, Co/A-RH, Co/A-RL, and Co/
AC in the hydrodeoxygenation (HDO) of isoeugenol (IE) was evaluated
at 300 °C under 30 bar hydrogen, using an initial IE concentration of
2 mg/mL and 50 mg of the catalyst (Table 6, Fig. 10). Due to different Co
loadings, the conversion and yield percentages were plotted against
normalized time, calculated by multiplying the reaction time by the
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Table 5
Results from NH3TPD of the catalysts.

Catalyst T1, max T2, max T3, max Relative total peak area
Q) Q) (O] normalized by catalyst

mass

Co/AC 245 n.a. 535 0.78

Co/A- 160 455 470 1.0

RH
Co/A-RL 150 400 450 0.87
Co/A-LS 110 420 n.a. 0.76

mass of metal in each catalyst. This normalization enabled a more ac-
curate comparison of catalytic activity and selectivity among the tested
catalysts.

Over all the catalysts, hydrogenation of the double bond in the allyl
chain of IE proceeded rapidly, leading to formation of dihydroeugenol
(DHE) (Fig. 10). Due to the fast reaction kinetics, it was not feasible to
monitor the conversion of IE to DHE [30]. Consequently, the study was
focused on tracking the conversion of DHE over time to assess the cat-
alytic performance of the catalysts. The initial rate for DHE trans-
formation followed the order: Co/A-RH > Co/AC > Co/A-LS > Co/A-RL
(Table 6). For Co/A-LS, the transformation rate declined after 30 min,
while the other catalysts remained highly active, achieving 100 % DHE
conversion. The initial DHE conversion rate correlated with the catalytic
acidity, as the catalysts with strong acid sites exhibited higher activity.
The most active catalyst (Co/A-RH) predominantly contained medium
to strong acid sites, and the second most active (Co/AC), had the highest
fraction of very strong acid sites (Table 5).

Multiple consecutive reactions were observed occurring over time:
demethoxylation of the -OCHs group and hydrogenation of the aromatic
were rapid, with 4-propylcyclohexanol (PCOL) emerging as the main
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product within the first hour of reaction. In parallel, 4-propylcyclohex-
anone (PCONE) was also detected, though it remained at low concen-
trations. PCOL was further converted into propylcyclohexane (PCH),
with a clear trend observed for the most active catalysts, Co/A-RH and
Co/AC. Co/A-RH demonstrated the highest activity, achieving complete
conversion of DHE within 1 min and nearly complete conversion of
PCOL to PCH within 240 min, with a maximum yield of 55 %. However,
Co/A-RH showed lower PCH yield compared to Co/AC (75.5 %), due to
a lower carbon balance (57.5 % Co/A-RH vs 75.2 % Co/AC). This dif-
ference was primarily attributed to a more pronounced occurrence of
hydrocracking side reactions in presence of Co/A-RH, due to a more
pronounced acidity. Evidence for these reactions was detected in the
liquid phase, as shown in the chromatograms (Fig. S6 a-d), recorded at
300 °C and 30 bar. When comparing the chromatograms recorded after
1 and 240 min, several new peaks appear as the reaction progresses.
Based on GC-MS analysis, these new peaks were identified as various
hydrocarbons, confirming that hydrocracking occurred during the pro-
cess. The chromatograms of Co/A-RH (Fig. S6 a,b) show much more
intense signals than the ones of Co/AC (Fig S6 c,d), and some small,
unidentified peaks at low retention time, attributed to lighter hydro-
carbons, are visible in figure S6b but absent in Figure S6d suggesting a
lower degree of hydrocracking with Co/AC. Although some of these
species may also originate from the solvent (dodecane), and indeed, the
possibility of co-processing fossil feedstocks with biomass-derived
compounds has been previously reported [33], it cannot be excluded
that also PCH, being an hydrocarbon itself, could undergo to hydro-
cracking. Notably, as it will be discussed in Section 3.4.1 and reported in
Table 8, when the temperature was decreased to 275 °C, the carbon
balance for Co/A-RH exceeded 95 % and the corresponding chromato-
grams (Fig. S6 e,f) displayed less pronounced peaks associated with
hydrocracking products. Nevertheless, other side reactions, such as
coking or polymerization, cannot be entirely excluded as contributing
factors to the reduced mass balance. These aspects will be further dis-
cussed in Section 3.5 Catalyst recyclability. It is worth noting that the
relation between acidity and carbon balance in this type of reaction has
been already reported in literature. For instance, in the HDO of iso-
eugenol over Pt-Beta zeolites, the sum of the liquid phase products
decreased with increasing acidity [46]. In addition, it was reported in
HDO of isoeugenol over Pt-Re/carbon catalysts that the liquid phase
mass decreased when pH of the catalyst slurry was ca. 6, while those
with a higher pH gave a nearly complete liquid phase mass balance [14].
PCH yield decreased in the following order: 75.2 % (Co/AC)
> 55.1 % (Co/A-RH) > 28.1 % (Co/A-RL) > 6.3 % (Co/A-LS) (Table 5).
Similarly, TEM analysis revealed that the average metal particle size of
these catalysts increased in the same order (Table 2), indicating higher
hydrodeoxygenation activity with more dispersed catalysts. Moreover,
the ratio between Co® and Co?" increased following the same order, as
confirmed by XRD and XPS analyses (Figs. 7 and 8). This increase was
correlated to a decrease of acidity, as evidenced by NH3TPD (Fig. 9),
indicating that the coexistence of Co® and Co?* species, and therefore
metallic and acid sites, is beneficial to improve the adsorption and
activation of oxygenated compounds, and promote C-O [38,78,79].
The Co* species, present as CoO nanoparticles with structural

Table 6
Results of the catalyst screening. Initial rates for DHE disappearance and PCH formation; DHE conversion and product yields at 240 min.
Entry Initial rate for DHE Initial rate for PCH formation (mmol/ DHE PCONE Yield PCOL Yield PCH Yield C balance
disappearance min gco) Conversion (%) (%) (%) (%)
(mmol/min gc,) (%)
Co/A- 0.68 0.05 86.2 5.5 20.0 6.3 45.4
LS
Co/A- 0.77 0.06 100 8.8 24.0 28.1 60.9
RL
Co/A- Large 0.38 100 0.7 1.7 55.1 57.5
RH
Co/AC 1.68 0.34 100 0 0 75.2 75.2
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Fig. 10. Reaction profiles of isoeugenol HDO over different catalysts. Reaction

900 rpm, 240 min.

defects, play a crucial role in coordinating oxygenated compounds.
These CoO nanoparticles contain oxygen vacancies that activate the C-O
groups [39]. Moreover, CoO with oxygen vacancies is a highly active
species for the heterolytic cleavage of H> [40]. As discussed in the
introduction, the synergistic effect of metallic cobalt and CoO in HDO is
well-documented. For example, Singh et al. highlighted that oxygen
vacancies formed on Co/CoO catalysts, derived from CosO4 reduction,
were pivotal for the demethoxylation of guaiacol [80]. Using this sys-
tem, the authors achieved 99 % conversion with 80 % selectivity toward
cyclohexanol, at 180 °C 20 bar H. Similar results were reported by Wen
et al. using Co/CeOz, leveraging the oxygen vacancies provided by the
support [31]. Additionally, Tian et. al. [29], demonstrated that CoOx
was the active site for the hydrogenation of furfural, yielding cyclo-
pentanone and cyclopentanol as the main products with a total yield of
82 %. In bimetallic CoNi, the presence of CoOx species lead to the for-
mation of oxygen vacancies, improving catalytic performance on HDO
of vanillin, yielding 100 % methyl cyclohexanol at mild conditions (200
°C, 1.0 MPa Hy) [79]. Similar synergy was found in CuCoOx catalysts for
the HDO of 5-hydroxymethyl furfural to dimethylfuran [24].

Further evidence of the synergistic effect between the two cobalt
oxidation states was obtained by comparing the catalytic activity of Co/
A-RH in its reduced form with that of Co/A-RH in its calcined form,
without an additional reduction step (Fig. 11). At 250 °C and 30 bar, the
reaction proceeded at a slower rate with the calcined Co/A-RH catalyst.
This resulted in a decrease in DHE conversion from 100 % to 72 %, as
well as a lower yield of PCOL (from 79 % to 50 %) and PCH (from 5.3 %
to 2.0 %) as the main products. Therefore, a balanced ratio of metallic
Co and CoO species and an appropriate number of acid sites are neces-
sary to prevent over-reactions, such as cracking, as observed for Co/A-

T T T T T T T T T
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T T T T T T T T T
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conditions: IE 2 mg/mL, dodecane 50 mL, 50 mg cat., 300 °C, 30 bar Hy,

RH.

The catalytic performance of the two best-performing catalysts from
this study was compared with the results reported in the literature.
Numerous studies have investigated the HDO of various phenolic com-
pounds, such as guaiacol, phenol, and anisole, utilizing both noble and
non-noble metal catalysts supported on various oxides, zeolites, and
carbon materials. However, the focus of this work was primarily on the
use of carbon-based supports and non-noble metals for the complete
HDO of eugenol or IE to PCH. A comprehensive overview of the relevant
literature data, particularly on carbon-supported and non-noble metal
catalysts for HDO reactions, is provided in Table 7.

The PCH yields obtained using Co/A-RH and Co/AC catalysts in this
study (55 % and 75 %, respectively) are competitive with other non-
noble metal systems, such as Ni/graphite (60 %, Table 7 entry 3) and
Co/SBA (63 %, Table 7 entry 9) [30]. These yields are also comparable
to those achieved with some noble metal catalysts, including Pd/C
+ HZSM-5 (64 %, Table 7 entry 7) [83], Ru/C + NbyOs (74 %, Table 7
entry 5) [81], RuRe/MWCNT (63 %, Table 7 entry 4) [18]. Notably, the
Pt/AC catalyst exhibits low yield of 25 % (Table 7 entry 1) [7], with
propyl guaiacol resulting the main product, suggesting that noble metals
often require the addition of oxophilic sites to enhance their perfor-
mance in HDO reactions. Some noble metal catalysts, such as Ru/CNT,
achieved a high PCH yield of 94 % (Table 7 entry 6) [82] likely due to
the combination of well-dispersed Ru on supports with a high surface
area, mechanical strength, and good chemical stability, resulting in
enhanced metal-support interactions and a higher density of active sites.
Among cobalt-based catalysts, the study by Lindfors et al. [30] showed
that Co/SBA-15 was the most efficient catalyst producing PCH, while
other supports like Co/SiO2, Co/TiO2, and Co/Al20s achieved yields of

10
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less than 10 %, which was attributed to the high dispersion of the cobalt
phase on the highly ordered mesoporous structure of SBA-15. However,
when considering the process as a laboratory-scale screening step to-
ward SAF production within an integrated biorefinery framework, the
scalability and cost of the catalyst become critical parameters. In this
context, biochar-based supports offer a clear economic and environ-
mental advantage [84]. Even accounting for potential cost reductions
upon scale-up, SBA-15 remains more suitable as a model mesoporous
support to investigate structure-activity relationships than as an in-
dustrial catalyst material [47,48]. In contrast, biochars derived from
secondary biomass such as rice husk represent a more sustainable and
circular alternative, combining low cost, renewable origin, and tunable
physicochemical properties suitable for large-scale applications.

3.3. Mechanistic considerations

To complement experimental data, the lumped reaction mechanism
as shown in Fig. 1, was expanded in more detail using DFT. The reaction
network was decomposed into all possible elementary steps, which are
characterized by the formation or cleavage of one bond at a time. Hence,
there is a need to account also for intermediates that are only stable
while adsorbed and cannot be experimentally isolated (e.g cyclodienes
and cycloolefins). It is difficult to imagine that three hydrogen molecules
are added to the aromatic ring at the same time. An alternative depicted
in Fig. 12 assumes sequential addition of six H atoms. Other options in
general are possible, like addition of a pair of adsorbed hydrogen or a
molecularly adsorbed hydrogen. In the current study sequential addition
of hydrogen atoms was only considered. Similarly, demethoxylation is
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usually modelled as a lumped step, but the exact mechanism among
several possibilities can only be inferred from atomistic mechanistic
studies. Even when it is in principle possible to distinguish between
different pathways, a fast conversion can make this unfeasible. For
instance, conversion of DHE to PCOL proceeds rapidly with no detect-
able intermediates. Hence, density functional theory (DFT) calculations
were performed to analyze the conversion of IE over Co(0001) surface,
chosen as representative and most stable cobalt surface [85]. Admit-
tedly, this is a simplified model of a more complex dynamic catalyst
structure.

Given the presence of four distinct active motifs - allyl, hydroxyl,
methoxy groups, as well as the aromatic ring - the hydrogenation of IE to
PCH can proceed through multiple pathways. Experimentally, it was
shown that the allyl group is saturated first, yielding DHE. While
demethoxylation always precedes dihydroxylation, it is challenged by
ring hydrogenation (as postulated in Fig. 1). Two general routes are
feasible: allyl hydrogenation, demethoxylation, ring hydrogenation,
dehydroxylation or allyl hydrogenation, ring hydrogenation, deme-
thoxylation, dehydroxylation, as depicted in Fig. 12.

The computational study, conducted without prior assumptions,
evaluated the activation barriers and the reaction energy change for the
possible pathways. First, the allyl double bond is saturated in two fast
reaction steps with barriers of 0.58 and 0.76 eV. The ensuing DHE is
most likely to be demethoxylated via the following intermediates R-
OCHjs, R-OCHj3, R-OCH, R-OC, and R to yield 4-propylphenol (R = 4-pro-
pylphenoxy). The last step is fast and effectively irreversible on account
of its high exothermicity, brough about by the expulsion of a stable CO
molecule.
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Table 7
Comparison of PCH yield obtained with different reported heterogeneous
catalysts.

Entry  Carbon based Solvent Reaction PCH Ref
catalyst conditions yield
(%)
1 Pt/AC" n-decane 2 h, 280 °C, 25 [71
30 bar
2 PtRe/C" dodecane 4 h, 300 °C, 84 [14]
30 bar
3 Ni/graphite” dodecane 4 h, 300 °C, 60 [30]
30 bar
4 RuRe/MWCNT”  heptane 1h, 200 °C, 63 [18]
30 bar
5 Ru/C + NbyOs* H;0 12 h, 250 °C, 74 [81]
-+ MeOH 11 bar
6 Ru/CNT" H>0 3 h, 220 °C, 94 [82]
+ dodecane 50 bar
7 Pd/C H,0 0.5 h, 240 °C, 64 [83]
+ HZSM-5" 20 bar
Entry  Non noble Solvent Reaction PCH Ref
metal-based conditions yield
catalyst (%)
8 Ni/SBA-15° dodecane 4 h, 300 °C, 75 [23]
30 bar
9 Co/SBA-15" dodecane 4 h, 300 °C, 63 [30]
30 bar
10 Ni/HZSM—-5" hexane 2 h, 250 °C, 56 [45]
30 bar
11 Ni/Al-SBA—-15- dodecane 2h 260 °C, 68 [22]
HZSM-5" 30 bar
12 Ni/Al-SBA—15" dodecane 2 h 240 °C, 85 [22]
20 bar
13 Co/A-RH dodecane 4 h, 300 °C, 55 this
30 bar work
14 Co/AC dodecane 4 h, 300 °C, 75 this
30 bar work
2 IE,
b Eu,

¢ IE4+DHE+ 4-allyl-syringol

In this pathway, the rate determining step is the cleavage of the first
C-H bond in the methoxy group, which has a barrier of 0.84 eV, while all
subsequent steps are much faster with barriers below 0.5 eV. Once 4-
propylphenol is formed, it undergoes stepwise ring hydrogenation to
form 4-PCOL. Again, the rate-determining step is first addition of a
hydrogen atom, which breaks the aromaticity of the ring with a barrier
of 1.15 eV and reaction energy of + 0.56 eV. Subsequent steps are faster
with barriers between 0.4 and 0.8 eV. Ultimately, 4-PCOL is dehy-
droxylated to PCH.

Small concentrations of PCONE and other intermediates are ascribed
to non-zero contributions of other pathways, shown in Fig. 12, on ac-
count of not dissimilar barriers. For instance, if DHE initially underwent
ring hydrogenation instead of demethoxylation, the kinetics and ener-
getics of hydrogenation steps would remain roughly the same. Also,
demethoxylation has a notoriously complex pathway, where R-OCH and
R-OCH;, can also cleave off CH and CHy, respectively, instead of H, only
to end up with a less reactive R-O, which can still convert to 4-propylca-
techol (PC).

Hydrogenation reactions are enabled by activated hydrogen atoms
residing on the catalyst. On Co(0001), the adsorption energy of H*
relative to 2Hz is —0.49 eV (Gibbs free energy of —0.19 eV), which
ensures highly active H*, as evidenced by the low energy barriers for
hydrogenation reactions. On CoO(111), which was used as a model for
Co?** species, the adsorption energy of H* is —2.67 eV on O and —1.10 eV
on Co*, which is prohibitively strong to allow efficient hydrogenation of
hydrocarbons. Thus, Co?* allows for facile Hz dissociation, while the
ensuing H* then spills over to Co(0), where it can hydrogenate eugenol
and other intermediates.
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3.4. Kinetic study

In terms of reaction kinetics, only a few studies reported the initial
rate for DHE conversion, with values of 0.30 and 6.17 mmol/min gmetal
for Ni-SBA-15 [23] and PtRe/C [14], respectively. The initial rate
observed for all the catalysts tested falls within the range
(0.68-1.68 mmol/min gnetal, Table 6), indicating competitive activity.
However, in the case of Co/A-RH, the disappearance of DHE was too fast
to determine the initial rate, showing a remarkable activity of this
catalyst. Therefore, Co/A-RH was chosen to investigate the reaction at
different conditions, to get better insights into its performance, reaction
network and activation energy of each step. In particular, the effect of
temperature, Hy pressure, catalyst amount and IE concentration were
evaluated, with the results listed in Table 8.

Remarkably, the use of biochar as a support for cobalt-based cata-
lysts offers several potential advantages, including lower costs, simpli-
fied preparation procedures, and a reduced environmental impact.
Biochar, being a sustainable and low-cost material derived from
biomass, provides an eco-friendly alternative to synthetic carbon sup-
ports, aligning with the goals of green chemistry and sustainable
catalysis.

3.4.1. Effect of temperature

The effect of temperature was clearly visible in the initial rate for
formation of PCH, as it increased with increasing temperature. As
detailed in Table 8 (entries 1-4) and illustrated in Fig. 13, increasing the
reaction temperature from 200 °C to 300 °C at a constant pressure of
30 bar resulted in an enhanced reaction rate.

The product distribution was notably temperature dependent. For
clarity, the yields of the main products obtained at different tempera-
tures (200-300 °C, 30 bar Hz, 240 min) are reported in Fig. S7 as bar
plots, providing a clearer visual comparison of the effect of temperature
on selectivity). At 200 °C, the predominant product was PCOL with a
yield of 84 %, while only 0.5 % of PCH was produced. As the tempera-
ture increased, the cleavage of the hydroxyl group’s carbon-oxygen
bond became more favorable, leading to a PCH yield of 55 % at 300
°C. This shift can be attributed to different temperature dependencies of
the hydrogenation and deoxygenation steps; hydrogenation, character-
ized by a lower activation energy, was favored at lower temperatures,
whereas deoxygenation, which has a higher activation energy, became
more favorable at elevated temperatures [11]. From the Arrhenius plot
of the initial rates of PCH reported in Fig. 14, the activation energy was
calculated as 182.9 kJ/mol. Notably, at 275 °C 45.0 % yield of PCH, and
44.7 % yield of PCOL were obtained, corresponding to a carbon balance
of 95.6 %. Consequently, 275 °C was selected as the optimal tempera-
ture for further investigations to minimize side reactions.

3.4.2. Effect of pressure

The effect of Hy pressure (between 10 and 40 bar) was investigated,
both at low temperature (200 °C) (Fig. 15, Table 8, entries 1, 5, 6) and at
high temperature (275 °C) (Fig. 16 and Table 8, entries 3, 7, 8). In both
cases, the increasing of Hj pressure had a positive effect on the reaction
rate. Higher pressure increases the solubility of hydrogen in the reaction
medium, and diffusion of hydrogen to the active sites, promoting hy-
drogenation steps. At 200 °C, the reaction occurred selectively only to-
wards the formation of PCOL, and the final yield rose from 55.0 % to
96.5 % as the pressure increased from 20 to 40 bar. These results are in
line with the study of Liu et al. [86] who investigated different Co based
catalysts (TiOy, HZM-5, ZrO, CeO,, SiO») in selective HDO of phenols to
cyclohexanols at relatively mild conditions. At 275 °C the C-O cleavage
of the PCOL hydroxy group was favored, and the initial PCH formation
rate increased as follows: 0.03 mmol/min/gc, at 10 bar, followed by
0.08 mmol/min/gc, at 20 bar and 0.18 mmol/min/gc, at 30 bar,
respectively (Fig. 17). Interesting to note that the apparent reaction
order in hydrogen clearly exceeds unity, as visible from Fig. 17.

The influence of pressure was less remarkable at a higher
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temperature, however, the PCH yield at 90 % DHE conversion increased
from zero at 10 bar and 20 bar to 37 % at 30 bar indicating that the
consecutive reactions are slow under low hydrogen pressures. The final
yields of PCH increased from 16.8 % < 25.6 % < 45 % when applying
10, 20 or 30 bar total pressure. The increase of pressure had also a
positive effect on the carbon balance, both at 200 °C and 275 °C, sug-
gesting that a high Hy pressure suppressed side reactions. This effect is
more pronounced at low temperature, where the reaction rate for HDO
is lower and therefore side reactions are more likely to occur. This result
is in line with Alda-Onggar et al. [15] reporting that the liquid phase
mass balance closure was also the highest in HDO of isoeugenol using
Ir-Re/Al,03 catalyst under the highest applied pressure, 40 bar.

3.4.3. Effect of IE concentration

The effect of the initial reactant concentration was investigated by
increasing the IE concentration from 2 mg/mL to 6.5 mg/mL, using
50 mg Co/A-RH, at 275 °C and 30 bar Hj, in 50 mL of dodecane.
(Table 8, entries 3, 9, 10). The experimental data for the initial rate of
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PCH formation as a function of IE concentration were best described by
Eq. 6 and Fig. 18, consistent with the Eley-Rideal type kinetics, sug-
gesting that the reaction involves the adsorption of one reactant (IE) on
the catalyst surface.

kCPy, kic

""=1TKC 1+KC ® )

At low IE concentrations, the rate increases almost linearly with
concentration, while at higher concentrations, the rate tends to an
eventual plateau due to the saturation of active sites. The adsorption
constant (K ~0.47 mL/mg) indicates a moderate affinity of IE for the
catalyst surface, balancing efficient surface interaction with limited site
saturation.

3.4.4. Kinetic modelling

Considering the experimental observations and the results from DFT
calculations, the reaction can be simplified to a reaction network shown
in Fig. 19 and consisting of six reaction routes, which implicitly include
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Table 8

Results from HDO of isoeugenol using Co/A-RH catalyst under different conditions.
Entry T (°C) P [IE] Cat. Initial rate for PCH formation  DHE PCONE Yield™  PCOL Yield™ (%) PCH Yield™® C

(bar) mg/mL (mg) (mmol/min gc¢,) Conversion® (%) (%) balance (%)
(%)

1 200 30 2 50 - 100 0 79 (84) 0 (0.5) 84.5
2 250 30 2 50 0.01 100 8(11) 67 (79.4) 1(5.3) 95.8
3 275 30 2 50 0.18 100 0(5.9) 73 (44.7) 37 (45.0) 95.6
4 300 30 2 50 0.38 100 n.a. (0.7) n.a. (1.7) n.a. (55.1) 57.5
5 200 20 2 50 - 79.4 n.a. (0) n.a. (55.5) n.a. (0) 75.8
6 200 40 2 50 - 100 0 83 (96.5) 0 96.5
7 275 10 2 50 0.03 100 13 (6.5) 60 (65.7) 0 (16.8) 88.9
8 275 20 2 50 0.08 100 12 (9.1) 69 (55.8) 0 (25.6) 90.5
9 275 30 3.5 50 0.23 100 10 (8.3) 90 (59.4) 3(27.4) 95.2
10 275 30 6.5 50 0.28 100 3(5.2) 65 (62.2) 1(20.5) 87.8
11 275 30 2 20 0.04 100 8 (5.6) 68 (72.7) 3(14.5) 92.9
12 275 30 2 80 0.33 100 n.a. (1.5) n.a. (24.7) n.a. (65.2) 91.0
13 275 (ID) 30 2 50 0.17 100 4.5 43.2 42.7 90.5
14 275 (II1) 30 2 50 0.17 100 8.4 58.6 34.6 99.0

2 after 240 min,
b at DHE conversion level of 90 %,

¢ in parenthesis after 240 min.
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Fig. 13. IE HDO over Co/A-RH at different reaction temperatures. Reaction conditions: 50 mg Co/A-RH (< 63 pm), IE 2 mg/mL, dodecane 50 mL, 30 bar Ha,
900 rpm, 240 min.

addition of dihydrogen:

IE — DHE (Lumped step 1) 4-PPHOL — PCOL (Lumped step 4)
DHE — 4-PPHOL (Lumped step 2) T CONE — PCOL (Lumped step 5)
4-PPHOL — PCONE (Lumped step 3) PCOL —~ PCH (Lumped step 6)

14
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where K; is the adsorption equilibrium constant and C; is the concen-
tration of the compound i. Preliminary data fitting indicated that D= 1.
In Egs. (7), (8) and (10)-(13) the reaction order in hydrogen was sent to
be equal to unity for simplification. For Eq. (9) the reaction order
exceeding unity was also tested giving the value close to 2, which was
then fixed.

The mass balances for each compound are given as (Eqgs. 15-21):

-3.54

4.0

-4.5

Equation
Plot

Weight

Intercept

Slope

Residual Sum of Squares
Pearson's 1

R-Square (COD)

Adj. R-Square
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-21994.26371 + 6841.09225
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Fig. 14. Arrhenius plot for PCH formation.

For initial estimates for their apparent activation energies, the ab
initio barriers for the first elementary step of each lumped step can be
used, since subsequent elementary steps are faster.

The reaction network takes into account a direct route in which 4-
PPHOL is hydrogenated to PCONE, and a parallel reaction route
where 4-PPHOL reacts directly to PCH via PCOL. Moreover, it is also
considered the transformation of IE to unknown compounds (U), to close
the carbon balance.

The following rate equations were proposed (Eqs. 7-14):

Degg/dt= -(r1+17)*p 15)
Dceppg/dt= (r1-12)*pg (16)
Dcy.ppror/dt= (r -r3-14)*pp a7
Depcone/dt= (r3-15)*pp 18)
Dcepcor/dt= (r4 +15-16)*pB 19
Depcn/dt= (16)*pr (20)
Dcynknown/dt= 17°pp @n

where pgis the catalyst bulk density (ﬁ)

i

Kinetic modelling was performed using MODEST software [87] by
solving the differential equations with the backward difference method.
For the parameter estimation the simplex and the Levenberg-Marquardt
methods were applied. The objective function 6 and the degree of ex-
planations were defined as (22-23):

0=3"i-%) 22)
~\2
R =1 ——g :; iiz (23)

In which y; denotes the estimated value and ¥, the mean value of

11=K1 *Clg*pua/D 7
1= P2 @ observations. The model fits are shown in Fig. 20 and Fig. S8, the
ro=Kko*cpyup*pu2/D (8) parameter values are given in Table 9, and the correlation matrix of the
B B 2 parameters is reported in Table S3. Overall, the model explains the
r3=ks*csppror” (Pr2) °/D ©) experimental data with a high degree of accuracy (93.14 %). In many
t4=Kks*capproL*Prz/D 10) cases, the model closely follows the experimental trends, indicating that
the kinetic parameters and reaction pathways chosen are appropriate for
rs=ks*cpcoNe*PH2/D 11 most conditions. However, a notable deviation is observed at 200 °C
1w . under 40 bar (Fig. S8).
Te=Ke"Cpcor”pra/D a2 Despite the uncertainty associated with some parameters, the ob-
r7=ky*cig*pra/D 13) tained kinetic constants allow drawing meaningful correlations with the
experimental data. Specifically, the calculated value of k;, correspond-
andD= 1+ ZKiCi a4 ing to the hydrogenation of IE to DHE, is extremely high, in agreement
with the experimental evidence that the saturation of the C=C bond
o 20bar © 30bar & 40bar
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Fig. 15. IE HDO at different pressures, low temperature. Reaction conditions: 50 mg Co/A-RH (< 63 ym), IE 2 mg/mL, dodecane 50 mL, 200 °C, 900 rpm, 240 min.
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Fig. 17. Initial reaction rate for PCH formation vs. pressure at 275 °C.

proceeds rapidly, even in the absence of a catalyst [88]. Conversely, the
values of ky and ks are much lower, however, comparable to each other,
thereby indicating similar rates of formation and consumption of the
intermediate 4-PPHOL. This could explain why this compound is not
detected during the experiments. Furthermore, the comparison between
ks and k4 suggests that the transformation of 4-PPHOL to PCOL (ky) is
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kinetically favored over the pathway leading to PCONE (ks), consistent
with the experimentally observed formation of PCONE in only minor
amounts and its absence at a lower temperature (200 °C). The small
value of ks also supports this interpretation, confirming that the route
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through PCOL is predominant. Finally, the low value of ke indicates that
the hydrogenolysis of the hydroxyl group, which leads to the final
product PCH, is the rate determining step of the overall network.

Not many examples of kinetic modeling for this reaction are reported
in the literature; therefore, our results were compared with those ob-
tained by Tieuli et al. using Ni/SBA-15 as a catalyst [23]. The calculated
kinetic constants and activation energies are comparable in the order of
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magnitude. However, Tieuli et al. described formation of propylcyclo-
hexane (PCH) through an intermediate propylcyclohexene species,
which was not detected under our experimental conditions. Conse-
quently, a direct quantitative comparison between the two models is not
straightforward, although both studies consistently identify the hydro-
genolysis step leading to PCH as kinetically demanding.

From the kinetic modeling, the activation energy for the formation of



L. Longo et al.

Table 9
The results from kinetic modelling.

Parameter Estimated Standard error (%)
ky 69.9 15.7
ko 0.09 8.9
ks 0.09 11.5
kq 19.0 16.7
ks 0.4810°4 54.0
ke 0.8110°* 6.4
ky 16.1 15.4
kJ/mol
Ea1 57.0 > 100
Eas 170 1.6
Eas 84.1 50.7
Eaq 30.4 > 100
Eas 87.8 86.2
Eag 151 6.3
Eaz 70.5 > 100

PCH resulted 151 kJ/mol, with a small error, indicating good parameter
confidence. This value is lower than the apparent activation energy
calculated by the Arrhenius plot from the experimental values
(182.9 kJ/mol, Fig. 14). This difference may stem from the inherent
simplifications of the Arrhenius approach, which does not account for
potential variations in reaction order, catalyst deactivation, or inter-
mediate equilibria. The lower activation energy from the model could
also reflect the influence of a rate-limiting step that becomes dominant
under specific conditions and is better resolved through detailed kinetic
modeling than from a simple global fit.

O lcycle ©O
104 @oOBns o0 0 la fal
o A
= A
2ol @
c
Q2
@ 60-
) A
>
c
G 40
o
w
T 204
o
04 0O
0 50 100 150 200 250
Time (min)
100 -
o
__ 80+ Qﬁg
°\° @ 6 é A
e B A
E60- o A
g B
~ 8
- o
3% &
[G]
250
04 DO
0 50 100 150 200 250
Time (min)

Applied Catalysis B: Environment and Energy 384 (2026) 126194
3.5. Catalyst recyclability

The stability and recyclability of Co/A-RH were evaluated over three
consecutive reaction cycles at 275 °C and 30 bar. Among the cycles, the
catalyst has been thoroughly washed with acetone, dried and then
reduced at the same conditions as for the first cycle. Solvent extraction
of the organic deposits was chosen despite of calcination to avoid
combustion of the support or substantial modifications to the carbona-
ceous structure due to oxidative treatment [89].

As depicted in Fig. 21, the catalyst exhibited good stability in the first
2 cycles, maintaining consistent activity. A slight decline in performance
was observed in the third cycle, with approximately a 10 % decrease in
the final yield of PCH, denoting a partial deactivation occurring during
the third cycle. However, it is noteworthy that the initial reaction rates
for PCH formation remained almost unchanged across all three cycles
(Table 8), suggesting that the active sites were still accessible at the
beginning of each reaction and that deactivation primarily affected the
later stages of the process. TEM microscopy and ICP analyses of the spent
catalyst demonstrated that no leaching or sintering of the Co nano-
particles occurred (Fig. 22, Table 9). Although the nanoparticles showed
a slightly broader size distribution compared to the fresh catalyst
(Fig. 22), the average diameter was smaller (7.7 + 0.3 nm vs 8.9
+ 0.2 nm, Table 9).

This reduction in size could be attributed to the partial reduction of
Co in the reaction environment, leading to shrinkage of the nano-
particles due to the loss of the external oxide layer. XPS analyses
confirmed this, showing a higher contribution from the Co° signal in the
spent Co/A-RH catalyst (ca. 11 % vs 5 %) (Table 10) [28]. The slight
decrease in activity can be therefore correlated with an increase of the
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Fig. 21. Catalyst recyclability. Reaction conditions: 50 mg Co/A-RH (< 63 pm), dodecane 50 mL, IE 2 mg/mL, 275 °C, 30 bar H, 900 rpm, 40 min.
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Table 10
Characterizations of the fresh and spent Co/A-RH catalyst: CHNS, ICP, TEM and
XPS.

Sample C H N S Co Drem Co 2p (eV)
(%) (%) (%) (%) wt (nm) (atomic %)
%
Co° Co?*

Co/A-RH 31.99 098 039 0.06 12 8.9 778.9 781.2
fresh +0.2 (4.6) (95.4)
Co/A-RH 3499 095 039 0.06 12 7.7 778.6 781.9
spent + 0.3 (11.4) (88.6)

metallic cobalt phase, as also reported by Shetty et al., who confirmed
the crucial role of Co?" in the hydrogenolysis processes [90]. Moreover,
CHNS analyses (Table 10) revealed a slight increase in carbon content on
the spent catalyst, suggesting that even after washing, a small residue of
heavier organic compounds remained on the material, probably in the
form of coke. These organic deposits, along with the partial reduction of
the metal phase, contributed to minor deactivation of Co/A-RH after
three reaction cycles. However, the absence of leaching and sintering is a
highly positive outcome for this biochar-based catalyst, highlighting its
potential stability in the repeated use. Further optimization of reduction
conditions and surface cleaning strategies could help mitigate deacti-
vation, enhancing the catalyst longevity and performance.

4. Conclusions

In this work, for the first time the use of cobalt on biochar-based
catalysts was investigated for hydrodeoxygenation of isoeugenol, as a
bio-oil model compound. Among the tested catalysts, Co/A-RH derived
from rice husk demonstrated the best performance, achieving full con-
version IE within a few minutes, achieving 55 % yield of propylcyclo-
hexane after 240 min at 300°C and 30 bar H,. A decrease in the reaction
temperature by only 25 °C drastically improved the carbon balance from
57.5 % to 96.5 %, suppressing side reactions. Also Co/AC, supported on
a commercial active carbon demonstrate high activity, reaching 75 % of
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PCH yield at the same conditions. The superior performance of these two
catalysts was attributed to the good metal dispersion and the interaction
with the support, resulting in a partial reduction which led to the
coexistence of Co® and Co* species. The synergy between these sites
enabled efficient hydrogenation and C-O bond cleavage while main-
taining stability during recycling, with no evidence of metal leaching or
sintering. A slight decrease in activity after reuse was attributed to
increased ratio of Co® phase, and surface coverage by reaction residues.

Considering the impact of various reaction parameters (temperature,
pressure, IE concentration), a detailed reaction network was proposed
and explored using the DFT calculations, allowing the calculation of the
rate constants and the activation energies for each reaction route. These
results demonstrate the potential of biochar-derived supports for
designing efficient and stable catalysts for hydrodeoxygenation
reactions.
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