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Abstract: Lignin is one of the main structural components of lignocellulosic biomass
and can be utilized to produce phenolic compounds that can be converted downstream
to cycloalkanes and aromatics, which are useful as drop-in road or aviation biofuels.
Within this study, the hydrodeoxygenation of model phenolic/aromatic compounds and
surrogate mixture simulating the light fraction of lignin fast-pyrolysis bio-oil was performed
under mild reaction conditions. Ni/BEA zeolite was selected as a catalyst to investigate
the conversion and the product selectivity of alkyl phenols (phenol, catechol, cresols),
methoxy-phenols (guaiacol, syringol, creosol), aromatics (anisole, 1,2,3-trimethoxybenzene)
and dimer (2-phenoxy-1-phenyl ethanol) compounds towards (alkyl)cycloalkanes. The
hydrodeoxygenation of a surrogate mixture of eleven phenolic and aromatic compounds
was then studied by investigating the effect of reaction conditions (temperature, time, H2

pressure, surrogate mixture concentration, and catalyst-to-feed ratio). The conversion of
model compounds was in the range of 80–100%, towards a 37–81% (alkyl)cycloalkane yield,
being strongly dependent on the complexity/side-chain group of the phenolic/aromatic
ring. Regarding the hydrodeoxygenation of the surrogate mixture, 59–100% conversion
was achieved, with up to a 72% yield of C6–C9 cycloalkanes. Characterization of spent
catalysts showed that the hydrodeoxygenation of surrogate mixture led to carbonaceous
depositions on the catalyst, which can be limited under lower temperatures and longer
reaction conditions, while after regeneration, the physicochemical properties of catalysts
can be partially recovered.

Keywords: lignin fast-pyrolysis bio-oil; surrogate mixture; phenolic compounds;
hydrodeoxygenation; cycloalkanes; sustainable aviation and road fuels; Ni/BEA
zeolite; deactivation

1. Introduction
Nowadays, aviation companies as well as public organizations have enacted new di-

rectives for replacing (at least partially) conventional, petroleum-based aviation fuels with
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sustainable aviation fuels (SAFs) originating mainly from biomass. According to the Euro-
pean Commission’s directive, SAFs should be blended with kerosene-type fuels at 2% in
the final fuel mix during 2025, with the percentage gradually increasing to 70% by 2050 [1].
Aviation fuels are typically composed of normal and iso-paraffinic C8–C16 hydrocarbons,
while aromatic hydrocarbons and cycloparaffins also exist in lower amounts. Till now, the
most promising feedstocks for the production of bio-renewable aviation fuels are lipids
derived from vegetables, animal fats, and microalgae enriched in fatty acids and triglyc-
erides. After suitable extraction processes, lipids can be converted to C8–C16 hydrocarbons
via hydrotreatment and utilized as jet fuel or green diesel fuel [2–5]. Apart from lipids,
lignocellulosic biomass can be utilized to produce bio-based aviation fuels. Carbohydrates
of lignocellulosic biomass (cellulose and hemicellulose) can provide linear and branched
paraffinic hydrocarbons, while lignin can be converted to aromatics and cycloalkanes [6].
Sugars can be converted to C8–C15 hydrocarbons via cascade hydrolysis/dehydration,
condensation/coupling, and hydrodeoxygenation reactions [7–11].

Focusing on lignin, the production of aviation fuels requires two steps: the initial
depolymerization of lignin to phenolic/aromatic bio-oils, and the subsequent hydrodeoxy-
genation of bio-oils to cycloalkanes and aromatics. The depolymerization of lignin is usually
carried out via thermocatalytic processes, such as fast pyrolysis and hydrogenolysis to
produce phenolic/aromatic bio-oils with high oxygen content, which results in poor quality
and stability [12–17]. Although catalytic fast pyrolysis can substantially decrease the oxy-
gen content of lignin bio-oils, downstream catalytic hydrotreatment/hydrodeoxygenation
is required to enhance deoxygenation along with aromatic ring saturation depending
on catalyst and process conditions [18,19]. The complex nature of lignin bio-oils hin-
ders the effective conversion of bio-oils to hydrocarbons, and thus fundamental research
has been carried out utilizing model compounds. A wide variety of alkoxy- and alkyl-
phenolic/aromatic compounds have been utilized as model compounds, including phenol,
guaiacol, syringol, cresols, catechol, anisole, vanillin, etc. containing at least one O-H,
C-O-C, or C-C bond [20–28]. Apart from phenolic/aromatic monomers, dimers simulat-
ing the most abundant interunit linkage of lignin (β-O-4, β-β, β-5, etc.) have also been
used [25,29–34]. Hydrodeoxygenation studies of real lignin bio-oil fractions have been
rarely reported. More frequently, whole-biomass pyrolysis bio-oils have been used and
studied for the production of cycloalkanes and aromatics [21,35–37].

The hydrodeoxygenation efficiency and selectivity of the products are strongly depen-
dent on the catalyst properties. Classic hydrotreatment catalysts based on NiMo supported
by Al2O3 are widely utilized in the hydrodeoxygenation of phenolic compounds but mainly
lead to the formation of intermediates rather than complete deoxygenated products [38,39].
Aiming to overcome the main drawbacks of those catalysts, such as the low deoxygenation
efficiency, the coke formation tendency, and the continuous need for sulfidation along with
the higher hydrogen pressure required, bifunctional catalysts have been developed for
the hydrodeoxygenation of phenolic compounds [40,41]. Bifunctional catalysts are based
on noble or transition metals supported mainly by acidic aluminosilicates, i.e., zeolites,
silica-alumina, etc., combining both Brønsted and Lewis acid sites [42]. Regarding the
metal, noble metals, such as Pt, Ru, and Pd, and transition metals, such as Ni, Fe, and
Co, are widely used in the hydrodeoxygenation of phenolic compounds, but nickel has
been recognized as a cheap, abundant, and effective metal for this reaction/process [43–45].
Furthermore, a wide variety of metal oxides, such as TiO2 and ZrO2, have also been used
as supports in the hydrodeoxygenation of model compounds and real biomass pyrolysis
bio-oil [21]. It has been shown that the physicochemical characteristics of the supports
and metal–support interactions may have a significant impact on the reaction pathway
and product selectivity [46–48]. Zeolites, being amongst the most studied materials as
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supports for the hydrodeoxygenation of phenolics and real bio-oils, are crystalline alu-
minosilicates with different structures and micro/mesoporous and acidic properties that
exhibit good stability and the ability to control product selectivity. Zeolite-based catalysts
have been used in the hydrodeoxygenation of real bio-oils and a wide range of phenolic
compounds with different side groups [18,20,29,34,49–53]. Tailoring of acid site content and
strength, as well as the structure/size of micro/mesopores, may minimize coke formation
and steric hindrance phenomena, leading to enhanced conversion and selectivity of the
targeted cycloalkanes [20,34,49].

The aim of this work is the optimization of the hydrodeoxygenation of a surrogate
mixture simulating the light fraction of lignin fast-pyrolysis bio-oil. Based on previous
studies [20,49,54], a Ni/BEA catalyst was selected as the optimum catalyst for hydrodeoxy-
genation under relatively mild reaction conditions in terms of temperature, H2 pressure,
time, and minimizing steric hindrance. Prior to the surrogate mixture, different phenolic
and aromatic model compounds were used to study the effect of the phenyl side group
in the hydrodeoxygenation and the selectivity of the products. The hydrodeoxygenation
of the surrogate mixture was performed at a high concentration (50% w/v) compared to
the literature (4–20% w/v) to investigate the potential of an up-scale commercial process.
Furthermore, in this study, the deactivation of catalysts due to carbonaceous species was
studied, as well as the characterization of regenerated catalysts, to examine their stability.

2. Results
2.1. Catalyst Characterization

The crystalline structure of the catalyst was determined via XRD analysis and as can
be observed in Figure S1a, the reduced catalyst exhibits the metallic phase of nickel (Ni0),
as can be confirmed by the diffraction peaks at 2θ = 44.5, 51.9, and 76.4◦, while the rest of
the peaks revealed that the structure of beta zeolite (BEA) is preserved in the final catalyst.
The crystallite size, determined via the Scherrer equation, is equal to 14 nm. Regarding
the porous properties, the catalyst exhibits a combination of Type I and Type IV isotherms
with an H4 hysteresis loop (Figure S1b), corresponding to microporous materials with
enhanced meso/macroporous characteristics, according to the IUPAC classification [55].
The specific surface area calculated via the BET equation is equal to 562 m2/g, and the total
pore volume calculated at P/Po = 0.99 is estimated at 1.151 cm3/g. These values are slightly
lower compared to those of the parent BEA zeolite, which yields SBET = 596 m2/g and
Vtot = 1.263 cm3/g. The microporous area and volume of the Ni/BEA catalyst were
calculated via t-plot analysis and are equal to 371 m2/g and 0.154 cm3/g, respectively. The
relevant values of the parent zeolite were Smicro = 376 m2/g and Vmicro = 0.153 cm3/g,
proving that the metal loading of 10 wt.% does not affect the microporous characteristics
of BEA zeolite. The same conclusions can be drawn from the BJH pore-size distributions.
The average pore diameter of the 10%Ni/BEA catalyst is 80 Å, slightly lower than that
of the parent zeolite (85 Å). Furthermore, the catalyst exhibits both Brønsted and Lewis
acid sites. The number of total acid sites is 284 µmol/g, with 182 µmol/g corresponding to
Lewis acid sites and 102 µmol/g to Brønsted acid sites. When compared to the parent BEA
zeolite, it can be seen that the addition of nickel led to a decrease in Brønsted acid sites
from 180 µmol/g to 102 µmol/g and a decrease in Lewis acid sites from 320 to 182 µmol/g,
mainly due to catalyst workup (impregnation, drying, calcination, reduction).

2.2. Model Compound Hydrodeoxygenation

The hydrodeoxygenation of model compounds was performed at 220 ◦C, 1 h, 50 bar
H2, and C/F = 0.2. The reaction conditions were selected according to the optimization
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study carried out in our previous work [20]. The compounds used in this study were
grouped into four main categories:

i. Hydroxy- and methyl-substituted phenols (phenol, o-/m-cresol, and catechol) with
C-O-H and C-C side chains on the phenolic ring.

ii. Alkoxy (methoxy)-substituted phenols (guaiacol, syringol, 2-methoxy-4-methyl-phenol)
with at least one C-O-C side chain,

iii. Alkoxy (methoxy-) substituted aromatics (anisole and 1,2,3-trimethoxybenzene)
with one and three C-O-C side chains.

iv. Dimer (2-phenoxy-1-phenyl ethanol) is used as a model compound to simulate the
small oligomers of lignin fast-pyrolysis bio-oil.

Regarding the first category, i.e., the hydroxy- and methyl-substituted phenols, the
hydrodeoxygenation led to the complete conversion of all compounds, while differences
were observed in the selectivity of the products (Figure 1). The conversion of the sim-
plest phenolic compound (phenol) led to the formation of cyclohexane (43% yield), and
methyl-cyclopentane (9.5%) formed via the isomerization of cyclohexane. The addition of
a second hydroxyl group in the ortho position in catechol did not influence the conversion
but slightly decreased the yield of cyclohexane to 34.7% and increased the yield of methyl-
cyclopentane to 13.4%. Furthermore, based on the GC-MS analysis (Figure S2), methyl-
cyclohexane, 1,1-bicyclohexyl, and (cyclopentylmethyl)cyclohexane were also identified
in lower amounts. The lower cyclohexane yield is attributed to the different adsorption
mechanism of catechol compared to phenol due to the addition of the second hydroxyl
group [50]. The lower reactivity of catechol was also observed for other catalytic systems,
such as nickel phosphides [56]. On the other hand, the addition of a methyl group in the
ortho or meta positions shifted the selectivity towards methyl-cyclohexane, proving that the
mild hydrodeoxygenation conditions did not induce cleavage of C-C bonds and thus main-
tained the carbon number of the reactant phenolics. The addition of the methyl group in
the o- position led to a 77.5% yield of methyl-cyclohexane, while the addition of the methyl
group in the m- position led to slightly lower yields of 62.2% and 7.4% methyl-cyclopentane.
Compared to cyclohexane, methyl-cyclohexane produced via the hydrodeoxygenation of
cresols shows a higher isomerization tendency towards alkyl-cyclopentanes, as can be
observed in the GC-MS analysis (Figure S2).

The second group of model compounds studied was the one with alkoxy-phenolic
and aromatic compounds. The addition of a methoxy group in the ortho position of the
phenolic ring (guaiacol) did not have any effect on conversion and cyclohexane yield.
Guaiacol was fully converted to cyclohexane (46.5% yield) and methyl-cyclopentane
(11.6% yield) (Figure 2). Furthermore, the hydrodeoxygenation of guaiacol led to the forma-
tion of the aromatic dimers 1,1-bicyclohexyl and (cyclopentylmethyl)cyclohexane at lower
relative concentrations of 1.2% and 2.1%, respectively (Figure S3). Another oxygenated phe-
nolic compound frequently identified in lignin fast-pyrolysis bio-oils is 2-methoxy-4-methyl
phenol. The hydrodeoxygenation using the Ni/BEA catalyst led to the full conversion of
2-methoxy-4-methyl phenol towards 59.4% methyl-cyclohexane, 10.6% ethyl-cyclohexane,
and 11.0% methyl-cyclopentane. Previous works have shown that Ni/BEA catalysts exhibit
higher activity compared to other catalysts using zeolites or other supports at relatively
mild reaction conditions [53,54,57]. More specifically, mixtures of carbon with zeolites
used as supports for palladium-based catalysts did not facilitate the complete hydrodeoxy-
genation of guaiacol and led mainly to the formation of phenol and cyclohexanone [53].
Regarding nickel-based catalysts, Ni/BEA exhibited a high yield of complete deoxygenated
compounds (58%), which was further increased to 76% under more intense conditions
(300 ◦C, 3.5 h, 15 wt.% Ni) [54]. Furthermore, the bifunctional Ni/BEA catalyst exhibited
higher conversion and cyclohexane yields than the classic NiMo hydrotreatment catalyst,
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which led to lower conversion (18%) and 80% cyclohexane selectivity at a higher reaction
temperature (350 ◦C) [58].
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Figure 2. Hydrodeoxygenation of alkoxy phenols/benzene and dimer at 220 ◦C, 1 h, 50 bar H2,
10% Ni/BETA (12.5), C/F = 0.2.

The results of the present study indicate that Ni/BEA catalyzed the cleavage of
CAR-OH and CAR-OCH3 bonds while retaining the CAR-CH3 bonds in the various model
compounds tested. Additionally, the acid sites of the zeolite support favored the isomeriza-
tion of methyl-cyclohexane to many dimethyl-cyclopentanes and ethyl-cyclopentane, as
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can be observed in the GC-MS analysis in Figure S3. On the other hand, the addition of
the second methoxy group (i.e. syringol) led to lower conversion (80%) and a significantly
lower cyclohexane yield (22%). The reason for the lower conversion of syringol compared
to guaiacol and the hydroxy/alkylated-substituted phenolic compounds is the steric hin-
drance caused by the zeolite micropores. The structure of beta zeolite is three-dimensional,
containing 12 × 12 ring channels with sizes 6.4 Å × 7.6 Å and 5.6 Å × 5.6 Å [59]. The
maximum width of the syringol molecule is around 8.92 Å, as shown in the calculations in
Figure S4 performed via Jmol [60]. Consequently, syringol cannot easily enter the pores of
zeolite BEA, in contrast to phenol, catechol, cresols, and guaiacol, which exhibit maximum
widths in the range of 5.61–7.15 Å (Figure S4). Similar observations have been observed
for other catalytic processes involving zeolites with specific pore sizes/shapes and bulky
reactant molecules [49,61].

Regarding the methoxy-aromatics, i.e., anisole and 1,2,3-trimethoxybenzene, the re-
placement of the hydroxyl group (in phenol) by a methoxy group led to lower conver-
sion of anisole (87%) but similar cyclohexane (45.3%) and methyl-cyclopentane (10.7%)
yields compared to those obtained with phenol. Anisole can be converted to phenol
and cresol via transalkylation on the Brønsted acid sites of beta zeolite, and then cresol
is hydrodeoxygenated to methyl-cyclohexane [62,63]. This reaction pathway was con-
firmed via GC-MS analysis, where methyl-cyclohexane was identified at a very low rel-
ative concentration (2.23%). Compared to previous works, the Ni/BEA catalyst of the
present study exhibited higher catalytic activity than other Ni/BEAs, which exhibited only
18.8% anisole conversion and a 7.5% yield of cyclohexane, or compared to nickel catalysts
supported by natural zeolites, which showed 28.9–33.6% conversion and a 17.8–16.6%
cyclohexane yield at 230 ◦C [62]. Furthermore, Ni/BEA exhibited a higher cyclohexane
yield than Re-MoOx/TiO2, which showed lower conversion (40%) and higher selectivity
towards aromatic hydrocarbons [64]. Further addition of methoxy groups in the benzyl ring
(i.e., 1,2,3-trimethoxy benzene) led to similar conversion (87%) but a significantly lower
cyclohexane yield (25.4%). The lower yield of cyclohexane is attributed to steric hindrance
effects, which only allowed the partial conversion of bulk 1,2,3-trimethoxy benzene with a
maximum width of 8.92 Å (Figure S4).

The dimer 2-phenoxy-1-phenyl ethanol was used as a model compound to simulate
the β-O-4 interunit linkages existing in the phenolic oligomers of lignin bio-oil. As can
be observed in Figure 2, the hydrodeoxygenation under mild reaction conditions led to
the complete conversion of the compound to 27.7% cyclohexane, 26.7% ethyl-cyclohexane,
and 9.2% methyl-cyclopentane. The rest of the compounds were identified via GC-MS
analysis (Figure S3) and were mainly alkyl-substituted cyclohexanes and cyclopentanes.
It can be highlighted that despite the higher length (11.75 Å) of the compound, the com-
pound can enter into the zeolite pore with one of the two aromatic rings, which have
a maximum width of 4.97 Å, and thus the effect of steric hindrance is minimized. The
results from the hydrodeoxygenation of the dimer proved that the nickel-based bifunctional
catalysts are active in catalyzing mainly the C-O linkages and maintaining the C-C bonds,
while their activity can be compared to that of the noble-metal-based catalysts described
in the literature [25,31,65]. Based on the GC-MS analysis, as well as on literature data,
the proposed hydrodeoxygenation pathways of 2-phenoxy-1-phenyl ethanol are shown
in Figure 3. In the first step, cleavage of the β-O-4 ether bond takes place via hydrogenoly-
sis to 1-phenylethan-1-ol and anisole. These compounds were not identified in the GC-MS
analysis, but they were both assumed based on the complete hydrogenated products and
similar literature results [66–68]. 1-phenylethan-1ol is converted to ethylbenzene via dehy-
dration, which is further converted to ethyl-cyclohexane via aromatic ring hydrogenation
with 1-ethyl-cyclohexene as the intermediate. Then, the ethyl-cyclohexane is isomerized to
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1,3-dimethyl-cyclohexane and 1-ethyl-3-methyl-cyclopentane on zeolitic acid sites. Then,
phenol is converted to cyclohexane via cyclohexanol dehydration, which further isomerizes
to methyl-cyclopentane, with both steps being catalyzed by zeolite acid sites. On the other
hand, the hydrogenolysis of 2-phenoxy-1-phenyl ethanol can lead to the formation of
2-phenylacetaldehyde, which provides toluene via decarbonylation on Lewis acid sites of
beta zeolite [69]. Toluene can be further hydrogenated to methyl-cyclohexane. Carbon–
carbon coupling reactions may lead to the formation of 1,1′-methylenebis cyclohexane
dimer, while the reaction between ethyl-cyclohexane and toluene leads to the formation
of 2-cyclohexylethyl-benzene. The compounds of the final product mixture were within
the carbon number distribution range of C6–C13. In comparison with literature data, the
Ni/BEA of this study exhibited higher catalytic activity than CuxNiy/MgO catalysts, which
led to 88.6%mol ethylbenzene and oxygenated intermediates at 150 ◦C and 5 h [66], and
NixCoyAl, which exhibited the same product distribution (95.9% yield of ethylbenzene)
under similar reaction conditions (180 ◦C, 2 h) [67]. Furthermore, nickel enhanced the
complete hydrodeoxygenation of dimer compared to pure (metal-free) zeolites (HY, BETA,
ZMS-5), which resulted in the formation of phenol and oxygenated aromatics at 240 ◦C and
1 h using ethanol as a hydrogen donor solvent [68].
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the main linkage cleaved during hydrodeoxygenation.

2.3. Hydrodeoxygenation of Surrogate Mixture

The hydrodeoxygenation of the surrogate mixture was thoroughly studied under
different reaction conditions, such as temperature, hydrogen pressure, time, catalyst-to-feed
ratio (C/F), surrogate mixture concentration, and stirring rate.

Under the basic reaction conditions, i.e., using 50% w/v surrogate mixture in
n-hexadecane at 220 ◦C, 1 h, initial H2 pressure of 50 bar, 400 rpm, and C/F = 0.2, it
was shown that hydrogen is consumed, leading to high conversion (91%) of the surro-
gate mixture but quite a low total non-oxygenated compound yield (9.2%) and, more
specifically, 1.6% cyclohexane, 2.9% methyl-cyclohexane, 0.9% ethyl-cyclohexane, and
1.1% methyl-cyclopentane (Figure 4). According to the GC-MS analysis, the composi-
tion of the final mixture had 45.6% alkyl-cycloalkanes, 2.4% aromatics, and 51.9% non-
converted phenolic/aromatic compounds, as can be observed in Figure 5. When the
hydrogen pressure was kept steady by continuous feeding of external hydrogen, a simi-
lar conversion level was obtained (90%), but this time the hydrogenation reactions were
enhanced, and product yield and distribution were substantially affected. The total non-
oxygenated compounds quantified by GC-FID remarkably increased to 29%, and the most
abundant compounds were 7.8% cyclohexane, 14.6% methyl-cyclohexane, 1.2% ethyl-
cyclohexane, and 1.9% methyl-cyclopentane. The higher concentration of non-oxygenated
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compounds was also confirmed via GC-MS analysis, and the final product was com-
posed of 58.9% alkyl-cycloalkanes and 1.8% aromatics, while the unconverted pheno-
lic/aromatic compounds were 33.3%. Furthermore, few alkyl-phenols/cyclohexanones and
oxygenated aromatics were identified (~6%) as intermediates due to partial hydrodeoxy-
genation efficiency (Figure 5). Further increase of the (initial) hydrogen pressure to 70 bar
increased the total non-oxygenated compounds to 37.7%, with 13.2% cyclohexane, 24.8%
methyl-cyclohexane, 1.0% ethyl-cyclohexane, and 2.4% methyl-cyclopentane. The higher
hydrogen availability enhanced the hydrogenation of intermediates to complete saturated
compounds, resulting in 54.8% alkyl-cycloalkane with lower aromatic products (0.7%),
according to the GC-MS analysis. The hydrogen pressure also slightly influenced the
carbon number distribution of the products, as can be observed in Figure 6. The prod-
ucts contained C5–C9 compounds, while C11–C13 compounds, such as 1,1-bicyclohexyl
or (cyclopentylmethyl)-cyclohexane, were also formed due to hydroalkylation and C–C
coupling reactions. By increasing the hydrogen pressure from 50 to 70 bar, the relative
concentration of C6–C7 compounds slightly decreased, while the concentration of C8–C9

compounds increased. Compared to the feedstock’s carbon number distribution (C6–C10),
the mild hydrodeoxygenation conditions slightly shifted the carbon number distribution
to C5–C9 due to demethylation (removal of CH4) and decarboxylation (removal of CO2)
reactions, in accordance with the gaseous product analysis shown in Figure S4.
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hexadecane, C/F = 0.2, stirring rate = 400 rpm.

The most profound effect on the hydrodeoxygenation of the surrogate mixture was
caused by the changes in the reaction temperature. The effect of reaction temperature was
studied in the range of 220–320 ◦C using 50% w/v surrogate mixture in n-hexadecane,
50 bar H2, 1 h, 400 rpm, and C/F = 0.2. The gradual increase in the reaction temperature did
not significantly influence the conversion of the surrogate mixture (89–93%) but mainly af-
fected the product distribution. An increase in the reaction temperature from 220 to 280 ◦C
led to lower non-oxygenated compounds (from 30% to 15%), with the most abundant
compounds being 3.1% cyclohexane, 6.9% methyl-cyclohexane, 2.1% ethyl-cyclohexane,
and 3.6% methyl-cyclopentane (Figure 4). A further increase to 320 ◦C led to even less cy-
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cloalkanes, with 1.9% cyclohexane, 3.0% methyl-cyclohexane, 1.8% ethyl-cyclohexane, and
0.7% methyl-cyclopentane. Based on the GC-MS analysis results (Figure 5), it is observed
that the increase in the reaction temperature enhanced the conversion of the phenolic and
aromatic reactant (feed) compounds of the surrogate mixture, whose concentration was
decreased to 14.7% at 320 ◦C. Nevertheless, the cycloalkanes concentration in the products
decreased from 58.8% at 220 ◦C to 27.7% at 320 ◦C. The GC-MS analysis data actually
showed that the higher reaction temperatures enhanced the selectivity towards aromatics
products, whose concentration progressively increased from 1.8% at 220 ◦C to 10.8% at
320 ◦C, as well as towards phenolic (mainly alkylphenols) and aromatic oxy-intermediates,
whose concentrations increased to 42.3%. These results can be justified on the basis of the
observed (discussed below) increased coke formation on the catalyst as the reaction temper-
ature increased. It is thus clear that a balance between relatively low reaction temperatures
and sufficient hydrogenation reactivity is the key to efficient hydrodeoxygenation of such
types of light lignin bio-oil surrogates.
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Figure 5. Effect of different reaction conditions on the product distribution of surrogate mixture
hydrodeoxygenation over 10%Ni/BETA (12.5). The basic conditions were: 220 ◦C, 1 h, 50 bar H2,
50 wt.% surrogate in hexadecane, C/F = 0.2, stirring rate = 400 rpm.

Apart from the product composition, the reaction temperature significantly influenced
the carbon number distribution. The gradual increase in the reaction temperature shifted
the carbon number distribution to higher-molecular-weight alkyl-cycloalkanes (C8–C11), as
shown in Figure 6, due to hydroalkylation reactions decreasing the C5–C6 compounds.

The prolonged reaction time (3 h) also enhanced the formation of alkyl-cycloalkanes (Figure 4).
The total non-oxygenated compounds increased from 29% (1 h) to 53% (3 h), with the
concentration of the most abundant compounds being 21.9% cyclohexane, 28.7% methyl-
cyclohexane, 1.5% ethyl-cyclohexane, and 2.4% methyl-cyclopentane. The beneficial effect
of the prolonged reaction time in the hydrodeoxygenation of various phenolic monomers
has also been shown in previous works [20,70,71]. Furthermore, the higher reaction time
enhanced the formation of C8–C9 cycloalkanes instead of C7 cycloalkanes, as shown in
the carbon number distribution of Figure 6, while it also favored the formation of CO2 in
gaseous products due to enhanced decarboxylation (Figure S5).
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Regarding the catalyst mass, two different catalyst-to-feed ratios were tested at 50%
w/v surrogate mixture in n-hexadecane, 220 ◦C, 1 h, 50 bar H2, and 400 rpm: C/F = 0.1
and C/F = 0.2. At the lower ratio of C/F = 0.1, the conversion of the surrogate mixture
was substantially lower (59%) than the conversion using C/F = 0.2 (92%) due to the
fewer available active sites. The lower conversion led to a relatively low yield of total
non-oxygenated compounds (18.9%), with 5.9% cyclohexane, 11.1% methyl-cyclohexane,
1.5% ethyl-cyclohexane, and 2.0% methyl-cyclopentane. Still, the yield of non-oxygenated
compounds at C/F = 2 was not increased substantially despite the profound increase
in conversion (Figure 4).

In order to clarify the reason for the low yields of cycloalkanes, two different ap-
proaches were followed. In the first approach, the effect of the surrogate mixture concentra-
tion (i.e., 5, 25, and 50% w/v in hexadecane) was studied at 220 ◦C, 1 h, 50 bar H2, 400 rpm,
and C/F = 0.2, while in the second approach, the effect of stirring rate (400 and 600 rpm)
was studied under the same reaction conditions, using 50% w/v surrogate mixture in
n-hexadecane. In the first series of experiments, complete conversion of the surrogate mix-
ture compounds was observed only by using the 5% w/v mixture in n-hexadecane, yielding
27.9% cyclohexane, 36.6% methyl-cyclohexane, and 4.8% methyl-cyclopentane. The rest of
the products (30%) were alkyl-cycloalkanes (cyclopentanes and cyclohexanes) substituted
with more than one alkyl group and with chains of different carbon numbers (methyl,
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ethyl, propyl, and combinations), as well as some dimers (1,1′-methylenebis-cyclohexane,
1,1′-Bicyclohexyl, (cyclopentylmethyl)-cyclohexane), mainly identified by GC-MS analysis.
An increase in the surrogate mixture concentration in the feed to 25% w/v led to a slight
decrease in the conversion to 94% but a substantial decrease in the cycloalkane yield from
69.5% to 41.3% (16.4% cyclohexane, 21.4% methyl-cyclohexane, 1.0% ethyl-cyclohexane,
and 2.5% methyl-cyclopentane). Further increase of the concentration to 50% w/v led to a
relatively high conversion (90%) but an even lower cycloalkane yield (25.5%; 7.8% cyclohex-
ane, 14.6% methyl-cyclohexane, 1.2% ethyl-cyclohexane, and 1.9% methyl-cyclopentane), as
can be observed in Figure 4. The above results were also confirmed by the GC-MS analysis,
which showed that at the two higher feed concentrations, the relative abundance of the
remaining unconverted phenolics and aromatics was substantially high (Figure 5). Further
insight was offered by the second series of experiments, i.e., via increasing the stirring
rate from 400 rpm to 600 rpm. As shown in Figure 4, the yield of total non-oxygenated
compounds increased from 29% (at 400 rpm) to 67.6% (at 600 rpm), comprising 25.2% cyclo-
hexane, 42.2% methyl-cyclohexane, 1.5% ethyl-cyclohexane, and 2.7% methyl-cyclopentane.
Considering that the conversion is almost similar at both stirring rates, it can be assumed
that a mass-transfer limitation of the intermediate products takes place, thus hindering
complete hydrodeoxygenation/hydrogenation to alkyl-cyclohexanes. Still, in order to
elucidate whether the decreased hydrodeoxygenation efficiency is attributed to external
mass-transfer limitations or internal diffusion within the zeolite particles or even to inhib-
ited hydrogen gas diffusion due to the nature (relatively high viscosity) of lignin bio-oil
surrogate, more dedicated kinetic studies are required [72–74].

2.4. Carbon/Coke Quantification of Used Catalysts

Spent catalysts were characterized by various techniques to examine the possible
deactivation due to coke formation. All spent catalysts exhibited carbon contents in the
range of 3–8 wt.%, except for the experiment where hydrogen was consumed without
adding extra hydrogen to keep the pressure stable, as can be observed in Figure 7. Elemental
analysis provides the total carbon content of catalysts as well as an indication of coke
hardness via the H/C ratio. On the other hand, thermogravimetric analysis (TGA) can be
used for the quantification of coke. Overall, the carbonaceous depositions on the catalyst
can be attributed to both chemisorbed organic compounds and coke deriving from the
oligomerization of aromatic and phenolic compounds.

Regarding the effect of hydrogen pressure, in the experiment where the hydrogen
was consumed during the reaction, the carbon content exhibited the highest value of
Celemental = 24.6 wt.%. Furthermore, the total mass loss accounted for 42.6 wt.% based on
catalyst (11.3 wt.% on feed). The main weight loss (37.1 wt.%) is in the temperature
range of 80–250 ◦C (Tmax = 195 ◦C), as can be observed in the TGA analysis of Figure S6
and Table S1, and is attributed to adsorbed hydrocarbons. At higher temperatures of
250–600 ◦C (Tmax = 383 and 452 ◦C), the weight loss is lower at 2.9 and 2.6 wt.% and is
attributed to coke deposition. Keeping the hydrogen pressure stable during the experiment
led to a substantial decrease in carbon content Celemental = 3.6 wt.% due to the higher
hydrogenation/deoxygenation efficiency, thus minimizing the presence of phenolics and
aromatics that could serve as coke precursors. Based on the thermogravimetric analysis,
the total mass loss was 13.9 wt.% (3.2 wt.% on feed), and the weight loss occurred in
four distinct steps. The first mass loss (6.1 wt.%) took place below 200 ◦C (Tmax = 78 ◦C)
and was attributed to the remaining solvent. The second weight loss (2.3 wt.%) was in
the temperature range of 200–300 ◦C (Tmax = 254 ◦C) and was due to the degradation of
adsorbed light hydrocarbons. The third step of weight loss (2.8 wt.%) was observed at
300–400 ◦C (Tmax = 350 ◦C) and was due to the burning of soft coke, which can be easily
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burnt at lower temperatures. The last step of weight loss (2.5 wt.%) was at temperatures
of >400 ◦C (Tmax = 409 ◦C) and was attributed to hard or graphitized coke. These results
are in accordance with similar studies in the literature where coke depositions have been
determined via TGA in spent catalysts [75,76]. Increasing the initial hydrogen pressure
from 50 to 70 bar had a minor effect, with a small increase in the total carbon content from
Celemental = 3.6 to 5.6 wt.%. Considering the H/C ratio (Figure S7), the increase in the initial
pressure from 50 to 70 bar led to a decrease in the H/C ratio from 0.44 to 0.31. The decrease
in the H/C ratio can be attributed to heavier aromatic compounds that can be condensed
during coke formation [77].
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Regarding the effect of the reaction temperature, the increase from 220 ◦C to 320 ◦C
led to a gradual increase in the carbon content from Celemental = 3.6 wt.% (220 ◦C) to
5.0 wt.% (280 ◦C) and 7.6 wt.% (320 ◦C) and a decrease in the H/C ratio from 0.44 to 0.16.
The harder nature of coke is also confirmed via thermogravimetric analysis. The higher
reaction temperature induced a decrease in mass loss at lower temperatures (<200 ◦C and
200–300 ◦C), at the same time shifting the Tmax of the weight loss steps at 300–600 ◦C
towards higher temperatures, Tmax = 350 ◦C (at 220 ◦C) to Tmax = 428 ◦C (at 280 ◦C) and
Tmax = 487 ◦C (at 320 ◦C), as shown in Table S1 and Figure S6. The prolonged reaction
time (3 h) also had a slight effect, increasing the carbon content from Celemental = 3.6 wt.%
(at 1 h) to 4.4 wt.% (at 3 h) and decreasing the H/C ratio from 0.44 to 0.37. Still, the
thermogravimetric analysis did not show any weight loss in the temperature range of
400–600 ◦C but a clear increase in the weight loss in the low temperature ranges (200–300 ◦C
and 300–400 ◦C), proving that the carbon deposition is attributed to the higher amount of
adsorbed hydrocarbons and soft coke.

The lower ratio of active sites (C/F = 0.1) resulted in lower conversion and cycloalkane
yields, as shown in Section 2.3. The lower activity led to a higher carbon content on the
catalyst of Celemental = 7.6 wt.% (C/F = 0.1), compared to 3.6 wt.% at C/F = 0.2. The TGA
data revealed that the weight losses at 200–300 ◦C and 400–600 ◦C (Tmax = 279 ◦C, 4.7 wt.%
and Tmax = 433 ◦C, 3.0 wt.%) are higher with C/F = 0.1 compared to those with C/F = 0.2
(Tmax = 254 ◦C, 2.3 wt.% and Tmax = 409 ◦C, 2.5 wt.%), as shown in Table S1. These results
indicate that the lower C/F ratio enhanced the chemisorption of light hydrocarbons and
coke formation of a more condensed nature, as also observed via the H/C ratio based on
elemental analysis. The carbon content and deposited hydrocarbons and coke were also
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increased upon increasing the relative concentration of the surrogate mixture in the feed.
Finally, regarding the stirring rate, the higher hydrodeoxygenation efficiency at 600 rpm led
to an increase in carbon content from Celemental = 3.6 wt.% (400 rpm) to 7.0 wt.% (600 rpm).
The total carbonaceous deposits (from TGA) were similar for both stirring rates, equal to
14 wt.% (≈3 wt.% on feed), but the different stirring conditions led to different types of
deposits. The lower stirring rate slightly enhanced the formation of soft and hard coke,
showing higher weight losses at 300–400 ◦C and 400–600 ◦C, i.e., Tmax = 350 ◦C, 2.8 wt.%
and Tmax = 409 ◦C, 2.5 wt.% compared to Tmax = 357 ◦C, 2.2 wt.% and Tmax = 418 ◦C,
2.1 wt.%, while the higher stirring rate mainly induced the accumulation of adsorbed light
hydrocarbons (Tmax = 243 ◦C, 3.3 wt.% vs. Tmax = 254 ◦C, 2.3 wt.%).

2.5. Structural, Porosity, and Surface Characteristics of Used and Regenerated Catalysts

Selected spent catalysts were characterized via the following methods: i. XRD analysis
to identify any changes in their crystallinity and structure, ii. N2 physisorption to examine
deterioration of the porous properties, iii. FTIR with in situ pyridine adsorption for determi-
nation of the amount and type of acid sites, and iv. XPS analysis to investigate changes on
the catalyst surface. Afterwards, the spent catalysts were regenerated (calcination under air
followed by reduction in hydrogen flow) and were characterized via the above-mentioned
techniques to examine whether they retained the properties of the parent, fresh catalysts.
The catalyst selection was based on the severity of the hydrodeoxygenation conditions as
well as their activity. Thus, the catalysts selected were derived from the experiments, as
follows: higher reaction temperature (320 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50%, 400 rpm),
prolonged reaction time (220 ◦C, 3 h, 50 bar H2, C/F = 0.2, 50%, 400 rpm) and higher stirring
rate (220 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50%, 600 rpm).

2.5.1. XRD Results

The stability of the active metallic and acidic sites were examined via XRD and FTIR-
Pyr spectroscopy. More specifically, the maintenance of the metallic phase of nickel and the
crystallinity of the support were examined via XRD analysis. As can be observed in the patterns
of Figure 8, the metallic phase of nickel is maintained in the spent catalysts, and no peaks
attributed to nickel oxides were observed. Furthermore, limited sintering of metallic Ni was
observed, leading to a slight increase in the crystallite size of nickel (DNi, Table 1) from 14 to
15–16 nm. Regarding the crystallinity of the catalysts, no substantial change/decrease was
observed. To this end, regeneration of the catalysts did not have an additional effect on
crystallinity. The nickel crystallite size of the regenerated catalysts was estimated to be 12–16 nm.
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Figure 8. XRD analysis of selected spent and regenerated catalysts recovered from the experiments at
(a) 320 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50% surrogate in hexadecane, 400 rpm, (b) 220 ◦C, 3 h, 50 bar H2,
C/F = 0.2, 50% surrogate in hexadecane, 400 rpm and (c) 220 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50%
surrogate in hexadecane, 600 rpm.
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Table 1. Textural characteristics and acidity of used and regenerated catalysts.

Catalyst DNi
1

(nm)
SBET

2

(m2/g)
Smicro

3

(m2/g)
Smm

4

(m2/g)
Vtotal

5

(cm3/g)
Vmicro

3

(cm3/g)
Brønsted 6

(µmol/g)
Lewis 6

(µmol/g) B/L

10%Ni/BETA (12.5) 14 562 371 191 1.151 0.154 102 182 0.56

320 ◦C, 1 h, 50 bar H2,
C/F = 0.2, 50%, 400 rpm 15 169 65 104 1.009 0.029 18 74 0.24

Regenerated 12 306 213 92 1.143 0.092 50 126 0.40

220 ◦C, 3 h, 50 bar H2,
C/F = 0.2, 50%, 400 rpm 16 497 340 157 1.208 0.148 19 264 0.07

Regenerated 12 474 343 131 1.037 0.149 78 251 0.31

220 ◦C, 1 h, 50 bar H2,
C/F = 0.2, 50%, 600 rpm 16 419 266 153 0.945 0.115 53 262 0.20

Regenerated 18 507 337 170 1.059 0.146 42 149 0.28
1 Determined via XRD analysis and the Scherrer equation, 2 Calculated via the multipoint BET equation from N2
sorption at −196 ◦C, 3 Calculated via the t-plot method, 4 Meso/macropore and external area estimated as the
difference of the total (BET) minus micropore area, 5 Total pore volume at P/Po = 0.99, 6 Brønsted and Lewis acid
site amounts determined via FTIR-Pyr spectroscopy.

2.5.2. XPS Results

Further characterization of the structure and composition of the catalysts’ surfaces
was conducted via XPS. The assigned peaks and their relative contribution are summarized
in Table 2. The analysis of the catalyst recovered from the optimum experimental conditions
(220 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50%, 600 rpm) is shown in Figure 9 and is compared to
the fresh catalyst. In the wide scan, the elements C, Si, O, Ni, and Al were identified on the
surface of fresh Ni/BEA, as shown in Figure 9a. The assignments of peaks were based on
similar literature data [78–80]. Regarding the region 845–905 eV associated with nickel, the
peak at 855.5 eV is attributed to Ni 2p3/2 and the peak at 875.5 eV to Ni 2p1/2, in relation to
the Ni+2 oxidation state and the crystal structure of Ni(OH)2. This hydroxide is formed due
to the physically adsorbed moisture on the surface of the catalyst. Also, the sensitive surface
of the catalyst led to the peak of O 1s at 531.1 eV due to the presence of oxygen bonds with
Al and Ni, while the peak Al 2p at 75.4 eV is due to the presence of aluminum hydroxides
formed due to moisture, mostly on extra-framework aluminum species (Figure S8a). The
carbon peaks at 531.8 and 534. 1 eV are attributed to C-O and C=O bonds due to the
adsorption of carbon dioxide. The strong signal of Si-O at 103.9 eV (Figure S8a) is due to
the silica-rich zeolite support, while the Si/Al ratio was estimated to be 19.5, slightly higher
than the bulk Si/Al ratio of zeolite beta. Upon etching of the catalyst surface by 10 nm, a
few surface layers were removed and revealed the presence of metallic Ni (Ni 2p1/2 at
869.9 eV and Ni 2p3/2 at 852.7 eV), while the peaks attributed to Ni2+ were not identified.
These results are in accordance with the XRD analysis, which clearly confirmed the metallic
phase of nickel in the bulk phase of the catalyst. Carbon peaks exhibited significantly lower
intensity, while Si 2p and Al 2p peaks at 103.6 and 75.5 eV are associated with the zeolite
structure. The Si/Al ratio was estimated at 21.9.

Regarding the XPS spectrum of the used catalyst, shown in Figure 9b, the wide scan
confirmed the presence of C, Si, O, Ni, and Al. Focusing on the metallic nickel phase,
the Ni 2p3/2 peak is centered at 853 eV, while peaks of lower intensity attributed to Ni
2p3/2 of Ni2+ and Ni 2p3/2 of Ni3+ due to the NiOOH structure were identified at 854
and 857 eV, respectively (Figure 9b, middle), in accordance with similar studies from the
literature. The contribution of the NiO structure was calculated to be 36.6%, while the
contribution of NiOOH structure was calculated to be 63.4%. The ratio of oxidation states
Ni2+/Ni3+ was estimated to be 0.58. Carbon depositions formed due to the adsorption
of organic compounds, and coke led to multiple peaks (Figure 9b, right). The peak at



Catalysts 2025, 15, 48 15 of 26

284.6 eV is attributed to the C 1s and C-C bonds due to the aliphatic carbon depositions [75].
Coke depositions on the metal active sites were also observed at 283.5 eV, attributed to the
C 1s and C–metal interactions. Furthermore, the peaks at 286, 287.5, and 289.4 eV were
assigned to C-O, O-C=O, and CO-OH bonds, most probably attributed to the carboxylic
acids, ether, and alcohols of the intermediate compounds sorbed on the catalyst surfaces.
The relative content of each peak is 45.6% for C-C, 30.1% for C-O, 12.7% for O-C=O, 3.7%
for CO-OH, and 7.9% for C–metal interactions. The Si 2p spectra reveal two distinct
peaks, indicative of silicon environments commonly found within zeolite materials. The
peak of Si-O bonds within the zeolite framework centered at 103.5 eV exhibited a 71.7%
contribution, while the remaining 28.3% was attributed to the Si-Al bonds centered at
104.4 eV (Figure S8b). Similarly, the Al 2p spectrum reveals two primary peaks, consistent
with the expected aluminum environments in zeolites. The peak at 74.5 eV is attributed to
the Al-O-Si of the zeolite framework with a 36.7% contribution, while the peak at 75.6 eV is
due to the Al-O bonds with a 63.3% contribution. The Si/Al ratio was estimated to be 12.9.
Those assumptions were confirmed by the oxygen peaks. Oxygen interactions with carbon
were confirmed via the peaks at 532 and 533.5 eV corresponding to C=O and C-O bonds,
with relative contributions of 16.9% and 37.1%, respectively. The hydroxyl groups were
confirmed at 534.7 eV, with a 5.7% contribution. The metal–oxygen bonds due to metal
oxides were assigned to 531 eV, with a 3.3% contribution, while the peak of the Si-O bonds
was centered at 532.8 eV, with a 37% relative contribution.
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Figure 9. XPS spectra of (a) fresh, (b) used, and (c) regenerated catalyst from the experiment at 220 ◦C, 1 h,
50 bar H2, C/F = 0.2, 50%, 600 rpm. Left: wide spectra, middle: nickel region, and right: carbon region.
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Table 2. Assignment of XPS peaks and relative contribution of each phase.

Peak
Peak

Energy
(eV)

Relative Contribution

Fresh Used Regenerated

Before Etching After Etching Before Etching After Etching Before Etching After Etching

Nickel

Ni2p3/2, Ni0 853.0 ± 0.3 0.0% 61.9% 0.0% 34.5% 11.2% 56.1%
Ni2p3/2, Ni2+ 854.3 ± 0.2 76.7% 0.0% 36.6% 65.5% 28.6% 32.1%
Ni2p3/2, Ni3+, Ni(OOH) 857.3 ± 0.2 0.0% 0.0% 63.4% 0.0% 60.2% 11.8%
Ni2p1/2, Ni0 869.9 ± 0.3 0.0% 38.1% 0.0% 0.0% 0.0% 0.0%
Ni2p1/2, Ni2+ 872.5 ± 0.2 23.3% 0.0% 0.0% 0.0% 0.0% 0.0%
Ni2p1/2, Ni3+ 875.4 ± 0.2 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Silicon

Si2p, Si-O in zeolite 103.5 ± 0.2 100% 100% 71.7% 71.7% 57.7% 23.9%
Si2p, Si-Al in zeolite 104.4 ± 0.2 0% 0% 28.3% 28.3% 42.3% 76.1%

Aluminum

Al2p, Al-O-Si, in zeolite 74.5 ± 0.2 0.0% 0.0% 36.7% 36.0% 10.8% 7.8%
Al2p, Al-O, in oxides 75.6 ± 0.2 100% 100% 63.3% 64.0% 89.2% 33.4%
Al2p, Al3+ 76.6 ± 0.2 0.0% 0.0% 0.0% 0.0% 0.0% 58.8%

Carbon

C1s, C-C 284.6 ± 0.2 71.9% 58.4% 45.6% 50.3% 63.6% 47.3%
C1s, C-O 286.0 ± 0.2 23.2% 31.0% 30.1% 26.9% 28.0% 33.9%
C1s, O-C=O 287.5 ± 0.2 4.9% 10.6% 12.7% 8.4% 8.4% 18.7%
C1s, CO-OH 289.4 ± 0.2 0.0% 0.0% 3.7% 0.0% 0.0% 0.0%
C1s, C–metal 283.5 ± 0.2 0.0% 0.0% 7.9% 14.4% 0.0% 0.0%

Oxygen

O1s, C=O 532.0 ± 0.2 4.3% 4.0% 16.9% 16.0% 6.5% 9.2%
O1s, C-O 533.5 ± 0.2 5.0% 6.2% 37.1% 26.4% 35.4% 41.3%
O1s, -OH 534.7 ± 0.2 11.2% 12.2% 5.7% 4.9% 14.5% 23.4%
O1s, moisture 536.4 ± 0.2 0.0% 0.0% 0.0% 0.0% 11.1% 0.0%
O1s, O–metal 531.0 ± 0.2 2.7% 4.7% 3.3% 8.6% 2.7% 2.0%
O1s, Si-O 532.8 ± 0.2 76.9% 72.9% 37.0% 44.0% 29.7% 24.0%

After etching of the surface by 10 nm, the peak corresponding to Ni 2p3/2 of metallic
nickel was centered at 853 eV, and the peak of Ni 2p3/2 of Ni2+ at 854.3 eV. The etching
process eliminated Ni(III) species. The relative content of each phase was 34.5% Ni0 and
65.5% Ni2+, proving that the bulk phase exhibited a higher content of metallic nickel com-
pared to the outer surface, in accordance with the analysis of the fresh catalyst. Differences
were also observed in the carbon interactions. Notably, the peak at 289.4 eV due to CO-OH
disappeared after etching, suggesting that it originated from a surface contaminant. The
remaining peaks of carbon interactions were maintained after etching. C-C (284.6 eV)
exhibited a 50.3% relative contribution, C-O bonds (286 eV) exhibited a 26.9% relative
contribution, O-C=O bonds (287.5 eV) exhibited an 8.4% relative contribution, and C–metal
(283.5 eV) exhibited a 14.4% contribution. The peak of Si 2p attributed to Si-O and Si-Al
bonds remained relatively stable after etching, indicating a minimal change in the chemical
state of silicon (Figure S8b, middle). Similarly, for the Al 2p spectra, the peak centered
at 74.5 eV is attributed to Al-O-Si, with a 36% relative contribution, while the peak at
75.6 eV is due to the Al-O bonds, with a 64% contribution. Finally, the analysis of O 1s
peaks after etching confirmed the C=O bonds at 532 eV with a 16% contribution, the C-O
bonds at 533.5 eV with a 26.4% contribution, the hydroxy groups at 534.7 eV with a 4.9%
contribution, the metal–oxygen interactions due to metal oxide presence at 531 eV with an
8.6% contribution, and the Si-O bonds at 532.8 eV with the highest contribution, 44%.

The regeneration of the used Ni/BEA catalyst resulted in significant changes in the
catalyst’s surface structure. The regeneration process led to the recovery of the metallic
phase of nickel, as can be observed via the Ni 2p3/2 of Ni0 peak centered at 853 eV,
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while the Ni2+ and Ni3+ phases at 854 and 857 eV exhibited 28.6% and 60.2% relative
contributions, respectively. The ratio of Ni2+/ Ni3+ was estimated to be equal to 0.47, and
the ratio of Ni0/ Ni2+ equal to 0.39 (Figure 9c, middle). The most significant changes
were observed in the peaks attributed to carbonaceous compounds. The peaks attributed
to CO-OH and the C–metal interactions bonds disappeared after regeneration of the
catalyst, while the peaks of C-O and O-C=O were identified at 286 and 287.5 eV, but with
lower relative contents, 28% and 8.4%, compared to the used catalyst. On the other hand,
the peak at 284.6 eV corresponding to C-C bonds of coke depositions remained in the
regenerated catalyst, and its relative content increased to 63.6%. This trend revealed
that the applied calcination–reduction treatment of the spent catalyst was an efficient
process for the removal of the adsorbed phenolic/aromatic compounds but proved to be
insufficient for the removal of hard coke. The Si 2p spectrum revealed two distinct peaks,
indicative of silicon environments in zeolite. The Si-O bond with the zeolite framework
is responsible for the peak centered at 103.5 eV, while the peak at 104.4 eV is due to the
Si-Al bond (Figure S8c). The relative contribution of Si-O is 57.7%, lower compared to
the spent catalyst, while the Si-Al content is 42.3%, significantly higher than in the spent
catalyst. The same trend was revealed by the Al 2p spectra analysis. The Al-O-Si bond
within the zeolite framework is responsible for the peak at 74.5 eV, which exhibited a
10.8% relative contribution compared to the used catalyst, while the Al-O content increased
to 89.2%, which indicates a decrease in the aluminum amount incorporated within the
zeolite framework. The deconvoluted O 1s spectrum revealed the distinct oxygen bonding
environments, the majority of which originated from surface contamination, as suggested
by the C 1s analysis, such as the C=O bonds at 532 eV, the C-O bonds at 533.5 eV, and
the OH groups 534.7 eV. The relative contribution of each group is 6.5% for C=O, 35.4%
for C-O, and 14.5% for the OH group. Furthermore, in the regenerated catalyst, a peak at
536.4 eV was observed due to the adsorbed moisture, comprising 11.1% of the total oxygen
signal. Compared to the used catalyst, the oxygen bond in metal oxides at 531 eV exhibited
a slightly lower contribution of 2.7%, as well as the Si-O bond at 532.8 eV with a 29.7%
contribution. The
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ion etching process revealed that the dominant state of nickel is the
metallic nickel with a 56.1% contribution, while the crystal structures corresponding to
Ni2+ significantly decreased to 32.1% compared to the surface before etching as well as
to the used catalyst (Figure 9c, middle). The Ni0/ Ni2+ ratio was estimated to be equal to
1.75. In the C 1s spectrum, the main bonds identified after etching were the C-C bond at
284.6 eV with a 47.3% relative contribution, the C-O bond at 286 eV with a 33.9% relative
contribution, and the O-C=O bond at 287.5 eV with an 18.7% contribution. Regarding the
Si 2p spectrum, a significant shift is observed in the peak at 104.5 eV of Si-Al, proving that
the bond of the zeolite is the dominant phase, with a 76.1% relative contribution. In the Al
2p spectrum, multiple bonds were identified, including the Al-O-Si bond at 74.5 eV with
7.8% contribution, the Al-O bonds at 75.6 eV with 33.4% contribution, and a new oxidation
state of aluminum, Al3+, the phase of which exhibits 58.8% contribution. The Si/Al ratio
was estimated to be 11.55. The above observations were also confirmed via the analysis
of the O 1s spectrum. The peaks corresponding to organic compounds were identified at
532 eV (C=O), with a 9.2% contribution, and at 533.5 eV (C-O), with a 41.3% contribution.
The peak at 534.7 eV was assigned to hydroxyl groups, with a 23.4% contribution, while the
peak at 531 eV was assigned to the metal–oxygen bonds, with a 2% contribution. Finally,
the Si-O bonds at 532.8 eV led to a 24% relative contribution.

The main conclusions of the XPS analysis are as follows. The nickel oxidation state changed
from Ni0 to Ni2+ and Ni3+ during the hydrodeoxygenation of the surrogate mixture, while
the regeneration of the spent catalyst enhanced the reduction of Ni2+/Ni3+ to Ni0 to a
great extent. The carbonaceous depositions, either in the form of coke or unconverted
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adsorbed oxy-phenolic and oxy-aromatic compounds, led to multiple peaks in the XPS
spectrum of the used catalyst. The regeneration process burnt the carbonaceous deposits
on metal but retained the hard coke formed during the hydrodeoxygenation, as well as the
oxygen-containing compounds. Additionally, slight changes were observed in the zeolite
framework and the formation of Al3+ extra-framework (EFAL) species, which is usually
observed in zeolites due to skeletal dealumination and the formation of EFAL species upon
reaction and subsequent regeneration upon calcination.

2.5.3. Acidity Results

Regarding the acid sites of the spent and regenerated catalysts, they were determined
via FTIR spectroscopy with in situ adsorption of pyridine. Brønsted acid sites proved to
be the most vulnerable to deactivation compared to Lewis acid sites. In general, both the
number of Brønsted acid sites and the B/L ratio were drastically reduced in spent catalysts,
as can be observed in Table 1. The harder nature of coke formed upon hydrodeoxygenation
of the surrogate mixture at 320 ◦C led to a tremendous decrease in the total acid sites
(B+L) from 284 µmol/g to 92 µmol/g and especially lowered the Brønsted acid sites from
102 µmol/g to 18 µmol/g, as well as the B/L ratio from 0.56 to 0.24. The regeneration of that
catalyst led to partial recovery of both Brønsted and Lewis acid sites, resulting in an increase
in the B/L ratio from 0.24 to 0.4. These results show that the above reaction conditions
do not lead to permanent destruction of Brønsted acid sites, which can be recovered to
a great extent. The hydrodeoxygenation at 220 ◦C, but for a longer reaction time, led to
a similar substantial decrease in Brønsted acid sites from 102 µmol/g to 19 µmol/g but
induced an increase in Lewis acid sites from 182 µmol/g to 264 µmol/g, keeping the total
acidity stable. The increase in Lewis acid sites is indicative of the partial conversion of
Brønsted zeolitic sites to Lewis acid sites via skeletal dealumination and the formation of
extra-framework AL (EFAL) species that may act as Lewis acid sites [81–84]. The softer
nature of coke compared to the coke formed at higher reaction temperatures favored the
greater recovery of Brønsted acid sites during the regeneration, resulting in an increase
in the B/L ratio from 0.07 to 0.31. The lowest decrease in acid sites was observed in the
optimal catalytic system (220 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50%, 600 rpm). The Brønsted
acid sites decreased from 102 µmol/g to 53 µmol/g, while the Lewis acid sites increased
from 182 µmol/g to 262 µmol/g. However, the regeneration of this catalyst did not favor
the recovery of Brønsted acid sites, keeping the B/L ratio low and almost similar to that of
the used catalyst. This fact can be correlated with the presence of extra-framework Al3+,
identified in the XPS analysis of the regenerated catalyst, and maybe this is an indication
that the Brønsted acid sites are permanently converted to Lewis acid sites, as also observed
for the regeneration of similar catalysts [85].

2.5.4. Porosity Results

The porous properties of the catalyst were examined via N2 physisorption. The
isotherms and the BJH pore-size distributions of the spent and regenerated catalysts
are shown in Figure 10, and the results are given in Table 1. The severity of the hy-
drodeoxygenation process significantly influenced the porous properties. The most pro-
found effect on the porous properties resulted from the increase in the reaction temperature.
The higher reaction temperature resulted in a tremendous decrease in the specific sur-
face area from SBET = 562 m2/g (fresh catalyst) to 169 m2/g and total pore volume from
Vtotal = 1.151 cm3/g to 1.009 cm3/g. Considering the microporous characteristics, Smic

exhibited an 82% decrease from Smic = 371 m2/g to 65 m2/g, while the meso/macroporous
area exhibited only a 45% decrease from Smm = 191 m2/g to 104 m2/g. Similarly, the
volume of micropores decreased substantially from Vmicro = 0.154 cm3/g to 0.029 cm3/g.
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These values show that the deposited coke induced the blocking and/or destruction of the
micropores and affected the meso/macroporous network of the zeolite support to a lesser
extent, in accordance with literature results [86]. On the other hand, the prolonged reac-
tion time resulted in a limited decrease in the specific surface area from SBET = 562 m2/g
(fresh catalyst) to 497 m2/g, while the total pore volume was almost similar. Compared
to the reaction temperature, the prolonged reaction time did not influence the micro-
porous area, which decreased slightly from Smic = 371 m2/g to 340 m2/g, while the
meso/macroporous area exhibited an 18% decrease from Smm = 191 m2/g to 157 m2/g,
proving that the higher reaction time favored the deposition of coke on the outer surface of
the catalysts or within the mesopores of the zeolite. Regarding the more active catalytic
system (220 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50%, 600 rpm), the spent catalyst exhibited
only a 25% decrease in the surface area from SBET = 562 m2/g to 419 m2/g, while the total
pore volume decreased from Vmicro = 0.154 cm3/g to 0.115 cm3/g. The microporous area
exhibited an almost equal decrease to the meso/macroporous area. The microporous area
decreased from Smic = 371 m2/g to 266 m2/g, while the meso/macroporous decreased
from Smm = 191 m2/g to 153 m2/g.
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Figure 10. N2 physisorption isotherms and BJH pore-size distributions of selected spent and regener-
ated catalysts recovered from the experiments at (a) 320 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50% surrogate
in hexadecane, 400 rpm, (b) 220 ◦C, 3 h, 50 bar H2, C/F = 0.2, 50% surrogate in hexadecane, 400 rpm
and (c) 220 ◦C, 1 h, 50 bar H2, C/F = 0.2, 50% surrogate in hexadecane, 600 rpm.

Upon regeneration via calcination and subsequent reduction, the used catalyst from
the experiment at 320 ◦C containing the highest amount of hard coke deposition exhibited
substantial recovery of its porous characteristics (Figure 10a). More specifically, the surface
area increased from SBET = 169 m2/g (in the used sample) to 306 m2/g (after regeneration),
while the total pore volume increased from Vtotal = 1.009 cm3/g to 1.143 cm3/g. The
recovery of the porous characteristic is mainly attributed to the regeneration of micro-
porous characteristics compared to meso/macropores. The microporous area exhibited
a significant increase from Smic = 65 m2/g to 213 m2/g, while the meso/macroporous
area remained almost similar, as shown in Table 1, indicating that the initial decrease in
the micro-area was mainly due to micropore blockage and not actual destruction of the
micropore network. On the other hand, the regeneration of the catalyst obtained after the
prolonged reaction time experiment with much less deterioration of its porosity exhibited
similar porosity characteristics to those of the spent sample, close to those of the parent,
fresh catalyst (Figure 10b, Table 1). In the case of the experimental conditions leading to the
highest hydrodeoxygenation activity, the regeneration of the catalyst led to a substantial
increase in the surface area from SBET = 419 m2/g to 507 m2/g as well as of the total pore
volume from Vtotal = 0.945 cm3/g to 1.059 cm3/g, values that are very close to those of the
fresh catalyst (Figure 10c, Table 1).
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Based on the characterization of spent catalysts, it can be highlighted that the severity of
the reaction conditions variably influenced the physicochemical properties of the used and
regenerated catalysts. The different nature of the carbonaceous species (adsorbed organics, soft
coke, hard coke), as well as the topology of depositions (metal sites, acid sites, outer surface,
pore channels), led to different deactivation extents. Furthermore, the regeneration process,
which involves calcination of spent catalysts under air, aiming to burn the carbonaceous
species, followed by reduction under hydrogen flow to obtain the metallic phase of nickel,
proved to be an efficient process for partial or almost complete recovery of the physicochemical
and acidic properties of the catalysts, depending on the extent of their initial deactivation.

3. Materials and Methods
3.1. Catalyst Preparation and Characterization

BETA zeolite with Si/Al = 12.5 was obtained from Zeolyst and used as the catalyst
support. Prior to the impregnation, the support was calcined at 500 ◦C for 3 h to convert
the ammonium form into proton form. The catalyst, 10%Ni/BETA (12.5), was synthesized
via the incipient wetness impregnation method. In this procedure, a specific amount
of nickel precursor, Ni(NO3)2·6H2O, corresponding to 10 wt.% Ni, was dissolved in a
certain amount of deionized water that was equal to the total pore volume of the support.
Then, the aqueous solution was added dropwise to the support and grounded in a mortar.
Afterwards, the solid was dried at 100 ◦C and calcined at 500 ◦C for 3 h at a 2 ◦C/min
heating rate. Prior to the catalytic experiments, the catalyst was reduced at 450 ◦C for 3 h
under 50 mL/min H2 flow.

Fresh and spent catalysts were characterized via X-ray powder diffraction (XRD), N2

porosimetry, FTIR with in situ adsorption of pyridine, and X-ray photoelectron spectroscopy
(XPS). XRD analysis was performed using a Rigaku Ultima+ 2cycles X-ray diffractometer
with CuKa X-ray radiation over a 2θ = 5–85◦ range with 0.02◦/step and 2 s/step.

The porous properties were determined via N2 adsorption–desorption at −196 ◦C
using an automatic volumetric sorption analyzer (Autosorb-1 MP, Quantachrome, Boynton
Beac, FL, USA). Before the measurements, the samples were outgassed at 250 ◦C for 19 h
under 5 × 10−9 Torr vacuum. The total surface area was determined via the multipoint BET
method, and the total pore volume was determined at P/Po = 0.99. Micropore surface areas
and volumes were determined via the t-plot method, and the mesopore size distributions
via the Barrett–Joyner–Halenda (BJH) method.

The determination of Brønsted and Lewis acid sites was performed via Fourier trans-
form infrared (FT-IR) spectroscopy, combined with in situ adsorption of pyridine using
a Nicolet 5700 FTIR spectrometer (PerkinElmer Corporation, Waltham, MA, USA) under
a resolution of 4 cm−1, with OMNIC software 9.2 and a specially designed heated, high-
vacuum IR cell with CaF2 windows. Before the measurements, all samples were ground in a
mortar and pressed into self-supported wafers (15 mg/cm2), which were in situ outgassed
at 450 ◦C for 1 h under vacuum (10−6 mbar). A background spectrum was recorded at
150 ◦C. The adsorption of pyridine vapors was performed at 150 ◦C by adding pulses of
pyridine for 1 h at a total cell pressure of 1 mbar. Afterwards, the spectra were recorded at
150 ◦C, after equilibration with pyridine at that temperature and after outgassing for 30 min
at higher temperatures (250–450 ◦C) to evaluate the strength of the acid sites. Pyridinium
ion bands at 1545 cm−1 and 1450 cm−1 (coordinated pyridine) were used to identify and
quantify the Brønsted and Lewis acid sites, respectively.

X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos Analytical AXIS
UltraDLD system (Kratos Analytical Ltd., Manchester, UK) equipped with a monochromatic
aluminum X-ray source (Al Kα, 1486.6 eV). Measurements were performed under ultra-
high vacuum conditions (10−9 Torr). Wide-scan spectra (full range) were recorded over
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the entire binding energy range with a pass energy of 160 eV, utilizing an X-ray source
power of 105 W. High-resolution (HR) regions were recorded with a pass energy of 20 eV,
involving three to five sweeps in 0.1 eV steps and an X-ray source power of 150 W. To
account for surface charging, the C 1s peak at 284.6 ± 0.2 eV (C-C bonds) was used as the
reference. Surface cleaning was performed by
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relative sensitivity factors (RSFs) sourced from the Vision 2.2.10 software database.

Regarding the used catalysts, apart from the above-mentioned characterizations, elemen-
tal analysis was carried out to determine the carbon depositions. The analysis was performed
in an elemental analyzer EA 3100 (EuroVector, Pavia, Italy). Furthermore, coke depositions
were also determined via thermogravimetric analysis using an STA 449 F5 Jupiter instrument
(Netzsch, Selb, Germany). The analysis was performed in the temperature range of 25–950 ◦C,
under an air flow of 50 mL/min and a heating rate of 10 ◦C/min.

3.2. Catalytic Hydrodeoxygenation Experiments
3.2.1. Hydrodeoxygenation of Phenolic Compounds

The hydrodeoxygenation experiments with the model monomeric compounds (phenol,
o-/m-cresol, catechol, anisole, guaiacol, syringol, creosol, 2-methoxy-4-methyl-phenol, and
1,2,3-trimethoxybenzene) and dimer (2-phenoxy-1-phenyl ethanol) were performed in
a 50 mL stainless-steel, high-temperature/high-pressure batch autoclave reactor (Parr,
Moline, IL, USA, model 4848) equipped with a magnetic stirrer. In each experiment, 0.2 g
of the reactant was dissolved in 20 mL hexadecane (1% w/v), mixed with 0.04 g catalyst
(catalyst-to-feed ratio, C/F = 0.2), and placed into the reactor. After flushing the reactor
with H2 three times to remove air, 50 bar H2 was charged into the reactor, and the reaction
was carried out at 220 ◦C for 60 min under 400 rpm stirring. These conditions were selected
based on previous in-house studies.

3.2.2. Hydrodeoxygenation of Surrogate Mixture

The surrogate mixture simulating the light fraction of lignin pyrolysis bio-oils was
composed of the following compounds: 2-methyl phenol (6.1 wt.%), 3-methyl phenol
(6.1 wt.%), 2,4-dimethyl phenol (3.0 wt.%), 2-methoxy phenol (15.2 wt.%), 2,6-dimethoxy
phenol (27.3 wt.%), 2-methoxy-4-methyl phenol (15.2 wt.%), 2-methoxy-4-propyl phenol
(9.1 wt.%), 1,2,3-trimethoxy benzene (3.0 wt.%), catechol (3.0 wt.%), 3-methyl catechol
(6.1 wt.%), and 4-methyl catechol (6.1 wt.%). The hydrodeoxygenation experiments with
the surrogate mixture were performed in the same reactor using 1–10 g of the surrogate
mixture dissolved in 10–20 mL hexadecane (5–50% w/v) and 0.2–2 g catalyst (C/F = 0.1–0.2).
After flushing the reactor with H2 three times to remove air, 50–70 bar H2 was charged into
the reactor, and the reaction was conducted in the temperature range of 220–320 ◦C for
60–180 min under 400–600 rpm stirring.

3.2.3. Product Separation and Analysis

After completion of the experiments, the reactor was rapidly cooled down to room
temperature, and the gaseous products were collected in a vacuum bag and analyzed
in a GC equipped with a TCD and FID (HP5890 Series II, Agilent Technologies, Santa
Clara, CA, USA). Suitable calibration curves were used for the quantification of each
gas. The liquid product was separated from the catalyst via filtration and analyzed via a
gas chromatography–mass spectrometry instrument (Agilent 6890N-MSD 5973 GC-MS,
Palo Alto, CA, USA) equipped with an MTX-5 column (Restek, Bellefonte, PA, USA,
30 m × 0.25 mm × 0.25 µm) to qualitatively identify the hydrodeoxygenation products,
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while the most abundant cycloalkanes as well as the unconverted phenolic/aromatic
compounds were quantitatively determined via gas chromatography using a Shimadzu
Nexis GC-2030 instrument (Shimadzu Corp., Kyoto, Japan) equipped with a capillary
Mega-101 column (30 m × 0.35 mm × 0.45 µm) and flame ionization detector (FID). A more
detailed procedure is given in the Supplementary Material. Conversion, product yields,
and selectivity were calculated via the following equations:

Conversion (%) =
moles o f compound in f eed − moles o f compound in product

moles o f compound in f eed
∗ 100% (1)

Yield (%) =
moles o f product

moles o f f eed
∗ 100% (2)

Selectivity (%) =
moles o f product

converted moles o f compound/ f eed
∗ 100% (3)

The recovered used catalyst was washed several times with ethanol and dried at 80 ◦C for
6 h under vacuum. Selected spent catalysts were regenerated according to the following procedure.
Firstly, the spent catalysts were calcined under air atmosphere at 500 ◦C for 3 h and 2 ◦C/min heating
rate and then reduced to 450 ◦C, for 3 h under 50 mL/min H2 flow.

4. Conclusions
The Ni/BEA catalyst exhibits appropriate composition, structural, textural, and metal–acid

bifunctional characteristics suitable for the hydrogenation/hydrodeoxygenation of phenolic and
aromatic compounds under mild reaction conditions. Almost all the compounds used as feedstocks
were fully converted to C6–C8 alkyl-cycloalkanes with up to 81% yield, while the product composition
and carbon number distribution were strongly affected by the side group of the reactant compound.
The main advantages of the Ni/BEA catalyst are the preference for the cleavage of CAR-OH and
CAR-OCH3 bonds without affecting the CAR-CH3. Its performance was also less affected by steric
hindrance due to the size/shape of the various phenolic reactants, compared to other zeolites (by
comparing with data from the literature).

The hydrodeoxygenation of the phenolic/aromatic surrogate mixture simulating the light fraction
of lignin fast-pyrolysis bio-oil led to 59–100% conversion to 9–68 wt.% alkyl-cycloalkanes with C6–C9

hydrocarbons, which could be utilized as drop-in blending components in gasoline and aviation fuels.
Ni/BEA exhibited good catalytic activity under mild hydrodeoxygenation conditions and adequate stabil-
ity, resulting in relatively low carbonaceous/coke depositions. Unavoidably, the textural characteristics
of spent Ni/BEA are inferior to those of the fresh catalyst, but the regeneration treatment (calcination–
reduction) can recover most of the catalyst properties, including the Ni-reduced state. Furthermore, by
selecting appropriate (mainly lower temperature and longer time) reaction conditions, alteration of the
micro/mesoporous characteristics is substantially suppressed. Brønsted zeolitic acidity is the most affected
property and can be partially recovered by applying mild hydrodeoxygenation conditions. Finally, prior to
considering upscaling of the process via increasing the content of lignin bio-oil in the feed mixture, internal
and external mass-transfer phenomena and kinetics should be investigated in detail.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal15010048/s1, Figure S1: XRD and N2 physisorption isotherm and BJH
pore-size distribution of 10%Ni/BETA (12.5) catalyst; Figure S2: GC-MS analysis of the products
obtained after the hydrodeoxygenation of hydroxy- and alkyl-substituted phenols at 220 ◦C, 1 h,
50 bar H2, 10%Ni/BETA (12.5), C/F = 0.2; Figure S3: GC-MS analysis of the products obtained after
the hydrodeoxygenation of alkoxylated substituted phenols/benzenes at 220 ◦C, 1 h, 50 bar H2,
10% Ni/BETA (12.5), C/F = 0.2; Figure S4: Maximum diameters of phenolic/aromatic compounds;
Figure S5: Effects of different reaction conditions on the gaseous products of surrogate mixture
hydrodeoxygenation over 10%Ni/BETA (12.5); Figure S6: Thermogravimetric analysis of spent
10%Ni/BETA (12.5); Figure S7: Effects of different reaction conditions on H/C ratio determined via
elemental analysis of spent 10%Ni/BETA (12.5); Figure S8: XPS spectra of fresh, used, and regenerated
catalyst; Table S1: Effects of different reaction conditions on the characteristic temperatures and weight
losses (TGA) of spent 10%Ni/BETA (12.5). Detailed analysis of liquid products.
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