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ARTICLE INFO ABSTRACT

Keywords: Ni and NiCu catalysts were prepared from Ni/Al, Ni/Cu/Al, Ni/MgAl, and Ni/Cu/Mg/Al hydrotalcites (HT) and
Hyd.mdeoxygenaﬁ‘m tested for the hydrodeoxygenation of guaiacol, a lignin model compound, under Hj pressure at 300 °C to obtain
Guaiacol ) the added-value products cyclohexane and cyclohexanol. The catalysts prepared from HT without magnesium
Eiiféﬁixiiible hydroxides were more selective to cyclohexane (48-65 %) than those prepared from HT with magnesium, which obtained
Cyclohexanol higher selectivity to cyclohexanol (46-72 %). The presence of magnesium oxide species decreased the reduc-

ibility and the metallic area of the catalysts, decreased the Ni content in the NiCu alloy formed in the bimetallic
catalyst, and, due to their higher basicity, inhibited the dehydration of cyclohexanol, a key step for obtaining
cyclohexane. The obtention of cyclohexane with catalysts prepared from HT is remarkable and could be mainly
explained by the reaction temperature used (300 °C) since when it was lowered to 240 °C, a significant decrease
of cyclohexane accompanied by an increase of cyclohexanol was observed. When these catalysts were combined
with H-peta, the additional Brgnsted acidity led to the overproduction of cyclohexane due to the parallel
transformation of the solvent used, dodecane, under the reaction conditions. The detection of some amounts of
benzene and toluene suggested a different reaction pathway compared with the catalysts without H-peta. Finally,
the addition of small amounts of Lewis acidity (ReOx) to the Ni/Al and NiCu/Al catalytic systems made difficult
the reducibility to Ni of their catalytic precursors and promoted the binding of the oxygenated compounds,
favoring the formation of cyclohexanol.

1. Introduction Lignocellulosic biomass contains lignin, a polyaromatic molecule
with high carbon-to-oxygen ratio, which makes it a promising building
block biofuels source [5]. There are several approaches for the conver-

sion of lignin into biofuels, which include the catalytic hydro-

As the population continues to grow, so do energy-demanding pro-
cesses. Although renewable energy sources have expanded in the past

few years, accounting for 8.2 % of global primary energy in 2024
(excluding hydroelectric energy), fossil fuels still provide over 81.5 % of
global primary energy, increasing CO, emissions, according to the En-
ergy Institute (EI) [1]. European Union (EU) has progressively promoted
initiatives to reduce the dependence on fossil fuels by integrating
renewable energy sources, such as biofuels, into its energy mix [2].
However, most biofuels production relies on food crops competing with
the food sector. Considering that EU policies target to increase the share
of renewable energy by at least 42.5 % by 2030 [3], an interesting
alternative remains for obtaining biofuels from lignocellulosic biomass
derived from agriculture or forestry wastes [4].
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deoxygenation (HDO) of lignin-derived bio-oils previously obtained
from pyrolysis or liquefaction of biomass [6,7], and the direct catalytic
HDO of lignin, previously extracted from biomass [8,9]. However, its
depolymerization remains difficult due to its structure complexity. Thus,
model compound molecules, such as guaiacol, cresol, and catechol, have
been used to study the C-O and C-C cleavage to obtain low-oxygenated
molecules, appropriate for transportation fuels [7].

Hydrodeoxygenation of guaiacol has been widely studied at tempera-
tures higher than 200 °C under Hy pressure with different catalytic systems
[10-19]. Scheme 1 shows the main pathways proposed in the literature for
the HDO of guaiacol in these reaction conditions. [6,20-24].
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Scheme 1. Guaiacol hydrodeoxygenation pathways at reaction temperatures higher than 200 °C. DM: Demethylation, DMO: Demethoxylation, HYD: Hydrogenation,

DHY: Dehydration, ALK/TRA: Transalkylation.

Several authors used noble metals for the HDO of guaiacol due to
their high affinity to hydrogen, good dispersion, and lower deactivation
allowing high hydrogenation activity. Lee et al. [14,25] studied this
reaction with Pt/H-zeolites at 250 °C and 40 bar of Hj, obtaining
cyclohexane as the main product with 45 % selectivity for a 95 % con-
version with Pt/HBeta and 70 % selectivity for a low conversion (~22
%) with Pt/HY. Shu et al. [15] reported a selectivity towards cyclo-
hexane of almost 100 % for a practically total conversion when using
Ru/TiO2-CeO; at 230 °C with 10 bar of Hj for 4 h. However, the high
cost and scarcity of noble metals limit their applications.

Cheaper transition metals, like Ni, Fe, and Co, alone or combined,
have also been tested for guaiacol hydrodeoxygenation. Blanco et al.
[10] studied the synergy between Ni and Co nanoparticles supported on
carbon at 300 °C and 50 bars of Hy obtaining phenol, cresol, cyclo-
hexanol, and methylanisole depending on the Ni:Co ratio. Recently,
Matos et al. [16] reported the use of Ni-Ca/active carbon (AC) and Ni-
Mg/active carbon as catalysts for the HDO of guaiacol at 300 °C under
50 bar of Hj for 4 h. Cyclohexane was obtained in high amounts (98.9 %
of selectivity) with Ni-Mg(5 %)/AC while phenol was the main product
(72.6 % of selectivity) with Ni-Ca(5 %)/AC for a total conversion.
Furthermore, Liu et al. [17] studied this reaction at 300 °C with 40 bar of
H, for a longer time, 8 h, using a Cu-ZnO-Al,0j3 catalyst obtaining 81.3
% yield of cyclohexane with methylcyclohexane, bicyclohexyl and
benzene in lower amounts.

Supported metal catalysts derived from hydrotalcite-like materials,

which are a type of layered double hydroxides (LDHs) with chemical
formula M3t M3*(OH) 2AY ) YH20, have shown great potential in hy-
drogenations reactions. In these materials, divalent (M>") and trivalent
(M3%) cations form positive charged layers, which are balanced by
interlamellar anions (A""). Additionally, their acid-base properties can
be tailored since elements, such as Ni, Cu and Co can be used as divalent
cations along with the classic Mg and Al, obtaining mixed oxides after
calcination and well dispersed supported metallic catalysts after
reduction [26-28]. There are few studies of HDO of guaiacol with cat-
alysts obtained from LDHs [29-32]. Guo et al. [29] prepared NiCo/AlOx
catalyst from NiCoAl LDH and obtained 90 % selectivity to cyclohexanol
for a total conversion of guaiacol when the HDO was tested at 180 °C
under 20 bar of Hy for 1 h. Moreover, the presence of basic centers has
been reported to suppress the dehydration step, particularly Ni-Fe/
MgAIlOx catalysts prepared from NiFeMgAl hydrotalcites, led to high
yield of cyclohexanol (96 %) at 200 °C, 30 bar H; for 2.5 h [30]. Whang
et al. [31] reported 88 % selectivity towards cyclohexanol using a Ru/
ZnAIPWO derived from phosphotungstate intercalated ZnAl LDH pre-
cursor at 250 °C with 20 bar of Hs. Perez et al. [32] used Ni and Co
hydrotalcite-based catalysts at 350 °C under 70 bar of H; for 4 h. The Ni-
based catalyst produced 1-methyl-1,2-cyclohexanediol as main product
(70 %) while Co-based catalyst led cyclohexanol (41 %).

Both cyclohexanol and cyclohexane, valuable products of guaiacol
HDO, are targeted industrial products. Cyclohexane can be used as a
nonpolar solvent for lacquers, resins, and fats [33] and as a component
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Table 1
Theoretical composition of the LDHs prepared.
Samples Ni/Almolar Cu/Almolar Mg/Almolar M2+ /M3 molar
ratio ratio ratio ratio
HTyial 3.0 - — 3.0
HTnpga 2.0 - 1.0 3.0
HTnicual 1.5 1.5 — 3.0
HTnicumgal 1.0 1.0 1.0 3.0

in diesel and biodiesel fuel blends considering its high octane number
(~—83). The addition of cyclohexane shortens the ignition delay time of
fuels prolonging combustion and reducing NO emissions in the engine
[34]. Cyclohexane and cyclohexanol can also be converted into adipic
acid, which is a precursor of nylon 6,6 and polyurethanes [35-38].

This study aimed to synthesize and characterize Ni and Ni-Cu cata-
lysts derived from NiAl, NiCuAl, NiMgAl, and NiCuMgAl LDHs to eval-
uate the effect of the precursor composition on the selective obtention of
cyclohexane and cyclohexanol for the hydrodeoxygenation of guaiacol
at 300 °C under H,. Up to now, cyclohexane has not been reported with
catalysts obtained from hydrotalcite-type materials. Special attention
will be paid to study the effect of adding Brgnsted and Lewis acidity to
these catalytic systems on the catalytic activity.

2. Experimental
2.1. Materials

Ni(NO3)2-6H50 (Scharlau, 98 %), Cu(NO3)2-3H50 (Scharlau, 98 %),
Al(NO3)3-9H,0 (Scharlau, 98 %), and Mg(NO3),-6H,0 (Charla, 98 %),
NayCO3-10H20 (Scharlau, 98 %), NaOH solution (Sigma-Aldrich, 98 %),
NH4ReO4 (>99 % from Alfa Aesar) Guaiacol (> 98 %, Alfa Aesar
Chemicals), n-dodecane (99 %, Thermo Fisher Scientific) and hex-
adecane (99 %, Alfa Aesar Chemicals) were purchased and used without
further purifications.

2.2. Preparation of catalytic precursors

Layered double hydroxides containing Ni, Cu, Mg, and Al, with an
M?2* /M3 ratio of 3 were synthesized via traditional co-precipitation at
room temperature. A 0.4 M aqueous solution containing the appropriate
amounts of Ni(NO3)3-6H20, Cu(NO3),-3H20, AI(NO3)3-9H20, and Mg
(NO3)2:6H50 was added dropwise to a 500 mL three-neck round-bottom
flask containing 200 mL of a 0.1 M NayCOs3-10H20 under vigorous
magnetic stirring. The pH was kept at 9.5 + 0.1 using a 1.5 M NaOH
solution. After complete precipitation, the resulting suspension was
aged by conventional refluxing at 80 °C for 20 h. The solids were
filtered, washed with deionized water until pH 7, and dried overnight at
80 °C. The nomenclature and the theoretical composition of the syn-
thesized samples are shown in Table 1.

2.3. Preparation of Ni and NiCu supported catalysts

Ni and Ni-Cu catalysts were obtained by calcination of the hydro-
talcite precursors at 400 °C in 80 mL/min Nj flow for 5 h and further
reduction at 550 °C under pure Hy flow at 80 mL/min for 3 h. The
resulting catalysts were labeled as CNiAl, CNiMgAl, CNiCuAl and
CNiCuMgAl.

The effect of adding Brgnsted acidity on the catalytic reaction was
evaluated by combining by physical mixing 50 mg of catalysts CNiAl,
CNiMgAl, CNiCuAl and CNiCuMgAl with 50 mg of H-Peta, previously
prepared. 1 g of commercial Na-peta zeolite (Zeochem, Si/Al = 10, PB
Lot No. 6000186) was treated with NH4NO3 1 M at 100 °C for 1 h. After
washing several times with deionized water, the sample was calcined at
540 °C for 5 h to obtain the sample called Hpeta. These catalytic systems
are named as catalyst name + Hpeta.
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To evaluate the effect of Lewis acidity on the catalytic reaction
hydrotalcites HTnja) and HTnicual Were impregnated by the wetness
impregnation method with an ethanolic solution of NH4ReO4 (3 wt%
and 5 wt% of Re in the final catalyst). After impregnation, the samples
were dried at 80 °C overnight and subsequently calcined at 400 °C for 5
h under Nj flow (80 mL/min) and finally reduced under Hy flow at
350 °C for 3 h. Catalysts impregnated with ReOx were labeled as Cata-
lyst Name + Re x%, where x is the weight percentage of rhenium.

2.4. Characterization of the catalytic precursors and catalysts

Elemental analysis of the hydrotalcites was measured using an
inductively coupled plasma-original emission spectrometer (ICP-OES)
from Spectro Arcos. Before analysis, all samples were digested with
concentrated HNO3, Analyses were made in triplicate.

The structure and crystallinity of the hydrotalcites, fresh and spent
catalysts were studied by X-ray diffraction (XRD) measurements using a
Bruker-AXS D8-Advance diffractometer equipped with a vertical theta-
theta goniometer, 2.5° Soller slits for both incident and diffracted
beams, a fixed 0.5° receiving slit, and an automatic air-scattering knife
positioned at the sample surface. The angular 20 range was set from 5° to
80°, with data collected at an angular step of 0.02° and a step time of 0.5
s. Cuka radiation was generated from a copper X-ray tube operating at
40 kV and 40 mA. The diffracted X-rays were detected using a LynxEye-
XE-T PSD detector with a 2.94° opening angle. The sample was placed
on a low-background silicon (510) support.

All diffractograms were analyzed using the DIFFRAC.EVA 6.0 soft-
ware from BRUKER.AXS, along with the PDF-2 2022 database from
Joint Committee on Powder Diffraction Standards (JCPDS), using the
following reference files: 089-0460 for hydrotalcite, 65-2865 for nickel
(syn-Ni), 70-3039 for copper (syn-Cu), 047-1049 for bunsenite (syn-
NiO), and 77-0199 for cuprite (syn-CuO). Relative quantitative phase
analysis was performed by Rietveld method. The peak width for each
phase was modeled using the Double-Voigt Approach [39], focusing
solely on the Lorentzian contribution due to crystallite size and
excluding any microstrain effects. The Lorentzian function was used to
fit the peaks and obtain the integral breadth. Rietveld refinement was
carried out using TOPAS v6 software (Bruker AXS GmbH, 2017), and the
background was modeled with a second-order Chebyshev polynomial.
The Scherrer equation [40] was then applied to determine the apparent
crystallite size.

The surface properties of the catalysts were determined through ni-
trogen adsorption-desorption isotherms at —196 °C using a 3FLEX
MICROMERITICS Adsorption analyzer with a nitrogen molecule cross-
sectional area of 0.164 nm?. B.E.T. theory was applied to calculate the
surface area of the materials. Before the analysis, the samples were
degassed at 120 °C.

Transmission Electron Microscopy (TEM) was used to study the
morphology of the LDHs and catalysts using a JEOL 1011 transmission
electron microscope operated at an accelerating voltage of 100 kV with a
magnification of 120-400 k. Likewise, morphology was observed by
High-Resolution Transmission Electron Microscopy (HRTEM), which
was conducted using a JEM-F200 multi-purpose electron microscope
equipped with Energy Dispersive X-ray Spectroscopy (EDS). Catalyst
powder samples (0.1 mg) were dispersed in ethanol (50 pL) via ultra-
sonic treatment. The resulting suspension was then deposited onto a
carbon-coated copper grid and air-dried before analysis.

Metallic area and metallic dispersion of the catalysts were obtained
by Hj chemisorption, using an AutoChem III (Micromeritics) equipped
with a programmable temperature furnace and a calibrated TCD de-
tector. The gas outlet was connected to a quadrupole mass spectrometer.
Before the analysis, all the samples were activated at 550 °C for 30 min
with pure H,. The H, in excess was removed by flowing He at 15 cm®/
min at 560 °C for 180 min. Then, the sample was cooled down to 30 °C,
and the analyses were carried out.

The basic properties of the LDHs were determined by CO,-TPD using
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Table 2
Characterization of the catalytic precursors.
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LDHs Crystallite Crystallite Molar ratio” Chemical formula
size (nm) size (nm) . 24 a3+
003 ° 1102 Ni/Al Cu/Al Mg/Al M“"/M
HTnial 5.0 9.6 2,97 - - 2,97 [Nig 74Alp 25(0H)21[(CO% )o.08 (NO3)g.07] 0.16 HoO
HTnimgal 5.6 10.3 1.98 - 1.00 2.98 [Nig 50Mg0.25Al0.25(OH)2] [(CO3 o.08 (NO3)0.001-0.16 H20
HTnicual 3.4 6.3 1.48 1.41 - 2.89 [Nip.37Cto.35Al0.25(OH)21[(CO3 )o.06 (NO3)0.071-0.40 Hz0
HTnicumgal 3.7 5.6 1.00 1.10 1.00 3.10 [Nig.25CU0.27Mgo 24Al0 24(OH)21 [(CO3 )o.08 (NO3).081-0.25 Ho0
@ Calculated from XRD results.
b Determined from ICP results.
the AutoChem III equipment (Micromeritics). First, the catalysts were
activated at 550 °C for 1 h. Once cooled to 30 °C, the samples were Af i i
purged with He for 30 min to remove impurities. Afterward, adsorption 80 / : !
i

of CO5 (3 % volume CO, in He at 20 c¢m®/min) was conducted for 90
min, followed by a 30-min exposure to a helium flow (20 cm3/min) at
150 °C to remove weakly adsorbed COs. Finally, the temperature was
increased to 800 °C at a rate of 5 °C/min while the TCD signal was
recorded. A blank for comparison was collected without CO, treatment.
The basicity of the samples was assessed by analysing the difference
between the CO, desorption profile obtained after CO, adsorption and
the decomposition profile of the untreated sample (reference).

X-ray photoelectron spectroscopy (XPS) analysis was conducted to
study the surface composition of several catalysts using a ProvenX-NAP
system utilizing a monochromatic AlKa (1486.7 eV) x-ray source. The x-
ray beam had a spot size of 300 um of diameter at the sample position.
The data were acquired with a PHOIBOS 150 NAP 1D-DLD electron
energy analyzer (SPECS GmbH, Berlin) under ultra-high vacuum
(~1-10"° mbar), using a 60 W x-ray power, 30 eV pass energy, and 7x20
mm entrance slit with an open mesh exit slit. Before analysis, the cata-
lysts were activated in Hj flow at 550 °C for 1 h and mounted on a
stainless-steel holder with double-sided carbon tape. Additionally, data
processing was performed using CasaXPS software, focusing on the
Ni2p, Cu2p, Cls, and O1ls binding energies. The binding energies were
adjusted relative to the Cls peak at 284.8 eV, and a Shirley background
was applied, with core-level lines fitted using a Gaussian-Lorentzian GL
(30) model. Each sample was measured at a 0° emission angle relative to
the surface normal. Based on typical values for the electron attenuation
length of relevant photoelectrons, the XPS analysis depth ranges be-
tween 5 and 10 nm on a flat surface.

Fourier Transform Infrared (FTIR) spectroscopy measurements were
performed on fresh and spent catalysts using a Jasco FT/IR-6700 spec-
trometer equipped with a diamond crystal in Attenuated Total Reflec-
tance (ATR) mode. The spectral range was set from 4000 to 400 cm’l,
with a resolution of 4 cm ™. Each spectrum represents the average of 32
scans to ensure an optimal signal-to-noise ratio.

2.5. Catalytic activity

Catalyst tests were carried out in a 100 mL batch reactor with stirring
at 700 rpm to avoid external diffusion limitations. In a typical experi-
ment, the reactor contained 200 mg of guaiacol, 40 mL of n-dodecane,
and 100 mg of catalyst (Guaiacol/catalyst wt. ratio = 2). The reaction
was carried out at 300 °C under 50 bar of Hy for 1 h with a heating ramp
of 5 °C/min. Afterwards, the reaction was quenched with an ice bath,
and the products were filtered and analyzed by gas chromatography
using a Shimadzu GC-2010 instrument equipped with a TRB-PETROL
column (100 m x 0.25 mm x 0.50 pm) with a flame ionization detec-
tor (FID). Quantification was conducted with calibration lines using
hexadecane as the internal standard. The guaiacol conversion and the
selectivity towards the reaction products were calculated using the
following equations:

number of moles of converted guaiacol

number of moles of initial guaiacol x 100

% Conversion =

| CNiCuMgAl |
R4 ; A bl

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (°

Fig. 1. XRD patterns of the catalysts. Crystalline phases: () NiO, (-*-) Ni, ((])
Cu,0, (A) NiCu alloy, (*) Hydrotalcite phase.

numberofmolesofguaiacolconvertedtothereactionproduct

%Selectivity = -
v numberofmolesofconvertedguaiacol

x 100

3. Results and discussion

3.1. Effect of the acid-base properties of the Ni and NiCu catalysts,
obtained from LDHs, on the hydrodeoxygenation of guaiacol

XRD patterns of the catalytic precursors showed only the presence of
the crystalline hydrotalcite phase (Fig. S1a), as confirmed by TEM and
HRTEM microscopy (e.g. Fig. S1b,c) where the characteristic layered
and platelet hydrotalcite structure was observed. Cu-containing hydro-
talcites (HTnicual and HTnicumgal) had lower crystallite size both in the
stacking and in the lamella direction than HTyja; and HTnjmga1 (Table 2).
This can be explained by the Jahn-Teller effect of Cu?*, which makes
more difficult its incorporation into the brucite-like layers [41,42].

The composition of the LDHs, determined by elemental analysis
(Table 2), mostly agreed with the theoretical cations molar ratio values
(Table 1). Their chemical formula was calculated from the experimental
cations molar ratio values, the carbonate content was determined from
decomposition studies with a calibrated detector, and the number of
nitrates as the anions necessary to compensate the positive charge of the
layers (Table 2).

XRD patterns of catalysts revealed the disappearance of the hydro-
talcite structure after the calcination and reduction processes (Fig. 1).
For the catalysts containing magnesium, CNiMgAl and CNiCuMgAl, very
small amounts of amorphous hydrotalcite phase were also detected
(Fig. 1).
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Table 3
Characterization of the catalysts obtained from hydrotalcite-like materials.

Chemical Engineering Journal 512 (2025) 162226

Catalysts Crystalline metallic phases (%)" Crystallite size (nm)” BET surface Metallic area © Dispersion (%) ©
area ” (m%/g)
Ni NiCu alloy NiO Cu,0 Ni NiCu alloy NiO Cu0 (m%/g)
CNiAl 63 - 37 - 6.1 - 1.6 - 121 43 46
CNiMgAl 17 — 83 — 3.5 — 1.8 — 112 26 21
CNiCuAl - 47 39 14 - 3.8 1.5 1.4 103 4 4
CNiCuMgAl - 22 53 25 - 3.5 1.9 1.5 118 2 1
@ Calculated from XRD results.
b Determined by N, physisorption.
¢ Calculated from H, chemisorption.
]
. 1
CNiAl I
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) ™~ I s 1\110
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Binding energy (eV)

Fig. 2. Ni 2p3/» XPS spectra for CNiAl and CNiCuAl catalysts.

Monometallic catalysts, CNiAl and CNiMgAl, had a metallic Ni
crystalline phase together with some unreduced NiO phase, in higher
amounts for CNiMgAl (Fig. 1). For the bimetallic catalysts, the incor-
poration of Cu atoms into the Ni lattice provoked the enlargement of the
lattice, as confirmed by the shift to lower 26 values observed for
CNiCuAl (44.18°) and CNiCuMgAl (43.62°) in comparison with that
corresponding to the metallic Ni phase at 44.5° (see red discontinuous
line in Fig. 1). This could indicate the formation of a NiCu alloy. The
NiCu ratio calculated from the cell parameter of the NiCu alloy phase
according to the Vegard’'s law for these catalysts was NisgCu for
CNiCuAl and NiCuy 4 for CNiCuMgAl. Cuy0 phase was also detected in
addition to unreduced NiO for these bimetallic catalysts. Metallic Cu was
not observed in any case.

The percentage of each crystalline phase was calculated using TOPAS
V6 software by Rietveld refinement while the crystallite size was
determined using the Scherrer equation (Table 3). The metallic content
was higher for the samples without Mg (CNiAl and CNiCuAl). Regarding
crystallite sizes, the Ni crystallite size in the CNiAl catalyst was larger
(6.1 nm) than that of the CNiMgAl catalyst (3.5 nm) and those of the
NiCu alloy obtained for the bimetallic catalysts (3.5-3.8 nm) (Table 3).
The variations observed in the amount and crystallinity of the metallic
phases, and in the composition of the NiCu alloy can be attributed to
differences in the reducibility of their catalytic precursors, which in turn
are influenced by their composition. Thus, the catalysts derived from a
precursor containing magnesium presented higher amounts of NiO and
Cu0 oxide species compared to those without it. This could be attrib-
uted to a higher interaction of Ni and Cu cations with the Mg-Al mixed
oxides, which hinders their reduction, especially for Ni. This also

explains the higher content of Ni in the Nis ¢Cu alloy for CNiCuAl

XPS of the CNiAl and CNiCuAl catalysts allowed us to confirm the
formation of the NiCu alloy. The Ni 2p3,> spectra for both catalysts are
shown in Fig. 2. Two peaks at 852.7 eV and 855.8 eV, assigned to Ni®
and Ni%" species, respectively were observed in the Ni 2ps,5 spectrum of
CNiAl catalyst (Fig. 2). This assignment agrees with XPS results obtained
for hydrotalcite-type materials [43,44]. The shift to lower BE values of
the metallic Ni peak observed for the CNiCuAl catalyst (852.4 eV) in-
dicates electron transfer from Cu to Ni. This could be attributed to the
formation of the NiCu alloy, as previously reported [43,45]. These XPS
results also confirmed the presence of higher amounts of Ni for CNiAl
than for CNiCuAl, as previously observed by XRD.

N, adsorption-desorption isotherms of the catalysts were of type IV
corresponding to mesoporous materials according to IUPAC classifica-
tion leading to surface areas in the range 103-121 m?/g (Table 3).

The metallic area and dispersion of the catalysts, determined by Hy
chemisorption, are also shown in Table 3. Among the samples, CNiAl
displayed the highest metallic area (43 m2/g) followed by CNiMgAl (26
m?/g) while the bimetallic NiCu catalysts showed low metallic areas
2-4 mz/g). The differences between monometallic and bimetallic cat-
alysts could be attributed to the poor Hy adsorption of Cu compared to
Ni [46]. The lower metallic area of CNiMgAl relative to CNiAl could be
attributed to its lower Ni content (Table 3). The Ni-rich alloy in catalyst
CNiCuAl (Nis¢Cu) led to higher metallic area when compared to CNi-
CuMgAl with an alloy richer in Cu (NiCuy 4).

Transmission electron microscopy (TEM) was employed to examine
the morphology of the catalysts. As example, the micrographs of the
CNiAl and CNiCuAl catalysts with their particle size distributions are
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Fig. 3. TEM images of CNiAl (a), CNiCuAl (b) with their respective particle size distributions (c,d).
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Fig. 4. CO.-TPD profiles of the catalysts.

shown in Fig. 3. The hydrotalcite layered structure disappeared after
calcination of the LDHs and subsequent reduction, as expected, and
highly dispersed metallic nanoparticles supported on a mixed oxide
were observed. The size distribution of the particles exhibited a unim-
odal Gaussian distribution profile for both catalysts with an average
diameter slightly higher for CNiAl (10.7 nm) than for CNiCuAl (9.7 nm).
Additionally, a more homogeneous Gaussian profile was observed for
the bimetallic catalytic system. This can be explained by the presence of
the NiCu alloy.

The basicity properties of the catalysts were investigated through
CO,-TPD analysis (Fig. 4). The monometallic catalyst CNiAl, exhibited a
profile with a broad peak between 200 °C and 500 °C. The quantification

of the basic sites for this catalyst showed a low number (0.05 mmol COy/
g). For CNiCuAl, a similar profile was observed with a slightly higher
number of basic sites (0.082 mmol COy/g) than its monometallic
counterpart. Upon introduction of Mg in CNiMgAl and CNiCuMgAl
catalysts, a significant increase in the number of basic sites was obtained
(0.15 mmol COy/g and 0.28 mmol CO,/g, respectively). This should be
related to the presence of magnesium mixed-oxide species, which led to
higher basicity.

Regarding catalytic activity, first, the optimization of several reac-
tion parameters focusing on the selective obtention of cyclohexane was
conducted for catalyst CNiAl (Fig. S2) considering the parameter values
mainly used in the literature for this reaction at temperatures > 200 °C
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Fig. 5. HDO of guaiacol of the catalysts with 50 bar of H, at 300 °C for 1 h.
Guaiacol/catalyst weight ratio = 2.

[4,10] and maintaining the pressure of Hy at 50 bar. At 300 °C, the
catalyst led to high selectivity to cyclohexane (65 %) for a complete
conversion (Fig. S2a). When the temperature was decreased to 240 °C,
the formation of cyclohexane was significantly reduced to 3 %, obtain-
ing cyclohexanol (31 %) and methoxycyclohexanol (30 %) as main re-
action products (Fig. S2a). This indicates that deoxygenation and
demethoxylation processes were not favored at lower temperature and
that more energy is required to overcome these steps. By comparing at
300 °C for 1 h or 2 h of reaction (Fig. S2b) comparable catalytic results
were obtained. Finally, by varying the guaiacol/catalyst weight (wt)
ratio, for 1.5 and 2 the results were similar (Fig. S2c) while at guaiacol/
catalyst wt ratio > 2, the formation of cyclohexane decreased, as ex-
pected, at the benefit of the formation of cyclohexanol and other reac-
tion products since dehydration and hydrogenation reactions were not
favored due to the relative lower number of active sites. The high con-
version values observed in all tests denote the high reactivity of guaiacol
in these reaction conditions.

The catalytic activity of the four catalysts, derived from the LDHs
previously prepared, for the hydrodeoxygenation of guaiacol using the
optimized conditions at 300 °C, 50 bar of Hy for 1 h with guaiacol/
catalyst weight ratio of 2 is shown in Fig. 5.

High guaiacol conversion was obtained for all catalysts being the
main products cyclohexane or cyclohexanol depending on the catalyst
composition. Notably, cyclohexane was the main product (48-65 %) for
those catalysts that did not contain Mg (CNiAl and CNiCuAl). This result
is significant since the obtention of cyclohexane has not been reported
before for this reaction using catalysts obtained from hydrotalcite-type
materials. Besides, these selectivity values to cyclohexane were higher
than those previously reported for other catalysts tested at the same
reaction conditions (300 °C, 50 bar, 1 h). Thus, Ni-Mg(5 %)/AC catalyst
led to 20 % of cyclohexane for a 30 % of conversion [16] while using Cu-
Zn0-Al,03 catalyst, 20 % of cyclohexane yield was obtained for a 76 %
of conversion, in this case, at 2 h of reaction [17].

Monometallic CNiAl catalyst presented higher selectivity towards
cyclohexane (65 %) compared to its bimetallic counterpart CNiCuAl (48

OH
OCH;3 OCH,
HYD
Guaiacol Methoxy
cyclohexanol
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%). This can be related to the higher metallic content and higher
metallic area of catalyst CNiAl (Table 3). Interestingly, when the cata-
lysts with Mg were tested, the selectivity changed and cyclohexanol was
the main product. CNiMgAl had 46 % of selectivity to cyclohexanol
while its bimetallic counterpart, CNiCuMgAl, led to 72 %. This could be
related to the higher basicity of these catalysts (Fig. 4), due to the
presence of MgOx species, which has been reported to inhibit dehy-
dration processes for this reaction [30]. The more basic the catalytic
system, the greater the selectivity towards cyclohexanol. The best
selectivity to cyclohexanol (72 %) was higher than those reported pre-
viously for other catalysts tested at the same reaction conditions (300 °C,
50 bar, 1 h) since 50 % of cyclohexanol selectivity and 35 % of cyclo-
hexanol yield were obtained with Ni-Mg(5 %)/AC and Cu-ZnO-Al,O3
catalysts, respectively [16,17], this later at 2 h of reaction. The fact that
methoxycyclohexanol (MCH) was detected in small amounts for one of
the catalysts, could suggest that the reaction followed the direct hy-
drogenation route and further demethoxylation and hydrogenolysis
processes (Scheme 2).

In the literature, the most of Ni-based catalysts tested for the HDO of
guaiacol favored the formation of MCH at low temperatures (< 200 °C)
while at higher temperatures (> 200 °C) inhibited such reaction at the
benefit of phenol formation [47,48]. In the present work, the presence of
methoxycyclohexanol cannot be attributed to the reaction conditions
but to the properties of the Ni and NiCu catalysts obtained from layered
double hydroxides. This pathway was previously identified by Dongil
et al. [48] when using Ni/C nanotubes catalysts at 300 °C, 50 bar of Hy
for 4 h. These authors proposed that some catalytic systems could pro-
mote the transport of Hy by spillover favoring the formation of MCH at
these harder conditions [48]. Later demethoxylation of MCH to cyclo-
hexanol can be done on the basic centres of these catalysts, as previously
reported [30]. The use of high temperature and pressure has been shown
to weaken/break the C-O bond favoring the formation of cyclohexene,
which can be then fast hydrogenated by the metallic centers to cyclo-
hexane [29]. It is important to note that acidity does not play a role on
the catalytic results obtained with these catalysts since they did not
show practically acidity. For instance, catalyst CNiAl, without magne-
sium, showed a negligible acidity, 0.0015 mmol NHs/g, as calculated
from NH3 TPD.

The obtention of cyclohexane and cyclohexanol varying the
composition highlights that hydrotalcite-like materials are excellent
catalytic precursors. Furthermore, the ability of non-Mg catalysts
derived from hydrotalcites to selectively yield cyclohexane has not been
reported before and remarks their potential in applications where fully
deoxygenated, fuel-ready products are required. Thus, optimizing
catalyst compositions to promote cyclohexane production offers a
promising pathway for advancing biomass conversion technologies.

In order to evaluate and compare the selectivity of the catalysts at
lower conversion values, their catalytic activity was checked using lower
amount of catalyst (25 mg) for a shorter reaction time (0.5 h), main-
taining the rest of the reaction conditions (Fig. S3). By decreasing con-
version, a decrease in the selectivity to cyclohexane, accompanied by an
increase in the formation of the oxygenated intermediates, cyclohexanol
and methoxycyclohexanol, was observed for all catalysts. This shows the
importance of the reaction conditions in controlling the degree of
hydrodeoxygenation. It is important to remark that, despite the lower

() e e

Cyclohexanol

Cyclohexene Cyclohexane

Scheme 2. Reaction pathway proposed for the catalysts obtained from LDHs. DMO: Demethoxylation, HYD: Hydrogenation, DHY: Dehydration.
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Fig. 6. HDO of guaiacol of catalysts combined with Hp zeolite under 50 bar of
H, at 300 °C for 1 h. Guaiacol/catalyst weight ratio = 2. * Reaction carried out
without guaiacol.

conversion values, it was possible to obtain cyclohexane in three of the
four catalysts. This has not been previously observed for catalysts ob-
tained from hydrotalcite-like materials at any reaction conditions.
Additionally, CNiAl and CNiCuAl showed higher selectivity to cyclo-
hexane than their corresponding containing Mg catalysts, keeping the
same tendency observed in Fig. 5, where the presence of Mg influenced
the reaction pathway, promoting the partial deoxygenation to cyclo-
hexanol. These catalytic results also confirmed the proposed pathway
for these catalysts, as evidenced by the higher amounts of methox-
ycyclohexanol obtained under these lower conversion conditions.

3.2. Effect of adding Br@nsted acid sites to the catalytic systems obtained
from LDHs

When hydrodeoxygenation of guaiacol was studied at low reaction
temperature (< 200 °C), Br@nsted acidity played an important role,
promoting demethoxylation and dehydration processes for obtaining
cyclohexane [49,50]. Thus, Wang et al. [49] obtained 91.7 % of yield to
cyclohexane using a Ni/SiO; catalyst combined with Hp zeolite at

OCH;

DHY
OH

OCH;, Anisole
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140 °C, 30 bar of H, for 2.5 h. Casadé et al. [50] achieved 78 % of
cyclohexane selectivity for a complete conversion with a Ni/ordered
mesoporous carbon combined with Hf at 180 °C, 30 bar of H; for 1 h.

To study the influence of Br@nsted acidity at higher temperature and
pressure, the four catalysts obtained from LDHs were combined with Hp
zeolite and tested with the same reaction conditions than the catalysts
alone: 50 bar of Hy, guaiacol/catalyst wt ratio of 2, at 300 °C for 1 h. The
results are shown in Fig. 6.

Very high selectivity to cyclohexane for a very high conversion was
achieved with all the catalytic systems. Surprisingly, the selectivity to
cyclohexane calculated using the calibration lines for catalyst CNiCuAl
-+ Hp was higher than 100 %. This result suggests that other compounds
present in the reaction were likely transformed to cyclohexane. To check
this option, the reaction was carried out without guaiacol at the same
reaction conditions with catalyst CNiCuAl + Hp obtaining 86 % of
selectivity to cyclohexane for a total conversion (Fig. 6). These results
suggested that the Br@nsted acidity provided by Hf converted the sol-
vent dodecane to cyclohexane at these reaction conditions. When other
solvents, such as decane, were tested, the same behavior was observed.
Therefore, we can conclude that all these catalysts combined with Hp
overproduced cyclohexane due to the additional reaction of the solvent
used at the reaction conditions tested. Interestingly, some amounts of
benzene and toluene were also detected for all catalysts. Methox-
ycyclohexanol was not observed in any case. This indicates that the
catalysts combined with Hp followed a different reaction pathway
(Scheme 3) compared to the pathway followed by the catalysts alone
(Scheme 2).

Thus, Br@nsted acid sites were responsible for demethoxylation,
transalkylation, and dehydration reactions while metallic ones cata-
lyzed the hydrogenation reactions. This agrees with the mechanism
proposed by Lee et al. for Pt/HY, Pt/H-Beta and Pt/H-ZSM-5 catalysts,
which had metallic and Br@nsted acid centers for the hydro-
deoxygenation of guaiacol to cyclohexane at 250 °C, 40 bars of Hy for 2 h
[14,25]. The authors did not report overproduction of cyclohexane
probably due to the lower temperature used.

3.3. Effect of adding Lewis acid sites to the catalytic systems obtained
from LDHs

The effect of the Lewis acidity on the HDO of guaiacol to cyclohexane
has not been practically explored. Considering that catalysts CNiAl and
CNiCuAl led to the highest selectivity to cyclohexane (Fig. 5), their
corresponding hydrotalcites were modified with ReOx to have in the
final catalysts 3 wt% and 5 wt% of Re. Low rhenium contents were
chosen to minimize the redox activity of the ReOx species [13].

XRD patterns of the catalysts with different rhenium loading are

OH CHj
CHs
— —
ALK/TRA DHY

Cresol Toluene

¢ DMO

OH
Guaiacol \
DMO 3
DHY HYD

Phenol

Benzene Cyclohexane

Scheme 3. Hydrodeoxygenation pathway proposed for the catalysts obtained from LDHs combined with H-peta. DMO: Demethoxylation, HYD: Hydrogenation, DHY:

Dehydration, ALK/TRA: Transalkylation.
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Fig. 7. XRD patterns of the reduced catalysts with ReOx. Crystalline phases:
(@) NiO, (--) Ni, () Cux0, (A) NiCu alloy, Cu (@).

shown in Fig. 7 compared to the corresponding catalysts without
rhenium. The quantification of the crystalline phases and their crystal-
lite size, obtained from XRD, are indicated in Table 4.

The increase of rhenium content in CNiAl decreased the amount of
metallic Ni, with respect to NiO, and reduced its crystallinity (Table 4).
However, for CNiCuAl, higher rhenium content led to the formation of
higher amounts of more crystalline NiCu alloy (Table 4) in addition to
the Cup0 and NiO phases for CNiCuAl + Re 3 %, and to the Cuy0 and Cu

Table 4

Chemical Engineering Journal 512 (2025) 162226

phases for CNiCuAl + Re 5 %. This indicates that the addition of
rhenium decreased the reducibility to Ni for monometallic catalysts and
increased the reducibility to NiCu alloy and Cu for the bimetallic ones.
Interestingly, the Cu content in the NiCu alloy increased as the rhenium
amount increased. Thus, for catalyst, CNiCuAl + Re 5 %, the composi-
tion of the alloy was NiCuy ;5. This confirms the effect of rhenium in the
reducibility to Ni since the composition for the catalyst CNiCuAl,
without rhenium, was richer in Ni (Nis ¢Cu).

XPS experiments were carried out to study the effect of rhenium in
the reducibility of the oxide phases at surface level. Thus, the peaks of
the Ni 2p3,5 XPS spectrum corresponding to metallic Ni (853.1 eV) and
Ni2* (856.4 eV) for catalyst CNiAl, shifted towards lower binding energy
values, (852.4 eV for Ni and 855.4 €V for Ni%") for the catalysts with Re,
e.g. CNiAl + Re 5 % (Fig. 8). This could be attributed to the possible
electron transference from Re to Ni. Furthermore, a decrease in the
amount of Ni, accompanied by an increase of NiO was observed for the
catalysts with Re in agreement with the results obtained by XRD. For the
bimetallic catalyst, CNiCuAl, the peaks of the Ni 2pg,» XPS spectrum
corresponding to metallic Ni and Ni2* (Fig. 8) and the peaks of the Cu
2ps3,2 spectrum (Fig. 9) practically did not shift after rhenium addition.
However, a decrease in the amount of metallic Ni was also observed
(Fig. 8). Moreover, the Ni 2p3,5 XPS spectrum of catalyst CNiCuAl + Re
5 % showed the presence of surface Ni** species, probably NiO, which
was not detected by XRD (Fig. 7).

Due to the close binding energies of Cu 2pg 5 for the Cu™ and Cu®, the
Auger electron spectroscopy (AES) of Cu LMM was carried out to
distinguish between them (Fig. 9, right). Thus, the peaks at 568.3 and
571.3 eV corresponded to Cu® and Cu* species, respectively, being Cu®
the main one. This agrees with the differences observed by XRD when
calculating the NiCu content of the catalysts since the NiCu alloy was
richer in Cu for CNiCuAl + Re 5 % while the NiCu alloy was richer in Ni
for CNiCuAl catalyst.

Characterization of the catalysts obtained from hydrotalcite-like materials with Re compared to their counterpart without Re.

Catalysts Crystalline metallic phases (%)" Crystallite size (nm)”
Ni NiCu alloy NiO Cu0 Cu Ni NiCu alloy NiO Cu0 Cu
CNiAl 63 — 37 - - 6.1 - 1.6 - -
CNiAl + Re 3 % 57 - 43 - 3.7 - 1.6 - -
CNiAl + Re 5 % 6 - 94 - - 3.2 - 1.6 — —
CNiCuAl — 47 39 14 — — 3.8 1.5 1.4 —
CNiCuAl + Re 3 % 58 33 9 - — 4.8 1.4 2.1 -
CNiCuAl + Re 5 % — 80 — 8 12 - 6.4 — 3.2 36
2 Calculated from XRD results.
I |
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Fig. 8. Ni 2p3,2 XPS spectra of 5 % Re modified CNiAl and CNiCuAl catalysts. The blue dotted in lines indicates the position of metallic Ni and orange dotted lines

indicates the position of the oxidized species.



A.C. Rueda et al.

Chemical Engineering Journal 512 (2025) 162226

CNiCuAl

Satellites

Cu LMM

CNiCuAl + Re 5%

Intensity (a.u.)

Satellites

940 935
Binding energy (eV)

585 580 575 570 560

Kirfetic energy (eV)

565 550
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Fig. 10. HDO of guaiacol with CNiAl catalysts with and without ReOx. Reaction conditions: 300 °C under 50 bar of H, for 1 h. Guaiacol/catalyst wt ratio of 2.

Fig. 10 shows the catalytic activity of the CNiAl catalysts with
different Re loading and without Re for comparison on the hydro-
deoxygenation of guaiacol at 300 °C for 1 h, 50 bar of H, and guaiacol/
catalyst weight ratio of 2.

The modification of the CNiAl with rhenium did not affect conver-
sion, which remained complete. However, the reaction product distri-
bution changed significatively. The selectivity to cyclohexane decreased
progressively in the order CNiAl > CNiAl + Re 3 % > CNiAl + Re 5 %.
This can be explained by the decrease in the amount of metallic Ni, as
observed by XRD (Fig. 7, Table 4) and XPS (Fig. 8). At higher Re loading,
cyclohexanol was the main product (53 %) and methoxycyclohexanol
was detected in low amounts. The presence of higher amounts of Lewis
acid sites (ReOx) for this catalyst could facilitate the binding of the
oxygenated compounds, as proposed by P. He et al [6].

For the bimetallic catalytic system, CNiCuAl with and without
rhenium, the same behavior concerning the obtention of cyclohexane
was observed (Fig. 11).

10

Although in this case the amount of metallic phase increased with the
rhenium content (Table 4), the fact that the NiCu alloy was richer in Cu,
a metal with less hydrogenation ability, for the catalysts modified with
Re limited their effectiveness for obtaining cyclohexane. However, the
highest selectivity to cyclohexanol was achieved for the catalyst CNiC-
uAl + 3 % Re. The presence of reduced Cu, with high crystallite size in
catalyst CNiCuAl 4 5 % Re (Table 4) could favor the formation of other
reaction products. The lower selectivity to cyclohexanol of these cata-
lytic bimetallic systems with Re with respect to the bimetallic catalyst
CNiCuMgAl (Fig. 5) confirmed that as richer in Cu the NiCu alloy was,
the higher the selectivity to cyclohexanol was observed.

The presence of methoxycyclohexanol in one of the catalysts modi-
fied with rhenium (Fig. 10) together with the absence of other possible
reaction products such as benzene or toluene, allowed us to think that
these catalytic systems with additional Lewis acid sites followed the
reaction pathway proposed in Scheme 2.
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Fig. 11. HDO of guaiacol with CNiCuAl catalysts with and without ReOx. Reaction conditions: 300 °C under 50 bar of H; for 1 h. Guaiacol/catalyst wt ratio of 2.
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Fig. 12. Reutilization studies of catalyst CNiAl. Reaction conditions: 300 °C, 50 bar of Hy for 1 h. Guaiacol/catalyst wt ratio of 2.

3.4. Reusability tests and characterization of spent catalysts

In order to check the stability of the catalysts obtained from layered
double hydroxides, the reusability of the catalysts CNiAl and CNiCuAl,
which were the most selective to cyclohexane, was studied by per-
forming 3 cycles using the reaction conditions of 300 °C, 50 bar of H; for
1 h with guaiacol/catalyst wt ratio of 2 (Figs. 12 and 13). After each
reaction, the catalyst was filtered, washed with the solvent dodecane
and dried at 80 °C before using for the next run.

Conversion remained constant after 3 cycles for both catalysts.
However, some variations in the selectivity values were observed. Thus,
after the second cycle, the selectivity to cyclohexane decreased,
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especially for catalyst CNiAl, at benefit of the formation of cyclohexanol.
Additionally, methoxycyclohexanol was detected in low amounts for
both catalysts. This confirms that the pathway these catalytic systems
follow is proposed in Scheme 2. For the 3rd cycle, the differences with
respect to the 2n cycle were lower for both catalysts. To explain these
results, spent catalysts were characterized after reaction and compared
with fresh catalysts by XRD (Fig. 14).

XRD pattern of the spent CNiAl catalyst (Fig. 14a) showed the
presence of Ni and NiO phases, as in the fresh catalyst, but with lower
amount of less crystalline Ni (34 %). This could explain the decrease in
the selectivity to cyclohexane observed after 2nd reuse (Fig. 12). On the
other hand, XRD pattern of spent CNiCuAl catalyst (Fig. 14b) exhibited
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Fig. 13. Reutilization studies of CNiCuAl catalyst. Reaction conditions: 300 °C,
50 bar of H, for 1 h. Guaiacol/catalyst wt ratio of 2.

higher amounts of higher crystalline NiCu alloy (64 %) than fresh
CNiCuAl catalyst (47 %), in addition to NiO and Cuy0 phases also pre-
sent in the fresh catalyst. The composition of the NiCu alloy for the spent
CNiCuAl catalyst was NiCu; s. This could justify the decrease in the
selectivity to cyclohexane observed since fresh CNiCuAl had an alloy
richer in Ni (Ni5 ¢Cu), and therefore with higher hydrogenation ability.

In order to analyze the possible adsorption of reaction products
which limited the catalytic activity of the active sites during reuse, the
FTIR spectra of the fresh and spent CNiAl catalysts were performed
(Fig. 15).

The spectrum from the fresh CNiAl catalyst revealed a peak at 3326
em™! corresponding to O-H stretching vibrations, attributed to surface
hydroxyl groups or adsorbed water, while at 1632 cm ™}, the peak could
be assigned to H-O-H bending vibrations of adsorbed water or surface
hydroxyls. The band around 1362 cm ™! can be attributed to the CO3~
vibration mode [51]. Additionally, the 781 cm™! peak corresponds to
Al-O vibration modes, characteristic of the Al,O3 support structures
[52].

Upon catalytic upgrading via hydrodeoxygenation (HDO) of guaia-
col, the spent catalyst exhibited significant spectral changes. New peaks
appear at 1067 cm 1, 1396 cm™1, 1549 cm™1, and 1627 cm™1,

Chemical Engineering Journal 512 (2025) 162226

indicating surface deposition of reaction intermediates or by-products.
The 1067 cm™1 peak is attributed to C-O stretching from residual
oxygenated organic species, such as alcohols or phenolics. The 1396
cm™ 1 peak corresponds to C-H bending vibrations from aliphatic hy-
drocarbons formed during hydrogenation. Peak at 1549 cm™1 is known
as the coke band, and at 1627 cm™ 1 suggests aromatic C=C stretching,
indicating incomplete deoxygenation of guaiacol’s aromatic ring. Peaks
at 2926 cm™! could be attributed to C-H stretching vibration in CHy
aliphatic groups. Additionally, a broad peak at 3380 cm ™! was observed
in the spent catalyst, likely due to an increase in surface hydroxyl groups
or adsorbed water, potentially formed as a by-product during the HDO
process [53,54]. Therefore, these FTIR confirmed some transformation
in the catalyst surface chemistry due to the adsorption of organic com-
pounds. Other catalyst cleaning methodologies or reactivation methods
should be developed.

4. Conclusions

The composition of the layered double hydroxides from which Ni and
NiCu catalysts were prepared were determinant for the selective
obtention of cyclohexane and cyclohexanol under the reaction condi-
tions used. Thus, the catalysts obtained from Ni/Al and Ni/Cu/Al
hydrotalcites were more selective to cyclohexane due to their higher
metallic content, higher metallic area, and very low basicity. The
obtention of cyclohexane with catalysts prepared from hydrotalcite-like
materials for this reaction is remarkable since it has not been reported
before. This could mainly related to the reaction conditions used
(300 °C, 50 bar Hy). However, the magnesium species present in the
catalysts obtained from Ni/Mg/Al and Ni/Cu/Mg/Al hydrotalcites,
affected their catalytic activity making them more selective to cyclo-
hexanol. This was related to the lower metallic content, lower metallic
area, and higher basicity of these catalysts. The higher content of Ni or
Cu in the NiCu alloy formed in the bimetallic catalysts affected the
selectivity to cyclohexane or cyclohexanol. When combined with H-
Beta, the Brgnsted acidity provided by the zeolite, due to the parallel
transformation of the solvent used, dodecane, under the reaction con-
ditions, led to an overproduction of cyclohexane. On the other hand, the
addition of small amounts of Lewis acidity (ReOx) to the catalysts ob-
tained from Ni/Al and NiCu/Al hydrotalcites favoured the formation of
cyclohexanol due to the difficulty in the reduction of the catalytic pre-
cursors to Ni, favoring the binding of the oxygenated compounds.
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Fig. 14. XRD patterns of the fresh and spent a) CNiAl and b) NiCuAl catalysts. Crystalline phases: () NiO, (-*-) Ni, ((J) Cu0, (A) NiCu alloy,
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Fig. 15. FTIR spectra of fresh and spent NiAl catalyst.
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