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Abstract
The hydrodeoxygenation (HDO) of three different phenolic model compounds, 
isoeugenol, guaiacol and vanillin was investigated using Ir/ZrO2 and Ni/ZrO2 as het-
erogeneous catalysts. The catalysts were prepared by incipient wetness impregnation 
and characterized by transmission electron microscopy, nitrogen adsorption, FTIR 
pyridine adsorption–desorption. The organic material in the spent catalysts was 
analyzed by organic elemental analysis and thermogravimetry. The results revealed 
that in guaiacol HDO at 250 °C under 30 bar total pressure the main product was 
cyclohexanol with 36% yield over Ni/ZrO2 while the total deoxygenation forming 
cyclohexane was limited to 2%. Ir/ZrO2 exhibited higher HDO activity compared 
to Ni/ZrO2 giving 14% yield of cyclohexane. Extensive formation of methane and 
ethane was also observed in guaiacol HDO. Hydrodeoxygenation of isoeugenol over 
Ir/ZrO2 resulted in maximally 33% yield of propylcyclohexane due to a low liquid 
phase mass balance. The main products in vanillin HDO at 100  °C in water was 
vanillyl alcohol.
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Introduction

The hydrodeoxygenation of lignin derived bio-oils is currently an important 
research area due to depleting fossil fuel resources. Bio-oils as such are not suit-
able as fuels due to high acidity, oxygen content and instability [1]. There exist 
already some publications from the HDO of bio-oils [2, 3], but due to compli-
cated analytics, several model compounds have been very often used including 
guaiacol [4], vanillin [5, 6], isoeugenol [7], anisole [8], phenol [9, 10] and cresol 
[11]. The use of model compounds also facilitates easier elucidation of the reac-
tion mechanism [9]. Several attempts has also been made to elucidate the poten-
tial industrial application of the HDO of phenolic compounds, e.g. performing 
HDO of their mixtures in the absence of any other solvents [12]. One example 
of this type of experiments was HDO of the vanillin–guaiacol mixture at 200 °C 
under 30 bar hydrogen [12]. Only vanillin gave large amounts of partially deox-
ygenated product, p-creosol, under these conditions, whereas guaiacol did not 
produce any deoxygenated products. This result showed clearly some challenges 
in up-scaling HDO since different phenolic compounds are adsorbed on the sur-
face with different strength depending on their structure and a number of oxygen 
atoms.

Several catalysts have been applied, e.g. metals (Pt, Pt–Sn, Pd, Ru) supported 
on carbon [5], zeolites [7], carbides [6] and oxides [8]. Bifunctional catalysts, 
containing both metal and acidic functionality have also been used [7]. The 
aim in this work was to make a comparative HDO study of three phenolic com-
pounds, namely vanillin, guaiacol and isoeugenol (Fig.  1) using zirconia sup-
ported metals, nickel and iridium as catalysts. It is known that zirconia based 
catalysts exhibit oxophilic sites promoting adsorption of oxygenated compounds. 
For example Ni/ZrO2 was successfully used as a catalyst in continuous hydro-
deoxygenation of m-cresol in dodecane under 40 bar total pressure in hydrogen 
at 340  °C giving as the main products deoxygenated methylcyclohexane and 
methylcyclohexenes [13]. On the other hand, nearly twofold more oxygenates 
were formed over Ni/SiO2 under the same conditions showing the importance of 
the support.

The HDO of guaiacol, eugenol and vanillin has been already demonstrated 
over metal supported  ZrO2 (Table 1) [4, 14, 15]. HDO of guaiacol was reported to 
be the most successful over Ni/SiO2–ZrO2 giving 97% yield of methylcyclohex-
ane at 300 °C and 50 bar catalyst in 8 h [15]. The second best catalyst was 10 wt% 
Ni/ZrO2 catalyst giving 75% selectivity of cyclohexane at 44% of conversion of 
guaiacol (entries 2 and 3). On the other hand, 5  wt% Ni/ZrO2 resulted in 30% 
yield of cyclohexane at complete guaiacol conversion (entry 3). Furthermore, the 
calcined and reduced 5  wt% Ni/ZrO2 resulted in higher cyclohexane selectivity 
(30%) than the non-treated catalyst directly used giving only 1% of cyclohexane. 
This result indicates that calcination is very important to activate the catalyst and 
enhance hydrodeoxygenation. The HDO activities of 3 wt% Rh/ZrO2 and 5 wt% 
Ru/ZrO2 were not very high with these catalysts producing mainly hydrogen-
ated products such as 2-methoxycyclohexanol (89% and 36%) and cyclohexanol 
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(5 and 36%) [16]. Bimetallic catalysts supported on zirconium oxide exhibited 
high yields of alcohols but no deoxygenated compounds (entry 7). Summarizing 
guaiacol HDO, it can be stated that in order to achieve high selectivity to hydro-
deoxygenated compounds, a high hydrogen pressure and a relatively high tem-
perature are required, especially with Ni/ZrO2 [15]. Eugenol hydrodeoxygenation 
was demonstrated over Co/ZrO2 at 200 °C under 10 bar hydrogen in dodecane as 
a solvent [14] giving propylcyclohexanol as the main product with 57% yield at 
complete conversion. Co/ZrO2 exhibited strong acidity determined by ammonia 
TPD.

As a comparison to guaiacol HDO over Ni/SiO2–ZrO2, vanillin was not con-
verted completely (83%) in 8 h at 300 °C and 50 bar in a mixture of cresol, phenol, 
eugenol, trans-anethole and vanillin [4]. The main product was methylcyclohexane 
with 65% selectivity at 83% conversion [4], showing that vanillin is more difficult 
to deoxygenate in comparison to other phenolic compounds present in the mix-
ture for which complete conversion was obtained. Selectivity to propylcyclohex-
ane was 98% at 300 °C under 50 bar in 8 h [4] indicating that zirconia support is 
beneficial in HDO which can be related to both acidic and basic sites available in 
zirconia.

Typically, vanillin HDO has been performed in water [5, 6], and as a compari-
son to our previous vanillin HDO over metal supported on carbon [5], water was 
also used in this work as a solvent in vanillin HDO. In the previous study with 
Pd/C at 100 °C under 30 bar total pressure in hydrogen [5] the main product was 
p-creosol.

The aim in this work was to investigate the potential of oxophilic  ZrO2 to be used 
as a support for metal in HDO of phenolic compounds. According to our knowledge 
Ni/ZrO2 and Ir/ZrO2 have not been used as catalysts in vanillin HDO in water and in 
isoeugenol HDO. Nickel is a cheap transition metal, whereas Ir in comparison with 
Pt exhibits hydrogenolysis activity [20] and a homogeneous Ir catalyst was success-
fully used in the hydrodeoxygenation of 2,5-hexadione [21]. Thus it was decided to 
use Ir/ZrO2 as a catalyst in this work. One of the main aims was also to study the 
liquid phase mass balance closure, since in several papers [14, 22, 23], in addition to 
reactant conversion the product selectivity has been defined as the ratio between the 
products formed not reflecting the carbon balance in liquid phase. The mass balance 
closure, however, can only be found in a very few papers [7, 24–27]. The experi-
ments in this study were performed using a low initial concentration of reactants, 
which, however, facilitated to directly compare the performance of  ZrO2 supported 
catalysts (Pt/C, Pd/C, Pt/H-Beta-300, Ir–Re/Al2O3, with other ones  applied under 
the same conditions [5, 7, 12, 26].
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Fig. 1  Reaction schemes for HDO of a guaiacol, b vanillin and c isoeugenol. Notation: the trivial names 
for the compounds in vanillin HDO are vanillin (4-hydroxy-3-methoxybenzaldehyde), vanillyl alcohol 
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Experimental

Preparation of catalysts

All starting materials were reagent grade chemicals such as Ni(NO3)2·6H2O 
(≥ 98.0%, GOST 405570, Souzchimprom, Novosibirsk),  IrCl3 hydrate (TU 2625-
067-00196533-2002 OAO “V.N. Gulidov Krasnoyarsk factory of nonferrous metals, 
Krasnoyarsk)”, zirconia (Acros Organics,  SBET = 106 m2/g).

Zirconia was precalcined in air at 500  °C for 2  h before catalysts preparation. 
3  wt% Ir/ZrO2 was prepared by incipient wetness impregnation with an aque-
ous solution of  IrCl3 hydrate, sequentially dried at 110 °C for 17 h and reduced by 
molecular hydrogen from room temperature up to 400 °C with a ramp rate of 2 °C/
min, thereafter holding in hydrogen during 3 h to remove the excess of chloride.

10 wt% Ni/ZrO2 was prepared by incipient wetness impregnation with an aqueous 
solution of a nickel nitrate precursor, sequentially dried at 110 °C for 17 h, calcined 
in air at 540 °C for 2 h and reduced by molecular hydrogen from room temperature 
up to 450 °C with a ramp rate of 2 °C/min, thereafter holding in hydrogen during 
3 h. The reduction temperature, 450 °C should be enough to reduce NiO [28].

Catalyst characterization methods

Nitrogen adsorption

Specific surface area of the catalysts were determined using nitrogen adsorption 
at 77 K using Carlo Erba Sorptomatic 1900. BET program was applied to identify 
the specific surface area and pore volume of the alumina supported catalysts. The 
investigated catalysts were heated at 150 °C and outgassed at a pressure lower than 
8 mbar for 3 h.

Acidity measurement with pyridine adsorption desorption by FTIR

FTIR spectroscopy ATI Mattson with pyridine (Sigma-Aldrich, ≥ 99.5%, a.r.) 
adsorption desorption was used to determine the amount and strength of Brønsted 
and Lewis acid sites. Initially, a sample of the catalyst was pressed into a thin pellet 
with the weight in the range between 10 and 20 mg. The prepared pellet was placed 
in the cell of the spectrometer for 1 h outgassing in vacuum at 450 °C. Afterwards, 
the sample was cooled down to the set temperature of 100 °C, followed by adsorp-
tion of pyridine on the pellet surface for 30  min and then recording the scanned 
spectra. Subsequently, to obtain the acidity strength distribution such as presence 
of weak, medium and strong Brønsted and Lewis acid sites, the thermal desorption 
of pyridine was performed at 250 °C, 350 °C and 450 °C. The spectral bands inte-
grated at 1455 cm−1 and 1545 cm−1 provided the data on the Brønsted and Lewis 
acid sites concentrations using extinction coefficients of Emeis [29].
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Scanning electron microscopy and X‑ray microanalysis (SEM–EDX)

The scanning electron microscopy coupled with energy dispersive X-ray analyzer 
was utilized to obtain information on the morphology and elemental analysis of the 
fresh and spent catalysts. Zeiss Leo Gemini 1530 microscope combined with sec-
ondary electron and backscattered electron detectors was applied for this purpose. 
Acceleration voltage of 15 kV was used for X-ray analyzer. In order to perform anal-
ysis, the catalyst was placed as a thin layer on top of the carbon coating to enhance 
the conductivity allowing high quality of magnified images.

Transmission electron microscopy (TEM)

Transmission electron microscopy was utilized to study the morphology and metal 
particle size. The equipment used for analysis was JEM-1400Plus (by JEOL Ltd. 
Japan) of 120 kV maximal acceleration voltage. The interpretation of TEM images 
and determination of the particles sizes of the fresh and spent catalysts were done 
using ImageJ program.

Thermogravimetric analysis (TGA)

Thermogravimetric characterization of the fresh and spent catalysts was carried out 
using SDT Q600 (V20.9 Build 20) device under nitrogen. Around 7 mg of the cata-
lyst was placed on an aluminum oxide  (Al2O3) sample pan as well as an empty pan 
on the reference and heated from room temperature to 1000 °C (temperature ramp—
10  °C/min). The volumetric gas flow rate during analysis was 100  ml/min. The 
organic compounds and coke adsorbed on the catalyst surface have been calculated 
from the difference between the spent and fresh catalyst weight losses in the tem-
perature range of 100–1000 °C, i.e. not considering the amount of water desorbed.

Catalytic experiments

HDO of isoeugenol and guaiacol was performed in an autoclave with the initial con-
centrations of 0.012 mol/l and 0.016 mol/l, respectively using 50 ml of dodecane 
(Alfa Aesar, ≥ 99%) as a solvent. In a typical experiment 50 mg of the prereduced 
catalyst was put into the reactor together with the reactant. 1 day prior to HDO of 
isoeugenol and guaiacol, the fresh catalysts were reduced with hydrogen (AGA, 
99.999%). First, 50 mg of the catalyst was flushed with argon flow for 10 min and 
then with hydrogen for 10  min. The program was set to heat up from room tem-
perature to 350 °C with 10 °C/min and keep at 350 °C for 3 h under hydrogen flow. 
Afterwards, as the program was completed and temperature decreased to 100 °C, the 
catalyst was flushed with argon (AGA, 99.999%) for 10 min and 10 ml of the solvent 
(dodecane) was added onto the catalyst and kept overnight.

The reactor was flushed with argon (Ar, 99.999%) for 10 min followed by flush-
ing with hydrogen for 5  min and pressurizing to 20  bar with hydrogen (AGA, 
99.999%) at room temperature. Thereafter, the temperature was increased to the 
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desired one and the final pressure was adjusted to 30 bar total pressure. The reac-
tion was commenced by starting the stirring. The external and internal mass trans-
fer limitations were suppressed by using a high stirring speed (900 rpm) and small 
catalyst particles below 63 µm. The samples were taken from the reactor after cer-
tain time intervals and analyzed by GC. The gas sample was taken at the end of the 
reaction.

For vanillin HDO, the experiments were performed in an autoclave using 100 ml 
distilled water as a solvent. In a typical experiment vanillin initial concentration was 
0.008 mol/l and 50 mg of the pre-reduced catalyst was used. The catalyst was covered 
with distilled water after reduction in Ar atmosphere prior to the experiment.

Gas chromatography for the liquid phase samples

Analysis of the samples in the HDO of guaiacol and isoeugenol was performed 
by a gas chromatograph using DB-1 capillary column (Agilent 122-103e) of 
30 m length, 250 µm internal diameter and 0.5 μm film thickness was utilized for 
GC analysis. Helium (AGA, 99.996%) was applied as a carrier gas with flowrate 
of 1.7 ml/min. The temperature program for GC analysis is 60  °C (5 min)–3  °C/
min–135  °C–15  °C/min-300  °C. The following external calibration standards for 
HDO of isoeugenol and guaiacol: isoeugenol (cis and trans) (Fluka, > 98%), guai-
acol (Aldrich, ≥ 98%), dihydroeugenol (Sigma-Aldrich, ≥ 99%), cyclohexane (Lab 
Scan, 99%), heptane (Sigma-Aldrich, ≥ 99%), 2,5-dimethylhexane (Sigma-Aldrich, 
99%), octane (Fluka, ≥ 99%), propylcyclohexane (Aldrich, 99%), 2-methoxycy-
clohexanone (TCI, > 95%), methoxycyclohexane (TCI, > 98%) were utilized for 
quantitative determination.

For the gas phase samples in the HDO of guaiacol, 1 ml of gas sample was taken 
from the reactor and analyzed with an Agilent 6890 N-GC equipped with HP-PLOTQ 
capillary column (30 m × 530 μm × 40 μm). The pressure and temperature were respec-
tively 1.03 bar and 250 °C and the total gas flow was 55.2 ml/min (with the split ratio 
of 5:1). Detection was done by FID (300  °C) and TCD (250  °C). The mixtures of 
calibration gases from AGA contained carbon dioxide (1 V %), ethylene (0.099 V %), 
methane (1.02 V %), and methane (1 V %), ethane (1.03 V %), propane (0.981 V %), 
isobutene (0.983 V %), n-butane (0.96 V %) in helium.

Gas chromatography/mass spectrometry (Agilent Technologies 122-103e) was used 
to identify both gas and liquid phase compounds. DB-1 capillary column (Agilent 
122-103e) of 30 m length, 250 μm internal diameter and 0.5μ. m film thickness was 
utilized for GC analysis. Helium (AGA, 99.996%) was applied as a carrier gas with 
the flowrate of 1.7 ml/min. The temperature program for separation of the liquid phase 
compounds was 60 °C (5 min)–3 °C/min–135 °C–15 °C/min–300 °C. The program 
applied for the gas phase samples was 40 or 60 °C (5 min) 3 °C/min–135 °C–15 °C/
min–300 °C.

High performance liquid chromatography was applied for the analysis of sam-
ples obtained from HDO of vanillin. HPLC (Agilent Technologies 1100 Series) was 
supplied with a UV–vis photo diode array detector (273  nm) and a qternary pump. 
The utilized column was Ultra Techsphere ODS-5u (C18) (250 mm × 4.6 mm). The 



745

1 3

Reaction Kinetics, Mechanisms and Catalysis (2019) 126:737–759 

non-stationary phase was a mixture of methanol and 0.5% phosphoric acid with the 
flowrate of 0.400 ml/min. The program set for the flow of the mixture (methanol + 0.5% 
phosphoric acid) using a gradient for the eluent given in Table S1. External calibration 
curves were made for vanillin and vanillyl alcohol.

Definitions

To assess the yield of the liquid phase products, gas chromatography based sum 
of the reactants and products in the liquid phase analysis (GCLPA) was calculated 
as follows:

Here  GCLPA0 is the initial gas chromatography based sum of the reactants and 
products in the liquid phase analysis;  GCLPAt is the gas chromatography based sum 
of the reactants and products in the liquid phase analysis at time t.

At a constant volume, conversion of the reactant was calculated in a conven-
tional way using the following equation:

Here  Xa,t is the conversion of a particular reactant at time t,  %;  Ca,0 is the initial 
molar concentration of the reactant, mol/l;  Ca,t is the molar concentration of the 
reactant at time t, mol/l. The conversion of dihydroeugenol has been defined as its 
maximum concentration minus concentration of dihydroeugenol at time t divided by 
the maximum dihydroeugenol concentration, multiplied by 100%.

Results and discussion

Catalyst characterization results

The morphology of the catalysts was investigated by scanning electron micros-
copy and transmission electron microscopy. The SEM images (Fig.  2) did not 
show big differences in the shapes between fresh 3 wt% Ir/ZrO2 and 10 wt% Ni/
ZrO2, except the size range. For Ir/ZrO2 24 μm to 122 μm while for 10 wt% Ni/
ZrO2 this interval was somewhat larger (10-160 μm).

A possible metal leaching was excluded by comparing the mass ratio of Ir/Zr 
and Ni/Zr in the fresh and spent catalysts used in HDO of isoeugenol at 250 °C 
under 30 bar total pressure in hydrogen. For 3 wt% Ir/ZrO2 and 10 wt% Ni/ZrO2 
no changes in the mass ratio of metal to Zr were observed by SEM–EDX. The Ir/
Zr and Ni/Zr mass ratios were 0.1 and 0.2, respectively both in fresh and spent 
catalysts indicating no significant leaching in the spent catalysts.

(1)GCLPA =
GCLPA

t

GCLPA0

× 100%.

(2)X
a,t =

C0 − C
i

C0

× 100%.
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Based on 3 wt% Ir/ZrO2 images, the particle size in the fresh and spent cata-
lysts is 1.3 nm and 2.2 nm. From 10 wt% Ni/ZrO2 catalyst images it was not pos-
sible to differentiate nickel and zirconia support.

TEM image for the reduced, fresh 10 wt% Ni/ZrO2 contained large nickel nano-
particles are covered by nickel oxide thin layer and decorated by smaller nanocrys-
tals of zirconia (Fig.  3a). Ni particle sizes varied in the range of 20 to 50  nm in 
diameter and separate nickel particles bigger than 100 nm could also be found. High 
iridium dispersion in the fresh 3 wt% Ir/ZrO2 catalyst can be seen in the TEM image 
(Fig. 3b, Table 2). Although the spent catalyst exhibited also a high metal disper-
sion, some agglomerates were present, varying from 4 nm to 14 nm (Fig. 3c).

The specific surface area for the impregnated 10 wt% Ni/ZrO2 used in the cur-
rent work was 108 m2/g while its pore volume was very low (Table 2). On the other 
hand, 3  wt% Ir/ZrO2 catalyst contained a high pore volume in comparison with 
10 wt% Ni/ZrO2. According to Zhang et al. [15], 10 wt% Ni/ZrO2 synthesized by 
deposition–precipitation had a specific surface area of only 6.2 m2/g. According to 
[17], 5 wt% Ni/ZrO2 prepared by incipient wetness impregnation had specific sur-
face area of 130 m2/g. Therefore, the catalysts made by impregnation method have 
larger specific surface area (> 100 m2/g), while, deposition precipitation results in 
lower specific surface area.

Both 3 wt% Ir/ZrO2 and 10 wt% Ni/ZrO2 exhibit mainly weak Lewis acid sites 
(Table 3). In addition 10 wt% Ni/ZrO2 exhibits also large amounts of Brønsted acid-
ity, which is in accordance with literature [30] showing that the ratio of Brønsted 
to Lewis acidity determined by pyridine adsorption DRIFTs for 20  wt% Ni/ZrO2 
was 7.6 fold higher than for 20 wt% Ni/SiO2. Brønsted acidity in 10 wt% Ni/ZrO2 
catalyst is originating from  HNO3 which was used to dissolve the Ni precursor and 
the pH of the precursor solution was between 1 and 2. After 2 h, NiO was formed on 
 ZrO2. It is known that  Zr4+ present in  ZrO2 exhibits also Lewis acidity [31]. Further-
more, it is expected that part of Ni can be as  Ni2+ on the surface of Ni/ZrO2 since 
the concentration of Lewis acid sites was increasing 2.5 fold compared to that of Ir/
ZrO2. It is reasonable to suggest that a large amount of Ni is more difficult to reduce 
completely in comparison with Ir.

Fig. 2  SEM images for the fresh catalysts (magnification × 100). a Ir/ZrO2, b 10 wt% Ni/ZrO2
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Fig. 3  TEM images and histograms of the metal particle sizes for a the fresh 10 wt% Ni/ZrO2 and b fresh 
and c spent 3 wt% Ir/ZrO2 catalyst used in isoeugenol HDO at 250 °C and 30 bar total pressure

Table 2  Catalyst characterization data

a In parenthesis value for the spent catalyst
b Some particles also above 100 nm

Catalyst Specific surface area 
 (m2/gcat)

Pore volume 
 (cm3/g)

Calculated disper-
sion (%)

Metal particle 
size, TEM 
(nm)a

10 wt% Ni/ZrO2 108 0.04 n.d. 1.1, 20–50b

3 wt% Ir/ZrO2 91 0.24 77 (45) 1.3 (2.2)
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TGA results for the fresh and spent catalysts in the guaiacol and isoeugenol HDO 
at 250  °C and 30  bar aluminum oxide and zirconium oxide supported catalysts) 
show that only small amounts of organic coke was obtained (Table 4), not being able 
to explain the low amounts of reactant and products analyzed by GC.

HDO results

Isoeugenol HDO

HDO of isoeugenol was investigated at 150  °C, 200  °C and 250  °C for 4  h both 
with 10  wt% Ni/ZrO2 and 3  wt% Ir/ZrO2 catalysts (Table  5, Figs.  4 and 5). The 
hydrogenation of isoeugenol to dihydroeugenol was very rapid already during heat-
ing as confirmed earlier [26, 32]. The transformation rate of isoeugenol after 1 min 
was, however very slow over Ni/ZrO2 (Fig.  4a) indicating catalyst deactivation, 
which was confirmed by coking, since the spent catalyst contained carbon accord-
ing to TGA results (Table 4). Conversion of dihydroeugenol over 10 wt% Ni/ZrO2 
increased with increasing temperature (Table 5). Complete conversion of isoeuge-
nol was already achieved during heating the reactor at 250 °C. Dihydroeugenol was, 
however, transformed quite slowly over Ni/ZrO2 catalysts, about 0.004 mol/mingNi 
during 1 to 30 min.  

Isoeugenol was converted over Ir/ZrO2 already at 150 °C 82% after 1 min reac-
tion time and for the two other temperatures, 200 °C and 250 °C it was converted 
even faster and complete conversion of isoeugenol was obtained at all tempera-
tures (Table 5). Dihydroeugenol conversion increased with increasing temperature 

Table 4  Organic coking results 
based on data via TGA 

a Obtained using corresponding spent catalysts from isoeugenol HDO 
at 250 °C and 30 bar
b Obtained using corresponding spent catalysts from guaiacol HDO 
at 250 °C and 30 bar

Catalyst Organic coke in 
nitrogen, (%)

3 wt% Ir/ZrO2 3.5a

10 wt% Ni/ZrO2 2.9a

3 wt% Ir/ZrO2 5.1b

10 wt% Ni/ZrO2 3.2b

Table 3  Brønsted and Lewis acid sites determined by FTIR

Catalyst Brønsted acid sites (μmol/gcat) Lewis acid sites (μmol/gcat)

250 °C 350 °C 450 °C 250 °C 350 °C 450 °C

3 wt% Ir–ZrO2 1 0 0 157 0 0
10 wt% Ni–ZrO2 70 0 0 398 1 0
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(Table 5), but the initial transformation rate of dihydroeugenol was, however, rather 
slow at 250 °C being 0.002 mol/min/gIr and even after 240 min at 250 °C not com-
plete conversion of dihydroeugenol was obtained (Table 5). It can be concluded that 
dihydroeugenol transformed initially 1.8-fold faster over Ni/ZrO2 compared to Ir/
ZrO2. This can be related to hydrogenolysis activity of Ir [19] and smaller particle 
sizes being more prone to deactivation in comparison with Ni.

The GCLPA decreased over both Ni/ZrO2 and Ir/ZrO2 catalysts with increas-
ing reaction temperature and increasing conversion being the lowest for Ni/ZrO2 
at 250  °C (Table  5). The reason for such lower GCLPA obtained by Ni/ZrO2 
is its high activity for formation of gaseous products. Furthermore, Ir/ZrO2 in 
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Fig. 4  Kinetics for formation of propylcyclohexane in HDO of isoeugenol over a 10 wt%  NiZrO2 and b 
3 wt% Ir/ZrO2 catalysts. Notation (filled square) 150 °C, (filled circle) 200 °C and (filled triangle) 250 °C
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the current work exhibited only Lewis acidity, whereas Ni/ZrO2 contained also 
weak Brønsted acid sites (Table 3). As a comparison Pt supported Beta zeolites 
containing both Brønsted and Lewis acid sites gave in isoeugenol HDO [7] the 
GCLPA of 45-61% at 200 °C under 30 bar hydrogen. It can be thus concluded that 
GCLPA with Ir and Ni supported on  ZrO2 was about the same as for Pt–H-Beta 
catalysts. This comparison indicates that both metal and support selection is very 
important for obtaining high GCLPAs. Ir is known to be very active in hydrog-
enolysis [20], while Ni facilitates methanation. Furthermore, the mass balance 
closure in HDO of isoeugenol using Ir–Re/Al2O3 was 79% under comparative 
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Fig. 5  Kinetics in HDO of isoeugenol over a  NiZrO2 and b Ir/ZrO2 catalysts. Conditions: 250 °C, total 
pressure 30  bar, initial isoeugenol concentration 0.012  mol/l, solvent dodecane, catalyst mass 50  mg. 
Notation: isoeugenol (multiplication sign), dihydroeugenol (open circle) and propylcyclohexane (filled 
triangle)
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conditions showing clearly that the selection of support and the amount of irid-
ium are crucial for mass balance closure [26]. The low GCLPA values with the 
catalysts from this work is due to formation gaseous products [26]. Furthermore, 
oligomer product formation from isoeugenol in HDO of the latter using Ir–Re/
Al2O3 catalysts has been previously confirmed via performing extraction of the 
spent catalyst with heptane and analyzing the extract phase by SEC [26]. Thus the 
most plausible reasons for a low mass balance closure are formation of oligomers 
and gaseous products. The results for Ir/ZrO2 can be also partially explained by 
large amounts of alkanes such as hexane, heptane and octane formed in the pres-
ence of only the solvent, dodecane with Ir/ZrO2 at 250 °C and 30 bar total pres-
sure. These compounds have not been taken into account during GCLPA calcula-
tions when using isoeugenol as a reactant, because otherwise it leads to GCLPA 
higher than 100% in the current experimental setup and it would be impossible to 
separate formation of alkanes from the solvent and from the reactant. In compari-
son with literature the mass balance closure in HDO of 4-propylphenol over dif-
ferent Pt supported catalysts under 40 bar hydrogen at 200 °C in water was 78% 
at complete conversion over Pt/ZrO2, whereas the comparative value with Pt/C 
was 98% [25] indicating also that zirconia support has a negative effect on the 
mass balance closure. On the other hand, this result cannot be generalized since 
reaction conditions, such as high hydrogen pressure, increases the carbon mass 
balance, as was the case with phenol HDO giving 90% total mass balance closure 
under 100 bar at 275 °C [10].

The yield of the deoxygenated product, propylcyclohexane increased, as 
expected with increasing temperature for both  ZrO2 supported catalysts. It is 
also interesting to note that only a minor increase in formation rates of propylcy-
clohexane over Ir/ZrO2 was observed when increasing the reaction temperature 
from 150 °C to 200 °C, whereas at 250  °C the initial formation rate of propyl-
cyclohexane was 2.9 fold that at 200  °C (Fig.  4). The initial formation rate for 
propylcyclohexane over Ni/ZrO2 at 250 °C was 11-fold that calculated at 200 °C 
indicating that Ni/ZrO2 requires higher temperature for HDO than Ir/ZrO2. The 
highest yields for propylcyclohexane were obtained at 250  °C being 16% and 
33% for Ni/ZrO2 and Ir/ZrO2, respectively, were obtained. These yields are much 
lower compared to those obtained over Pt–H-Beta-300 and Pt–H-Beta-150 (the 
number in the catalyst name denotes  SiO2/Al2O3 ratio) being at 200 °C 74% and 
64% [7] and those reported by Zhang et al. [15]. In [15], 98% selectivity of pro-
pylcyclohexane was obtained at 300  °C under 50  bar hydrogen in 8  h using a 
mixture of eugenol, vanillin, guaiacol, phenol and trans-anethole as a feedstock. 
In [15] both hydrogen pressure and reaction temperature were much higher than 
in the current case, most probably enhancing activity of Ni/ZrO2. Noteworthy 
is also that formation of 1,2,4-trimethylbenzene was observed over 10  wt% Ni/
ZrO2 at 150 °C (Table 5) indicating that despite demethoxylation of the formed 
dihydroeugenol, hydrogenation of the phenyl ring was, however, not very effi-
cient under these conditions. In addition C–C bond breaking in the propyl chain 
occurred. This result is interesting since e.g. hydrogenation of propylbenzene 
is thermodynamically feasible at 200  °C under 30  bar hydrogen [7], but not at 
300 °C under 30 bar.
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Guaiacol HDO

In the hydrodeoxygenation of guaiacol over 10 wt% Ni/ZrO2 at 250 °C and 30 bar 
total pressure the initial guaiacol transformation rate between 1 and 30  min was 
1.6 mmol/min  gNi and complete conversion of guaiacol was obtained after 240 min 
(Fig. 5a). GCLPA is rather low being 54% for 10 wt% Ni/ZrO2 (Table 6). To com-
plete the GCLPA, both organic coke and gas phase analysis were performed. Using 
thermogravimetric analysis, organic coke was estimated from the temperature ramp 
between 100 and 1000 °C, i.e. excluding water content for both catalysts. GCLPAs 
increased to 48 and 57% for 3 wt% Ir/ZrO2 and 10 wt% Ni/ZrO2, correspondingly, 
showing that this solid fraction could only slightly increase the GCLPA levels. Thus 
gas samples were taken after 4 h of the reaction and analyzed by GC–MS after 4 h of 
reaction. Methane was present in the gas phase together with ethane (Table S2, Fig. 
S3). Methanation is expected to occur via hydrogenation of CO which is thermody-
namically feasible already at 227 °C at which the Gibbs free energy for methanation 
is -96.4 kJ/mol [33]. In addition it is known that Ni is promoting methanation.

Over Ir/ZrO2 catalyst the initial transformation rate of guaiaocl was 2.1 mmol/
mingIr being higher than that for Ni/ZrO2 and complete conversion of guaiacol 
was obtained in 4 h (Table 6). The GCLPA for Ir/ZrO2 was lower than for Ni/ZrO2 
(Table 6) due to the high hydrogenolysis activity of Ir, as stated above, promoting 
formation of gaseous products. When comparing the gas phase analysis results (Fig. 
S3) of Ir/ZrO2 and Ni/ZrO2 by GC–MS it can be observed that the distribution of 
gases for Ir/ZrO2 catalyst is broader in comparison with 10 wt% Ni/ZrO2. Over Ir/
ZrO2 catalyst  CH4 gas was produced more than over 10  wt% Ni/ZrO2 (retention 
time of 1.1 min in Fig. S3). In demethoxylation, the formed alkoxide group can be 
adsorbed on the metal surface and hydrogenated to form methane and water. Ethane 
gave the highest peak at the retention time of 1.2 min for both catalysts (Fig. S3). 
Formation of more gaseous products over 3 wt% Ir/ZrO2 than over 10 wt% Ni/ZrO2 
could explain lower GCLPA (43% vs. 54%).

The main product in guaiacol HDO over 10 wt% Ni/ZrO2 at 250 °C under 30 bar 
total pressure was cyclohexanol showing that this catalyst was active in hydrogena-
tion of phenyl ring, but at the same time exhibiting lower HDO activity. In addition, 
large amounts of 2-methoxycyclohexanone were initially formed. The ratio between 
the formed cyclohexanol to 2-methoxycyclohexanone at 1  min reaction time was 
1.8 indicating that Ni/ZrO2 catalyst was initially very active in hydrogenation of the 
phenyl ring and in demethoxylation. 2-methoxycyclohexanone can be formed either 
via isomerization of 2-methoxycyclohexenol to corresponding ketone or from guai-
acol. This result is in accordance with thermodynamics, since it is known that disso-
ciation of methoxy bond requires less energy (343 kJ/mol) compared to dissociation 
of an alcohol group (385 kJ/mol) [34]. Ni/ZrO2 was, however, able to only partially 
transform 2-methoxycyclohexanonone to cyclohexane (Fig.  5a) and the yield of 
fully deoxygenated product, cyclohexane was very low, being only 2% (Table 6). It 
can be seen from the kinetic plot that 2-methoxycyclohexanone did not react further 
since its concentration remained constant. Furthermore cyclohexanol concentration 
increased during 4 h reaction, indicating that 10 wt% Ni/ZrO2 catalyst mainly con-
taining weak Lewis acid sites (Table  3) was not active in hydrodeoxygenation to 
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cyclohexane. As comparison with the literature [10], 5 wt% Ni/ZrO2 was reported to 
be very efficient in hydrodeoxygenation of phenol at 275 °C under 100 bar yielding 
80 mol % of cyclohexane and 10 mol % cyclohexanol. Furthermore, high selectivity 
towards cyclohexane, 75% was obtained over Ni/ZrO2 at 43% conversion [15]. The 
conditions in their work [14] were, however, very much more severe compared to 
the current work.

The main product in guaiacol HDO over 3 wt% Ir/ZrO2 was also cyclohexanol 
(Table 6). Initially 2-methoxycyclohexanone was the main product and its concen-
tration started to decrease after 120 min reaction time (Fig. 6b). The second major 
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Fig. 6  Kinetics in HDO of guaiacol over a Ni/ZrO2 and b Ir/ZrO2 catalysts. Conditions: 250  °C, total 
pressure 30 bar, initial guaiacol concentration 0.016 mol/l, solvent dodecane, catalyst mass 50 mg. Nota-
tion: guaiacol (multiplication sign), methoxycyclohexane (filled circle), 2-methoxy-cyclohexanone (open 
circle), 2-methoxycyclohexanol (open square), cyclohexanol (filled triangle) and cyclohexane (filled 
square)
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product already in the beginning of the reaction was cyclohexanol and its concentra-
tion increased during 4 h reaction time. This compound reacted further to cyclohex-
ane, and its concentration was increasing during the reaction. The initial ratio 
between the yield of cyclohexanol to 2-methoxycyclohexanone was 0.4 showing that 
Ni/ZrO2 was initially 4.5-fold more active in transforming 2-methoxycyclohexanone 
to cyclohexanol than Ir/ZrO2. After prolonged time Ir/ZrO2 was able to transform 
2-methoxycyclohexanone to cyclohexanol and also substantial yield of cyclohexane 
(14% yield) was formed (Fig. 6b, Table 6). This intermediate, 2-methoxycyclohex-
anonone was, however, only partially transformed to cyclohexane (Fig. 6b).

As a conclusion it can be stated that Ir/ZrO2 was more active than Ni/ZrO2 to pro-
duce fully deoxygenation product cyclohexane. The drawback with this catalyst was 
the low liquid phase mass balance closure due to high hydrogenolysis activity of Ir 
forming also large amounts of the gaseous products.

Vanillin HDO

Hydrodeoxygenation of vanillin was performed using 10 wt% Ni/ZrO2 and 3 wt% 
Ir/ZrO2 at 100 °C and 30 bar total pressure in the presence of hydrogen and water 
used as a solvent (Fig. 7). Vanillin concentration decreased during the initial heating 
probably due to strong adsorption of it on the catalyst surface similar to observa-
tions of Santos et al. [5]. Initially the transformation rate of vanillin between 1 and 
30 min of the reaction time was 0.0035 mol/min/gNi for Ni/ZrO2 being almost the 
same whereas for Ir/ZrO2 it was (0.003 mol/min/gIr). Both of these catalysts exhib-
ited Ni particles of rather small sizes (Table 2) and the differences in their perfor-
mance were minor. The catalytic activity in vanillin transformation was, however, 
retarded substantially over Ni/ZrO2 after 60 min, whereas Ir/ZrO2 was more active. 
The former catalyst has more Lewis acid sites and also small amounts of Bronsted 
acid sites (Table 3), which can cause catalyst deactivation. Vanillin conversions were 
nearly the same for 10 wt% Ni/ZrO2 and Ir/ZrO2 being 94% and 99%, respectively 
after 4 h. GCLPA was the best over 10 wt% Ni/ZrO2 being 92%. Over Ir/ZrO2 the 
GCLPA was 78% indicating higher hydrogenolysis activity of Ir [20].

Using 10 wt% Ni/ZrO2 catalyst, the main product was vanillin alcohol with the 
yield of 86% after four hours of the reaction unconverted vanillin was also pre-
sent (Table 6, Fig. 7a). No other products were seen in HPLC, such as p-cresol or 
p-creosol, due to low activity (mild acidity) in hydrodeoxygenation. Analogously to 
nickel the main product over Ir/ZrO2 was also vanillyl alcohol with the yield of 77% 
(Table 6, Fig. 7b). It can be concluded that these catalysts did not facilitate deoxy-
genation of vanillin under the studied reaction conditions. Vanillin HDO requires 
much more severe conditions. In particular experiments at 300 °C under 50 bar of 
hydrogen utilization of Ni/SiO2–ZrO2 gave at 83% conversion 65% selectivity to 
methylcyclohexane [4]. Typically, partial deoxygenation of vanillin in water as a sol-
vent was obtained forming p-creosol as the main product under 30 bar at 100  °C 
over Pd/C [5]. This comparison shows that Pd has electronic properties facilitating 
formation of p-creosol under mild conditions, whereas Ni as a transition metal is 
less active.
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Conclusions

A comparative investigation of isoeugenol, guaiacol and vanillin hydrodeoxygena-
tion was performed using Ni and Ir supported  ZrO2 catalysts prepared by the incipi-
ent wetness method. Both catalysts exhibited Lewis acidity, whereas Ni/ZrO2 con-
tained also weak Brønsted acid sites.

The deoxygenation efficiency of Ni/ZrO2 was low in isoeugenol transformation at 
150 °C under 30 bar, increasing with temperature elevation. Analogous results were 
found for Ir/ZrO2. The drawback with these catalysts in isoeugenol transformation 
was the low liquid phase mass balance closure due to formation of large amounts 
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Fig. 7  Kinetics in HDO of vanillin over a  NiZrO2 and b Ir/ZrO2 catalysts. Conditions: 250 °C, total pres-
sure 30 bar, initial vanillin concentration 0.008 mol/l, solvent water, catalyst mass 50 mg. Notation: van-
illin (filled circle) and vanillyl alcohol (filled square)
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of gas phase products in the liquid phase. In guaiacol HDO over 3 wt% Ir/ZrO2, the 
maximum yield of cyclohexane at 250 °C under 30 bar is 14%. The main product 
was cyclohexanol indicating that this catalyst facilitated only partial deoxygenation, 
which can be related to low acidity. Ni/ZrO2 also gave cyclohexanol as the main 
product.

Vanillin transformation in water at 100 °C under 30 bar resulted in formation of 
vanillyl alcohol as the main product indicating that Ir and Ni supported  ZrO2 cata-
lysts at these conditions provide only partial HDO of vanillin.
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