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ABSTRACT 

Hydrodeoxygenation (HDO) of isoeugenol has been investigated over Ni-SBA-15 and Ni-SZ-

SBA-15 containing sulfated ZrO2 with Si/Zr molar ratio of 8.4. The catalysts were prepared via 

incipient wetness method and characterized by N2 adsorption, AAS, TPR, X-ray diffraction 

(XRD), thermal gravimetric/differential thermal analyses (TG-DTA), organic elemental 

analysis, pyridine adsorption-desorption with Fourier-transform infrared spectroscopy (FTIR) 

and transmission electron microscopy (TEM). The results revealed that 75% yield of 

propylcyclohexane was obtained over a non acidic Ni-SBA-15 in isoeugenol HDO at 300oC 

under 3 MPa H2 using dodecane as a solvent. Ni-SZ-SBA-15 gave only very low HDO activity, 

which is explained by location of the acid sites both inside and outside SBA-15, whereas nickel 
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particles were partially located inside the SBA-15 structure. On the other hand Ni particles in 

Ni-SBA-15 with the size of 20 nm were located outside SBA-15 promoting HDO. The kinetic 

model was developed for HDO of isoeugenol based on the proposed reaction network, which 

took into account formation of intermediate products as well as oligomers. The kinetic model 

developed fitting well the experimental data with the degree of explanation equal to 91%. The 

activation energy for hydrogenation of propylcyclohexene and for demethoxylation  of 

dihydroeugenol to 4-propylphenol are  equal to 92 kJ/mol and 62 kJ/mol, respectively. 

Keywords: isoeugenol, nickel, hydrodeoxygenation, lignin, SBA-15 

 

Highlights  

The synthesis procedure is effective to obtain high surface area catalysts with a 2D hexagonal 

ordered structure. 

75% yield of propylcyclohexane was obtained over a non acidic Ni-SBA-15 in isoeugenol HDO 

at 300°C and 3 MPa of H2 

Nickel particles of ca. 20 nm were still active in HDO of isoeugenol 

Acidity of Ni-SZ-SBA-15 is not beneficial for dihydroeugenol transformation, rather promoting 

formation of coke by oligomerisation of some products 
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1. Introduction 

Hydrodeoxygenation (HDO) of lignin derived bio-oils is currently an important research 

area due to depleting fossil fuel resources. Bio-oils as such are not suitable as fuels due to their 

high acidity and oxygen content as well as their instability [1].  There exist already some 

publications on HDO of bio-oils,[2,3] however, due to complicated analytics and a complex 

composition of bio-oils, several model compounds have been used including guaiacol [4], 

vanillin [5,6], isoeugenol [7,8], anisole [9], phenol [10,11] and cresol [12]. The use of model 

compounds facilitates also elucidation of the reaction mechanism [10].  

In this context, isoeugenol is a very representative model compound, since its molecular 

structure contains the common oxygenated groups in the lignin-derived bio-oils: namely 

hydroxyl, methoxy and allyl groups in the aromatic ring [13]. The reaction scheme for HDO of 

isoeugenol is shown in Scheme 1. 

Several catalysts have been applied for HDO of phenolic compounds, e.g. metal supported 

on carbon [5], zeolites [7], carbides [6] and oxides [9]. Bifunctional catalysts, containing both 

metal and acidic functionality have also been used.7 In these catalysts the synergic effect 

between the metal and acid sites seems to have a crucial role in HDO [14-16].  

Regarding metal selection, it has been shown that the use of noble metals in HDO of model 

phenolic compounds provides high yields of hydrocarbons [9,13,17]. High costs of noble 

metals, such as Pt [7], Ir [18], Ru [19,20] is the reason for a growing interest toward non-noble 

metals. Several non-noble based catalysts, e.g containing Ni [3,8,21,22] and Co [24] have been 

investigated. In particular, Ni based catalysts can be considered as an effective alternative to 

noble metals because of their low costs and dual function for HDO via hydrogenation and 

hydrogenolysis [21]. For example, Zhang et al.[24] claimed formation of fully deoxygenated 

products in isoeugenol HDO over strongly acidic catalyst, i.e. Ni-SiO2-ZrO2 at 300 °C under 

5 MPa of hydrogen, whereas Ni/C gave mainly 2-methoxypropylphenol as a product in eugenol 
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hydrodeoxygenation at 285 °C under 7 MPa hydrogen [22]. In another work [25] it was reported 

that Ni supported on amorphous SiO2-Al2O3 possessing high nickel dispersion and a large 

number of acid sites gave much better HDO performance than Ni-SiO2 and Ni-Al2O3 catalysts. 

Besides the active metal per se, the support plays a crucial role in HDO of bio-oxygenates. 

Recently, numerous supports have been tested in isoeugenol HDO such as zeolites [7,8],  

ZrO2[23,24] and active carbons [5,19,22].  An increasing attention was also focused on mesoporous 

silicates [26]. It has already been demonstrated that mesoporosity can have a positive effect on 

HDO [16] In isoeugenol HDO, Bomont et al. [7] reported that Pt-H-MCM-41 catalyst with 

large mesopores exhibited almost twofold higher selectivity to propylcyclohexane than a 

microporous Pt-H-Beta-25 with a fourfold larger amount of Brønsted acid sites.  Xing et al. 

[27] clearly showed that an increase of mesoporosity in H-ZSM-5 by desilication resulted in 

higher selectivity to hydrocarbons in isoeugenol HDO.  

In the field of bio-oil upgrading, microporous zeolites or even materials like MCM-41 with 

small pores (<3 nm) can lead to mass transfer limitation and deactivation by coke formation. In 

bio-oil upgrading Ni/SBA-15 was used as a catalyst under 3 MPa hydrogen at 300 oC giving as 

the main product 4-propylsyringol not being therefore able to facilitate efficient HDO [3]. 

Therefore, application of supports with large pore sizes could make it possible to enhance 

accessibility of bulky molecules to the active sites allowing also more resistance to deactivation 

by coke. 

The aim of this work was to investigate the potential of bifunctional catalysts based on 

sulfated zirconia (SZ) on SBA-15 used as a support for nickel in HDO of isoeugenol (Fig. 1). 

In our previous work it was shown that Ni/ZrO2 afforded complete conversion of isoeugenol at 

250 °C under 3 MPa hydrogen after 240 min giving 16% yield of propylcyclohexane [8]. This 

catalyst exhibited mainly Lewis acidity together with a small fraction of mild Brønsted acid 

sites. Thus it was decided based on the previous results in HDO of isoeugenol8 to use 



5 

 

mesoporous SBA-15 as a support and elevate its acidity with sulfated zirconia. SBA-15 is a 

mesoporous ordered material with a large pore size and a high wall thickness providing good 

thermal stability [28-29]. As a result, sulfated zirconia (SZ) supported on SBA-15 promoted 

with nickel is a potential catalyst for HDO reaction due to its acidic nature, high surface area 

and large pores coupled to the presence of the metal component. To our knowledge, Ni-SZ-

SBA-15 composite has not been used as a catalyst in isoeugenol HDO. Ni-supported on SBA-

15 was also tested in this work for comparison. Furthermore, kinetic modelling of isougenol 

HDO was performed to explore the reaction network in a quantitative way. 

 

2. Experimental  

2.1.Catalyst preparation 

SBA-15 mesoporous material was synthesized with tetraethyl orthosilicate (TEOS, 98%, 

Aldrich) as the silicon source and triblock copolymers Pluronic P123 (5899 MW, Aldrich) as 

the template, following the procedure of Ghedini et al.[30] The template was first dissolved in 

an aqueous HCl solution at 40 °C under stirring and then the required amount of TEOS was 

added to the solution. This mixture was stirred for 20 h and thereafter transferred into a 

polytetrafluoroethylene bottle and heated at 90 °C for 42 h. The solid precipitate was recovered 

by filtration, washed thoroughly with deionized water and dried at 110 °C for 15 h. The 

surfactant was removed by calcination at 550 °C in air flow (50 mL/min). Sulfated zirconia 

(SZ) was introduced on SBA-15 by incipient wetness impregnation of an aqueous solution of 

Zr(SO4)2 (99.99% Aldrich) in the amounts required to obtain the molar ratio of Si/Zr equal to 

8.4, followed by thermal decomposition of the precursor at 700 °C under continuous air flow 

(50 mL/min). The calcined samples were denoted as SZ-SBA-15.  
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10 wt% Ni catalysts supported on SBA-15 and SZ-SBA-15 were prepared by incipient 

wetness impregnation using aqueous solutions of Ni(NO3)2·6H2O (≥ 98.5% Aldrich) as a nickel 

source. Finally, the samples were dried and calcined at 500 °C in air flow (40 mL/min). The 

catalysts were reduced prior to experiments as described in Section 2.3 

2.1 Characterisation of catalysts  

2.2.1 Nitrogen physisorption  

Surface area and pore sizes were investigated by nitrogen adsorption-desorption method 

using a Micromeritics Tristar II Plus. Before measurements, the samples were outgassed at 200 

°C for 2 h in vacuum. The surface area was calculated by BET equation [31], while the pore 

size distribution was determined using the BJH method [32] applied to the isotherm desorption 

branch. 

 

2.2.2  Atomic absorption spectroscopy (AAS)  

Quantification of the metal loading was done using PerkinElmer Analyst 100 flame atomic 

absorption spectrometer by dissolving 50 mg of each dried sample in 4 mL of aqua regia under 

reflux for 5 h prior to analysis. 

 

2.2.3 Temperature programmed reduction (TPR) 

TPR was carried out under 5% H2/Ar flow which was heated from 25 °C to 800 °C with a 

ramp of 10 °C/min. The effluent gases were analyzed by a Gow-Mac TCD detector. 

2.2.4 X-ray powder diffraction (XRD) 

 The Bruker D8 Advance X-ray diffractometer, equipped with the Sol X solid state detector, 

was used for crystalline phase and crystallite size determination of the support and metal phases 



7 

 

in the samples. The diffractometer was operated in Bragg-Brentano mode, and the 

monochromatized Cu-Kα radiation was generated with a voltage of 40 kV and a current of 40 

mA. The measured 2θ angle range were 0.5°-10° in the low angle region and 5.0°- 80.0° in the 

high angle region, both with a step size of 0.02° and counting time of 20 s and 5 s per step, 

respectively. The size of the metal particles phase was obtained by Rietveld measurement as 

implemented in the TOPAS v 5 program by Bruker AXS. The fundamental parameters 

approach was used for the line-profile fitting and the determination of crystallite size was 

accomplished by the Double-Voigt approach in which the crystallite size is calculated as 

volume-weighted for the mean column heights based on integral breadths of peaks. 

2.2.5 Thermal Gravimetric/Differential Thermal Analysis 

Thermogravimetric analysis of the fresh and spent catalysts was performed to observe the 

presence of coke on the spent catalysts after their use in HDO of isoeugenol.  

Simultaneous Netzsch Thermal Analyzer STA 409 was used keeping 10 mL/min air flow 

and at 10 °C/min heating rate for all samples. 

2.2.6 Organic elemental analysis 

ThermoFisher Scientific Flash 2000 – Combustion CHNS/O analyzer was used to determine 

concentration of carbon, hydrogen, nitrogen and sulfur in the fresh and spent catalysts.  

 

2.2.7 FTIR-pyridine adsorption-desorption  

Characterization of the Brønsted and Lewis acid sites, their amount and strength were done 

using pyridine (Sigma Aldrich, ≥ 99.5 %) adsorption-desorption. The measurements were 

performed with ATI Mattson FTIR using 10 mg of self supported catalyst pellets. The catalyst 

was activated in the IR cell by heating from room temperature to 200 °C under vacuum (1×10−4 

Pa). In order to discriminate between weak, medium and strong acid sites, desorption of 
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pyridine was performed at 250 °C, 350 °C and 450 °C, respectively.  Quantification of Brønsted 

and Lewis acid sites was done by considering intensity of IR signals at 1545 cm-1 and 1455 cm-

1, respectively, using the molar extinction factor given by Emeis [33]. 

 

2.2.8 Transmission electron microscopy (TEM) 

 Transmission electron microscopy was used to determine the size and dispersion of Ni 

particles for the fresh and spent catalysts and to study the mesoporous structure of the catalysts. 

The instrument applied for the measurements was JEM 1400 plus with an acceleration voltage 

of 120 kV and resolution of 0.98 nm using Quemsa II MPix bottom mounted digital camera. 

The particle size distribution was measured by ImageJ software. 

 

 

2.2 Hydrodeoxygenation tests 

HDO of isoeugenol was carried out in a stainless-steel autoclave of 300 mL equipped with 

a mechanical stirrer. Typically, 100 mg of isoeugenol, 50 ml of dodecane (Sigma Aldrich, 

≥99%) as a solvent and 50 mg of pre-reduced catalyst were loaded into the reactor. The mass 

ratio of reactant to catalyst used in this work was 2 and analogous reactant to catalyst mass 

ratios have been used in HDO, e.g. in eugenol hydrodeoxygenation over Ru/C the reactant to 

catalyst mass ratio was 3.3 [34]. 

The pre-reduction of catalyst was conducted in a vertical furnace and the temperature 

program was set to heat up from room temperature to 350 °C with the rate of 10 oC/min and 

keep at 350 °C for 3 h under hydrogen flow. Thereafter, the catalyst was flushed with argon for 

10 min and 10 ml of the solvent was added into the reactor containing the pre-reduced catalyst. 

The experiments were performed by placing the pre-reduced catalyst and the rest of dodecane 

(40 ml) into the autoclave together with the reactant. The sealed autoclave was first flushed for 
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10 min with argon (AGA, 99.999%) and then with hydrogen (AGA, 99.999%). Thereafter, the 

reactor was charged with pure H2 up to 2.5 MPa. The temperature was then increased to the 

desired value and finally the pressure was adjusted to 3 MPa under stirring. The reaction was 

started when the desired temperature was reached by turning on the stirrer. The external mass 

transfer limitation was suppressed by using a stirring rate of 900 rpm, while small catalyst 

particles (<90 μm) were used to avoid the internal mass transfer limitations. The samples were 

periodically withdrawn to study the reaction kinetics. The reaction mixture was analyzed using 

a gas chromatograph (Agilent Technologies 6890N with a FID detector and a HP-5 column) 

and the reaction products were identified by GC-MS (Agilent Technologies 6890N with mass 

selective detector Agilent 5973N). Furthermore, the gas phase was analyzed by GC-FID 

(Agilent Technologies 6990N with a HP-MOLESIV 5A column). 

 

3. Results and Discussion 

3.1 Catalyst characterization results 

Catalysts texture was investigated by nitrogen physisorption  showing that  both 

pristine supports, SBA-15 and SZ-SBA-15 exhibited characteristic mesoporous adsorption 

desorption profiles with a IV-type isotherm and H1-type hysteresis (Fig. SI-1) according 

to IUPAC classification [35]. SBA-15 (Table 1, SI-1a) showed a high specific surface area 

and a large pore width. Furthermore, the specific surface area of pristine SZ-SBA-15 (Table 

1, SI-1b) was reasonably lower (530 m2/gcat) due to the presence of sulfated zirconia inside 

the channels of SBA-15, as will be demonstrated by TEM analysis.  

The adsorption-desorption profiles of both Ni-SBA-15 and Ni-SZ-SBA-15 catalysts 

(Fig. 1) show that pristine supports kept their ordered structure after promotion with nickel.  
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Fig. 1. a) N2 adsorption/desorption of Ni-SBA-15 and b) Ni-SZ-SBA-15. 

As it can be observed from Table 1, Ni-SBA-15 exhibited a large specific surface area 

(800 m2/gcat) and pore volume (0.91 cm3/gcat) close to SBA-15 values. On the other hand, 

Ni-SZ-SBA-15 exhibited a small decrease of both specific surface area and pore volume 

due to the nickel phase that was partially located into the pore of SZ-SBA-15 support as 

observed by TEM analysis. 
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Table 1 

Metal loading, metal particle size, specific surface area, pore diameter and pore volume 

a Calculated by applying the Brunauer–Emmett–Teller (BET) method. 

b Calculated by applying the BJH method 

 

The structure of both supports and catalysts (prior the reduction) was investigated by 

Transmission Electron Microscopy (TEM). The TEM image of the pristine SBA-15 (Fig. SI-

2a) shows a well-ordered hexagonal symmetry of the pore. The diameter of mesoporous is in 

the range between 6 and 8 nm in agreement with the physisorption results. 

For the other support, SZ-SBA-15, the TEM images revealed that sulfated zirconia was 

mainly located inside SBA-15 channels (Fig. SI-2b) with the particles sizes less than 5 nm 

(measured by ImageJ software). This result is in agreement with the results reported by Ghedini 

et al [30]. 

TEM image of Ni-SBA-15 (Fig. 2a) illustrates that nickel is present on SBA-15 surface as 

metal oxide agglomerates of 100 nm in size. Moreover, these agglomerates were constituted by 

a set of single metal particles of 20 nm in size as will be demonstrated also by XRD analysis. 

Catalyst 

Specific 

surface area 

(m2/g) a 

Average pore 

width (nm) 

Pore  volume 

(cm3/g)b 

Metal loading 

by AAS (%) 

Metal particles 

size by XRD 

(nm) 

SBA-15      

SZ-SBA-15 530 6.0 0.70   

Ni-SBA-15 800 6.0 0.91 10 20 

Ni-SZ-SBA-15 500 5.7 0.65 10 16 
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This observation is clearly visible in reduced Ni-SBA-15 sample (Fig. 2b). The presence of 

metal agglomerates has also been observed by Sankaranarayanann et al. [36], who reported that 

primary nanoparticles of around 10 nm could be distinguished in the metal aggregates on SBA-

15. On the other hand, TEM images of the fresh and spent Ni-SZ-SBA-15 (Figs 2c, d and Figure 

3b) show that nickel particles were partially located inside the SBA-15 structure. In certain 

areas of the catalyst, large metal particles similar to the metal oxide agglomerates visible on Ni-

SBA-15 catalyst were also observed.  

         

        

Fig. 2. TEM images of a) the fresh and b) reduced Ni-SBA-15 and c) fresh and d) reduced Ni-

SZ-SBA-15. The bar length is 100 nm for a) and 50 nm for b), c) and d).  

Coking is visible in the spent Ni-SBA-15 (Fig. 3a) and its TG/DTA curve (Fig. 4a) reveals 

a weight loss between 320 °C and 500 °C, which is accompanied by a large exothermic peak in 

DTA profile. This weight loss can be attributed to oxidation of oligomers products/coke 

adsorbed on the catalyst surface.  According to CHNS analysis results this catalyst used in HDO 

of isoeugenol at 300 oC under 3 MPa hydrogen contained 14 wt.% carbon.  

 

a)                                                              b)               

 

c)                                                              d)               
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Fig. 3. TEM images of a) spent Ni-SBA-15 and b) spent Ni-SZ-SBA-15. The bar length is 200 

nm. Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 ml, 3 MPa H2, 300°C, 

4h, 900 rpm. 

 

TG/DTA curve of the spent Ni-SZ-SBA-15 catalyst (Fig. 4b) also reveals a profile similar 

to the spent Ni-SBA-15 with a higher weight loss, ca. 10% between 320 °C and 500 °C. CHNS 

analysis showed that the spent Ni-SZ-SBA-15 catalyst used at 300 oC under 3 MPa hydrogen 

in isoeugenol HDO contained 20 wt.% carbon also confirming catalyst coking.   

TG/DTA profiles of H2-reduced Ni-SBA-15 and Ni-SZ-SBA-15 catalysts (Fig. SI-3) 

showed a 4–6% weight loss from 100 °C up to ca. 200 °C ascribed to desorption of surface 

chemisorbed water, which corresponds to an endothermic peak in DTA curves. Moreover, for 

both catalysts a mass gain of ca. 2% was observed above 350 °C, which can be attributed to 

oxidation of Ni° to NiO (Ni + ½ O2→NiO) [37]. On the DTA curves, the oxidation of Ni° to 

NiO corresponds to exothermic peaks.  

a)                                                             b)               
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Fig. 4. TG/DTA curve of a) the spent Ni-SBA-15 and b) spent Ni-SZ-SBA-15 catalyst. 

Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 ml, 3 MPa H2, 300°C, 4 h, 

900 rpm. 

The XRD measurements were performed to get further information about the structure of 

the catalysts and the crystal phase of the metal and sulfated zirconia. The metal particle sizes 

were also determined by the Rietveld full profile fitting of the high-angle. XRD patterns (Fig. 

5a) clearly show the ordered structure of SBA-15 at low 2θ region of XRD profiles, which is in 

line with physisorption and TEM results.  Such structure was characterized by the presence of 

a major peak located at 2θ∼0.8° and two weak peaks at 2θ∼1.5° and 1.8°, which are ascribed 

to the Miller index of 100, 110 and 200 [38],  respectively, associated with the 2-D hexagonal 

(P6 mm) symmetry. This evidence demonstrates that the mesoporous ordered structure of the 

support was well preserved also after deposition of metal and sulfated zirconia.  

In XRD patterns of both reduced catalysts two peaks located at 2θ∼44.5° and 51.8° 

corresponding to metallic Ni were observed (Fig. 5b). In XRD pattern of Ni-SZ-SBA-15 the 

peak at 2θ∼30.2° corresponds to the tetragonal phase of ZrO2.  

The metal particle sizes of Ni-SBA-15 and Ni-SZ-SBA-15 are 20 and 16 nm, respectively 

(Table 1).  TEM images of Ni-SZ-SBA-15 (Figs 2c, d) showed that the metal particles were 

inside of SBA-15 channels, so the metal size cannot be bigger than SBA-15 pore width (<8 

a)                                                                 b)               
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nm). Therefore, the metal size value of Ni-SZ-SBA-15 calculated by XRD might have been 

influenced by the large particles also present on catalysts surface overestimating the real size 

value. 

 

 

 

 

Fig. 5. a) The low-angle and b) high-angle patterns of the reduced Ni-SBA-15 and reduced Ni-

SZ-SBA-15 catalysts. 

 

H2-TPR analysis was carried out to identify the nature of NiO species on the supports and 

their reduction temperature. The TPR profiles of Ni-SBA-15 and of Ni-SZ-SBA-15 catalysts 

(Fig. 6) are very similar and both exhibit a well-defined peak with the maximum at 370 °C with 

a shoulder between 420 °C and 600 °C. It is known that Ni is reduced from the valence state 2+ 

to zero in a single stage and therefore the presence of additional hydrogen consumption is 

related to interactions of Ni with the support [39-40]. The peak at 370 °C is due to reduction of 

bulk NiO species, which is mildly interacting with the support [41-42]. On the contrary, the 

shoulder at higher temperatures indicated the presence of NiO species which are more difficult 

to be reduced as they are interacting more strongly with the support [4,43,44]. 
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Moreover, TPR profile of Ni-SZ-SBA-15 shows that the shoulder is slightly shifted to higher 

temperature at 590°C, which is due to strong interaction of Ni particles present in the pores of 

SBA-15 that were observed by TEM analysis. 

 

 

 

Fig. 6. TPR profiles of the Ni-SBA-15 and Ni-SZ-SBA-15 catalysts. 

Based on the characterization data of the fresh samples it can be concluded that the synthesis 

procedure is effective to obtain high surface area catalysts with a 2D hexagonal ordered 
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structure. In both catalysts SBA-15 ordered structure was kept after deposition with sulfated 

zirconia and nickel. 

3.2.  Catalytic results 

The catalytic performance of Ni-SZ-SBA-15 and Ni-SBA-15 was compared in HDO of 

isoeugenol via investigating also the influence of temperature on conversion and product 

distribution. Isoeugenol was hydrogenated very rapidly to dihydroeugenol in all tested 

conditions (Table 2). This result was expected, since it is also known that isoeugenol can be 

hydrogenated in the absence of any additional catalyst in a stainless-steel autoclave [19].  

Consequently, the catalytic activity was assessed based on calculation of dihydroeugenol 

conversion. The initial rates for transformation of dihydroeugenol, calculated as moles 

converted per time and mass of catalyst between 1 and 30 min. show that dihydroeugenol was 

not transformed at all over Ni-SZ-SBA-15 at any temperatures. The reason why dihydroeugenol 

was not reasonably deoxygenated is that most of the Ni particles are locating inside the SBA-

15 cavities and acid sites are also present on the outer surface of the catalyst. The oxygenated 

compounds prior to accessing nickel interact with acid sites that are also present promoting 

oligomerization and undesired side reactions (see below).  

The yields of different products after 4 h are shown for all catalysts in Table 2. The results 

revealed that activity of Ni-SZ-SBA-15 in transforming dihydroeugenol even at 300 oC is very 

low, giving only 30 % conversion of dihydroeugenol. The sum of the liquid phase masses of 

the reactant and products was complete when only hydrogenation reaction occurred, i.e. at 200 

oC under 3 MPa over Ni-SZ-SBA-15 (Table 2, entry 1). The mass balance closure amounted 

only to 73 % at 300 oC under 3 MPa. The incomplete liquid phase mass balance can be in 

general explained by the formation of oligomers and coke through strong adsorption of organic 

compounds on the catalyst surface, and to a minor extent formation of gas phase products [7,18],  

because their amounts were very low with this catalyst (Table SI-2). It should, however, be 
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noted that the relative amount of propane was increasing with increasing reaction temperature 

for Ni-SBA-15, moreover hexane, pentane and butane were also obtained under these 

conditions in rather high amounts.  

Acidity of Ni-SZ-SBA-15 is not beneficial for dihydroeugenol transformation, rather 

promoting formation of coke by oligomerisation of some products. As consequence coke 

is deposited on the catalyst surface covering the catalytic sites and blocking an access to 

pores. Because of the acidic character of Ni-SZ-SBA-15 also traces of heavy products, 

such as 1,2-dimethoxy-4-propylbenzene were observed.  

HDO of a mixture of phenolic compounds including eugenol was demonstrated over 

Ni/SiO2-ZrO2 under 5 MPa hydrogen at 300 oC resulting in complete conversion of 

eugenol in 8 h giving 97.8% selectivity to propylcyclohexane [23]. In that study the 

catalyst with the molar ratio of Si/Zr equal to 3 displayed also strong acidity according 

to ammonia TPD. As a comparison in the current case the molar ratio of Si/Zr was 8.4 

in Ni-SZ-SBA-15 and only 30 % conversion was obtained.  It should, however, be 

pointed out here that in [23] the reactant mixture contained eugenol while in the current 

case isoeugenol with the ethylenic double bond was studied. Isoeugenol is thus more 

prone to acid catalyzed oligomerisation than eugenol. A high hydrogen pressure, 5 MPa 

also promotes HDO as concluded in [45]. A recent study on HDO of isoeugenol over 

Ni/ZrO2,8 containing only a small amount of weak Brønsted acid sites and mainly weak 

Lewis acid sites, resulted in complete conversion of isoeugenol, however, the sum of the 

liquid phase masses of the reactant and products determined by GC was only 15% at 250 

oC under 3 MPa hydrogen. This result [8] indicates that ZrO2 support was not suitable 

for HDO of isoeugenol.   
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A nonacidic Ni-SBA-15 catalyst was also tested in isoeugenol HDO. This catalyst 

showed higher reactivity toward dihydroeugenol transformation than Ni-SZ-SBA-15 

already at 200 °C giving 80 % of dihydroeugenol conversion (Fig. 7, Table 2).  

In addition, upon increasing temperature, the rate of dihydroeugenol transformation 

was also increased giving at 300 oC complete dihydroeugenol transformation within 30 

minutes even if Ni-SBA-15 is not acidic (Table SI-1). 

 

 

Fig. 7. Conversion of dihydroeugenol at different temperatures over Ni-SBA-15 catalyst. 

Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 ml, 3 MPa H2, 4 h, 900 

rpm. 

The mass balance closure in the liquid phase was increasing with increasing 

temperature for Ni-SBA-15 (Table 2). Most probably phenolic compounds are strongly 

adsorbed on the catalyst surface at 200 oC under 3 MPa and the reaction proceeds slowly. 

With increasing temperature the phenolic compounds are desorbed more easily, the 

reaction proceeds faster and also less oligomers are formed. Analogous results were 

obtained in guaiacol HDO by Jongerius et al. [45]. At 300 oC the mass balance closure 
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is already 60 %. However, at the same time more gaseous products, especially propane, 

propyne and hexane, were formed over this catalyst (Table SI-2). In addition to gaseous 

and solid products, i.e. coke determined by CHNS and TGA analysis,  the presence of oligomers, 

which are not visible in GC analysis, have been earlier confirmed in isoeugenol HDO via 

extracting the spent catalyst and analysing by size exclusion chromatography over Ir-Re/Al2O3 

[18] and Co/Al2O3 catalysts [46].  

A clear influence of temperature was also seen in the product yields. At all reaction 

conditions, isoeugenol was hydrogenated to dihydroeugenol as the primary product. Then it 

was converted first to 3- or 4-propylcyclohexene by hydrogenolysis/deoxygenation reaction 

over active Ni0 particles followed by further hydrogenation to propylcyclohexane.  

It can be noted from Fig. SI-4 that a high temperature of 300 °C promoted also formation of 

other products such as propylbenzene and propylcyclohexanone, which were not observed at 

lower temperature.  
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Table 2 

The results from isoeugenol transformation in dodecane as a solvent with Ni-SZ-SBA-15 and Ni-SBA-15 catalysts. DH 

(dihydroeugenol), PCHE (3- or 4-propylcyclohexene) and PCHA (propylcyclohexane). 

Entry Catalyst T (°C) 

Initial rate for 

dihydroeugenol 

transformation 

(mmol/min/gcat) 

Conversion of 

dihydroeugenol 

after 4 h (%) 

 

Sum of reactant and 

product masses in 

liquid phase after 4 

h determined by GC 

(%) 

Yield of DH 

(%) after 4 h 

(%) 

Yield of 

PCHE (%) at 

80% 

conversion 

of DH (after 

4 h) 

Yield of 

PCHA (%) at 

80% 

conversion of 

DH (after 4 

h) 

1 Ni-SZ-SBA-15 200 low 0 100 92 0 0 

2 Ni-SZ-SBA-15 250 Low 8 94 92 0 0 

3 Ni-SZ-SBA-15 300 0.04 30 73 61 0 0 

4 Ni-SBA-15 200 0.10 80 46 22 38 4 

5 Ni-SBA-15 250 0.30 100 51 0 50 (53) 42 (13) 
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6 Ni-SBA-15 300 0.40 100 60 0 33 (0) 33 (75) 
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The yield of propylcyclohexane increased significantly over Ni-SBA-15 with 

temperature elevation (Table 2, Fig. 8). Propylcyclohexane was the main product with 

the yield of 75 % only when the reaction was conducted at 300 °C after 4 h (Fig. SI-4c). 

In this context, Zhang et al.[24] reported the influence of reaction temperature in HDO 

of guaiacol with Ni and NiCu catalysts supported on ZrO2-SiO2. In their work it was 

observed that selectivity to O-free products significantly increased when 300 °C was 

reached, while higher temperature promoted the intermolecular polymerization. Finally, 

it has been reported that 10 nm Ni particles on Ni-SiO2 were very active in transforming 

phenol to cyclohexane at 275 oC under 10 MPa hydrogen [47]. In the current case the 

nickel particles of ca. 20 nm were still active in HDO of isoeugenol. It should, however, 

be stated that these relatively large Ni particles are less active than Pt supported on beta 

zeolites in hydrogenation of phenyl ring, since no propylcyclohexene intermediates were 

found in isoeugenol HDO at 200 °C under 3 MPa with Pt supported zeolites [7]. 

 

Fig. 8. Selectivity to propylcyclohexane at different temperatures over Ni-SBA-15 catalyst. 

Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 ml, 3 MPa H2, 4 h, 900 

rpm. 
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3.2 Kinetic modelling 

Based on the kinetic results obtained in this work the following reaction network is proposed 

(Scheme. 1), in which isoeugenol (A) is rapidly hydrogenated to dihydroeugenol (B). Thereafter 

the phenyl ring of dihydroeugenol is partially hydrogenated and an enol is formed which is 

tautomerized to 4-propylcyclohexanone. It is further hydrogenated to 4-propylcyclohexanol 

and dehydroxylated to propylcyclohexene. Dehydroxylation of 4-propylcyclohexanol is much 

more easier than that of propylphenol, since the bond energy for breaking OH group from the 

phenyl ring is 472 kJ/mol [48], being higher than that of aliphatic C-O, which is 393 kJ/mol 

[49]. In this study dehydroxylation was supposed to occur through dehydration and 

hydrogenation. Propylbenzene is very rapidly hydrogenated to propylcyclohexane (D). In the 

kinetic model due to low initial concentrations the first order kinetics was proposed for all 

reaction steps. An unknown compound U is formed irreversible from dihydroeugenol in order 

to adjust the mass balance. Kinetic data shows that the mass balance is decreased rapidly in the 

beginning of the reaction due to strong adsorption of oxygenated compounds on the catalyst 

surface or formation of oligomers which are not visible in GC analysis. 
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Scheme 1. Reaction scheme for hydrodeoxygenation of isoeugenol. U denotes unknown 

compound, which can be oligomer or strongly adsorbed compound on the catalyst surface. 

The rate equations for each step have been written as: 
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In eq. (1-9) the rate constants are apparent including hydrogen pressure. C denotes 

concentration and ρB is catalyst bulk density given in g/l. T in eqs (1-9) denotes the actual 

temperature and  �̅�, is the mean temperature of the experiments. The reactor mass balances for 

each component in the reaction system are as follows: 

𝑑𝑐𝐴

𝑑𝑡
= −𝑟1. 𝜌𝐵             (10) 

𝑑𝑐𝐵

𝑑𝑡
= (𝑟1 − 𝑟2 − 𝑟9). 𝜌𝐵  (11) 

𝑑𝑐𝐶

𝑑𝑡
= (𝑟6 − 𝑟8). 𝜌𝐵    (12) 

𝑑𝑐𝐷

𝑑𝑡
= (𝑟7 + 𝑟8). 𝜌𝐵   (13) 

𝑑𝑐𝐸

𝑑𝑡
= (𝑟3 − 𝑟7). 𝜌𝐵   (14) 

𝑑𝑐𝐹

𝑑𝑡
= (𝑟4 − 𝑟5). 𝜌𝐵    (15) 

 
𝑑𝑐𝐺

𝑑𝑡
= (𝑟5 − 𝑟6). 𝜌𝐵    (16) 

𝑑𝑐𝐻

𝑑𝑡
= (𝑟2 − 𝑟3 − 𝑟4). 𝜌𝐵   (17) 

𝑑𝑐𝑈

𝑑𝑡
= 𝑟9. 𝜌𝐵            (18) 

The differential equations were solved using the backward difference method and the parameter 

estimation was performed with the simplex and Levenberg-Marquardt methods. The numerical 

tools are inbuilt the optimization software ModEst [50] in which the objective function is 

𝜃 = ∑(𝑦𝑖 − �̂�𝑖)2
                    (19) 

and the degree of explanation R2 is calculated as 

𝑅2 = 1 −
∑(𝑦𝑖− �̂�𝑖)2

∑(𝑦𝑖− �̅�𝑖)2                                           (20) 
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where yi and y ̂i are experimental and calculated concentrations of the components in the 

reacting system. The results show that this model can describe the experimental data rather well 

and the degree of explanation was 91% (Fig. 9), however the estimated parameter errors for the 

18 estimated parameters (frequency factors and activation energies, Table 3) are rather high 

mainly due to a limited amount of experimental data (only 3 datasets).  It can be clearly seen 

from Fig. 9. that the proposed model can predict rather well concentration of dihydroeugenol 

at different temperatures showing that its reaction rate is increasing with increasing temperature 

and is very rapid at 300oC, which is also depicted in Fig. 7 showing the increasing conversion 

of dihydroeugenol with increasing temperature. The best description of the experimentally 

obtained concentrations of propylcyclohexane were obtained at 300oC, while at the two lower 

temperatures the deviations from the experimentally obtained concentrations are higher, 

especially at longer reaction times (Figs 9 b, c). Overall it can be concluded that the main kinetic 

trends can be well described. 

 The rate constant for formation of the main product propylcyclohexane is rather well 

determined and the activation energy EA8 for hydrogenation of propylcyclohexene is equal to 

92 kJ/mol. Somewhat lower values of activation energy for cyclohexene hydrogenation (ca. 46 

kJ/mol) were reported in [50] for 20 wt% Ni supported on activated carbon at 110-155oC. HDO 

of isoeugenol with Ni-catalysts has not been previously investigated and thus there are no 

comparative data available for propylcyclohexene hydrogenation. In the current work first order 

kinetics with respect to reactant was proposed due to low initial concentrations, while in [22] a 

complex microkinetic model was applied including homogeneous and heterogeneous reactions 

as well as convective mass transfer through gas-liquid and liquid solid films for eugenol HDO 

over Ru/C catalysts. In their work [22] the activation energy for demethoxylation of 2-methoxy-

4-propylphenol was reported to be  41 kJ/mol in [22], which is in line with the current results 
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reporting  the activation energy for step 2 in Scheme 1, i.e. demethoxylation  of dihydroeugenol 

to 4-propylphenol to be 61 kJ/mol.   

a)

 

b)

 

c)  

 

 

 

Fig. 9. Kinetics in hydrodeoxygenation of isoeugenol over Ni-SBA-15 catalyst at a) 200 oC, b) 

250oC and c) 300oC. The solid line denotes modelling. Notation: isoeugenol (green), 

dihydroeugenol (blue o), propylcyclohexene (red +), propylcyclohexane (black *), 

propylbenzene (green □) and propylcyclohexanone (magenta ◊). 
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Table 3 

The estimated parameters for hydrodeoxygenation of isoeugenol at 200oC, 250oC and 300oC 

over Ni-SBA-15. Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 ml, 3 

MPa H2, 4 h, 900 rpm. The degree of explanation is 88.8%. EA in kJ/mol and k given in 

l/(gcat*min).  

Parameter Estimate Standard error Standard error (%) 

k1 Large large large 

k2 0.018 0.16.10-2 9.4 

k3 0.45.10-2 0.19.10-2 43.6 

k4 5.1 1.5 29.3 

k5 0.19 0.02 11.9 

k6 2.53 1.7 large 

k7 0.067 0.03 45.9 

k8 0.18.10-2 0.52.10-3 29.2 

k9 0.80.10-2 0.28.10-2 35.5 

EA1 Large large large 

EA2 61 5.2 8.7 

EA3 268 49.6 18.5 

EA4 2 0.9 large 

EA5 3.9 4.2 Large 

EA6 10.9 4.5 41.5 

EA7 1 0.9 Large 

EA8 101 20.4 20.2 

EA9 40.2 24.9 large 
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4. Conclusions 

Hydrodeoxygenation of isoeugenol was investigated over Ni supported on SZ-SBA-

15 and SBA-15. Both catalysts were prepared by incipient wetness method. Ni-SZ-SBA-

15 catalyst exhibited some acidity, whereas Ni-SBA-15 was non-acidic. The 

transmission electron microscopy images showed that Ni was mainly located inside 

SBA-15 structure in Ni-SZ-SBA-15, whereas it was outside SBA-15 structure for Ni-

SBA-15. 

Hydrodeoxygenation of isoeugenol proceeded rapidly via formation of 

propylcyclohexene as an intermediate over Ni-SBA-15 and the yield of 

propylcyclohexane increased with increasing temperature being 75 % at 300 °C under 3 

MPa. Large amounts of gaseous products were also formed on Ni-SBA-15. On the other 

hand, Ni-SZ-SBA-15 was giving dihydroeugenol as the main product and only very low 

deoxygenation activity at 300 °C. The reason for its low activity was the acidity 

promoting oligomerisation of phenolic compounds and the partially location of Ni inside 

the SBA-15 structure. A first order kinetic model was developed for isoeugenol HDO, 

which could adequately explain experimental data. The activation energy for 

demethoxylation  of dihydroeugenol to 4-propylphenol was estimated to be 61 kJ/mol.   
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1. Nitrogen physisorption analysis of pristine supports 

 

 
Fig. SI-1. a) N2 adsorption/desorption of pristine SBA-15 and b) SZ-SBA-15 
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2. TEM analyses 
 

 

   

 

Fig. SI-2. TEM images of a) the SBA-15 and b) SZ/SBA-15 supports. The bar length is 100 nm. 

 
  

b) a) 
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3. TG/DTA analysis 
 

 

Fig. SI-3. TG/DTA curves of a) the fresh Ni-SBA-15 and b) Ni-SZ-SBA-15 catalysts. 

 

 

 

 

 

 

 
4. FTIR-pyridine adsorption-desorption analysis 

 

Table SI-1 

The amount of Brønsted and Lewis acid sites determined by FTIR pyridine adsorption-desorption 

method 

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

250℃ 350℃ 450℃ 250℃ 350℃ 450℃ 

Ni-SBA-15 0 0 0 0 0 0 

Ni-SZ-SBA-15 1 19 0 28 8 0 
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5. GC analysis of gas phase 
 

Table SI-2 

Relative amounts of gas phase products determined from product peak areas. 1 mL gas has been injected 

into GC-MS.  Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 mL, 3 MPa H2,  4h, 

900 rpm. 

Gas 
Ni-SBA-15 

(200oC) 
Ni-SBA-15 

(250oC) 
Ni-SBA-15 

(300oC) 
Ni-SZ-SBA-15 

(300oC) 

Methanol 0.20 0.03 0.02 0 

Acetone 0.06 0.01 0.52 0 

Propyne 0.24 0.19 0.48 0 

Propane 0.005 0 1.0 0.001 

Butane 0 0 0.25 0 

Pentane 0 0 0.27 0 

2-
methylpentane 

0 0.002 0 0 

Hexane 0 0 0.25 0.001 

Heptane 0 0 0.11 0.002 

Sum 0.505 0.232 2.9 0.004 
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6. Selectivity of products with Ni-SBA-15 at different temperature 

 
a)                                                                                        b) 

 
                                                   c) 

Fig. SI-4. Selectivity of products vs reaction time over Ni-SBA-15 catalyst at a) 200 oC, b) 250 oC and 

c) 300 oC. Reaction conditions: 100 mg reactant, 50 mg catalysts, dodecane 50 ml, 3 MPa H2, 4 h, 900 

rpm. Notation: dihydroeugenol (blue ▲), propylcyclohexene (red ●), propylcyclohexane (black ■), 

propylbenzene (green ◊) and propylcyclohexanone (magenta ◄). 

 

 

 



41 

 

 

 

 

 

 

 

 


