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Graphical Abstract 

 

 

Highlights 

 The calcination procedure through the formation of metallic oxides induced less 

dispersed NiRu species. 

 H2 Chemisorption, benzene hydrogenation and HRTEM characterization pointed 

out that dispersion improved when catalyst was only dried and not calcined prior to 

reduction. 

 Calcination induced sintering of metal particles leading to a decrease of HDO 

activity 

 

Abstract 

Bio-oil upgrading by hydrotreatment has been considered as a renewable route for fuels 

production and potential substitutes for fossil oil distillates. Traditional 

hydrodesulfurization catalysts (sulfided CoMo and NiMo) used in petroleum refining have 

been evaluated in hydrodeoxygenation reactions with high selectivity to aromatics. 

However, significant deactivation has been commonly observed, due to the low sulfur 

content in bio-oil. Thus, the development of different active and stable catalytic materials is 

needed. In this regard, we have previously reported a synergetic effect between Ni and Ru 

bimetallic materials supported on Al2O3, TiO2 and ZrO2 in phenol HDO with promising 

activity and selectivity results. In particular, materials supported TiO2 on displayed the 
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highest activities. Therefore, the aim of this work was to evaluate the effect of calcination 

on dispersion and metal-support interactions and their impact on activity and selectivity for 

NiRu/TiO2 catalysts in HDO of phenol as a model compound for bio oil. Catalysts were 

characterized by hydrogen chemisorption, Temperature- programmed reduction, X-ray 

photoelectron spectroscopy, High resolution electron microscopy. Additionally, 

hydrogenation of benzene was used as a structure unsensitive reaction in order to obtain 

more information about metallic dispersion. A highly active NiRu catalyst was obtained 

when calcination was avoided prior to reduction. The calcination procedure induced the 

formation of metallic oxides and it provoked less dispersed NiRu species as compared with 

catalysts without this previous treatment. On the contrary, the formation of metallic species 

from direct reduction of precursor salts contributed to produce highly dispersed species. 

Keywords 

Nickel-Ruthenium; Hydrodeoxygenation; Phenol; Calcination; Dispersion 

Introduction 

A continuous effort to mitigate the strong dependence of fossil fuels has motivated the research 

on new and alternative fuels derived from renewable resources. Lignocellulosic biomass can 

be transformed by fast pyrolysis into a product called bio-oil. This product has a high 

oxygen content that leads to chemical instability, immiscibility with fossil fuels and 

corrosion, preventing the direct application of this liquid in the transportation sector [1]. In 

this sense, upgrading bio-oils to liquid hydrocarbons is the clue in the development of a 

feasible route to obtain sustainable fuels from lignocellulose biomass [2]. 

Hydrodeoxygenation (HDO) is one of the main approaches to achieve this goal [3][4].  One 

relevant challenge in this process is to design an optimal catalyst, which should be active, 

stable and selective, allowing C-O bond scission with minimal H2 consumption and carbon 

loss. The design of an adequate catalyst for HDO of bio-oil or model compounds requires 

the understanding of reaction routes. For example, two main parallel pathways have been 

proposed for phenol HDO[5]: (i) the direct deoxygenation (DDO), involves the CAR–O 

cleavage by hydrogenolysis to produce benzene; and (ii) the prehydrogenation of the 

aromatic ring (HYD) that leads to formation of cyclohexanol as an intermediate [6], 
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followed by dehydration of cyclohexanol to yield cyclohexene that is then hydrogenated to 

cyclohexane.  Cyclohexene and methylcyclopentene could be then hydrogenated to the 

corresponding saturated compounds. 

Due to the similarity of HDO with hydrodesulfurization (HDS), typical HDS catalyst 

(NiMoS, CoMoS supported on alumina) have been reported as active [6,7][8].  However, 

the lack of sulfur-containing compounds causes deactivation by the oxygen -sulfur 

exchange between sulfide active sites and oxygen in the mixture[9][6]. In this regard, the 

development of different active and stable catalytic materials is needed.  Thus, metals like 

Fe, Cu and Ni have been widely studied in HDO. For instance, reduced nickel has shown to 

be highly active in aromatics hydrodeoxygenation [10].  Ni over oxidic supports exhibited 

the best performance in HDO in comparison with other metals, even as noble metals like Pt 

[11]. In a previous work we have reported a synergetic effect between Ni and Ru bimetallic 

materials supported on Al2O3, TiO2 and ZrO2 in phenol HDO with promising activity and 

selectivity results. [12]. For these materials, the presence of ruthenium enhanced nickel 

reducibility which was related to hydrogen dissociation of Ru0 and a spillover effect with 

Ni [13], that could improve the hydrogen dissociation. This is needed for hydrogenation 

reactions that take place on metallic sites [9][14]. In addition to that, materials supported on 

TiO2 have exhibited an outstanding performance as compared with other supports like SiO2 

and Al2O3 [12][15]. Some authors have attributed this feature to the oxophilic nature of 

TiO2 that induced the interaction of oxygen with the support, weakening the C-O bond and 

promoting the HDO reactions.[15][16].  

Moreover, Ni-Ru bimetallic materials have been widely studied for other reactions, like CO 

methanation [17][13][18][19], CO2 reforming [20][21] and hydrogen production 

[22][23][24]. Most of these Ni-Ru systems were calcined at temperature values above 773 

K, leading to the formation of the respective metals oxides. On one hand, it is well known 

that calcination of Ni catalyst may induce strong interactions of the support with metal 

entities. These Ni species became more difficult to reduce as calcination temperature 

increased[25][26][27].  Furthermore,  Louis et al. [28] indicated that calcination before 

reduction for Ni catalysts had an important influence on particle size distribution. These 

authors found that a reduction treatment without calcination induced the formation of 
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smaller particles than the reduction of calcined materials when Ni nitrate was used as 

precursor. On other hand, for Ru, other authors have reported that the reduction of 

impregnated ruthenium occurred at lower temperature when the precursor was not calcined 

as compared with the calcined solids. Also, reduction temperature and particle size 

increased with calcination temperature [29][30]. 

Nevertheless, the impact of direct reduction without calcination on HDO reactions has not 

been reported, to our knowledge, for Ni Ru bimetallic materials. It can be proposed that 

differences between both materials may be expected in terms of dispersion for the active 

phases (Ni and Ru) and metal support interactions [26][27][25][29][30]. Therefore, the aim 

of this work was to evaluate the effect of calcination on these parameters and their impact 

on activity and selectivity for NiRu/TiO2 catalysts in HDO of phenol as a model compound 

for bio oil. Catalysts were characterized by hydrogen chemisorption, Temperature- 

programed reduction, X-ray photoelectron spectroscopy, High resolution electron 

microscopy. Additionally, hydrogenation of benzene was used as a structure unsensitive 

reaction in order to obtain more information about metallic dispersion. 

1. Experimental 

1.1.Synthesis 

TiO2 was synthesized by sol-gel method as described elsewhere [31]. Specific area was 

SBET =93 m2g-1. XRD characterization revealed the presence of the anatase phase 

exclusively.  

Bimetallic  Ni - Ru catalysts were prepared by wet co-impregnation using an aqueous 

solution of nickel(II) nitrate hexahydrate (99.999 % Ni(NO3)2·6H2O; Aldrich), and 

ruthenium(III) nitrosyl nitrate (1.5 wt.-%Ru/vol., Ru(NO)(NO3)3; Aldrich) . Nominal metal 

loadings were 6 wt.-% Ni and 0.6 wt.-% Ru similar to the published by Tada et al [17]. 

Solids were dried at 393 K for 12 h then, one material was calcined at 773 K in static air 

while the other was not calcined to assess the influence of this process on the catalytic 

activity. Materials were reduced in-situ before reaction in a 60 ml/min H2 flow at 773 K for 

calcined catalysts and 623 K for the uncalcined catalyst. Reduction temperatures were 
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selected acording to TPR analyses and in order to avoid formation of metal titanate species 

in the uncalcined sample. It is highly possible that the higher reduction temperature used in 

calcined catalyst could also induce some sintering. 

1.2.Hydrogen Chemisorption 

Materials were reduced before analysis (623 K for uncalcined and 773 K for calcined). 

Once reduced and cooled, the reactor was evacuated with Ar. Chemisorption was carried 

out by pulses which were injected continuously until TCD signal do not vary indicating that 

hydrogen molecules covered metallic surface. 

1.3.Hydrogenation of benzene 

The hydrogenation of benzene was chosen as a structure unsensitive reaction in order to 

obtain information about differences in metallic dispersion. Materials were reduced before 

experiments. Reaction was carried in a continuous down flow reactor at atmospheric 

pressure. Catalysts were reduced in situ before reaction at the same conditions used for 

phenol HDO (60 ml/min H2 flow at 773 K for calcined catalysts and 623 K for the 

uncalcined catalyst), then reactor was cooled down to 323 K . Benzene was introduced to 

the reactor using H2 stream as carrier through a saturator  (WHSV = 2.4X10 -3 h-1). The 

reactor effluents were analyzed by a GC HP 5890  with a FID detector. 

1.4.High-resolution transmission electron microscopy 

High-resolution transmission electron microscopy (HRTEM) analyses for reduced catalysts 

were performed with a JEOL-2100F TEM (200 kV) instrument equipped with a Link ISIS 

micro-analysis system. Its resolution was 0.19 nm. The high-resolution images were 

captured digitally with a Gatan CCD digital camera. Samples were reduced under 

activation conditions as described previously and isolated under Ar atmosphere to avoid air 

contact. Before analyses, the reduced samples were finely ground, ultrasonically dispersed 

in ethanol and collected on a carbon-coated copper grid.  
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1.5.Temperature-programmed reduction 

The temperature-programmed reduction (TPR) experiments for solids were carried out in 

an AMI-90 apparatus (Altamira) equipped with a thermal conductivity detector (TCD). 

About 50 mg of a sample were placed in a quartz sample cell (U-shaped) for each analysis. 

The samples were pretreated in situ at 373 K for 1h under Ar flow to remove physisorbed 

impurities. The reduction step was performed under a stream of (10 vol.-%) H2/Ar (50 

cm3·min-1), with a heating rate of 10 K min-1 up to 1073 K. A thermal conductivity detector 

was used to determine variations in the hydrogen composition of the output current. A 

moisture trap was used to prevent measurements interferences. 

1.6.X-ray photoelectron spectroscopy 

The X-ray photoelectron spectroscopy (XPS) studies for freshly reduced catalysts were 

performed in a VG scalab 200R spectrometer equipped with a hemispherical analyzer and 

Mg k (h= 1253.6 eV) X-ray source. The calcined un uncalcined samples were in situ 

reduced in H2 at the mentioned conditions and then degassed (< 10–5 Pa).  All the data were 

acquired using monochromatic Mg K radiation (1253.6 eV). The analyzed surface on the 

sample was 300 x 700 nm, and it allowed a representative characterization of the whole 

sample. The BE values for Ni 2p and Ru 3d spectra (±0.2 eV) were determined by 

computer fitting using Casa XPS software of the measured spectra applying a Shirley 

background subtraction and Gaussian-Lorentzian decomposition parameters with 30/70 

Gaussian/Lorentzian proportion. The BE were corrected taking the C 1s (248.4 eV) signal 

as a reference.  

1.7.Temperature-programmed desorption of amonia 

The acidity for the catalysts was determined using the isothermal adsorption of NH3 as 

obtained on a Micrometrics 2900 equipment. Before the analysis, the materials were in situ 

reduced in hydrogen under conditions described before. Then the solids were cooled and 

saturated with NH3 at 373 K with a (5%) NH3/Ar flow. Desorption process was carried out 

between 273-923 K (10 K∙min–1) in He flow. A Thermal Conductivity Detector was used to 

measure the NH3 desorption. The area under desorption curve of the desorption profile was 
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used to quantify the acid sites. The acid site strength classification was based on the peak 

temperature range as follows: weak, 273K-523 K; medium, 523-673 K; and strong: 673-

723 K; according to previously published results [12]. 

1.8.Hydrodeoxygenation of phenol 

The hydrodeoxygenation of phenol was carried out in a high pressure laboratory scale set 

up equipped with a down flow fixed bed catalytic reactor. For each experiment ca. 0.15 g of 

catalyst (particle diameter 0.25–0.30 mm) were mixed with SiC (3:1) diameter 0.25 mm). 

The catalyst was reduced in situ at 623 K (for uncalcined) and 773 K (for calcined) 2 h in 

H2 under atmospheric pressure. The temperature was selected after TPR experiment, as the 

temperature were metal was expected to be completely reduced. After reduction, H2 

pressure was increased to the desired value (3.0 MP), and the catalytic bed was heated up to 

the temperature of the HDO reaction (593 K). The liquid feed (2 vol% of phenol dissolved 

in dodecane) was injected by a high-pressure HPLC Knauer pump (WHSV = 2.57 h−1) into 

a hydrogen stream (40 mL min−1). The reactor effluents were condensed, and liquid 

samples were analyzed by a GC Agilent 6890A with a FID detector. 

1.9.TGA 

The amount of deposited coke on the catalysts tested in HDO of phenol reaction was 

determined with a thermogravimetric TGA/SDTA851 equipment (Mettler Toledo), 

measuring the weight change in the coked catalysts during oxidation. Each sample (ca. 30 

mg) was previously heated in inert atmosphere remove the volatile compounds up to 773 K 

for 1 h in N2 (10 K min-1; 200 mL min-1 flow-rate). Once the sample was cooled to 300 K 

(5 K min-1)  burning of coke was carried out by raising sample temperature to a final 

temperature of 1073 K at a rate of 10 K min-1 in a 20% O2/N2 gas mixture (50 mL min-1).   

2. Results and discussion 

2.1.Hydrogen Chemisorption 

Hydrogen chemisorption was performed to compare exposed metallic areas for calcined 

and uncalcined bimetallic NiRu catalysts supported on TiO2. Table 1 gives the amount of 
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chemisorbed hydrogen per gram of catalyst. It was observed that the amount of gas retained 

by the calcined solid was 4.2 H2 mol/g of catalyst , while for the uncalcined sample was 

45.8 H2 mol/g of catalyst (ca. 9 times). This fact indicated that calcination affected 

considerably the metallic dispersion. 

2.2.Hydrogenation of benzene 

Benzene hydrogenation was carried out as a structure unsensitive reaction in order to obtain 

more information about differences in metallic dispersion. Since hydrogenation reactions 

only take place on metallic sites[32], differences in hydrogenation rates are only related to 

differences in metalic dispersion for catalyst with identical metal loadings.  Table 1 gives 

reaction rates  for benzene hydrogenation for both NiRu catalysts.  Uncalcined catalyst 

exhibited a 8 fold higher activity than that for the calcined one, in good agreement with the 

H2 chemisorption results. These results clearly indicated that metallic particles in 

uncalcined NiRu/TiO2 showed higher dispersed than in the calcined NiRu/TiO2. 

2.3.High-resolution transmission electron microscopy 

To explore the effect of calcination on the morphology and surface distribution for metallic 

crystallites, high-resolution images for uncalcined and calcined NiRu/TiO2 catalysts were 

analyzed (Figure 1 ). In general, arbitrary agglomerated crystalline particles were observed. 

From Fast Fourier Transform (FFT) performed on the images, these particles presented 

mainly d-spacing of 3.52 and 1.89 Ǻ, that could be indexed to the (101) and (200) 

crystalline planes on the anatase-TiO2 lattice. The presence of Ni and Ru was confirmed by 

EDX and indexation of crystalline metal particles in HRTEM images. In this case, small 

particles with d-spacing 2.04 Ǻ were indexed to the (111) crystalline plane of face-centered 

cubic Ni lattice (cubic-Ni; JCPD-ICDD-PDF: 004-0850). Meanwhile, the d-spacing of 2.09 

and 2.3 nm could be indexed as (101) and (100) crystalline planes of hexagonal close-

packed Ru lattice (hexagonal-Ru; JCPD-ICDD-PDF: 006-0663). Figure 1 shows the 

particle size distributions for the uncalcined and calcined solids respectively,.It was 

confirmed that calcination influenced strongly metallic dispersion. Therefore, these metallic 

particles for uncalcined catalyst were almost 4.6 times smaller than those observed on the 

calcined one.  Taking into account that the statistic calculation of the particle size is based 
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on the information obtained from a large number of TEM images having low resolution. 

Thus, we assume that the particle size obtained correspond mainly to metallic Ni phase.  

It was not possible to identify the formation of bimetallic clusters or zones of close contact 

between Ni and Ru by using this technique, as previously reported by others[17]. As a 

consequence, it is impossible to speculate on the possible influence of Ru on the catalyst 

activity. 

2.4.Temperature-programmed reduction 

Figure 2 shows the reduction profiles for uncalcined and calcined samples. The TPR 

profile for calcined NiRu/TiO2 catalysts (Figure 2 a)) exhibited a sharp peak centered at 

419 K. It can be assigned to the RuO2 → Ru0 reduction in good agreement with the 

literature[19][33]. The peak located at 680 K was asigned to NiOX reduction, whereas the 

reduction process between 470-570 K could be related to the reduction of bimetallic 

species[19]. Above 780 K, all reducible species were transformed into their metallic state, 

since reduction before reaction was carried out at 723 K. Thus, one may assume that Ni0 

and Ru0 species were present during reaction. For the uncalcined-NiRu sample (Figure 2 

b)), a sharp reduction peak at 483 K can be assigned to the reduction of Ru and Ni in the 

impregnated ruthenium nitrosyl complex (Ru3+→Ru0) [34] and nickel hexahydrate complex 

(Ni2+→Ni0) [35][36] occurring simultaneously. The sharp shape of the reduction peak 

suggested a uniform distribution of metal entities. Furthermore, the next low intense peak  

was associated with a reduction of Ni complex in low interaction with the support[34][35]. 

Pre-reduction for reaction was performed at 623 K, thus the active phases were also Ni0 and 

Ru0. Based on the form and position of peaks, we assume that calcination induced stronger 

metal support interaction than the drying, which  promoted particle growth, as reported by 

other authors[26][27][25].  

2.5.X-ray photoelectron spectroscopy 

Figure 3 gives Ni 2p1/2 and Ni 2p3/2 XPS levels spectra for a) calcined and b) uncalcined 

samples. Both spectra are composed of two adjacent bands with a maximum at 851 eV and 

855 eV and their satellites. Appropriate decomposition was carried out for the spectra, 
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considering bands associated with Ni0 and Ni2+ (≈852.2 eV and ≈855eV respectively). 

Notable differences related with the amounts of Ni0 and Ni2+ can be observed between both 

catalysts (Table 2). For the calcined catalyst, 77% of Ni in the solid was reduced while 23 

% was at the oxidic state. Thus, the reduction conditions were not optimal to reduce 

completely NiO as produced from calcination. Besides, only 60% of  Ni was found in 

metallic state and 40% as not reduced Ni species for the uncalcined sample. The reduction 

conditions neither were enough for the total reduction of Ni.  Table 2 gives XPS results for 

the Ru 3d level. For both materials, the XPS results for the Ru 3d showed that this metal 

was completely reduced after treatments. 

2.6.Temperature-programmed desorption 

Table 3 gives the weak medium and strong acid sites densities as determined from NH3 

TPD experiments. This table shows that the total acid sites concentration was similar for 

both materials. However the uncalcined solid exhibited 26% more weak and medium 

strength acid sites according to the strength classification based on temperature desorption 

range (273K-523 K; medium, 523-673 K; and strong: 673-723 K). A decrease of acidity 

induced by calcination at high temperatures has been widely reported [37][27]. The higher 

concentration of acid sites for the uncalcined sample can be explained in terms of 

remaining OH groups on the carrier after impregnation, and the presence of NiOx species 

originated from the precursors reduction process. Calcination of the catalyst, as generally 

accepted, promotes the dehydroxylation of the support. In addition to the improved 

dispersion, the higher weak and medium acid site density may also beneficiate the HDO 

activity. These sites are involved in dehydration reactions needed to the cleavage of oxygen 

as water. In this regard, a linear correlation between acid sites density and HDO reaction 

rate was reported before [12][38]. 

In this work the uncalcined catalyst reduced at 773 K exhibited a larger amount of medium 

strength acid sites than its calcined counterpart reduced at 623 K. For the strong strength 

acid sites, the contrary trend occurs. This is expected because the calcination of NiRu/TiO2 

sample led probably to formation of the metal titanate species, which were not formed by 

direct reduction of the uncalcined catalyst. 
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2.7.Hydrodeoxygenation of phenol 

Table 4 gives the phenol hydrodeoxygenation activity and selectivity for calcined and 

uncalcined catalyst. The HDO reaction rate for the calcined catalyst was  17.8 mol of 

phenol* g of catalyst -1 * s-1 while for the uncalcined was 149 mol of phenol* catalyst -1 * s-1 

(8.3 higher than the calcined one). Regarding HDO selectivities, the main products 

identified by GC were cyclohexane and methylcyclopentane, with a small production of 

benzene. Table 4 gives the HYD to DDO ratio. It can be seen that the HYD route was 

preferred over DDO for both catalysts. In these materials phenol activation may occur via a 

heterolytic dissociation of the O–H bond when phenol is absorbed on a surface oxygen site 

of suport, near to a metallic site. This site stabilizes the phenoxide ion. Consequently, the 

phenoxide ion will be in close interaction with the metal where the hydrogen is free to 

react[11]. After hydrogenation take place, an OH group of ciclohexanol may be easily 

dehydrated to yield cyclohexene molecule. It is commonly accepted that dehydration of 

alcohols occurs on acid cites. Therefore, a high density of acid sites may induce a fast 

dehydration of cyclohexanol[11][12].  In this work there was not correlation between the 

acidities of the pre-reduced catalysts samples and their HYD/DDO selectivities ratio 

calculated at the same phenol conversion. This is probably because the larger amount of 

medium strength acid sites of the uncalcined sample was compensated by the effect of the 

larger amount of strong acid sites of its calcined counterpart (Table 3). The absence of the 

correlation between the catalysts acidities and HDO/DDO selectivities ratio was reported 

previously[12]. 

Since catalysts were reduced before reaction, metallic Ni and Ru were the active phases for 

both materials. Ni0 and Ru0 were obtained by the reduction of NiO and RuO for calcined 

catalyst, as a results of calcination respectively. Besides, for uncalcined catalyst metallic Ni 

and Ru were produced by the reduction of the residual impregnated species from Ni(NO3)2 

and Ru(NO)(NO3)3. In this regard, the main differences between both material may be 

dispersion of the same actives phases (Ni and Ru) and metal support interaction. 

Additionally, particle growth by high temperature treatment and strong metal support 

interaction as a consequence of calcination may explain the lower 
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activity[26][27][25][29][30]. Also, uncalcined Ru materials were reported as more active 

previously[30].  

Table 4 present also the estimated TOF values for both catalysts, the difference between 

them may be indicative than metal dispersion is not enough to explain the main impact of 

calcination process. However experimental errors should be taken into account when 

comparing both values. It should be considered that Ru content in the calcined sample 

could be slightly lower than in the uncalcined sample, since Ru precursors could be 

oxidized at temperatures up to 673 K to a volatile form such as RuO4 [39].Additionally, the 

larger density of acid sites in the uncalcined catalyst could contribute to a higher catalytic 

activity for this sample as compared with the calcined one. . Current research is been 

carried out to rule out this possibility. 

2.8.TGA 

After catalyst drying, a burning of coke was carried out by raising sample temperature to a 

final value of 1073 K at a rate of 10 K min-1 in a 20% O2/N2 gas mixture. This technique 

confirmed that the main catalyst deactivation in this reaction was due to deposition of 

carbonaceous residues/coke on the catalyst surface. Therefore, one might expect that the 

availability of hydrogen on metal sites should be lower.  The weight change during 

oxidation of the spent catalysts in a 20% O2/N2 mixture (TGA profiles) is shown in Figure 

4 . At low temperature region, for all catalysts the weight gain is observed due to oxidation 

of metallic Ni( Ru) to Ni2+(Ru2+). At high temperature region, the weight loss is due to the 

gasification of carbon. The percentages of total mass gain and loss corresponding to 

oxidation of metal species and coke, respectively, are shown in Table 5.  

As seen in Figure 4, there is some change in the intensity and position of the peaks for all 

samples induced by the different size of the metal particles and type of support. In good 

agreement with study by Luo et al.[40], for calcined NiRu/TiO2 catalyst, the removal of 

carbon filamentous occurs at temperature above 943 K. Noticeably, the uncalcined 

NiRu/TiO2 exhibits totally different TG profile: removal of carbon occurs at much lower 

temperature (about 573 K) and occurs in two steps indicating the formation of two types of 

coke and/or its different location on the catalyst surface[41] The catalyst regeneration by 
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oxidation is easy because of a low amount of coke formed and its more favourable 

composition. Considering the study by Ibáñez et al.  [41] we assume that coke formed has 

aliphatic nature (non aromatic nature).  

Summarizing, we conclude that the morphology of the carbon is essentially affected by the 

catalyst pre-treatment (drying vs. calcination) and the size of the Ni/Ru particles.  However, 

the same amount of coke was formed on the calcined and non-calcined samples. Pre-

reduction of the uncalcined catalysts was more favorable to the catalyst stability because 

formed coke, which could be more easily removed by the catalyst oxidation at much lower 

temperature than in case of the calcined sample.  

3. Conclusions 

Calcination of NiRu catalyst supported on TiO2 induced sintering of metal particles and 

dispersion was significantly lower when compared with solids not calcined prior to 

reduction. Calcination also induced a decrease of weak and medium acid sites. Both effects 

influenced strongly higher HDO activities (8.3) for uncalcined material as compared with 

the calcined solid. Finally, TGA showed that prereduction of uncalcined catalyst was more 

favorable for the catalyst stability because formed coke could be easily removed by  

catalyst oxidation at much lower temperature than in case of the calcined catalyst. 
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Figure 1. HRTEM images and particle size distribution for NiRu/TiO2 catalysts a) calcined 

and b) uncalcined 

Figure 2. TPR profiles for NiRu/TiO2 catalysts a) calcined and b) uncalcined 

Figure 3. XPS spectra comparison for reduced NiRu/TiO2 catalysts a) calcined and b) 

uncalcined 

Figure 5. TG profiles for the reduced NiRu/TiO2 a) calcined and b) uncalcined catalysts 

after catalytic evaluation in the  HDO of phenol. 
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Figure 4 
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Table 1 H2 Chemisorption results, benzene hydrogenation rates and calculated average particle size 

for reduced NiRu TiO2 catalysts 

Catalyst 

 

NiRu/TiO2 

(calcined)a 

NiRu/TiO2 

(uncalcined)b 

H2 chemisorbed H2 [mol H2/ g of catalyst] 4.2 45.8 

Benzene HYD Ratec [mol Benzene/ g of catalyst s] 1.17 8.3 

Average particle size (nm)d  9.9 2.14 
a Pre-reduced at 773 K 
b Pre-reduced at 623 K 
c Calculated at steady-state conditions 
d Estimated by HRTEM 

 

 

 

Table 2 XPS binding energies and relative percentage of species for reduced NiRu/TiO2 catalysts. 

Catalyst 

 

NiRu/TiO2 

(calcined) a 

NiRu/TiO2 

(uncalcined) b 

Ni 2p3/2   Ni0 (%)  852.2 eV (77) 852.6 eV (60) 

Ni 2p3/2   Ni2+ (%)  854.9 eV (23) 855.5 eV (40) 

Ru 3d5/2 Ru0 280.1 eV(100) 280.1 eV(100) 
a After reduction at 773 K 
b After reduction at 623 K 

 

 

Table 3. Acid sites density for reduced NiRu/ TiO2 catalysts 

Catalyst 

 

Amount of acid sites (mol  NH3·gcat) 

NiRu/TiO2 

(calcined)a 

NiRu/TiO2 

(uncalcined)b 

Weak (273 K-523K) 58 64 

Medium (523 K-673 K)  45 67 

Strong (> 673 K)  19 6 
a After reduction at 773 K 
b After reduction at 623 K 
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Table 4 Catalytic activity and selectivity of reduced NiRu /TiO2 Catalyst 

HDO od Phenol 
NiRu/TiO2 

(calcined)a 

NiRu/TiO2 

(uncalcined)b 

Phenol HDO Ratec [mol/g of catalyst s] 17.8 149 

Selectivityd (HYD/DDO) 4.59 4.61 

TOF [s-1] 0.83 0.68 

a After reduction at 773 K 
b After reduction at 623 K 
c Obtained at steady-state conditions 
d Calculated at same phenol conversion(70%) 

 

 

 

 

 

Table 5 Percentages of mass gain and loss corresponding to oxidation of metal species and coke 

deposition (from TG/DTA) of spent NiRu/TiO2 catalyst tested in HDO of phenol. 

TG/TGA data 
NiRu/TiO2 

(calcined) 

NiRu/TiO2 

(uncalcined) 

Weight gain (%) a 2.4 2.8 

Weight loss (%) b 1.1 0.5 + 0.6 
a Oxidation of Ni0 and Ru0 

b Coke 
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