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Abstract 

The hydrogenation of phenanthrene was explored on sulfide Mo/-Al2O3 catalysts promoted 
with increasing concentrations of Ni. The characterization of the materials was done by 
N2-physisorption, X-ray diffraction, transmission electron microscopy, temperature 
programmed sulfidation and NO adsorption experiments. Increasing loading of Ni improves 
the dispersion of MoS2 species; however, at Ni/(Mo+Ni) molar ratio higher than 0.5, 
segregation of Ni-sulfides is observed. The presence of Ni also facilitates the sulfidation of 
oxidic catalyst precursors by lowering the reduction temperature of Mo species. In the sulfide 
catalysts, Ni changes the structure of MoS2 leading to shorter slabs with higher stacking 
degree than on Mo/-Al2O3, and increases the concentration of coordinatively unsaturated 
sites. The kinetic results (increased hydrogenation rate and changed reaction network in the 
presence of Ni) suggest that a highly active kind of active site is created by Ni promotion. 

Introduction 
The effect of Ni-promotion on the activity of -Al2O3-supported MoS2 has been studied 
intensively for applications in hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)  
[1-3]. There, the overall activity of the catalyst is governed by the interplay between C-S(N) 
bond cleavage and hydrogenation functionalities. Thus, it is difficult to exclusively determine 
the dearomatization activity of the active sites. A deep understanding of the Ni-promotion on 
the hydrogenation functionality, however, could grant the ability to design improved, highly 
active hydrotreating catalysts. Hence, in this work, the physicochemical characteristics of Mo 
and NiMo catalysts are correlated to their ability to hydrogenate polyaromatic compounds 
without the interference of competing pathways, aiming at a deeper insight into the promoting 
function of Ni on MoS2. 

Experimental part 
Catalyst preparation: Mo-, Ni- and NiMo- oxide materials were prepared by incipient wetness 
impregnation on γ-Al2O3. The precursor salts ((NH4)6Mo7O24 · 4H2O and Ni(NO3)2 · 6H2O) 
were deposited in two consecutive steps (first Mo and then Ni). After each impregnation step, 
the materials were subsequently dried at 393 K in static air and calcined at 773 K in flowing 
synthetic air for 4 h. The Mo content of the oxidic catalyst precursors was kept constant at 
1 mmol/g -Al2O3, adding varying amounts of Ni in order to obtain bimetallic NiMo materials. 
Besides, a sample containing 1 mmol of Ni per gram -Al2O3 was prepared. The active, 
sulfide forms of the catalysts were obtained by sulfidation of the oxidic precursors in 
10 vol.% H2S/H2 at 20 bar in a plug flow reactor. The materials containing only Mo or Ni were 
denoted as Mo/-Al2O3 and Ni/-Al2O3, whereas the NiMo catalysts were denoted as MoNix, 
where x is the nominal weight percentage of Ni in the sample. 
 
Catalyst characterization: The composition and texture of the catalysts were determined by 
elemental analysis and N2-physisorption measurements at liquid nitrogen temperature. The 
crystallinity of the material was determined by X-ray diffraction (XRD). The sulfidation 
process of the oxidic precursor catalysts was monitored by temperature programmed 
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sulfidation (TPS) in 10 mL/min 2 vol.% H2S/H2 at a heating rate of 5 K/min up to 673 K. 
Evolving gases were detected by a mass spectrometer. NO adsorption experiments of the 
sulfide catalysts were carried out at ambient temperatures in a pulsing mode. For 
transmission electron microscopy (TEM), samples of the sulfide materials were deposited on 
copper-carbon grids. 
 
Catalytic test: The hydrogenation of phenanthrene as model compound for fused 
polyaromatic compounds was carried out to test the catalytic activity of the sulfide catalysts. 
The reactions were carried out in a trickle-bed reactor at varying temperatures and 60 bar 
hydrogen pressure in the presence of dimethyl-disulfide. The space time was kept constant 
at 172 h·gcat/molPhe. The analysis of the reaction products was accomplished off-line by gas 
chromatography. 

Results 
The metal content of all oxidic catalyst precursors (according to elemental analysis) is given 
in Table 1. The Ni/(Mo+Ni) molar ratios are 0.33 for MoNi3, 0.49 for MoNi6 and 0.63 for 
MoNi10. The BET-surface areas of the oxide materials decrease compared to pure -Al2O3 
(248 m2/g) in proportion to the metal loading. 
 
Table 1. Physicochemical properties of oxidic catalyst precursors: elemental composition of Mo and 
Ni, surface area determined by the BET-method, and concentration of NO adsorbed in pulse 
experiments. 

 Metal content [wt.%] Metal content [mmol] Surface area 
[m²/g], BET 

NO / g catalyst 
[µmol/g] Mo Ni Mo Ni 

Mo/Al2O3 9.8 - 1.0 - 216 144 
MoNi3 9.1 2.7 0.9 0.5 207 293 
MoNi6 8.5 5.0 0.9 0.9 194 312 
MoNi10 8.7 8.8 0.9 1.5 187 385 
Ni/Al2O3 - 5.8 - 1.0 210 321 
 
XRD diffractograms of oxides as well as sulfides were recorded in order to investigate the 
distribution of Mo and Ni phases on the support. The XRD patterns (not shown here) of the 
oxidic Mo/-Al2O3, MoNi3, MoNi6 and Ni/-Al2O3 only showed signals related to -Al2O3 at 37, 
40, 46, 61 and 67° 2θ. For MoNi10 also reflections ascribed to NiO at 44 and 63° 2θ 
appeared. The XRD patterns of sulfided catalysts are given in Figure 1. For all Mo-containing 
sulfide samples the reflection at 33° 2θ due to MoS2 was found apart from those of -Al2O3 
[4]. Additionally, the reflection at 61° 2θ (ascribed to alumina) is shifted to 59° 2θ which can 
also be attributed to overlapping with reflections from MoS2. The only samples showing 
reflections due to Ni3S2 are Ni/-Al2O3 and MoNi10 at 22, 32, 51 and 55° 2θ [5]. Concluding, 
a good dispersion of Mo and Ni sulfides is maintained until a molar Ni/(Mo+Ni) ratio of 0.5. 
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Figure 1. X-ray diffractograms of Mo/-Al2O3, MoNi3, MoNi6, MoNi10 and 
Ni/-Al2O3. The marked signals are assigned to MoS2 ( ) and Ni3S2 ( ). [4, 5] 
Non-marked signals correspond to γ-Al2O3. 

 
The structure of the Mo, Ni and MoNi sulfide catalysts was investigated by TEM (Figure 2). 
For all Mo containing samples the typical fringes due to MoS2 were observed [6]. Statistical 
analysis of the images allowed determining the average length of 4.8, 4.4, and 3.9 nm for 
Mo/-Al2O3, MoNi3 and MoNi10, respectively. For the same catalysts, the average stacking 
degrees were 1.4, 2.1, and 1.9. 
 

10 nm MoNi3 MoNi1010 nm10 nmMo/Al2O3

 
Figure 2. Transmission electron microscopy pictures of Mo/-Al2O3, MoNi3 and MoNi10. 

 
Temperature programmed sulfidation was performed in order to get deep insight into the 
formation of sulfide catalysts from the oxidic precursors. The H2 and H2S desorption-
evolution profiles recorded by the mass spectrometer are displayed in Figure 3. During the 
sulfidation process H2S and H2 were mainly consumed. With increasing Ni loading, the area 
of H2S consumption increases. At a certain temperature, characteristic to each sample, sharp 
H2 adsorption and H2S release signals were observed. These temperatures corresponded to 
the reduction of Mo(VI) to Mo(IV) [7]. With higher Ni loadings this reduction temperature 
shifts to lower temperature going from 537 K for Mo/-Al2O3 to 529, 515 and 513 K for MoNi3, 
MoNi6, and MoNi10, respectively. The sulfidability depends on the dispersion and strength of 
interaction between Mo and the support [7]. A lower reduction temperature corresponds to a 
facilitated sulfidation process and, therefore, higher dispersion of Mo species or weaker 
support interaction for catalysts with increasing Ni loading. 
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Figure 3. Profiles of temperature programmed sulfidation for Mo/-Al2O3, MoNi3, MoNi6 and MoNi10. 
 
NO pulse experiments were conducted in order to determine the amount of adsorption sites 
of the sulfide catalysts (Table 1). The addition of Ni to Mo/-Al2O3 increases around twofold 
the concentration of adsorbed NO in NiMo3. The adsorption capacity further increases for 
the samples with higher Ni loading, whereas the concentration of NO adsorbed on Ni/-Al2O3 
is about the same as for NiMo6. Figure 4 shows the concentration of adsorbed NO 
normalized per gram of metal in the catalyst. A maximum in NO adsorption is found for the 
sample MoNi3. 
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Figure 4. NO adsorption normalized to the total amount of 
metal for Mo/-Al2O3 ( ), MoNi3 ( ), MoNi6 ( ), MoNi10 ( ). 

 
The activity of the sulfide catalysts was tested in the hydrogenation of phenanthrene. The 
rate of phenanthrene conversion normalized to the molar metal loading of the catalyst is 
shown in Figure 5. There, a maximum reaction rate for the sample MoNi3 at all temperatures 
reaching 3.1 mol/h at 633 K is observed. At the same temperature, phenanthrene conversion 
for Mo/-Al2O3 and MoNi6 is about 2.3 mol/h, whereas for MoNi10 (which has the highest Ni 
loading), the rate is 1.5 mol/h. The catalyst Ni/-Al2O3 without molybdenum reaches at most 
0.3 mol/h. 
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Figure 5. Reaction rate for phenanthrene hydrogenation normalized 
to the molar metal loading versus temperature for Mo/-Al2O3 ( ), 
MoNi3 ( ), MoNi6 ( ), MoNi10 ( ) and Ni/-Al2O3  (x). 

 
In Figure 6 the product yields of two catalysts, Mo/-Al2O3 and MoNi3 are shown (MoNi6 and 
MoNi10 exhibit yield profiles similar to MoNi3). For Mo/-Al2O3 the main product is 
dihydrophenanthrene (DiHPhe) reaching up to 25% at 633 K. Tetrahydrophenanthrene 
(TetHPhe) starts to be observed at temperatures above 593 K and all higher hydrated 
products only at 633 K. In contrast, on MoNi3 all five phenanthrene products are obtained in 
the studied temperature range. DiHPhe and TetHPhe are the main products up to 573 K. At 
higher temperatures symmetric-octahydrophenanthrene (sym-OHPhe) becomes the main 
product reaching a yield of 30% at 633 K. The maximum yield for asymmetric-
octahydrophenathrene (asym-OHPhe) is 8%, 2% for perhydrophenanthrene (PerHPhe) and 
21% for TetHPhe (all at 633 K). The yield of DiHPhe passes through a maximum of about 
17% between 593 and 613 K and decreases to 12% at 633 K. 
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Figure 6. Product yield of phenanthrene hydrogenation versus temperature for Mo/-Al2O3 (left) and 
MoNi3 (right). The products are dihydrophenanthrene ( ), tetrahydrophenanthrene ( ), symmetric-
octahydrophenanthrene ( ), asymmetric-octahydrophenathrene ( ) and perhydrophenanthrene (x). 
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Figure 7. Reaction network for phenanthrene (Phe) proposed by Beltramone et al. [8]. 
Products are Dihydrophenanthrene (DiHPhe), Tetrahydrophenanthrene (TetHPhe), 
symmetric-Octahydrophenanthrene (sym-OHPhe), asymmetric-Octahydrophenathrene 
(asym-OHPhe) and the fully hydrated Perhydrophenanthrene (PerHPhe). 

 

Discussion 
The concentration of adsorbed NO correlates to the amount of “coordinatively unsaturated 
sites” (CUS) of transition metal sulfides [9]. Apparently, the addition of Ni (3 wt. %) to the Mo 
structure changes the morphology in a way that much more surface defects and adsorption 
sites for NO are formed (note the strong rise of NO adsorption between Mo/-Al2O3 and 
MoNi3). For higher Ni loading the NO adsorption normalized per gram metal declines, giving 
a maximum in NO adsorption for MoNi3 (see Figure 4). In the phenanthrene hydrogenation 
reaction also a maximum in conversion is observed for MoNi3.  
However, Figure 5 shows that Mo/-Al2O3 and MoNi6 have very similar reaction rates 
normalized per mol of metal, although the concentration of CUS determined by NO pulsing is 
much higher in the latter than in the former. For MoNi10 the discrepancy between NO 
adsorption and activity is even larger. An explanation for those contradicting observations 
can be found by considering the Ni/-Al2O3 sample which shows very high NO adsorption but 
is close to being inactive for hydrogenation of phenanthrene. This means that the sites in 
Ni3S2 adsorbing NO do not contribute in hydrogenation. Agglomerated Ni3S2 is detected for 
MoNi10 (XRD) and as consequence the rate per total metal content of MoNi10 is low while 
NO adsorption is high. For MoNi6, agglomeration is not visible in XRD (which requires long 
range order); however, it can be assumed that agglomeration takes place to a small extent. 
Thus, the activity decreases although the adsorption of NO is high compared to NiMo3. 
During the hydrogenation of phenanthrene on MoNi3, there are two primary products, 
DiHPhe and TetHPhe, the former passing through a maximum. Therefore, it seems that the 
reaction pathway corresponds to that presented in Figure 7 [8]. For hydrogenation on 
Mo/-Al2O3, DiHPhe is primary product and the other four products are either secondary or 
higher. Thus, the hydrogenation of phenanthrene follows different reaction networks on the 
two catalysts.  
From NO pulse experiments it was already concluded that the addition of nickel to the MoS2 
structure results in a strong increase of CUS. The question arises, whether the changes in 
structure of MoS2 particles accompanying the Ni promotion is related to this increase in CUS 
concentration (further analysis is ongoing). The differences in product yields also point to 
different types of catalytically active sites with Ni. Presumably a Ni-Mo-S mixed phase is 
formed in addition to MoS2. In literature different attributes of this promoted type of active 
phase exist [10, 11]. In any case, the Ni-promoted active sites accelerate the formation of 
higher hydrogenated products compared to those in Mo/-Al2O3. This could either be due to 
an increased hydrogen adsorption on the catalyst surface (enhancing the H2 availability for 
the reactants), or due to an optimized adsorption of phenanthrene on the surface. Further 
kinetic experiments are ongoing to solve this issue. 
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Conclusion 
The effect of Ni promotion on the physicochemical properties of sulfided Mo/-Al2O3 was 
correlated to its activity in the hydrogenation of phenanthrene. The structure of the MoS2 
changes by the addition of Ni, producing shorter but higher stacked slabs compared to 
Mo/-Al2O3. Nickel also lowers the reduction temperature of Mo(VI) to Mo(IV) during the 
sulfidation process, suggesting a better dispersion and weakened interaction between Mo 
and γ-Al2O3. The NO adsorption and, hence, the concentration of CUS on the catalyst 
surface increase strongly with Ni promotion and also the activity for phenanthrene 
hydrogenation rises significantly. However, agglomerated Ni species form above the 
Ni/(Mo+Ni) molar ratio of 0.5. The Ni3S2 species are able to adsorb NO but are not active for 
hydrogenation. The two opposite phenomena, i.e., increasing concentration of CUS and 
improvement of the intrinsic activity of the MoS2, and the formation of inactive Ni3S2 species 
lead to a maximum in activity for the catalyst with the Ni/(Mo+Ni) molar ratio of 0.33. In 
addition, Ni promotion changes the yield profiles compared to MoS2 and in consequence, the 
reaction network of phenanthrene changes. Most likely a Ni-Mo-S phase is formed acting as 
new active site besides MoS2. 
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