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Abstract
NiMoS/TiMg and NiWS/TiMg nanocatalysts were synthesized, characterized by various techniques and tested in the 
hydrodesulphurization (HDS) of dibenzothiophene (DBT). TiMg mixed oxides containing 5, 10 or 15 wt% of MgO were 
prepared by sol–gel and then used as catalyst supports. A constant atomic ratio of Ni/(Ni + M) = 0.5 was kept for all the 
catalysts (M = Mo or W). The catalysts were first prepared by sequential-wet impregnation. Then, after an ex-situ sulfidation 
process, they were characterized by high resolution transmission electron microscopy (HR-TEM), X-ray diffraction (XRD), 
and physisorption of N2 following the BET method. The presence of MgO in the NiMoS/TiMg and NiWS/TiMg catalysts 
resulted in an enhancement in the HDS activity of DBT. In addition, their HDS activities were higher than those observed 
in the NiMoS/Ti and NiWS/Ti catalysts. Furthermore, higher HDS activity was found for the NiMoS/TiMg compared with 
their NiWS/TiMg catalysts counterpart.
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1  Introduction

The new worldwide environmental regulations are 
demanding fuels with low pollutant content to reduce 
the contamination of the atmosphere [1]. The presence 
of sulfur and nitrogen organic compounds is one of the 
most important challenges facing refineries to get cleaner 
fuels, since these chemical contaminants are present in 
crude oil [2]. Moreover and according to the World Energy 
Review [3] most of the crude oil reserves still available 
have high pollutant contents, especially sulfur and nitrogen 
organic compounds. Molybdenum and tungsten sulfides 
promoted with Ni or Co and supported on alumina are 
among the most common catalysts used in hydrotreat-
ing (HDT) [4–7]. However, these catalysts do not fulfil 
the new environmental regulations related to ultra clean 
fuels. One of the alternatives to address this problem is to 
develop new and more effective catalysts to comply with 
the environmental regulations. To this aim, alternatives 
such as a catalyst synthesis method, nature of the active 
phase and catalyst support are proposed [8]. The effect of 
the support on the catalyst behavior is a very important 
subject, since the metal-support interactions influence 
the dispersion, morphology and activation of metals [9]. 
Several research works related to the modification of alu-
mina or titanium supports in hydrotreating catalysts such 
as TiO2–Al2O3 [10], Al2O3–TiO2–MgO [11], Al2O3–MgO 
[12–15], Mg–TiO2 [16] have been reported. Lopez Agudo 
et al. [10] studied the effect of titanium into alumina by 
preparing Mo, CoMo and NiMo supported samples. The 
addition of a small amount of Ti (x ≤ 0.8 and x defined as 
a molar ratio equal to TiO2/(Al2O3 + TiO2)) into alumina, 
some Co was dispersed into the alumina matrix result-
ing in a decrease in the HDS activity. Higher Ti loadings 
improve the HDS of thiophene. In another publication, 
Espino-Valencia et  al. [11] studied the effect of MgO 
into the support. In this study Al–Ti mixed oxides (Al/Ti 
atomic ratio of 5.7) modified with MgO (0, 5, 10, 15 wt%) 
were synthetized by sol–gel and used as supports to pre-
pare NiMoW sulfide catalysts. All catalysts presented an 
atomic ratio of Ni/(Ni + Mo + W) equal to 0.5 and the best 
catalyst in the HDS of DBT was observed for the NiMoW/
Al–Ti–Mg sample containing 5 wt% of MgO. The benefi-
cial effect of MgO was probably related to an increased 
dispersion of the active species, when the physicochemical 
properties of the support were improved. Ancheyta et al. 
[12] prepared CoMo catalysts supported on MgO-alumina 
of 0.01, 0.1 and 0.5 MgO/(MgO + Al2O3) ratios. Their 
results showed that when increasing the MgO content, the 
stability of the catalyst and the activity in the HDS of 
thiophene were enhanced. Ramirez et al. [13], synthetized 
Mo and NiMo catalysts supported on Mg–Al mixed oxides 

with x = MgO/(MgO + Al2O3) molar ratios equal to 0.0, 
0.05, 0.25, 0.50, 0.75 and 1.0 by sol–gel and tested in the 
HDS of thiophene. The results indicate that the hydrogena-
tion is substantially reduced if small amounts of magnesia 
are incorporated, changing also the HDS activities. These 
effects were probably due to the formation of MgMoO4 
and NiO–MgO. The results also indicate that only the cata-
lysts with low magnesia content (x < 0.25) show textural 
stability. In another research work, Guevara-Lara et al. 
[14] synthetized two Mg–Al mixed oxides containing 95 
and 80 mol% of MgO by sol–gel, and then used as sup-
ports to prepare Ni and NiMo catalysts. The dried (D) 
and calcined (C) samples were sulfided and then tested 
in the HDS of DBT. The promotional effect of Ni on the 
HDS of DBT was only observed for the catalyst with 95 
mol% of MgO. The characterization indicated that during 
impregnation, the interaction of MoO4

2− and the support 
was strong and increased after calcination. The authors 
reported a Ni promoting effect, defined as (NiMo catalyst 
rate)/(Mo catalyst rate), of 4.5 and 8.5 for the dried and 
calcined NiMoMg95Al5 sulfided catalysts, respectively. 
Among the prepared samples, the best HDS catalytic activ-
ity was observed with the NiMoSMg95Al5-C sample. In 
another publication, Guevara-Lara et al. [15] reported the 
effect of magnesium by testing the NiW/Al2O3 and NiW/
Al2O3-MgO catalysts on the HDS of DBT. For this pur-
pose, the alumina support was modified with 5 mol% of 
MgO during the sol–gel synthesis. After preparation of 
the supports, co-impregnation with Ni and W at pH of 4 
or 9 was performed. The authors found during the cata-
lytic tests that the catalysts prepared at pH 9 showed lower 
HDS activities than those prepared at pH of 4, probably 
due to a stronger Ni–W interactions present in the former 
catalysts. In addition, the NiW/Al2O3–MgO samples pre-
pared at pH of 4 showed better catalytic activities than that 
measured for the commercial NiWS/Al2O3 sample. The 
authors found a favorable outcome when adding MgO into 
alumina during the HDS of DBT. Díaz de León et al. [16] 
reported the synthesis of NiW supported on MgTi mixed 
oxide (containing 10, 25, 50 mol% of TiO2). The effect of 
drying and calcination were also taken into account. All 
catalysts contain 26 wt% of WO3 and 4 wt% of NiO. The 
dried NiWS sample, co-impregnated in aqueous medium 
and supported on a MgTi oxide with 25 mol% of TiO2 
showed the highest catalytic activity in the HDS of DBT 
among the MgTi supported samples.

The aim of present research project was the modifica-
tion of titanium oxide with low quantities of Mg and to use 
these oxides as supports to prepare NiMo/TiMg and NiW/
TiMg sulfide nanocatalysts. For comparison, similar cata-
lysts without magnesium were also synthetized and used as 
reference. Finally, the effect of magnesium on the HDS of 
DBT was evaluated. To our knowledge the effect of small 
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quantities of magnesium in these catalysts for this reaction 
has not been previously reported.

The objective of this research project was to modify tita-
nium oxides with low quantities of MgO and compare them 
to those reported in the literature. Then, mixed oxides as 
supports were used to prepare NiMo/TiMg and NiW/TiMg 
sulfide nanocatalysts. The final effect was evaluated in the 
HDS of DBT.

2 � Experimental

2.1 � Synthesis of Supports

The TiMg mixed oxides with 0, 5, 10 and 15 wt% of MgO 
were synthesized by sol–gel. For this purpose, the required 
titanium butoxide was added into 150 ml of isopropanol and 
mixed during 1 h at 60 °C. The solution was then cooled 
down to 3 °C. An aqueous solution containing water, etha-
nol, isopropanol, nitric acid in a ratio 13:8.5:5:0.5 v/v, with 
the required amount of magnesium, using Mg(NO3)2·6H2O 
as a precursor, was prepared. Once the temperature of 3 °C 
was reached, the aqueous solution was added dropwise very 
slowly to the isopropanol mixture till the formation of a gel. 
The gel was aged in a fridge during 24 h and then dried in air 
and calcined in an oven. To calcine the samples, they were 
heated at 10 °C/min, from ambient temperature to 500 °C. 
Then the remaining substance was allowed to stand for 4 h 
at the final temperature reached. The obtained powder was 
then pressed to make pellets and then pulverized to finally 
select particle sizes of 25–40 mm using sieves. The solids 
were labelled as TiMg 5, TiMg 10 and TiMg 15 according 
to the weight percent of MgO used during synthesis.

2.2 � Synthesis of Catalysts

A constant Ni/(Ni + M) atomic ratio equal to 0.5 was used 
in all catalysts. In the expression M = Mo or W. Besides, Ni 
and Mo (or W) contents of 18 wt% were also utilized in all 
samples. The required quantities of ammonium heptamo-
lybdate, [(NH4)6Mo7O24], ammonia metatungstate [(NH4)
6H2W12O40·xH2O] and nickel nitrate [Ni(NO3)2·6H2O] were 
separately dissolved in deionized water. Drop-wise sequen-
tial impregnation of the supports was then performed. The 
molybdenum or tungsten solution was first impregnated fol-
lowed by the nickel solution. After the pores were filled with 
the solution, the powder was dried at 120 °C for 2 h and the 
impregnation continued until the whole metal solution was 
incorporated. Afterwards, the powder was calcined in an 
oven from ambient temperature to 450 °C, heating at 10 °C/
min. A dwell time of 4 h was given. Finally, the samples 
were ex-situ sulfided under a flow of H2S/H2 (15% v/v) at 
400 °C during 4 h and finally kept in an inert atmosphere. 

The catalysts were labelled as NiMoS/TiMg-5, NiMoS/
TiMg-10 and NiMoS/TiMg-15

2.3 � Characterization of Catalysts

2.3.1 � X‑ray Diffraction

The diffraction patterns were acquired using a Siemens 
D-500 equipment provided with a graphite monochromator 
and using Cu-α radiation with λ = 1.54 Å, at 30 kV and 20 
mA, from 5 to 90° 2θ.

2.3.2 � Nitrogen Physisorption

The specific surface areas, mean pore size and pore size 
distribution were determined using nitrogen adsorption-des-
orption isotherms and the BET method. For this purpose, a 
Quantachrome equipment was used. All samples were first 
degassed at 270 °C under vacuum during 5 h. For the deter-
mination of the mean pore size and pore size distribution, 
the BJH was utilized.

2.3.3 � High Resolution Transmission Electron Microscopy

HR-Transmission electron microscopy (HRTEM) clear field 
images were obtained using a JEOL JEM-2200FS (200 kV) 
(0.23–0.1 nm resolution) microscope in order to get informa-
tion about Mo(W)S2 slab length and stacking degree. Several 
zones on the micrographs were observed to perform a sta-
tistical analysis of MoS2 slabs. Samples were ultrasonically 
dispersed in ethanol before being deposited onto a carbon-
coated Cu grid (lacy carbon, 200 mesh).

2.4 � Catalytic Activity

The activities for all catalysts were evaluated in the HDS of 
DBT. The experiments were performed using a high pres-
sure Parr 4560 reactor. In a typical experiment, the reactor 
was loaded with 0.5 g of the sulfide catalyst and 75 mL of a 
solution (5% of DBT in n-heptane by volume). The reactor 
was first purged with nitrogen, heated up to 350 °C and then 
pressured with H2 at 3.1 MPa, at this moment is taken the 
first sample. The reactants were continuously stirred. The 
reaction was carried out during 5 h, taking reaction samples 
to analyze them using a Hewlett Packard GC (model 4890) 
chromatograph, which was provided with a HP-Ultra 2 (30 
m × 0.32 mm D.I.) column and a FID detector. The kinetic 
constants (k) were calculated assuming pseudo first order 
kinetics referred to initial DBT concentration.

where t is the reaction time, and x is the conversion of DBT.

(1)k ⋅ t = ln (1 − x)
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The main reaction products in the HDS of DBT were 
biphenyl (BF), principally produced following the direct 
desulfurization pathway (DDS), cyclohexylbenzene 
(CHB) and tetrahydrodibenzothiophene (THDBT) mainly 
produced following the hydrogenation pathway (HYD). 
The selectivity between these two pathways was then 
evaluated:

2.5 � X‑ray Photoelectron Spectroscopy

The XPS spectra of the samples were recorded using a 
SPECS® spectrometer provided with a PHOIBOS® 150 
WAL hemispherical energy analyzer with angular resolu-
tion (< 0.5°), and equipped with XR 50 X-Ray Al-X-ray 
and μ-FOCUS 500 X-ray monochromator (Al excitation 
line) sources. The samples were kept in an argon atmos-
phere prior to their analysis and transferred into a mobile 
XPS chamber for degasification. The binding energy (BE) 
of C 1s (284.8 eV) was used as a reference. The BE and 
intensities for the chemical quantification were determined 
after subtraction of a Shirley-type background from the 
photoemission spectra using the Casa XPS software (ver. 
2.3.19). The surface elemental composition was evaluated 
from the experimental areas, corrected by the Scofield 
photoionization sensitivity factors.

(2)S
HYD∕DDS =

[THDBT] + [CHB]

[BF]

3 � Results and Discussion

3.1 � X‑ray Diffraction

Figures 1, 2 show the X-ray diffraction patterns of the 
NiMoS/TiMg and NiWS/TiMg catalysts. The weak diffrac-
tions indicate that the structures are poorly crystalline. In 
both figures, the diffraction at 14, 32, 39, 49 y 58° 2θ are 
assigned to MoS2 or WS2 sulphides [PDF 37-1490, PDF 
08-237]. The weak diffraction signals at about 27, 36, 40, 
44, 54 and 69° 2θ correspond to the titania-rutile phase [PDF 
21-1276]. No diffraction peaks assigned to MgO and/or 
Mg(OH)2 were observed indicating that Mg species might be 
amorphously present and/or Mg atoms are well distributed 
in the solid structure [11]. For the NiMoS/TiMg samples, 
well-defined narrow diffraction signals at about 14 ° 2θ are 
noticed, indicating stacking of the metal-sulphide fringes in 
the “c” direction of the (002) crystalline plane of the hexago-
nal structure of the MoS2 [11] whose intensity decreases as 
the Mg content rises. On the other hand, an increase in Mg 
makes the diffraction signal greater related to NiSO4 which 
resulted from the transformation of nickel sulphide to sul-
phate after exposing the material to air [17]. Comparing the 
NiMoS/TiMg and NiWS/TiMg catalysts, diffraction signals 
corresponding to NiSO4∙6H2O were observed in the former 
series of catalysts. Additionally, the NiWS/TiMg samples 
are less crystalline than the other series. NiWS catalysts sup-
ported on magnesium-modified titanium oxides and their 
activities were previously reported [16]. However, in that 
work, the authors have modified MgO with titanium (10, 25 
and 50 mol% of TiO2 in MgO) and detected Mg segrega-
tion as Mg(OH)2 in the X-ray diffraction patterns. On the 
contrary, in the present research work, TiO2 was modified Fig. 1   XRD patterns for NiMoS/TiMg catalysts

Fig. 2   XRD patterns for NiWS/TiMg catalysts
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with magnesium (9.4, 18 and 25.9 mol% of MgO in TiO2). 
Furthermore, Mg is likely well-distributed into the titanium 
matrix and non-segregation was observed, which could be 
explained considering the low Mg loadings in our samples 
compared to those reported by Díaz de León et al. [16].

3.2 � Nitrogen Physisorption

Figure 3 shows the adsorption–desorption isotherms of the 
supports. It can be noticed that the solids exhibit type IV 
isotherms and H2 hysteresis, indicating that the solids are 
mesoporous materials with bottleneck pores [18]. In addi-
tion, it is observed that an increase in N2 adsorption as 
the Mg content in the solids goes up. The determined sur-
face areas were 86, 75, and 63 m2/g for TiMg-5, TiMg–10 
TiMg–15, respectively, showing a decrease as the Mg con-
tent increases. Table 1 presents a summary of the textural 
properties of the supports. It can be noticed that the specific 
surface areas decrease, whereas the pore volume and the 
diameter of pores increase as the Mg contents augments. 
Klimova et al. [13] stated that one of the disadvantages 
of MgO supported catalysts is that when in contact with 
moisture, the high surface area MgO is transformed to low 
surface. In this work, it was observed a decrease in surface 
area when an increase of MgO content (15%) was used, this 
behaviour could be related with the formation of low surface 
Mg(OH)2 since It appears that even upon standing at ambi-
ent conditions MgO is converted to a mixture of MgCO3 
and Mg(OH)2.

Figure 4 presents the corresponding adsorption-desorp-
tion isotherms for NiMoS/TiMg and NiWS/TiMg cata-
lysts. In addition, the volume of N2 adsorbed increases 
with increasing Mg content in both series of catalysts. A 

Fig. 3   Nitrogen adsorption–desorption isotherms for the TiMg mixed 
oxides

Table 1   Textural properties for the TiMg mixed oxides

Specific surface area, mean pore volume and mean pore diameter

Mixed oxide Specific surface 
area (m2/g)

Mean pore vol-
ume (cm3/g)

Mean pore 
diameter 
(nm)

TiMg 05 86 0.14 6.7
TiMg 10 75 0.17 7.9
TiMg 15 63 0.26 12.6

Fig. 4   Nitrogen adsorption–desorption isotherms for the NiMoS/TiMg and NiWS/TiMg samples
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slightly change in the hysteresis loop was observed after 
the incorporation of metals. In the case of the first system, 
it can be observed that for 05 and 10 loops, the maximum 
adsorbed value was comparable, however for 15 sample, the 
value increased by 50% compared with their counterparts. 
For the system with tungsten. It was observed that the high-
est adsorption was for Mg10 since a higher amount of N2 
was detected. The amount was approximately 20% higher 
than that observed for their counterparts. In addition, a pore 
filling speed at a lower concentration was observed for the 
NiMoS system in comparison with their NiWS counter-
parts. The pore size distribution of the supports and the two 
series of catalysts is presented in Figures 5 and 6. In Fig. 5, 
a unimodal behaviour can be observed. On the other hand, a 

difference can be observed depending on the concentration 
(Fig. 6), showing a unimodal behaviour for samples at lower 
concentration. While, a bi or multimodal behaviour can be 
observed for samples at higher concentration. However, it 
could be observed that all samples show a peak around 4 
nm in all cases. As expected, the impregnation of metals on 
the support decreases the porosity and the specific surface 
areas. The pore sizes for the NiMoS/TiMg are smaller than 
those on the NiWS/TiMg samples. The bimodal pore dis-
tribution can be related with the incorporation of metals on 
the support. When the impregnation was used to introduce 
active phase precursors, metal oxides were distributed from 
inside out decreasing pore diameter causing the presence of 
a second peak. Table 2 shows the textural properties of both 
series of catalysts. Most of the samples present a mean pore 
size of about 3.4 nm.

3.3 � High Resolution Transmission Electron 
Microscopy

Micrographs of the NiMoS/TiMg samples containing 5 
and 15 wt% of MgO were acquired by HR-Transmission 
Electron Microscope (HRTEM) and some are presented in 
Figs. 7 and 8. Stacked fringes characteristic of the (002) 
basal plane of the metal sulfides are clearly observed [15]. 
An interplanar distance of 6.3 Å was measured and cor-
responds to MoS2 [13]. The mean stacking of the MoS2 
fringes on this catalyst was about 7 layers. HR-TEM 
images for NiMoS/TiMg 15 are presented in Fig. 8. A 
mean of 5 stacked layers of metal sulfides was calculated. 
Figures 9 and 10 show some HR-TEM images of the NiW 
supported nanocatalysts. An interplanar distance of 6.2 
and 6.4 Å and a mean stacking value of metal-sulphide Fig. 5   Pore size distribution of the TiMg mixed oxides

Fig. 6   Pore size distribution of the NiMoS/TiMg and NiWS/TiMg catalysts
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fringes of 3 and 5 layers were measured for NiWS/TiMg5 
and NiWS/TiMg10 catalyst, respectively. The fringes 
observed on NiMoS/TiMg catalysts are straight, whereas 
those on NiWS/TiMg are curved. An increase of the 
Mg loading for the NiMoS/TiMg catalysts resulted in a 
decrease in the number of the stacked layers of the metal 
sulfide fringes whereas the opposite was noticed for the 
NiWS/TiMg catalysts. The length of the fringes was also 
determined and reported in Figs. 11 and 12 for molybde-
num and tungsten catalysts, respectively. The fringes of 

about 12 nm that are observed for molybdenum catalyst 
containing 5 wt% of MgO are longer than those on the 
respective sample containing 15 wt% of MgO, though 
shorter fringes of about 6 nm are observed for tung-
sten catalyst containing 5 wt. % of MgO than those on 
the similar sample containing 10 wt% of MgO (Fig. 12). 
The tungsten nanocatalysts exhibited a mean value of 4 
nm. The HR-TEM images for NiMoS/TiMg showed that 
an augmentation in the MgO contents from 5 to 15 wt% 
decreases the length of the MoS2 fringes and the stacking, 
which is in agreement with the XRD results.

Table 2   Specific surface areas, 
mean pore volume and diameter 
of the NiMoS/TiMg and NiWS/
TiMg catalysts

Catalyst Specific surface area 
(m2/g)

Specific surface area 
loss (%)

Mean pore volume 
(cm3/g)

Mean pore 
diameter 
(nm)

NiMoS/TiMg 05 45 48 0.07 3.4
NiMoS/TiMg 10 37 50 0.08 4.3
NiMoS/TiMg 15 44 30 0.11 3.4
NiWS/TiMg 05 38 56 0.12 3.4
NiWS/TiMg 10 52 30 0.08 3.4
NiWS/TiMg 15 50 20 0.09 3.4

Fig. 7   HR-TEM images of the NiMoS/TiMg 5 catalyst

Fig. 8   HR-TEM images of the NiMoS/TiMg 15 catalyst
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3.4 � X‑ray Photoelectron Spectroscopy

The sulfided NiMo and NiW supported catalysts were also 
analyzed by XPS. The scans exhibited the presence of core 
emission line regions for C 1s, O 1s, Ti 2p, Mg 2p, Ni 2p 

and depending upon composition, Mo 3d or W 4f. The 
determined surface composition is presented in Table 3. It 
is interesting to observe that the sulfur content decreases 
as the Mg augments for both Mo and W samples. As com-
mented previously, the C 1s associated with the adventitious 
carbon was calibrated at 284.8 eV and the corresponding 

Fig. 9   HR-TEM images of the NiWS/TiMg 05 catalyst

Fig. 10   HR-TEM images of the NiWS/TiMg 10 catalyst

Fig. 11   Length distribution of the MoS2 fringes for the NiMoS/TiMg 
05 and NiMoS/TiMg 15 catalysts

Fig. 12   Length distribution of the WS2 fringes for the NiWS/TiMg 
05 and NiWS/TiMg 10 catalysts
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spectra are provided in the supplementary information as 
Fig. S1-a. Similarly, for O 1s core emission line region 
which shows a signal centered at 530.5 eV, the spectra are 
presented in Fig. S1-b. Figure 13 presents the XPS spectra 
and the fitting for the NiMoS and NiWS supported catalysts. 
Figure 13A shows the Gaussian-Lorentzian curve fitting of 
the Mo 3d core emission line region for the NiMoS sup-
ported samples. The assumption of the presence of MoO3, 
MoOxSy, and MoS2 species could well fit the XPS spectrum 
[19]. The characteristic doublet related to the Mo 3d region 
Fig. 13, comprises two peaks of Mo 3d5/2 at 229.1 eV and 
Mo 3d3/2 at 235.3 eV related to Mo4+ and Mo6+ respec-
tively, whereas the peak at about 232.2 eV arises from the 
contribution of Mo4+/Mo6+ oxysulfides [20]. The presence 
of S2− and S2

2− species related to S 2s electrons were also 
considered in this region. The abundance of Mo4+species in 
all the NiMoS/TiMg samples is predominant. Accordingly 
to the determined areas of the peaks after deconvolution, 
the NiMoS/TiMg-5 sample contains 81.2, 11.5 and 7.3% 
of Mo4+, Mo4+/Mo6+ and Mo6+ species, respectively. The 

XPS region related to W 4f is presented in Fig. 13B for the 
NiWS/TiMg catalysts. Consistently with the literature, the 
W 4f5/2 binding energies for W6+, W5+ and W4+ species are 
located at 38.0, 37.8 and 34.4 eV, respectively, and their W 
4f7/2 at 35.6, 33.5, and 32.2 eV, respectively [21, 22]. How-
ever, two peaks at about 32.9 and 34.7 eV assigned to W 
4f7/2 and W 4f5/2 and another at 37.7 eV assigned to the W 
5p3/2 level, were observed in our spectra. After deconvolu-
tion, two small peaks at the binding energies of 33.7 eV and 
35.9 eV resulted which were assigned to the WOxSy (W5+ 
species). The W6+ species such as WO3, were absent in our 
samples. Figure 14 presents the XPS spectra and the decon-
volution of the Ni 2p region for the NiMo/TiMg (Fig. 14A) 
and NiW/TiMg (Fig. 14B) catalysts. Table 4 shows surface 
phase composition resulted from the XPS deconvolution. 
The S 2p region of the XPS spectra presents only one peak at 
162 eV (Fig. S2). The intensity of the signal at about 162 eV 
decreases as the Mg content augments, suggesting a decrease 
in sulfidation of the metal oxides. The Ti 2p and Mg 2p 
regions of the XPS spectra are also included in the sup-
plementary information (Figs. S3 and S4). A peak at about 
459.2 eV assigned to Ti 2p3/2 shows only slightly variations 

Table 3   Elemental surface 
composition of NiMo/TiMg 
and NiWS/TiMg catalysts 
determined from the XPS data

a Samples were ex-situ sulfided at 400 °C with a H2S/H2 mixture of 15% v/v hydrogen balance

Samplea Element, atomic %

Ti Mg O Ni Mo W S

NiMo/TiMg-5 6.99 3.38 24.96 3.64 20.23 – 40.81
NiMo/TiMg-10 8.45 4.34 25.11 2.76 19.77 – 39.57
NiMo/TiMg-15 7.28 7.9 24.58 3.51 19.28 – 37.44
NiW/TiMg-5 9.98 2.36 32.5 2.66 – 12.79 39.72
NiW/TiMg-10 11.81 4.15 34.75 2.86 – 13.62 32.8
NiW/TiMg-15 13.17 8.55 40.86 2.65 – 9.45 25.32

Fig. 13   Deconvolution of the Mo 3d and W 4f XPS spectra for 
NiMoS/TiMg-5, NiMoS/TiMg-10, NiMoS/TiMg-15 (a, b, c, respec-
tively) and NiWS/TiMg-5, NiWS/TiMg-10 and NiWS/TiMg-15 (f, e, 
d, respectively)

Fig. 14   Deconvolution of the Ni 2p3/2 XPS spectra for NiMoS/TiMg-
5, NiMoS/TiMg-10, NiMoS/TiMg-15 (a, b, c, respectively) and 
NiWS/TiMg-5, NiWS/TiMg-10 and NiWS/TiMg-15 (f, e, d, respec-
tively)
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in intensity as the sample composition varies. In addition, 
the intensity of the signal at about 50.3 eV attributed to Mg 
2p increases as the content of this element augments.

3.5 � Catalytic Activity and Selectivity

According to the behavior of the catalytic activity as a 
function of time, a pseudo-first order rate expression was 
proposed to represent the experimental data which exhibit 

good fitting. Figures 15 and 16 show the transformation of 
DBT as a function of time for the NiMoS/TiMg and NiWS/
TiMg nanocatalysts, respectively, whereas Figs. 17 and 18 
show the selectivity of both series of catalysts as function 
of the DBT conversion. Comparing tungsten and titanium 
samples, the selectivity increases as the MgO augments 
for the latter series, whereas for the former remain practi-
cally unchanged. Table 5 presents the conversion of DBT 
in percentages, the calculated reaction rate coefficients, 

Table 4   Mo, W and Ni surface 
species determined from the 
deconvolution of the respective 
regions of the XPS spectra

Sample Mo 2p W 4f Ni 2p3/2

MoO3 MoOxSy MoS2 WO3 WOxSy WS2 NiO NiMo(W)S NiS

NiMo/TiMg-5 7.3 11.5 81.2 – – – 22.1 46.0 31.9
NiMo/TiMg-10 7.3 9.0 83.7 – – – 21.4 47.7 30.9
NiMo/TiMg-15 8.4 8.3 83.3 – – – 27.5 43.8 28.7
NiW/TiMg-5 – – – – 8.5 91.5 23.9 47.6 28.5
NiW/TiMg-10 – – – – 9.9 90.1 22.0 49.4 28.7
NiW/TiMg-15 – – – – 13.5 86.5 29.1 49.7 21.2

Fig. 15   DBT conversion as 
function of time for the NiMoS/
TiMg catalysts

Fig. 16   DBT conversion as 
function of time for the NiWS/
TiMg catalysts
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evaluated assuming a pseudo-first order rate equation, and 
the selectivity (HYD/DSD). The main reaction products 
were CHB and BF. However, small quantities of THDBT 
were detected. As a reference, the catalytic activities of 
NiMo/TiO2 and NiWS/TiO2 are also included in this table. 
As it can be observed, both catalysts presented very low 
DBT conversions compared to those with Mg, indicating 
a positive effect of this element in both series of catalysts. 
For NiMoS/TiMg the improvement in the catalytic activity 
went form 51% DBT conversion to 84% when the MgO 
increases from 5 to 15 wt%. The best catalyst of this series 

was the NiMoS/TiMg 15 sample with a 74.1% DBT con-
version at 5 h. The XRD and HR-TEM results indicated 
that the positive effect of Mg in the NiMoS/TiMg samples 
is likely related to a better dispersion of the active sulfide 
species. The intensity of the X-ray diffraction assigned 
to MoS2 and the length and stacking of the MoS2 fringes 
decrease when Mg augments. However, the enhancement 
in the HDS activity, which is also observed in the NiWS 
samples by using Mg, seems to be related to a different 
phenomenon. Unlikely the behaviour of the molybdenum 
catalysts, the tendency in the catalytic activity as function 
of the Mg loadings was different for the tungsten catalysts. 
Among this series of samples, the highest DBT conversion 
of 73.5% at 5 h was observed for the NiWS/TiMg 05 with 
a reaction rate coefficient of 12.9 × 10−7 s−1. Contrarily 
to the best molybdenum catalyst, NiWS/TiMg 05 presents 
the minimum Mg loading. The HDS activity of this sam-
ple might be related to the highest sulfur contents on this 
catalyst determined by XPS. Nevertheless, more char-
acterization is clearly required to elucidate this. Table 5 
also indicates that independently of the Mg contents, both 
series of catalysts are more selective for the DDS than for 
the HYD pathway, as previously reported for NiMo/TiMg 
catalysts of different Ti/Mg ratio [23]. In addition, this 
effect is slightly more pronounced for the tungsten than 
for titanium samples.

Fig. 17   Selectivity as func-
tion of DBT conversion for the 
NiMoS/TiMg catalysts during 
the HDS of DBT

Fig. 18   Selectivity as func-
tion of DBT conversion for the 
NiWS/TiMg catalysts during 
the HDS of DBT

Table 5   DBT conversion (%), reaction rate constants (k) and selec-
tivities (HYD/DDS) for the NiMoS/TiMg, NiWS/TiMg, NiMoS/TiO2 
and NiWS/TiO2 catalysts

Catalyst DBT conver-
sion (%)

k x  10−7 (s)−1 HYD/DDS

NiMoS/TiO2 12.8 2.7 0.50
NiMoS/TiMg 05 51.6 8.4 0.80
NiMoS/TiMg 10 57.2 10.3 0.98
NiMoS/TiMg 15 74.1 15.1 0.68
NiWS/TiO2 34.8 5.6 0.55
NiWS/TiMg 05 73.5 12.9 0.71
NiWS/TiMg 10 34.6 6.2 0.72
NiWS/TiMg 15 52.8 7.6 0.73
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4 � Conclusions

NiMoS/TiMg and NiWS/TiMg nanocatalysts with various 
Mg loading were synthesized and tested in the HDS of 
DBT. Similar catalysts supported on pure TiO2 were also 
tested and used as references. Both NiMo and NiW sam-
ples supported on pure titania showed lower HDS activi-
ties than those supported on TiMg mixed oxides, indi-
cating a positive effect of Mg. Furthermore, the NiMoS/
TiMg catalysts show higher HDS activities than those 
observed for the NiWS/TiMg samples. Among the cata-
lysts reported herein, NiMoS/TiMg-15 and NiWS/TiMg-5 
showed the highest DBT conversions of 74.1% and 73.5%, 
respectively, after 5 h of reaction at 350 °C and 3.1 bars. 
The increasing Mg presence induced considerable changes 
on the obtention of active phases, for example in the for-
mation of the MoS2 and WS2. In the first case the MoS2 
represented almost 82% meanwhile the oxysulfur phase 
and MoO3 phases represented the remaining 18%. In the 
case of W the sulfidation was almost complete since no 
WO3 was observed and the quantification of the oxysulfide 
phase represented no more of 13%. This indicated that the 
W interact less strongly with the surface of support than 
Mo. This was also confirmed by the HRTEM analysis in 
which the Mo presented larger MoS2 slabs than the WS2. 
The results presented in this work indicated that these 
support samples are suitable to continue with the scaling 
experiments for a possible industrial application.
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tary material available at https://​doi.​org/​10.​1007/​s11244-​024-​01916-w.
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