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Abstract
Hydrotreating (HDT) of model molecules over high specific surface area Co(Ni)Mo/MgO–Al2O3 mixed oxide supported catalysts have

been investigated for thiophene HDS in a micro-reactor at 400 8C and atmospheric pressure. Thiophene catalytic activity was studied as a

function of Mo content (2–16 wt.% Mo), promoter, and support composition [MgO/(MgO + Al2O3)x =0.0, 0.01, 0.05, 0.10, 0.50, 1.0].

Supported catalysts were characterized by BET-specific surface area, X-ray power diffraction (XRD), pore volume, and pore size distribution.

The promoted molybdenum sulfided catalysts showed a wide range of activity variation with support composition, which establishes that

molybdenum sulfided active phases strongly depend on the nature and composition of the support. Maximum activity was observed on

sulfided catalysts at MgO/(MgO + Al2O3) = 0.05. With variation of Mo loading, the activities increase up to 10 wt.% molybdenum loading and

after that activity remains constant with further increase in Mo content. The SSA, XRD, and pore volume characterization results are in good

agreement with MoO3 monolayer formation. The incorporation of MgO with g-Al2O3 alters the nature of active phase interaction on the

support surface. Therefore, MgO counterpart plays a structural promoting role to the support contribution and its interaction towards the active

metal geometry. One lowest composition of MgO (1 wt.% MgO) supported catalyst tested at high pressure with real feed (Maya heavy crude)

was compared with a commercial catalyst. The lab prepared catalyst was found to be more stable as well as more active for hydrogenolysis

[C–S, C–M (Ni, V)] functions, which were improved by using small amount of MgO with alumina.
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1. Introduction

Environmental protection agencies are demanding for

improved fuel quality with low sulfur levels. The necessity

of lowering the sulfur content, i.e. 50 ppm and below, has led

to numerous studies targeted at developing more active

catalysts for hydrodesulfurization (HDS) process. In order

to deal with these specific targets, a number of studies have

been made by changing the support, active phases or incor-

poration of new promoters in the catalysts [1–6]. The

positive role of the support has been discussed in the

literature, with interpretations often related to its ability to

correctly disperse and provide better morphology to the

sulfided phases [7,8]. The use of MgO as a support for

hydrotreating (HDT) catalysts has been proposed in
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literature; however, its commercial application may be

limited due to its inherently fragile sensitivity towards water

[9–12]. Hydration is one of the serious problems for pure

MgO support, since MgO is thermodynamically unstable

compared with other HDT supports. MgO reacts very easily

with moisture in the air, specially at low coordination sites

[13–15], to form Mg(OH)2. Therefore, other supports and

binder are needed to incorporate with it and provide a

practical support. Alumina is a well-known binder and a

support for conventional hydrotreating catalysts. On the

other hand, MgO will act as a promoter for support surface

properties such as acid-base site generation. Support basicity

might be favorable because of increased interaction between

support and acidic molybdenum species (MoO3). Therefore,

the use of MgO–Al2O3 mixed oxide amorphous and crystal-

line materials as a basic support can present interesting

range of textural properties, which make them potentially

attractive as a support for HDT catalysts.
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Generally in the literature, MgO-supported sulfide

catalysts were reported to be less active for hydrotreating

reactions than conventional g-Al2O3 supported catalysts

[6,16–18], probably because the high surface area of

magnesia is transformed to low surface area magnesium

hydroxide during the aqueous impregnation. It is also

reported by Klimiova et al. [18] that particularly Ni

interacts with the MgO surface and reduces the promo-

tional effect for HDS activity. However, Chary et al. [19]

reported that Mo was better dispersed on MgO, when Mo/

MgO was prepared by aqueous impregnation, and that

sulfided catalysts exhibited a slightly higher activity for

thiophene HDS than sulfided Mo/g-Al2O3 catalysts.

Several papers published by Zdražil et al. [12,20,21]

reported the preparation of pure magnesia supported

NiMo(CoMo) catalysts using a non-aqueous impregnation

method. They found that the activities of NiMo/MgO

catalysts increase several fold compared with a commer-

cial NiMo/g-Al2O3 catalyst at 320 8C.

The aim of this study is to understand the role of MgO–

Al2O3 mixed oxides support compositions, pore character-

istics, and its effect on hydrotreating reactions. The prime

objective of the work is to identify a support material,

which structurally promotes the catalytic functionalities by

modifying the metal support interactions. The results of

catalytic properties are evaluated with thiophene hydro-

desulfurization as well as with heavy oil (Maya crude) HDS

and hydrodemetallization (HDM).
2. Experimental

The MgO–Al2O3 supports were prepared according to the

homogeneous precipitation method using aqueous alumi-

num nitrate (2 M), magnesium nitrate (2 M), 10% solution

of NH3 (NH4OH) as a precipitating agent and controlling the

precipitation at pH � 10 in presence of stirring. The stirring

was continuous for 4 h to allow the complete mixing of

precipitation of two dissimilar oxides. The precipitation was

digested overnight (�15 h) and filtered with the required

amount of distilled water to wash the nitrate ions. The

vacuum dried cake was used to prepare wet extrudates. The

extrudates were then dried at room temperature, 120 8C, and

finally calcined at 550 8C for 4 h. The samples with varying

MgO–Al2O3 ratios were prepared by adjusting the amounts

of the aluminum nitrate and magnesium nitrate concentra-

tions. These samples are labeled as AM-0.01 (1 wt.% MgO-

99 wt.% Al2O3), AM-0.05 (5 wt.% MgO-95 wt.% Al2O3),

AM-0.10 (10 wt.% MgO-90 wt.% Al2O3), and AM-0.50

(50 wt.% MgO-50 wt.% Al2O3). Pure MgO and g-Al2O3

were also prepared according to a similar procedure.

The molybdenum-supported catalysts were prepared by

the incipient wetness impregnation method. An appropriate

amount of ammonium heptamolybdate (AHM) (Fluka AR

grade) was dissolved in NH4OH solution for impregnation.

The Co- and Ni-promoted catalysts were prepared by
sequential impregnation procedure on Mo-supported cata-

lysts (dried 120 8C and calcined at 400 8C). The cobalt and

nickel nitrate salts were impregnated in aqueous medium.

The final catalysts were dried in air at 120 8C overnight, and

calcined at 450 8C for 4 h.

The BET SSA, pore volume, and PSD were carried out in a

Quantochrome Nova 2000 equipment. Nitrogen gas was

employed for SSA measurements at liquid nitrogen tem-

perature (�196 8C). Prior to the adsorption, the samples

were out-gassed 3 h at 300 8C. X-ray power diffraction

(XRD) patterns were collected on a Siemens D500 diffrac-

tometer in a 2u range 5–708 at 2.58 min�1 scan rate using the

Cu Ka radiation.

The catalytic activity of supported and promoted

catalysts was evaluated for the hydrodesulfurization of

thiophene at 400 8C. In a typical experiment, about 200 mg

(�10 mg) of catalyst sample (0.2–0.5 mm grain size) was

secured between two plugs of quartz wool inside the reactor

(Pyrex glass tube, 0.8 cm i.d.). Prior to the activity test, the

catalyst was sulfided at 400 8C for 2 h in a flow rate of 50 ml/

min, of a CS2/H2 mixture (10 % CS2 and 90 % H2) in a fixed

bed reactor operating at atmospheric pressure. After

sulfidation, thiophene HDS experiments were conducted

at 400 8C with �100 ml/min flow (keeping W/F constant) of

hydrogen through a thiophene saturator at 20 8C. The

products were analyzed online using a FID gas chromato-

graphy. The conversions of thiophene were kept below 12%

to operate in differential regime. Thiophene conversion data

were collected at 30-min intervals over 4 h. Catalyst

activities reported here are the value of steady state after

4 h time on-stream. Reaction rates were calculated accord-

ing to the equation r = x (F/W), where r is the reaction rate of

thiophene in mol/h/g, x is the conversion, W is the weight of

the catalyst in grams, and F is the initial flow rate of the

reactant in mol/h. First order rate of reaction was considered

for thiophene conversion.

To evaluate the catalytic behavior with real feed one

catalyst (CoMo/AM-0.01) was tested on high pressure micro

reactor described elsewhere [22]. The feed for this

experiment was prepared synthetically with hydrodemetal-

lized (HDM) Maya crude and diesel (50/50, w/w). Diesel

was used as solvent to avoid precipitation as well as gum

formation during the feed processing. The properties of the

feed are presented in Table 1. Metals (Ni, V) in the feed and

products were analyzed using flame atomic adsorption

spectrometry (D 5863-00a ASTM standard). The sulfure

content was analyzed by ultra-violate fluorescence (D 5453-

00 ASTM standard), while nitrogen was measured by

oxidative combustion and chemiluminescence (D 4629-02

ASTM standard) at high temperature combustion in an

oxygen-rich atmosphere. Asphaltene is defined as the

insoluble fraction in n-pentane.

The catalyst pretreatment and the hydrotreating reactions

were carried out in the high-pressure fixed bed flow reactor.

The catalyst was sulfided in situ with a mixture of dimethyl-

disulfide (DMDS), straight run gas oil (SRGO), and H2
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Table 1

Characterization of feed for high-pressure experiments

Properties HDS feed

Density (20/4 8C) 0.8505

Asphaltene (nC5 insol.) (wt.%) 6.36

Elemental analysis (wt.%)

C 83.2

H 9.5

N 0.1325

S 2.16

Metal (wppm)

Ni 25.04

V 86.84

Ni + V 111.88
Fig. 1. Pore size distribution of Al2O3, MgO, and MgO–Al2O3 supports:

(——) g-Al2O3; (- - -) AM-0.01; (– – –) AM-0.05; (D) AM-0.10; (&) AM-

0.50.
(1 wt.% DMDS + SRGO). The H2S is produced by decom-

position of DMDS in situ. The reactor was loaded with

around 10 ml volume of oxided catalyst with 3–5 mm

extrudates size diluted with equal volume of SiC. After

depressurizing the reactor to atmospheric pressure, the

sulfiding stream containing �2.0 wt.% ‘‘S’’ was fed to

wet the catalyst bed at room temperature. The reactor liquid

was drained after 4 h and then temperature linearly rose

from 30 to 120 8C (30 8C/h) and kept at this temperature for

2 h. The temperature was then increased until 150 8C at the

rate of 30 8C/h, at pressure of 2.8 MPa, and stayed 2 h,

further increase in temperature at 260 8C and hold for 3 h.

The final temperature of sulfidation was 320 8C, and stabi-

lizes for 5 h at 2.8 MPa. After sulfidation, the flow was

switched to HDS feed (Table 1) and the following operating

conditions were adjusted: temperature of 380 8C, LHSV of

1 h�1, H2/HC 356 m3/m3, and pressure of 5.4 MPa [23].
3. Results and discussion

2.1. Support properties

MgO–Al2O3 mixed oxides prepared with co-precipita-

tion method provide good textural properties of support. The

calcined solids were produced with high SSA and mesopor-

ous in nature as can be seen in Table 2 and Fig. 1, respec-
Table 2

Characterization and composition of support and supported catalysts

MgO/(MgO + Al2O3) Support

SSA (m2/g) PV (ml/g)

g-Al2O3 0.0 209 0.27

AM-0.01 0.01 212 0.40

AM-0.05 0.05 185 0.52

AM-0.10 0.10 179 0.41

AM-0.50 0.50 116 0.28

MgO 1.00 50 0.13

CC-1 – –

CC-2 (g-Al2O3 + 5.6% Ti)
tively. Pure MgO displayed a very low specific area (50 m2/

g) in comparison with MgO–Al2O3 mixed oxides, which fall

in the range of 120–220 m2/g. The mixed oxide SSA

increases up to 1 wt.% MgO after that SSA decreases with

further increasing of MgO content due to the contribution of

MgO, which itself has low SSA. The N2 adsorption–

desorption curves correspond to the Type IV isotherm,

characteristic of mesoporous materials. However, pure

alumina presents a relatively narrow pore size distribution

(PSD) centered at 4–6 nm, whereas the mixed oxides PSD

are slightly broader and centered between 5–15 nm

depending on the MgO contribution. The variation in pore

size distribution with the effect of support composition may

depend on the alumina and MgO interaction (Mg–Al–O) and

the growth of crystal formation during the preparation,

which establishes the relationship with pores size distribu-

tion, SSA and total pore volume. The minimum pore

broadening obtained in the case of AM-0.50 may be due to

the MgO–MgO interaction increase and bigger crystal

formation, which decrease the SSA as well as pore volume

[24]. On the other hand, the PSD in AM-0.01 is very similar

to pure alumina.

The XRD patterns for pure g-Al2O3, MgO, and mixed

oxide (MgO–Al2O3) supports were recorded between 5 and

708 2u values of Joint Committee on Powder Diffraction

Standards (JCPDS) [25] for g-Al2O3, and MgO solids are

compared with the mixed oxides crystalline phases in Fig. 2.
Catalysts

Mo (%) Co (Ni) (%) SSA (m2/g) PV (ml/g)

7.9 2.4 170 0.18

7.9 2.3 182 0.31

7.8 2.3 161 0.41

8.0 2.4 153 0.30

7.7 2.3 75 0.13

7.8 2.2 13 0.52

12.3 2.7 (0.7) 266 0.48

11.5 2.9 152 0.37
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Fig. 2. X-ray diffractograms of MgO–Al2O3 mixed oxides and comparison with ASTM data: ($) g-Al2O3-JCPD file number 10–425; ( ) MgO-JCPD file

number 064930.

Fig. 3. Variation in specific surface area and total pore volume as a function

of Mo loading on AM-0.05: (D) surface area per gram of support; (~)

surface area per gram of catalyst; (^) pore volume.
The XRD results represent the variation of support

composition, the intensity of MgO phase increases with

MgO content particularly in the case of x = 0.50 mixed

oxide. The lowest MgO containing sample (x = 0.01) exactly

looks like pure g-Al2O3, but when the MgO content

increases the 2u value is shifting toward the MgO and the

intensity [2u = 33, 45, and 66] becomes more prominent.

2.2. Catalysts characterization

The Mo-supported catalysts and their Co-promoted ana-

logues were characterized in the oxide state by BET SSA,

pore volume, PSD, and XRD measurements. It can be seen

from Table 2 that specific area decreases by impregnation of

cobalt and molybdenum. However, MgO (x > 0.10) is more

sensitive to the ambient conditions. Therefore, the decrease

in SSA is more apparent in the case of higher MgO con-

taining supports. Hence, aqueous impregnation of low MgO

containing support (x � 0.10) does not affect the textural

properties of support. The SSA measured as a function of

Mo loading viz. surface area per gram of support and
catalysts are shown in Fig. 3 for Mo/AM-0.05. The surface

area per gram of catalyst decreases with increasing Mo

loading, while the surface area per gram of support remains

constant up to 10 wt.% Mo loading and then decreases with

further increasing of Mo content. Similar results were
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Fig. 5. Variation of thiophene rate as a function of Mo loading.
obtained by Massoth [26]. This information could reflect

about the MoO3 dispersion or its monolayer formation. In

the case of monolayer formation of an oxide on the surface

of support, the area should remain constant. The results show

that MoO3 is in dispersed state up to 10 wt.% Mo. The

decrease in SSA after 10 wt.% Mo loading may indicate

pore blockage due to the bigger crystal formation of MoO3.

The decrease in pore volume also represents similar kind of

results. The XRD results also agreed with this conclusion

that Mo is well dispersed on the high surface area supports

up to 10 wt.%. The XRD results are presented for Mo/AM-

0.05 as a function of Mo loading in Fig. 4, there are some (d

= 7.014, 3.83, and 3.28) indications for crystalline phases

due to the presence of MoO3, which further revealed that Mo

is well dispersed up to 10 wt.% or the crystal size of Mo is

less than 4 nm.

2.3. Catalytic activity for thiophene HDS

2.3.1. Effect of Mo content

The activity of sulfided catalysts was evaluated in

thiophene hydrodesulphurization. The rates of thiophene

disappearance plotted as a function of Mo loading are

presented in Fig. 5. The Mo supported catalysts activity

increases more or less linearly with increasing Mo loading

up to 10 wt.%, and then remains constant with further

increase in Mo loading. In general, this variation of

thiophene HDS with the Mo content is closely related to

the variation with Mo dispersion on the support surface. The

initial linear increase of HDS activity reflects the amount of

sulfur vacancies (anion vacancies or coordinative unsatu-

rated sites) created on the sulfided catalysts, in which HDS

reaction takes place. The HDS rate stands constant after

10 wt.% Mo loading, which represents that above this

loading, the formation of Mo multilayer occurred leading to

a decrease in HDS activity. These activity results are in good

agreement with the surface area and pore volume decrease.
Fig. 4. X-ray diffractogram of Mo supported (AM-0.05) catalysts.
2.3.2. Effect of support composition

In order to assess the support effect on hydrotreating

catalyst, thiophene HDS activity was carried out as a

function of MgO content. A comparison of g-Al2O3 and

MgO supported catalysts is also shown in Fig. 6. These

catalysts contain 8 wt.% Mo and 2.4 wt.% Co, having Co/

(Co + Mo) molar ratio of 0.32. Pore size distribution of

mixed oxides, specially in the case of x = 0.0,0.01, 0.05, and

0.10 after Co–Mo loading (Fig. 7), showed similar type of

profile and only the pore volume decreased slightly due to

the deposition of active metals (Table 2). Therefore, there

are not many changes occurred in textural properties due to

the aqueous impregnation with low concentration of MgO (x

� 0.1) in the support, while for pure MgO (x = 1.0) the PSD

profile changes completely as can be seen in Fig. 7 inset. The

changes in the case of pure MgO texture are due to the

dissolution of MgO during the aqueous impregnation, which

results in the removal of thin wall between the meso-porous

of MgO, a reaction that leads to the formation of large

(macro) pores. These results vary with already reported

results [10,18] about the dissolution of the MgO during the

aqueous impregnation, particularly when low MgO content

was mixed with alumina. Hence, the MgO–Al2O3 (x � 0.10)

is chemically and texturally stable in aqueous impregnation

of Co and Mo salts. However, the interactions of Ni (Co) to

the MgO support remain unexplained from these results. To

appreciate the role of support composition, thiophene

activity on different supported catalysts will reveal the
Fig. 6. Comparison of HDS rate as a function of support composition.
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Fig. 7. Pore size distribution of CoMo supported catalysts: (——) CoMo/g-Al2O3; (- - -) CoMo/AM-0.01; (– – –) CoMo/AM-0.05; (D) CoMo/AM-0.10; (^)

CoMo/AM-0.50.
possible role of support modifications towards active phase

interactions in sulfided catalysts. These results indicate

that the maximum HDS activity is obtained at CoMo/AM-

0.05 and with further increase of MgO content the

activity decreases rapidly as shown in Fig. 6. According

to our results we conclude that this is the maximum

amount of MgO, which is dispersed in alumina and does

not lead to any disadvantage during the aqueous impreg-

nation or catalyst preparation. Moreover, an increase of

MgO content may precipitate as MgO bigger particle, which

decrease the surface area as well as dispersion of active

metals [27].

2.3.3. Effect of CoMo and NiMo supported catalyst

To understand the effect of the Co and Ni promoters on

thiophene HDS in the Mo/MgO–Al2O3 (AM-0.05) system,

the concentration of the promoters were kept constant for Ni

and Co, i.e. Co(Ni)/[Co(Ni) + Mo] = 0.37. The activity data

were compared for Mo, CoMo, NiMo, and a commercial

catalyst (CC-1), as shown in Fig. 8. It can be seen from the

figure that there is a significant effect on MgO containing

support (AM-0.05). To compare the effect of Co/(Co + Mo)
Fig. 8. Effect of promoters (Co or Ni) on HDS activity of thiophene.
molar ratio, we varied it at 0.32 and 0.37, and we observed

that 0.32 showed better HDS rate than 0.37 (16.6 versus

13.8 mol/h/g cat.). The promoted catalysts showed four to

six times higher activity than Mo supported catalysts; this

large promotional effect contradicts the previous results

presented by Klimiova et al. [18] since they found moderate

promotional effect for Ni at Ni/(Ni + Mo) atomic ratio of

0.30, while with increasing the ratio up to 0.6, they observed

higher promotional effect which may be due to the higher

calcination temperature at 500 8C that might increase the

possibility of interaction between NiO and MgO support. In

our study, the final catalysts were calcined at 450 8C for 4 h.

However, our CoMo and NiMo promoted catalysts results

are in good agreement with Zdražil and co-workers [10–12].

The promoted catalysts were compared with a commercial

catalyst and we found that CoMo/MgO–Al2O3 promoted

catalysts are comparable or slightly better at our reaction

conditions, while NiMo are slightly inferior to the

commercial catalyst. The effect of Ni or Co on MgO

containing support shows that CoMo is better catalyst than

NiMo, which is more similar to the conventional alumina

supported catalyst.
Fig. 9. HDS and HDM conversions with time on-stream: (~) CoMo/AM-

0.01 HDS; (~) CC-2 HDS; (^) CoMo/AM-0.01 HDM; (^) CC-2 HDM.
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2.3.4. Catalytic activity for Maya crude

In order to consider the catalytic behavior of MgO added

catalyst (CoMo/AM-0.01) in heavy oil hydrotreating under

H2 pressure (5.4 MPa), the relative reaction conversion for

HDS and HDM are shown in Fig. 9, and the results are

compared with a commercial catalyst (CC-2) in same the

figure. The compositions of these catalysts are reported in

Table 2. The selection of the lowest MgO containing support

for this study was to prepare more stable support where MgO

plays a role of neutralizer to acid site keeping other silent

features from alumina support. Recently, Aberuagba et al.

[24] presented the acidity and cumene cracking activity on

MgO–Al2O3; they studied the MgO content of 25, 50, and

75 wt.% with alumina and reported a decrease in acidity

with MgO increase.

The MgO–Al2O3 supported catalyst presented clearly

better activity for HDS of Maya crude as well as more stable

activity with time on-stream. However, in the case of parallel

HDM, reaction activity and stability were slightly better or

equal than those found with the commercial catalyst. It

seems that larger pores in commercial catalyst (Fig. 10) play

an important role to make this difference in HDS and HDM

activities. The better HDS and HDM activities for CoMo/

AM-0.01 catalyst may be due to the effect of MgO in the

support in agreement with the basic supported catalysts,

which are more active to the hydrogenolysis [C–S or C–M

(Ni, V)] and less hydrogenative in nature [1]. Therefore, the

small amounts of MgO may encrust on the alumina surface

and indeed promote the support nature towards the better

geometry of active phases. Shimada et al. [6] reported a

significant support effect on the hydrogenolysis function-

alities, which strongly depends on the two-dimensional

polymolybdate structure of active phases. For HDS, the

active sites are considered more important than the textural

properties of support, while for HDM, the textural properties

as well as active sites seem to be important due to the

diffusion of organo-metallic complex molecule into the

pores. With respect to the effect of time on-stream, MgO

containing supported catalyst is more stable than the

commercial one. Eijsbout et al. [28] suggested that HDS

deactivation is due to the loss of the active phase during the
Fig. 10. Pore size distribution of CoMo/AM-0.01 and commercial catalyst:

(——) CC-2; (- - -) CoMo/AM-0.01.
hydrotreating reaction. The catalytic performance and the

service life of the catalyst are directly related to the

dispersion of the active phases. On the other hand, Gosselink

[29] reported that during heavy oil hydro-conversion the

metal sulfide deposition is taking place on the pore mouth;

therefore an increase in the pore diameter increases the

metal tolerance, but decreases the surface area and thus the

activity. Hence, with regard to the heavy oil processing the

balance between the two independent parameters (disper-

sion and textural properties) of the MgO supported catalysts

is an invitation for further detail investigation on the

characterization as well as activity tests.
3. Conclusions

High specific surface area MgO–Al2O3 support can be

prepared using coprecipitation method. The loss of specific

surface area using aqueous impregnation on MgO–Al2O3

with high alumina containing support was limited, and the

hydration resistance was much superior to pure MgO

support. The comparison with alumina supported catalysts

revealed that MgO containing (x = 0.05) supported catalysts

are more active for thiophene HDS. Lower amount of MgO

in alumina (x � 0.10) support showed stable behavior in

aqueous solution of Co and Mo salts. In the variation of

promoters (Co/Ni) on MgO–Al2O3 (AM-0.05) supported

catalysts, CoMo represents better activity than NiMo for

thiophene HDS. The high-pressure HDT results on

supported catalysts indicated that the introduction of

MgO in the Al2O3 provides higher hydrogenolysis function

(HDS and HDM) and more stable behavior with time

on-stream due to the basic nature of support. In other

words mixing of MgO with Al2O3 modifies the interaction

behavior of support towards the active phases and

consequently increases the activity.
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[10] T. Klicpera, M. Zdražil, J. Catal. 206 (2002) 314.
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