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bstract

The promotional effects of trace amount of noble metal (Rh, Pd, Pt) on Co-saponite (high surface area) catalysts were studied by different
haracterization and evaluation techniques. BET experiments showed that the specific surface area and the pore volume of the noble metal
romoted catalysts remained almost unchanged. The reduction/adsorption characteristics of the catalysts were significantly influenced by the
resence of the noble metals as revealed by the temperature programmed studies. The main reduction peak was shifted remarkably to the lower
emperature due to the noble metal effects. It also increased the amount of cobalt oxide phase reduction. Pulse chemisorptions and H2–TPD
inetics studies revealed that the improved metal dispersion and the lower desorption activation energy have combined effects on the enhanced
educibility of the modified Co-saponite catalysts. The reactivity experiments showed that all of the noble metal promoted catalysts exhibited higher

ydrodesulfurization (HDS) and hydrocracking (HC) activities as compared to the unpromoted Co-saponite and among those the Rh promoted
atalyst provides superior performances. The coke deposition on the catalyst was also considerably decreased due to the noble metals. These
uperior activities were attributed to enhanced reducibility and metal dispersion of cobalt due to the influence of the noble metals.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The ever increasing demand for lighter engine fuel and the
ecent escalation of the price of oil confronted the refining indus-
ry with the problem of maximizing the processing of the heavy
raction of crude oil to produce lighter products. The main prob-
em associated with heavy oil processing is their high sulfur
nd nitrogen content, which must be removed before further
rocessing because of their toxic characteristics and environ-
ental impact. In addition, environmental regulations are get-

ing increasingly stringent with regards to sulfur composition
n engine fuels. To meet the increasing demand for lighter and
leaner fuel, it is necessary to develop more efficient hydrotreat-
ng catalysts and processes. The after mentioned facts emphasize

he development of catalysts with relatively large pore sizes,
hich will allow the bulky molecule of heavy hydrocarbons to
e processed efficiently. The search for such catalysts resulted in
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E-mail address: mhossai4@uwo.ca.

C
a
a
f
a
a
I

385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2006.07.003
rowing interest on different alternative support materials and
he appropriate active metal components. In recent years the
uitability of amorphous and pillared clay materials has been
xplored, because of their favorable acidic and textural prop-
rties [1,2]. Conventionally, a suitable transition metal from
roup VIB (Mo/W) or VII (Ni/Co) has been applied as the
ain active component, which is deposited on the acidic sup-

ort. In many commercial catalysts a second metal (Co, W, V,
t, etc.) is often used as a promoter to enhance the catalyst
ctivity and stability and in some cases to increase the selectiv-
ty of a certain product fraction [3–6]. For instance, vanadium
romoted Ni-V catalysts displayed better hydrogenation prop-
rties than that of the conventional MoS2 catalysts. However,
his catalyst is less selective towards on dehydrogenolysis of the

S bond of the sulfur bearing hydrocarbons. The noble met-
ls demonstrated excellent promotional effects in both activity
nd stability in some supported metal catalysts applied in dif-

erent reaction systems, such a steam/dry reforming of methane
nd naptha reforming [7,8]. Usually, a trace of the noble met-
ls is used because of the rare availability and the high cost.
n earlier papers the present author and his co-worker reported

mailto:mhossai4@uwo.ca
dx.doi.org/10.1016/j.cej.2006.07.003
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Nomenclature

Edes energy of desorption (kJ/mol)
kdeso frequency factor
n order of desorption
R the universal gas constant
T desorption temperature (K)
Tp temperature at maximum desorption rate (K)
θdes concentration of adsorbed H2 on the surface
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omparable HDS and HC activities of bi-noble metal promoted
o-clay catalysts [9–12]. The presence of noble metals influ-
nced to improve the stability of the Co-clay catalyst for longer
eriod of time during hydrotreating of vacuum gas oil. The
oke deposition of the catalyst was significantly reduced due to
he noble metals effects. Many researchers have explained the
oble metal promotional effects by so-called hydrogen spillover
11–14].

This article attempts to elucidate the role of noble met-
ls on Co-saponite catalysts by using different characteriza-
ion techniques. Various catalyst characterization methods allow
etermining the active element/phase, and the influence of var-
ous factors on the active phase generation [15]. Finally, the
esultant characteristics of the noble metal promotion were
ompared with the HDS and HC activities using heavy oil
eedstock.

. Experimental

.1. Preparation of catalyst

The support material, synthetic high surface area saponite
lay was received from Kunimine Kogyo Co. Ltd., Japan. The
omposition (dry weight basis) of the material was reported as
8.3% SiO2, 32.9% MgO, 5.6% Al2O3 and 3.2% Na2O. It has a
ensity of 2.5 g/cm3 and pH value of 9–10 in 2% suspension. The
lay material has a BET surface area of 600 m2/g, pore volume
f 0.47 cm3/gm and average pore radius of 30 Å. Before metal
oading, the support material was calcined at 600 ◦C for 5 h in
irflow. In catalyst preparation, the calcined support material was
rst modified with noble metal by using the incipient wetness

mpregnation of noble metal chloride solution on the calcined
aponite support. The resulting paste was dried at 120 ◦C fol-
owed by calcination at 600 ◦C for 4 h. The Co loading was
chieved by an ion-exchange technique, which consisted of the
ollowing steps: Co(NO3)2·6H2O solution was prepared in dis-
illed water and aged at 80 ◦C for 1 h. The noble metal(s) loaded
aponite was added into the solution and the mixture was stirred
t 80 ◦C for another 2 h. The precipitated product thus obtained

as filtered and washed with distilled water followed by ethanol.
he washed product was dried at 120 ◦C and calcined at 600 ◦C

or 4 h. Finally the product was pelletized for characterization
nd evaluation.

2

t
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.2. Sample characterization

.2.1. N2 isotherm
The surface area, average pore radius and pore volume of

he samples were determined in a Micromeritics ASAP 2010
nalyzer by using N2 adsorption at 77 K. For each experiment
.1–0.2 g of sample was degassed at 573 K for 2.5 h before
nalysis. The adsorption isotherms were measured in 10−6 to
relative pressure ranges. The total pore volume was deter-
ined from the amount of adsorption at a relative pressure close

o unity. The average pore size was estimated assuming cylin-
rical pore geometry and by using the relation, Dp = (4 × pore
olume/SBET).

.2.2. Temperature programmed desorption
Temperature programmed desorption (TPD) experiments

ere carried out in a Micromeritics AutoChem II 2920 analyzer.
or the characterization experiments 0.1–0.2 mg of catalyst sam-
le was loaded in a U-shaped quartz reactor tube and the reactor
as placed into the sample port, which was located inside a
eating element. Before starting TPD, the pre-reduced cata-
yst sample was degassed at 500 ◦C for 2 h under argon flow.
he sample was saturated with hydrogen at 40 ◦C by flowing
mixture of gas containing 10% H2 and 90% Ar. Physically

dsorbed hydrogen was removed by flowing argon gas at a rate
f 50 mL/min for one hour. The temperature of the sample was
ncreased at a linear heating rate under argon gas flow. A TCD
etector analyzed the gas leaving the sample. For each sample,
hromatograms were collected for pre-specified heating rates
nd after each experiment the sample was purged with argon
ow at 500 ◦C for 1 h.

.2.3. Temperature programmed reduction
Temperature programmed reduction (TPR) experiments

ere carried out in a Micromeritics AutoChem II 2920 analyzer.
xperiments were carried by placing a 0.1–0.15 g of catalyst
ample in a quartz tube reactor (8.0 mm o.d.), and held at the
iddle of the tube by using quartz wool plug. Before TPR
easurement, the sample was completely dried by flowing dry

ir (30 mL/min) over the sample and increasing the temperature
t a heating rate of 10 ◦C/min until a temperature of 500 ◦C
as reached. The temperature was then held at 500 ◦C for next
h. The sample was then brought back to the room temperature
nder 20 mL/min argon flow. A reducing gas mixture (10%
2–90% Ar) was flown through the catalyst bed with a rate of
0 mL/min. The temperature increased linearly at 10 ◦C/min
p to a maximum of 1000 ◦C and held at this temperature
or 15 min. A cold trap was installed to absorb the water that
ormed during the pretreatment process and reduction reaction.
he change of hydrogen concentration in the exit gas stream
as determined via a thermal conductivity detector. Finally,

he area of the resulting peak was integrated numerically to
alculate the hydrogen consumption.
.2.4. Pulse chemisorption
Hydrogen pulse chemisorption experiments were performed

o understand the metal dispersion on the saponite support sur-
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Table 1
Physical and chemical properties of feedstock (VGO)

Properties Value

Appearance Soft but solid at room temperature
Color Greenish dark brown
Density (g/cm3 at 15 ◦C) 0.892
Molecular weight 442.7
Initial boiling point (IBP) 343 ◦C
Final boiling point (FBP) 641 ◦C

Elemental analysis (wt.%)
Carbon 85.1
Hydrogen 11.95
Sulfur 2.667
Nitrogen 0.215

HPLC analysis (wt.%)
Saturates 13.3
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Aromatics 68.1
Polars 18.6

ace. The particle size of the metal precursors can also be deter-
ined by this experiment. The sample was pretreated with an

rgon flow (50 mL/min). A series of hydrogen pulse (1.0 mL)
ere injected into the system at ambient temperature. A TCD
etector analyzed the exit gas from the reactor. As hydrogen gas
as adsorbed by the sample, peaks were created in the TCD

eading of the outlet stream. The test was complete when two
onsecutive peaks had the same area.

.3. Catalysts performances for HDS and HC activities

.3.1. Batch autoclave evaluations
The catalytic performance of the catalysts was conducted

n a batch autoclave reactor using vacuum gas oil (VGO) as
eedstock. The physical and chemical properties of the feed-
tock are listed in Table 1. The experiments were carried out
t 400 ◦C and 13,800 kPa; these conditions are within the range
f commercial hydroprocessing units. Before reaction, the cat-
lysts were presulfided at 400 ◦C with a mixture of hydrogen
ulfide gas (5%) and hydrogen gas (95%). In each batch, 300 mg
atalyst and 100 g VGO was loaded into the reactor vessel, which
as connected to a hydrogen cylinder. To remove air, the sys-
em was purged with hydrogen flow. A leak test was carried
ut at elevated reactor pressure (13,800 kPa) using a hydrogen
etector. In order to attain the reaction temperature (400 ◦C) a
emperature program was started from the system control panel

n
a
n
w

able 2
omposition and physical characterization of Co-saponite catalysts

atalyst description Metal loaded (wt.%) BE

Co Rh Pd Pt

aponite – – – – 60
o-saponite 18.5 – – – 51
o-Rh-saponite 18.3 1.0 – – 51
o-Pd-saponite 18.3 – 1.0 – 50
o-Pt-saponite 18.1 – – 1.0 51
ng Journal 123 (2006) 15–23 17

ith a heating rate of 5 ◦C/min. To minimize the reaction dur-
ng the heating period a low reactor pressure (6900 kPa) was

aintained. When the reactor reached to 60 ◦C the stirrer was
urn on at a speed of 800–900 rpm. At 400 ◦C the hydrogen gas
ressure of the system was again increased to 13,800 kPa and
aintained this level throughout the experiment. The reaction

ime was counted from this point to onwards and each experi-
ent was carried out for next 90 min. After completion of the

re-specified reaction time the reactor was opened to cool down
o room temperature and gas, liquid product and spent catalyst
amples were collected for analysis. Gas chromatography was
sed to analyze the gas sample, and the liquid was analyzed for
oiling point distribution by GC simulated distillation. HPLC
nd CHNS analysis of the liquid product was also conducted for
he boiling point distribution of different hydrocarbon groups
saturates, aromatics and polars) and for elements, respectively.
he amount of coke deposition on the spent catalyst was deter-
ined from an elemental analysis of the deposited material on

he catalysts. The HDS activity of the catalysts was determined
rom the CHNS analysis data and the cracking activity was
ounted by the percentage of liquid product having boiling point
elow 343 ◦C (since the initial boiling point of the feed VGO was
43 ◦C).

. Results and discussion

.1. Catalysts bulk composition

In hydrotreating catalysts, the acidic support offers the crack-
ng activity while the hydrogenation reactions take place on the

etal components. Therefore, it is very important to maintain
he balance between the cracking and hydrogenation function-
lities. An elemental analysis of fresh catalysts provided the
omposition of different metals in the fresh catalysts; in par-
icular, the effects of the noble metal on the loading of Co,
hich is the main active component of the catalyst. The elemen-

al analysis of fresh catalysts showed that the Co loading was
lightly varied in the presence of the noble metal and the maxi-
um loading (18.5 wt.%) occurred on unpromoted Co-saponite

Table 2). This variation is probably due to the occupation of
on-exchange sites (mainly Na and Mg) on saponite by the

oble metals. However, no further attempt was taken to find
relation between the degrees of variation of Co loading on

oble metal variation since it was out of the scope of the present
ork.

T surface area (m2/g) Total pore volume (mL/g) Pore size (Å)

0 0.47 31.3
4 0.44 29.3
2 0.41 27.3
7 0.40 26.7
1 0.40 26.7
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Table 3
Heat of desorption of hydrogen

Sample ID Edes (kJ/mol) Correlation coefficient (R2)

Co-saponite 90.3 0.99
Co-Rh-saponite 55.1 0.99
C
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.2. Catalysts characterization

.2.1. BET surface area
BET surface area and the pore volume of the bare saponite and

hose of the prepared catalysts samples are reported in Table 2.
t was noticed that the specific surface area, pore volume and
verage pore diameter were moderately affected upon the intro-
uction of Co on the high porous saponite support. It can be
educed from this observation that the cobalt oxides were pos-
ibly distributed uniformly on the pore surface of the support,
nd this decreased pore volume and the surface area. This uni-
orm metal dispersion possibly helped minimize the blockage
f the pore, which is very important for the catalysts activity.
n the other hand, the addition of the promoter (noble metals)
id not change the specific surface area and the pore volume
f the catalysts. There could be two possible reasons of this
nchanged surface area and pore volume. First the quantity of
he noble metal loading was very small as compared to Co and
econdly the small amount of impregnated noble metal atoms
ere mostly dispersed on the outer layer of the support. There-

ore, the physical characteristics of the catalyst were unchanged
ue to the addition of noble metals. On the basis of this specific
urface area, average pore volume and pore size measurement
esults, it can be stated that the prepared catalysts can offer high
urface area and large pores to access a major fraction of the
eavy molecules during the hydrotreating reactions.

.2.2. H2–TPD and energy of desorption
TPD characterization is a powerful tool for studying the

dsorption steps in heterogeneous catalytic reaction system.
he surface reactivity of the prepared catalysts was assessed
y investigating the energetics and kinetics of metal and sup-
ort interaction using temperature programmed H2 desorption
echnique. The following assumptions were made for these esti-

ations:

(i) The surface was homogeneous for adsorption of H2, that is,
kdes = kdes0 exp(−Edes/RT ), is not a function of surface
coverage (θ).

(ii) Re-adsorption of the desorbed gas does not occur.
iii) Concentration of H2 (adsorbate) in the gas phase is uniform

throughout the bed.
(iv) Desorption of hydrogen atom is second-order.
(v) Linear temperature increases with time.

In order to prevent the re-adsorption (assumption ii) a high
ow rate of gas was maintained through the small bed of solid
ample. Assumption (iv) holds correct because hydrogen des-
rption is generally limited by the rate of recombination of two
toms of hydrogen to form molecular hydrogen [16]. Assump-
ions (iii) and (v) were satisfied by choosing the appropriate
xperimental conditions.

The kinetics of the desorption process follow a simple power

aw which can be expressed as [16]:

des = −
(

dθdes

dt

)
= kdes0θ

n
des exp

(−Edes

RT

)
(1)

3

f

o-Pd-saponite 72.0 0.94
o-Pt-saponite 73.8 0.97

t a linear heating rate (α),
dT

dt
= α (2)

The linear heating rate can be related to the rate of desorption
y

dθdes

dt
= −

(
dθdes

dT

)(
dT

dt

)
= −

(
dθdes

dT

)
α (3)

Therefore, Eqs. (1) and (3) yields:

d2θdes

dT 2 = −
(

kdes0

α

)[
(nθn−1

des )
dθdes

dT
exp

(−Edes

RT

)

+ θn
des

(
Edes

RT 2

)
exp

(−Edes

RT

)]
(4)

t maximum desorption rate (T = Tp),
d2θdes

dT 2 = 0 (5)

ubstituting Eqs. (3) and (5) into Eq. (4) and after mathematical
teps, the following equation can be obtained:

T 2
p

α

)
=
(

Edes

kdes0Rnθn−1
des0

)
exp

[
Edes

R

(
1

Tp
− 1

Tp0

)]
(6)

sing Eq. (6), the heat of desorption can be estimated by per-
orming a nonlinear regression of TPD experimental data with
arying the heating rate linearly and keeping the initial sur-
ace coverage same (θdes, 0) for every experiment. The centering
emperature (Tp0) was used to minimize the cross-correlation
etween parameters. For each catalysts the H2–TPD experi-
ents were carried out at a set of linear heating rates (30, 20, 15,

0, and 5 ◦C/min) and the maximum desorption peak tempera-
ure recorded for each case. Table 3 lists the estimated heat of
esorptions values and the correlation coefficients. The energy
f desorption for the plain Co-saponite was found 90.3 kJ/mol
hile the values were 55.1, 72.0, and 73.8 for Rh, Pd and Pt pro-
oted Co-saponite, respectively. Thus, the H2–TPD study shows

hat the noble metal modification play a significant role on the
dsorption and desorption processes of the promoted catalysts
y reducing the activation energy. The reduced activation energy
as a great importance in hydrocracking catalysts to generate
ufficient amount of reactive hydrogen for hydrogenation of the
racking intermediates leading to substantially higher activity
nd stability for longer period of time.
.2.3. Metal reduction and dispersion
In supported catalysts, the metals are present in their oxide

orms. Before reaction the metal oxides are required to be
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was fairly increased in cases of noble metal-promoted catalysts
ig. 1. H2-TPR spectra of saponite supported (I) Co, (II) Co-Rh, (III) Co-Pd
nd (IV) Co-Pt catalysts.

educed to their metallic/sulfide states, because the reduced
hase is more active than that of the metal oxides [17]. Therefore,
t is very important to characterize the catalyst in order to inves-
igate the reducibility of the catalyst. Temperature programmed
eduction (TPR) provides the information about: the formation
f metal oxide phase(s), interaction between those phase(s),
he interaction between metal oxide and support material, and
he reduction characteristics of the catalysts. Furthermore, TPR
elps in the study of the promotional effects of noble metals
n the reduction of the main active cobalt species. Concerning
ydrogen spillover effects (will be explained latter), TPR can
lso provide insight into this phenomenon through the measure-
ent of hydrogen consumption and shifting of the reduction

emperature [12,13]. Fig. 1 illustrates the reduction curves of
arious catalysts studied in this investigation. For all the cata-
ysts, the TPR profiles are similar, which indicates that the same
ypes of metal oxides are present in both unpromoted and noble

etal promoted catalysts. The structures of these TPR curves
an be analyzed by comparing the structures of the known sub-
tances that have been reduced under the same conditions. The

mall first peak occurred at a temperature of about 225 ◦C and
ttributed to the reduction of trivalent Co oxide (Co2O3/Co3O4)
o divalent Co oxide (CoO). Voß et al. [18] reported a similar

a

h
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emperature for the reduction of pure species Co3O4. They also
roved the formation of such species on a supported system
y XRD analysis. Noronha et al. [19] confirmed the reduction
f Co3O4 by TPR study of noble metal promoted and unpro-
oted Co catalysts. The major peak, appearing between 525 and

50 ◦C, was believed to be the reduction of divalent Co oxide
CoO) to the metallic Co (Co0) [18–20]. Some researcher also
alled it amorphous over layer of CoO, which interacted firmly
ith the support surface [12,21]. Accordingly, the overall TPR

eduction steps on raising the temperature of the sample can be
epresented by the following reaction steps:

o3O4 + H2 → 3CoO + H2O

oO + H2 → Co + H2O

The similarities between the unpromoted and noble metal
romoted Co-saponite suggested no alloy formation between
obalt and the noble metals [11]. The only exception is a small
eak, which was noticed with all the noble metal promoted cat-
lysts. This peak considered to be a small fraction of the second
eak, which was unaffected by the noble metal or possibly a
omplex between the support and the cobalt species [9]. Another
mportant observation is the shifting of the second peak towards
lower temperature due to the presence of the noble metals. The
hift occurred in the range of 140–215 ◦C, and was clearly due
o the promotional effects of the noble metals [19,22]. From a
echanistic point of view, this effect can be explained by the

o-called hydrogen spillover phenomenon. This effect can be
escribed as follows: the noble metal can dissociate molecular
ydrogen to highly reactive hydrogen species (i.e. H+, H−, H3+)
r ion pair. Such reactive species can easily attack the cobalt
xide(s) and reduce them at comparatively lower temperatures
14]. The noble metal promotional effects can also be explained
n the following ways: (I) the decreased activation energy of
he cobalt oxide reduction reaction due to the presence of noble

etal which has been revealed by the H2–TPD study; (II) the dis-
ersion of cobalt oxide on saponite can also be enhanced in such
way that it is reduced at a comparatively lower temperature;

III) an increase in the number of nucleation sites for reduction
9,19,23]. Among the three noble metals used, Rh exhibited a
ore pronounced promotional effect compared to Pt and Pd in

he reduction of Co species supported on saponite. In catalysts
amples with equal loading, Rh shifted the peak temperature
y 215 ◦C while Pt and Pd showed a shift of 120 and 140 ◦C,
espectively, which reveals that Rh reduces cobalt oxide more
eadily than Pt and Pd.

A quantitative analysis of hydrogen consumption during TPR
an also be made since there is a direct relation between the
mount of hydrogen consumption and the amount of metal
eduction. Table 4 lists the amount of hydrogen consumed in
ach peak of TPR profiles of different catalysts. The values were
etermined from the area measurement of the peaks. For both
eaks, it was noticed that the amount of hydrogen consumption
s compared to the results for unpromoted Co-saponite.
Metal dispersion determined by pulse chemisorption of

ydrogen on Co-saponite catalysts with and without the addi-
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Table 4
Hydrogen uptake during TPR

Catalyst description Hydrogen consumed (mmol/g cat.)

Peak I Peak II Peak III

Co-saponite 0.234 2.695 0
Co-Rh-saponite 0.352 3.144 0.023
C
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o-Pd-saponite 0.327 2.917 0.026
o-Pt-saponite 0.295 2.791 0.026

ion of noble metals is compared in Table 5. The modification
f the saponite support with noble metal results in a signifi-
ant improvement in metal dispersion. The possible reason an
ncreased metal dispersion obtained with the addition of noble

etal is the lower reduction temperature of the catalyst limit-
ng suiterings [24]. The average Co particle size on modified
atalysts was also slightly smaller than that of the unpromoted
o-saponite catalyst. The each of noble metal modified cata-

ysts was subjected to repeated reduction–oxidation cycles after
ubsequent pretreatment. The metal dispersion was determined
fter each reduction cycles. A consistent metal dispersion was
bserved in the subsequent reduction cycles. This result indi-
ates that the stable metal support interaction and metal redis-
ersion and during the catalytic processes.

.3. Catalyst performances in batch reactor

Both the HDS and hydrocracking (HC) activities of the
atalysts were tested in batch autoclave reactor experiments
sing VGO as feedstock, which is the real feed in a heavy oil
ydrotreating unit. The experimental temperature and pressure
as selected as 400 ◦C and 13,800 kPa, respectively. These val-
es are within the range of typical hydrotreating units in the
efinery processes. The experiments were carried out for 90 min.
fter reaction, the gas and liquid products and the spent catalysts
ere collected for analysis. A standard Co-Mo/Al2O3 catalyst
as also evaluated under identical reaction conditions and the

ctivity data of this catalyst was also included in relevant fig-
res of this report only for comparison purpose. However, given
hat the main objective of this study was to investigate the noble

etal effects on the HC and HDS performance of Co-saponite
atalysts, the Co-Mo/Al2O3 catalyst was not included in the
ubsequent discussion. The results show that the gas formation
ates were considerably decreased with the modification of Co-

aponite by the noble metals (Fig. 2). The availability of reactive
ydrogen due to the presence of the noble metals might have
ontrolled the over cracking of the hydrocarbons which pro-
uces the lighter gases. It has been explained in the TPR studies

able 5
etal dispersion and metal crystal size

atalyst description Dispersion (%) Crystal size (nm)

o-saponite 12.1 7.93
o-Rh-saponite 14.2 6.76
o-Pd-saponite 13.7 7.01
o-Pt-saponite 12.5 7.68
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ig. 2. Light gas (C1–C4) formation rate in batch autoclave reactor using VGO
s feedstock.

hat the noble metals can generate reactive hydrogen species at
ower temperature, which maintained sufficient amount reactive
ydrogen for the hydrogenation reaction. Therefore, the cracked
ntermediates immediately hydrogenated to produce stable prod-
ct and the cracking reaction thus terminated before producing
ore gaseous hydrocarbons [24,25]. Lower rates of gas pro-

uction is preferable for the petroleum refineries because the
xcessive gas production can creates operational problems and
ome times the gaseous products are considered as waste. Thus
he addition of noble metal has positive impact on minimizing
he gas formation during the hydrotreating reactions. The liquid
roduct analysis results also indicate favorable characteristics
f the noble metal promoted catalysts. Fig. 3a and b displays the
C and HDS activity data of various catalysts evaluate for this

tudy. The presence of the noble metals considerably improved
he HC activity of Co-saponite. Compared to the unpromoted
o-saponite catalyst, the HC activity were increased by 33.3,
.7 and 6.3% for Rh, Pt and Pd promoted catalyst, respectively.
he HDS activity of Co-Rh-saponite catalyst was also increased
ignificantly (18.6%). However, the HDS activity of the Pd and
t promoted Co-saponite was marginally improved (5.8% for Pt
romoted catalyst and 2.4% for Pd promoted catalyst). The order
f reactivity of the catalysts was Co-Rh > Co-Pd > Co-Pt > Co
upported on saponite materials. Expectedly, the Rh promoted
atalysts displayed superior activity in comparison to the rest of
he catalysts.

The batch reactor evaluation results are consistent with the
ydrogen reduction results in the TPR studies. All the noble
etal promoted catalysts showed a reduced reduction tempera-

ure and higher reducibility, which have been helped enhancing
he catalytic activities of the catalysts. This is called the syn-
rgy effects of the promoter and the main active species (Co). A
imilar synergic phenomenon also presented by many authors
n the literature [10,12]. The overall catalytic steps of noble

etal promoted Co-saponite can be explained as shown in Fig. 4.
he heavy hydrocarbon molecules, including the sulfur bearing
rganic compounds first adsorb and crack on the acidic support

ites to generate lighter hydrocarbon intermediates. At the same
ime the hydrogen from the gas phase also adsorbs and dissoci-
ted on the noble metal sites to form reactive hydrogen species.
inally, the cracked hydrocarbon intermediates react with the
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atch autoclave reactor for VGO hydrotreating.

ydrogen on the hydrogenation sites (Co) to produce stable
ighter products. Thus the presence of even a small amount of
oble metal influence the overall reaction steps and consequently
he reaction rates increase significantly. A similar mechanism

or a bi-noble metal promoted Co catalyst has been reported for
GO hydrocracking [10]. Sugioka et al [3,4] also proposed a

onsistent mechanism for thiophene HDS over USY zeolite sup-

ig. 4. Hypothetical reaction mechanism of heavy oil hydrocracking over noble
etal promoted Co-saponite catalysts [arc: acidic support surface; larger circles:
o atoms; smaller circles: noble metals].
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ig. 5. (a) H/C ratio and (b) hydrocarbon groups in the liquid product from batch
eactor experiments.

orted Pt and Pt-Pd catalysts. The above hypothesis was verified
urther by the hydrogen to carbon ratio and the HPLC results of
he liquid product as shown in Fig. 5a and b, respectively. As
t can be seen in the relevant figure, the hydrogen to carbon
atio was significantly improved in the case of the noble metal
odified catalysts. This result indicates that more hydrogen was

dded to the liquid products through subsequent hydrogenation
f cracked intermediates as well as the removal of sulfur atoms
rom the sulfur bearing organic compounds. The HPLC data also
upports the higher hydrogenation activity due to the presence
f noble metals. It shows that the saturated hydrocarbon fraction
as been increased while the aromatics and polar fraction has
een decreased considerably.

The enhanced catalytic performance of the noble metal pro-
oted catalysts has been explained in different ways. The overall

ffect was explained by considering the acidic nature of the
pillover hydrogen species, which gave rise to protons to gener-
te Brønsted acid sites for cracking reactions and provide enough
eactive hydrogen for the hydrogenation reaction. Eventually,
oth the cracking and hydrogenation activities were increased.
imilar explanation also have been presented by some other
esearchers to describe the promotional effects of the noble

etals on hydrotreating catalysts, although the term “hydro-

en spillover” was not used [9,24,25]. On the basis of energy of
ydrogen desorption as found in the H2–TPD study, it is clear
hat extent of reactive hydrogen generation can be increased
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ig. 6. Carbon analysis on spent catalysts from batch reactor experiments.

y noble metal modification. Consequently, the availability of
pillover hydrogen will be increased to react with the cracking
ntermediates. Spent catalyst characterization results also sug-
ested the participation of the spillover hydrogen, introduced by
he noble metals. The coke deposition on the noble metal pro-

oted Co-saponite catalysts was considerably decreased due to
he effect of hydrogen spillover (Fig. 6). During the reaction,
he gas phase hydrogen adsorbed on the noble metal sites to
roduce enough reactive hydrogen species (H+, H−, H3

+, etc.)
nd desorbed quickly. This desorbed species spillover to the
ydrogenation (Co) as well as the cracking (support) sites and
eacted with the hydrocarbon intermediates to produce more sta-
le molecules. As a result, the deposition of the intermediates
ecreased, leaving the active sites cleans for further reaction.
ome other researcher explained the reduced coke deposition by
emote control mechanism of the spillover hydrogen [10,11,26].
ccording to the remote control interpretation, the noble metals

Rh, Pt, Pd) are hydrogen donor through spillover mechanism.
he spillover hydrogen influenced the cracking reaction by con-

rolling the concentration of carbonium ions and other unsta-
le reaction intermediates, thereby hindering the deposition of
arbons/hydrocarbons by converting them to stable products.
onsequently the catalyst surface remained clean and active for

urther reaction.

. Conclusion

Compared to unpromoted Co-saponite, the noble metal mod-
fied Co-saponite catalysts are superior bifunctional (cracking
nd hydrogenation) catalysts for heavy oil upgrading purpose.
he introduction of noble metal leads to a higher catalytic activ-

ty and reduced carbon deposition on the catalyst. This improved
erformance is due to a better balance between the cracking and
ydrogenation functionalities of the catalysts. The noble metals
re more active towards creating more reactive hydrogen species
ompared to Co, which enhanced the hydrogenation reaction and
educed the carbon deposition, and maintained active sites dur-

ng the reaction. TPR experiments indicate that the promotional
ffect of noble metals is due to the increased amount of active Co
pecies and high metal dispersion. The H2–TPD study suggested
hat the reduced energy of activation for hydrogen adsorption on

[

[

ng Journal 123 (2006) 15–23

he catalyst surface is due to the presence of the noble metals.
inally, Rh showed superior activity as a promoter in compar-

son to the other noble metals (Pt and Pd), which is possibly
ts ability of generating more reactive hydrogen species in the
ydrocracking environment.
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