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Abstract
The activities and selectivities of Pt, Pd, and Pt–Pd supported on amorphous silica–alumina (ASA) in the hydrodesulfurization (HDS) of 4,6-

dimethyldibenzothiophene (4,6-DM-DBT) were investigated. The ASA-supported catalysts had much higher activities than alumina-supported

catalysts, due to the creation of electron-deficient metal particles. Pd had a high hydrogenation activity for 4,6-DM-DBT, but the removal of sulfur

from 4,6-DM-DBT and its HDS intermediates occurred faster over Pt than over Pd. Comparison of two Pt/ASA catalysts with different Pt loadings

showed that the metal dispersion strongly influenced the product selectivity. Larger metal particles led to relatively faster hydrogenation and slower

C–S bond breaking. Bimetallic Pt–Pd catalysts were much more active than the monometallic constituents, indicating that the metal particles were

alloyed. Acid-catalyzed cracking and isomerization occurred especially over Pt/ASA.
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1. Introduction

In many countries legislation requires a very low sulfur

content of transportation fuels. To attain this low level, also

molecules such as 4,6-dimethyldibenzothiophene (4,6-DM-

DBT), which are the most refractory molecules in deep

hydrodesulfurization (HDS) technology [1–3], must be

desulfurized. Because of steric hindrance by the methyl groups

adjacent to the sulfur atom, the direct desulfurization of 4,6-

DM-DBT to 3,30-dimethylbiphenyl is almost completely

suppressed and the HDS of 4,6-DM-DBToccurs predominantly

by hydrogenation followed by desulfurization. Therefore, deep

HDS is dependent on the hydrogenating ability of the catalyst.

Metals are much better hydrogenation catalysts than metal

sulfides and might, thus, be suited as catalysts for deep HDS.

Unfortunately, metal particles transform into metal sulfide

particles in the presence of sulfur-containing molecules, and

metal sulfide particles are much less catalytically active than

metal particles. The noble metals Pt and Pd are less susceptible

to a transformation into inactive sulfides than other metals [4]
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and have been investigated for the removal of aromatic

compounds from diesel fuel [5]. Because of their good

hydrogenation properties, Pt and Pd are also good catalysts in

HDS. The HDS of 4,6-DM-DBT is faster over Pd/g-Al2O3 than

over Pt/g-Al2O3 and the combination of Pd and Pt greatly

enhances the HDS activity and the hydrogenation properties of

the alumina-supported catalyst [6].

Not only the noble metal, but also the support can improve the

HDS activity of catalysts. Acidic supports, such as amorphous

silica–alumina (ASA) and zeolites, increase the conversion of

dibenzothiophene (DBT) [7] and of DBT substituted in the 4- and

6-position [7–11]. They enable dealkylation and isomerization

reactions of the alkyl substituents, which may transform refrac-

tory components into more reactive species and thus accelerate

HDS [7,11]. Acidic supports may also improve the catalytic

activity of the catalyst particles. Partial electron transfer from the

metal particles to the acidic sites of the support may explain this

activity improvement, because the resulting electron-deficient

metal particles [12–14] are said to have a better resistance to

sulfur poisoning by decreasing the interaction with H2S [13,15].

Another explanation for the improved activity of metal particles

on an acidic support is the creation of a second hydrogenation

pathway by spillover of hydrogen atoms from the metal particles

to the aromatic sulfur-containing molecules that are adsorbed on
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Table 1

Metal dispersions and estimated particle sizes from strong hydrogen chemi-

sorption measurements at 30 8C between 0.1 and 2.0 kPa

Catalyst Metal loading Dispersion (%) Particle size (nm)

Pt Pd

Pt/ASA 0.45 38 3.5

Pd/ASA 0.49 47 2.8

Pt–Pd 0.22 0.25 38 3.5

Pt/ASA* 1.9 14 6.1
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acidic sites in the vicinity of the metal particles [16–18]. While

the metal particles become poisoned by sulfur, they can still

dissociate hydrogen molecules and the hydrogenation pathway

by spillover would still be possible [19–21].

In this work we studied the HDS of 4,6-DM-DBT over Pt,

Pd, and Pt–Pd catalysts supported on ASA. ASA is not as acidic

as zeolites and the metal particles supported on ASA may not be

as sulfur resistant as on a zeolite. On the other hand, metal

particles on ASA may be less prone to catalyst deactivation by

undesired side reactions such as cracking and coking, which

lead to fast deactivation of zeolite-supported catalysts [22,23],

and all metal particles in the mesopores of ASA are accessible

to the reacting molecules. Therefore, we studied the influence

of the ASA support on the network of HDS reactions of 4,6-

DM-DBT, as well as the influence of the metal particle size.

2. Experimental

As support for the noble metals we used amorphous silica–

alumina (ASA) obtained from Shell, which had a Si/Al ratio of

4.3, a surface area of 560 m2/g, and a pore volume of 0.8 ml/g.

The support was milled and sieved to 120–170 mesh size (90–

125 mm), dried at 120 8C for 4 h, and calcined at 500 8C for 4 h.

Pt and Pd were pore volume impregnated with aqueous solutions

of Pt(NH3)4(NO3)2 (Aldrich, 99%) and Pd(NH3)4(NO3)2

(Alfa, 5 wt% solution), respectively. After impregnation, the

catalysts were dried in air at room temperature for 3 h and then at

120 8C for 4 h, and finally calcined at 500 8C for 4 h (heating rate

5 8C/min). Monometallic 0.45 wt% Pt/ASA and 0.49 wt% Pd/

ASA catalysts and a bimetallic 0.22 wt% Pt–0.25 wt% Pd/ASA

catalyst were prepared and the metal loadings were determined

by atomic absorption spectroscopy. These catalysts will be

referred to hereafter as Pt/ASA, Pd/ASA, and Pt–Pd/ASA,

respectively. The HDS of 4,6-DM-DBT was also investigated

over another Pt/ASA catalyst, which had a higher metal loading

of 1.9 wt% and was prepared by BPAmoco from Davison Grade

135 silica–alumina with a Si/Al ratio of 5.7. This catalyst will be

referred to as Pt/ASA*. Hydrogen chemisorption was used to

determine the dispersion of the metals on the support, as

described before [6].

As the ASA-supported noble metal catalysts were very

active, only 10 mg of catalyst was used in the catalytic

experiments, diluted with SiC, and much lower weight times

were needed to attain high conversion than over alumina-

supported Pt and Pd catalysts [6]. The catalysts were reduced in

situ in the microflow reactor and the HDS experiments with 4,6-

DM-DBT (Acros, 95%) were performed at 300 8C and 5 MPa

total pressure as described before for alumina-supported Pt, Pd,

and Pt–Pd catalysts [6]. In short, every series of HDS

experiments over a freshly in situ reduced noble metal catalyst

started with a stabilization period of at least one night at the

highest weight time (lowest flow rate), to diminish a possible

influence of catalyst deactivation. Then, experimental data

were collected with increasing flow rates of the sulfur feed and

hydrogen (at constant ratio), thus with decreasing weight time.

For each measuring point, we let the system stabilize for several

hours (longer with low flow rates, shorter with high flow rates)
after the change of flow conditions. We also checked for a

possible deactivation of the catalysts by performing experi-

ments with decreasing as well as increasing weight time. The

difference in the conversion was only a few percent over the 2–3

weeks of the whole run with one catalyst. This means that stable

conversions and selectivities were obtained after a few hours.

3. Results

3.1. Hydrogen chemisorption

After impregnation with the metal-containing solutions and

drying, all ASA-supported catalysts had a BET surface area of

493–497 m2/g. The metal dispersions were determined from

the hydrogen chemisorption measurements carried out at 30 8C,

between 0.1 and 2.0 kPa, and the strong H2 adsorption was

extrapolated to zero pressure to estimate the dispersion,

assuming H/M = 1 at the metal surface. When hydrogen

chemisorption measurements are carried out at such low

hydrogen pressures and at 30 8C the formation of b-Pd hydride

is avoided [24]. The corresponding metal particle sizes were

calculated as indicated in [6]. The results are presented in

Table 1. The dispersions of the Pt/ASA and Pt–Pd/ASA

catalysts were equal (38%), while the dispersion of the Pd/ASA

catalyst was higher (47%). These values are lower than the

corresponding values (48–57%) of Pt, Pd, and Pt–Pd catalysts

supported on g-Al2O3 at the same metal loadings [6] and

indicate that the metal particles are larger on the ASA than on

the g-Al2O3 support. The dispersion of the Pt/ASA* catalyst

was lower (14%), in line with its four times higher metal

loading than the Pt/ASA catalyst.

3.2. HDS over Pt/ASA

Five main types of products were observed in the HDS of 4,6-

DM-DBT over Pt/ASA. Dimethylbiphenyl molecules (DM-BP)

were observed as the product of the direct desulfurization (DDS)

pathway, and dimethyltetrahydrodibenzothiophene molecules

(DM-TH-DBT), dimethylhexahydrodibenzothiophene mole-

cules (DM-HH-DBT), dimethylcyclohexylbenzene molecules

(DM-CHB), and dimethylbicyclohexyl molecules (DM-BCH) as

the intermediate and final products of the hydrogenation (HYD)

route (Scheme 1). Fully hydrogenated sulfur-containing

dimethylperhydrodibenzothiophene molecules (DM-PH-DBT)

were only detected in trace amounts, probably because of fast

desulfurization under the applied conditions.



Scheme 1. Reaction network of the HDS of 4,6-DM-DBT over noble metal catalysts.
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Because of the acidity of ASA, isomerization and cracking

occurred. Isomers with methyl groups at positions different

from those in 4,6-DM-DBTwere observed for each product, but

only a trace of an isomer of 4,6-DM-DBT itself was observed.

The methyl shift, as well as the possibility of several isomers of

the hydrogenated intermediates [25], led to numerous isomers.

Each GC peak was quantified and analyzed by GC–MS to

identify the main structure of the corresponding molecule, but it

was not possible to fully characterize each molecule. To allow

an overall analysis of the experimental results, the components

were combined in separate classes. ‘‘Expected products’’

correspond to the sum of the reaction products that can be

formed in the HDS of 4,6-DM-DBT without isomerization, as

observed in the experiments over alumina-supported catalysts

[6] and shown in Scheme 1. ‘‘Isomerization products’’

correspond to the sum of the products with the methyl groups

at positions different from the 4- and 6-positions in the

hydrogenated sulfur-containing intermediates (DM-TH-DBT

and DM-HH-DBT in case of Pt/ASA) and from the 3 and 30

positions in the desulfurized hydrocarbons (DM-CHB, DM-

BCH, and DM-BP). ‘‘Cracking products’’ correspond to the
Fig. 1. Overall yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT over Pt

isomerization; $ cracking).
cracking products toluene and methylcyclohexane, and the

cracking yield is based on the percentage of 4,6-DM-DBT that

transformed into cracked products. The overall yields and

selectivities demonstrated that the amount of cracking

depended on the metal. The cracked products reached a

selectivity of 8% at high weight time over Pt/ASA (Fig. 1). An

even larger amount of isomerized compounds was formed,

leveling off at a selectivity of 32% at high weight time. Because

of the cracking and isomerization, the selectivity of the

‘‘expected products’’ decreased with weight time. The

selectivity of the expected products extrapolated to 100% with

decreasing weight time. This means that the isomerization and

cracking take place after the first hydrogenation reaction(s) and

agrees with the fact that only a trace of an isomer of 4,6-DM-

DBT was observed during reaction.

Fig. 2 presents the yields and selectivities of the reaction

products in the HDS of 4,6-DM-DBT over Pt/ASA. All isomers

of a product were lumped together under the same name. For

instance, DM-TH-DBT is the sum of 4,6-DM-TH-DBT and all

its isomers with the methyl groups at different positions. The

cracking products, toluene and methylcyclohexane, are not
/ASA as a function of weight time (^ 4,6-DM-DBT; * expected products; &



Fig. 2. Product yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT over Pt/ASA as a function of weight time (~ DM-BP; ! DM-TH-DBT; " DM-HH-

DBT; * DM-CHB; & DM-BCH).
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represented in Fig. 2, to avoid overloading of the graphs, but

they were included in the calculation of the product yields. DM-

TH-DBT and DM-HH-DBT behaved like reaction intermedi-

ates, with yields passing through a maximum and selectivities

decreasing continuously with weight time. The small amounts

of sulfur-containing intermediates (with selectivities of 29% at

low and 10% at high weight time) indicate that desulfurization

over Pt/ASA is relatively easy. The major product in the HDS of

4,6-DM-DBT over Pt/ASAwas DM-CHB at all times, while the

second major product was DM-TH-DBT initially and DM-

BCH at higher weight time. The selectivity of DM-CHB

increased with weight time, while that of DM-BCH decreased

slowly. Its decreasing selectivity indicates that DM-BCH reacts

further by cracking to methylcyclohexane. Similarly, the

decrease of the DM-BP selectivity from 7% at low weight time

to 4.5% at high weight time points to cracking to toluene.

Extrapolation of the DM-BP selectivity to t = 0 shows that

7.5% of 4,6-DM-DBT converted initially through the DDS

route and 92.5% through the HYD pathway.

3.3. HDS over Pd/ASA

The Pd/ASA catalyst was much more active than Pt/ASA in

the conversion of 4,6-DM-DBT, but cracking and isomerization

were much lower than over Pt/ASA (cf. Figs. 1 and 3). The

cracking selectivity reached only 0.2% and the isomerization

selectivity reached 8% at high weight time. Six main products
Fig. 3. Overall yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT over Pd

isomerization; $ cracking).
were observed, including DM-PH-DBT (Fig. 4). Much larger

concentrations of sulfur components were observed over Pd/

ASA than over Pt/ASA. They constituted 84% of the products

at short weight time and still 45% at high weight time. This

indicates that (partial) hydrogenation of 4,6-DM-DBT proceeds

easily on Pd/ASA, but that the subsequent removal of sulfur is

relatively difficult. The yields of DM-TH-DBT, DM-HH-DBT,

and DM-PH-DBT passed through a maximum at t � 0.4, 0.4,

and 0.9 g min/mol, respectively, while the selectivities of DM-

TH-DBT and DM-HH-DBT decreased continuously and the

selectivity of DM-PH-DBT showed a maximum at

t � 0.4 g.min/mol. DM-TH-DBT and DM-HH-DBT seemed

to evolve in parallel. Their ratio was constant throughout the

reaction, suggesting a relatively fast equilibrium between these

molecules. The fully hydrogenated sulfur-containing inter-

mediate DM-PH-DBT behaved differently and had a higher

yield than DM-HH-DBT above 0.2 g min/mol.

At low weight time DM-TH-DBT was the most abundant

product but at higher weight time DM-BCH became the major

product. DM-CHB and DM-BCH had steadily increasing

yields and selectivities, suggesting that their further conver-

sion was negligible. The DM-BCH to DM-CHB ratio was

about 3.7, higher than the ratio of about 1.5 for Pd/Al2O3 [6].

The product of the DDS route, DM-BP, was only detected in

trace amounts, meaning that 4,6-DM-DBT reacted almost

exclusively (initially 99.9%) through the HYD pathway over

Pd/ASA.
/ASA as a function of weight time (^ 4,6-DM-DBT; * expected products; &



Fig. 4. Product yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT over Pd/ASA as a function of weight time (~ DM-BP; ! DM-TH-DBT; " DM-HH-

DBT; b DM-PH-DBT; * DM-CHB; & DM-BCH).
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3.4. HDS over Pt–Pd/ASA

As over Pd/ASA, cracking and isomerization were weak

over Pt–Pd/ASA (0.2 and 6% selectivity at high weight time,

respectively, not shown). Not only this overall product

distribution, but also the product distribution of the six main

reaction products over Pt–Pd/ASA was similar to that obtained

over Pd/ASA (Fig. 5). DM-TH-DBT, DM-HH-DBT, and DM-

PH-DBT represented 69% of the products at low and 21% at

high weight time and their yields passed through a maximum at

t � 0.2, 0.2, and 0.6 g min/mol, respectively. The selectivities

of DM-TH-DBT and DM-HH-DBT decreased continuously

with weight time, whereas that of DM-PH-DBT showed a

maximum at t � 0.3 g min/mol. As over Pd/ASA, DM-TH-

DBT and DM-HH-DBT evolved in parallel, with a constant

ratio of 1.8 throughout the reaction. Again, DM-PH-DBT

behaved differently; its yield was always higher than that of

DM-HH-DBT and even higher than that of DM-TH-DBT above

0.4 g.min/mol.

Initially DM-TH-DBTwas the major reaction product, while

later DM-BCH became the most abundant product. It had a

steadily increasing yield and selectivity and thus appeared to be

a final product. DM-CHB was always the second major

component and was present in higher concentration than DM-

BCH at low weight time. Its selectivity leveled off at 27%. This

suggests a subsequent conversion, probably by hydrogenation

to DM-BCH, as cracking was negligible and isomerization was

already taken into account in the product distribution. DM-BP

was only observed in trace amounts. Its selectivity slightly
Fig. 5. Product yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT over Pt–P

DBT; b DM-PH-DBT; * DM-CHB; & DM-BCH).
decreased with weight time, suggesting that further hydro-

genation occurred. Initially, 99.4% of 4,6-DM-DBT reacted via

the HYD pathway and only 0.6% through the DDS route over

Pt–Pd/ASA.

3.5. HDS over 1.9 wt% Pt/ASA*

The HDS of 4,6-DM-DBT was also investigated over a Pt

catalyst with higher metal loading and lower dispersion in order

to study the influence of the metal particle size on the reaction

network. As over the Pt/ASA catalyst (0.45 wt% Pt), cracking

was significant over the Pt/ASA* catalyst (1.9 wt% Pt) and

reached a selectivity of 6% at high weight time (not shown).

Large amounts of isomerization compounds were formed as

well and at high weight time they constituted 33% of all

reaction products. Because of these subsequent reactions of

cracking and isomerization, the selectivity of the ‘‘expected

products’’ decreased with weight time.

Five main products and traces of DM-PH-DBTwere observed

over Pt/ASA*. DM-TH-DBT and DM-HH-DBT behaved as

intermediates, with yield passing through a maximum and

selectivity decreasing with weight time. The major product up to

t = 0.8 g min/mol, DM-TH-DBT, formed rapidly (Fig. 6). At

higher weight time, the most abundant reaction component was

DM-CHB and DM-BCH became the second main product at

high weight time. Both products behaved as final products of the

HYD pathway, with increasing yields and selectivities, as if

further reactions did not take place. DM-BP formed slowly and

its selectivity was practically constant at 1%. This suggests that
d/ASA as a function of weight time (~ DM-BP; ! DM-TH-DBT; " DM-HH-



Fig. 6. Product yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT over Pt/ASA* as a function of weight time (~ DM-BP; ! DM-TH-DBT; " DM-HH-

DBT; * DM-CHB; & DM-BCH).
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DM-BP did not hydrogenate further and means that the

conversion of 4,6-DM-DBT over Pt/ASA* occurs 1% through

the DDS route and 99% through the HYD pathway. The

selectivities to sulfur-containing intermediates (64% at low and

31% at high weight time) were much higher than for Pt/ASA (29

and 10%, respectively) and indicate that desulfurization over Pt/

ASA* is relatively slower than over Pt/ASA.

4. Discussion

4.1. ASA-supported noble metal catalysts

The reactivity of the metal catalysts supported on ASA

followed the order Pt–Pd > Pd > Pt (Fig. 7A), the same as on

Al2O3 [6,26]. The activity differences were not caused by

differences in metal particle size, as all catalysts had similar

dispersions (Table 1). Assuming pseudo-first-order kinetics for

the reaction of 4,6-DM-DBT at low conversion (low weight

time), rate constants k were calculated for all catalysts

(Table 2). They showed that Pd/ASA is almost three times

more active than Pt/ASA and that the combination of Pt and Pd

further increases the activity by 15% at the same total metal

loading (�0.5 wt%). When the molar weights and the

dispersions are taken into account, the resulting turnover

frequencies (TOF) showed that 4,6-DM-DBT converts 20%

faster over Pd/ASA than over Pt/ASA and almost twice as fast

over Pt–Pd/ASA as over Pd/ASA (Table 2).
Fig. 7. Total conversion (A) and HDS conversion (B) in the HDS of 4,6-DM-DBT o

Pt–Pd/g-Al2O3; & Pt/ASA; * Pd/ASA; b Pt–Pd/ASA).
The initial selectivity of the DDS pathway in the HDS of 4,6-

DM-DBT over the ASA-supported catalysts was highest for Pt/

ASA (7.5%), but lower than for the Pt/g-Al2O3 catalyst (15%)

(Table 2). All Pd-containing catalysts converted 4,6-DM-DBT

almost exclusively through the HYD route (�99%). The Pt–Pd/

ASA catalyst behaved very similarly to Pd/ASA, which

indicates that its surface properties are very close to those of Pd/

ASA [27], most probably due to Pd segregation on the catalyst

surface [28]. The initial TOFDDS and TOFHYD for the DDS and

HYD reaction pathways, respectively, calculated from the

initial selectivities of these two pathways and the turnover

frequencies TOF, show that Pt/ASA is 55 times faster and Pt–

Pd/ASA 10 times faster than Pd/ASA in the DDS pathway.

More important than the TOFDDS values are, however, the much

higher TOFHYD values and of these the TOFHYD for Pd/ASA is

30% higher and that for Pt–Pd/ASA 140% higher than for Pt/

ASA (Table 2). These results are in good agreement with the

higher conversion observed in the HDS of 4-ethyl-6-methyl-

DBT (4-E-6-M-DBT) over Pd/ASA than over Pt/ASA [7], and

the even higher conversion of 4-E-6-M-DBT [9,29] and DBT

[9] over Pt–Pd/ASA.

Because of the good desulfurization ability of Pt/ASA, the

conversion to desulfurized products (HDS conversion) was

only slightly smaller than the total conversion of 4,6-DM-DBT

(cf. Fig. 7A and B). On the contrary, over Pd/ASA and Pt–Pd/

ASA the total and HDS conversions differed substantially, and

thus the three sulfur-containing intermediates represented a
ver different supported noble metal catalysts (& Pt/g-Al2O3; * Pd/g-Al2O3; v



Table 2

Pseudo first-order rate constants (k in mol/min gcat), initial selectivities (S in %),

and turnover frequencies (TOF in mol/min mmol) for the conversion of 4,6-

DM-DBT over ASA-supported and alumina-supported [6] noble metal catalysts

Catalyst k SHYD SDDS TOF TOFHYD TOFDDS

Pt/ASA 1.28 92.5 7.5 146 135 11

Pd/ASA 3.76 99.9 0.1 174 174 0.2

Pt–Pd/ASA 4.34 99.4 0.6 329 327 2

Pt/ASA* 1.44 99.0 1.0 106 105 1

Pt/g-Al2O3 0.28 85 15 18 15 3

Pd/g-Al2O3 0.58 99 1 22 22 0.2

Pt–Pd/g-Al2O3 0.83 99 1 46 45 0.5
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large part of the 4,6-DM-DBT conversion. For instance, at 40%

conversion the selectivity to the three sulfur-containing

intermediates was 81% for Pd/ASA, 67% for Pt–Pd/ASA,

and only 11% for Pt/ASA.

The higher HYD selectivity and higher selectivity to sulfur-

containing intermediates for Pd/ASA than for Pt/ASA indicate

that the hydrogenation steps are rather easy on the Pd surface

but that the removal of sulfur is relatively difficult. Also, DM-

TH-DBT and DM-HH-DBT were found to be in fast

equilibrium over Pd/ASA, indicating that hydrogenation and

dehydrogenation reactions between these two molecules are not

rate limiting. Furthermore, 4,6-DM-DBT reacted mainly to

DM-BCH over Pd/ASA but to DM-CHB over Pt/ASA and only

a trace amount of the fully hydrogenated DM-PH-DBT was

observed over Pt/ASA. This confirms the good hydrogenation

properties of Pd, leading to the fast formation of large amounts

of DM-PH-DBT and a rather slow desulfurization to DM-BCH

(cf. Scheme 1). Pt, on the other hand, had a relatively high

desulfurization ability and converted DM-HH-DBT rapidly to

DM-CHB. These results agree with observations that Pd had a

higher activity than Pt in the hydrogenation of small aromatic

hydrocarbons in the presence of sulfur components [10,30–34]

and in the HDS of substituted dibenzothiophene derivatives in a

straight-run light gasoil [26] and of 4-E-6-M-DBT in a model

reaction [7]. Similarly, Pd catalysts showed a much higher ratio

of 3,30-DM-BCH to 3,30-DM-CHB than Pt in the HDS of 4,6-

DM-DBT [10].

The bimetallic catalyst had the highest activity of the ASA-

supported catalysts in the HDS of 4,6-DM-DBT and did not

show intermediate properties between those of Pt and Pd. This

demonstrates the occurrence of a chemical synergism and the

presence of active sites of a new type (with different electronic

and/or geometrical characteristics) due to the alloying of Pd

with Pt. Synergetic effects were also observed in the HDS of

thiophene [35], DBT [32], 4-E-6-M-DBT [8,9,29], and a

straight-run gasoil [26,29,36]. The combination of Pd and Pt

also greatly accelerated the hydrogenation of small aromatic

hydrocarbons in the presence of sulfur-containing compounds

[36–39]. The behavior of our Pt–Pd/ASA catalyst in the HDS of

4,6-DM-DBT was very similar to that of the monometallic Pd/

ASA catalyst, with a very high HYD selectivity, a high

selectivity to sulfur-containing intermediates, a constant ratio

of DM-TH-DBT to DM-HH-DBT, and DM-BCH as the main

desulfurized product. Over Pt–Pd/ASA, the partial pressure of
DM-PH-DBT was higher than of DM-HH-DBT throughout the

reaction and higher than of DM-TH-DBT above 0.4 g min/mol.

The TOFHYD was 1.9 times larger over Pt–Pd/ASA than over

Pd/ASA. All these results demonstrate that the Pt–Pd catalyst

has very good hydrogenation properties and that new active

sites must be present with excellent hydrogenation ability.

An EXAFS investigation of Fujikawa et al. indicated that Pd

and Pt were alloyed in Pt–Pd catalysts. They proposed that this

explains the enhanced catalytic activity for the hydrogenation of

aromatics in distillates [5,38]. The bimetallic Pt–Pd system is

known to be strongly surface enriched in Pd [28]. For our Pt–Pd

catalyst, with a molar ratio of about Pd/Pt = 2 and a metal

dispersion of 38%, complete phase segregation would mean that

the two outermost metal layers consist completely of Pd atoms,

surrounding a Pt kernel. How the underlying Pt atoms then

influence the properties of the surface Pd atoms is not clear. On

the other hand, segregation is known to be less strong in small

metal particles and at elevated temperature. Furthermore,

theoretical studies of other metal overlayer structures indicate

that lattice mismatch as well as electronic interactions can

influence the electronic properties of the surface atoms [40].

Lattice mismatch leads to changes in the Pd–Pd distance and

bonding, which in turn changes the adsorbate–Pd interaction.

When this weakens the interaction between sulfur and Pd

atoms, it may improve the sulfur tolerance of the bimetallic

catalyst [41]. Hence, alloying prevents the sulfur poisoning

responsible for the decrease in the metal–support interaction and

of the promotion of Pt migration [42,43]; it avoids the growth of

particle size and, therefore, the loss of active metal surface, and

leads to an enhanced performance in respect to the monometallic

catalysts.

4.2. Influence of the support

The activity of the ASA-supported catalysts in the HDS of

4,6-DM-DBT was much higher (7–8 times) than that of the

corresponding alumina-supported catalysts, as shown by the

conversions in Fig. 7 and the rate constants and turnover

frequencies in Table 2. The same activity order, Pt–

Pd > Pd > Pt, was found on both supports. A positive influence

of acid supports has been observed in many areas of catalysis.

For instance, the hydrogenolysis of neopentane was faster over

Pd supported on a zeolite than on alumina [44], small aromatic

hydrocarbons were hydrogenated faster with increasing acidity

of the support [10,16–21,30,31,33,37,45–47], and the HDS

activity of Pt [7,9] and transition-metal sulfide catalysts

increased with increasing support acidity [11,22,48–54].

The support effect can be explained in several ways: (i) by a

higher dispersion of the catalyst particles on the support, (ii) by

a new catalytic mechanism, or (iii) by changes in the catalytic

properties of the metal particles. The first explanation does not

seem likely, because the dispersion of the noble metal particles

on ASA was lower than on alumina. The second explanation,

new catalytic reaction paths, may be possible if the steric

hindrance by the methyl groups in the 4- and 6-positions were

removed [7]. This may occur by dealkylation, transalkylation,

and isomerization of 4,6-DM-DBT over an acidic Pt catalyst.
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These reactions have been observed in the HDS of metal sulfide

catalysts supported on acid zeolite HY at 340 8C and they

indeed contributed greatly to the increased catalytic activity

[11,50]. Cracking and isomerization were much less important

at 280 8C for a sulfided NiW catalyst supported on a less acidic

mesoporous aluminosilicate, assembled from beta-zeolite seeds

[55]. Our cracking and isomerization results, obtained at

300 8C, were between the HY and mesoporous aluminosilicate

results. Nevertheless, dealkylation cannot explain the higher

activity of our ASA-supported catalysts compared with the

alumina-supported catalysts, because neither methyl-DBT, nor

DBT, nor any of their corresponding HDS derivatives were

detected at 300 8C. Isomerization of intermediates and final

products as well as cracking took place, but their yields cannot

explain the higher conversions over the ASA-supported

catalysts, because the concentrations of the isomerized

intermediates were only moderate for Pt/ASA and of minor

importance for the Pd/ASA and Pt–Pd/ASA catalysts. Another

new reaction that might take place is hydrogenation by spillover

of hydrogen atoms to 4,6-DM-DBT molecules adsorbed on the

support in the vicinity of the metal particles. Lin and Vannice

proposed this pathway to explain the faster hydrogenation of

benzene and toluene over Pt and Pd catalysts supported on acid

supports [16,17]. Simon et al. used the same explanation for the

hydrogenation of benzene in the presence of thiophene [19–21].

They proposed that H2S, which is formed from thiophene,

poisons the benzene hydrogenation over the metal surface, but

that hydrogen molecules can still dissociate on the sulfided

metal surface. The resulting hydrogen atoms can spillover to

the support and hydrogenate benzene molecules that are

adsorbed on acid sites in the vicinity of the metal particles.

The third explanation for the enhancement of the catalyst

activity with increasing support acidity is partial electron

transfer from the noble metal particles to the acidic sites on the

support [13,44,56]. Della Betta and Boudart were the first to

propose that the removal of electrons from antibonding orbitals

increases the bonding properties and thus the catalytic activity

of the noble metal particles [56]. For reactions in the presence

of sulfur, such as HDS reactions, it has been proposed that the

electron-deficient noble metal particles bind the electron-

acceptor sulfur atoms weaker. As a consequence, there are more

sulfur vacancies on the surface of metal particles in contact with

acid sites of ASA and these vacancies act as the catalytic sites

[57]. The weaker sulfur–metal interaction also makes the metal

particles more resistant to sulfur poisoning [13,15]. Therefore,

the metal–support interaction remains strong, the agglomera-

tion of the noble metal particles is prevented, and the dispersion

and catalytic activity remain high. Very small Pt particles have

a higher sulfur resistance because of their better contact with

the acidic support, leading to a more pronounced electron-

deficient character [13,27,45]. An increase in the particle size

decreases the sulfur tolerance of Pt and Pd supported on high-

silica zeolite [58]. However, the sulfur tolerance was more

sensitive to the acidity of the support than to the particle size of

Pt clusters [13,59]. This agrees with our hydrogen chemisorp-

tion measurements, which showed that the metal particles on

ASA are about 50% larger than on alumina [6]. Nevertheless,
the activity of the ASA-supported catalysts in the HDS of 4,6-

DM-DBT was much higher than that of the alumina-supported

catalysts (Table 2), confirming the dominant influence of the

support acidity. Table 2 shows that alloying and the acid support

both improve the catalytic activity, but that the improvement in

the reactivity of 4,6-DM-DBT over Pt–Pd/ASA comes mainly

from the modification of the properties of the noble metal active

sites by the support acidity. The change in the electronic

properties of the metal particles induced by the acid sites

explains why the hydrogenolysis of neopentane, the hydro-

genation of aromatic hydrocarbons, and the HDS of 4,6-DM-

DBT are all positively influenced by support acidity. Otherwise

it would be difficult to understand why the acidic support would

influence the neutral neopentane molecule.

4.3. Influence of the metal particle size

All three metal catalysts (Pt, Pd, and Pt–Pd) showed

relatively faster hydrogenation and slower C–S bond breaking

when supported on ASA than on alumina. Thus, all M/ASA

catalysts had higher DM-TH-DBT and DM-HH-DBT selectiv-

ities and a lower DM-BP selectivity than the corresponding M/

g-Al2O3 catalysts. The ratio DM-BCH to DM-BCH was higher

over M/ASA than over M/g-Al2O3 catalysts and Pd and Pt–Pd

on ASA had a high selectivity to DM-PH-DBT. The same trend,

relatively more hydrogenation and less C–S bond breaking, was

also apparent for Pt/ASA* relative to Pt/ASA. Pt/ASA* had the

highest HYD selectivity of all three Pt catalysts investigated

and the lowest TOFDDS value (Table 2). The DM-BCH to DM-

CHB ratio for Pt/ASA* was 0.7 at high weight time, rather than

0.2 for Pt/ASA. The selectivities of the sulfur-containing

intermediates at constant conversion (35%) were 42% over Pt/

ASA*, 13% over Pt/ASA, and 6% over Pt/g-Al2O3. All these

facts indicate that the ratio of hydrogenation (of 4,6-DM-DBT

to the intermediates) to desulfurization (of the intermediates to

hydrocarbons) was highest for Pt/ASA*.

While the alumina- and ASA-supported metal catalysts

differ in support acidity as well as metal dispersion, the Pt/ASA

and Pt/ASA* catalysts have similar Al contents (19 and 15%,

respectively) and are therefore expected to have similar support

acidity. We checked by MAS-NMR that the fraction of

tetrahedral Al sites (which are responsible for the acidity of

ASA) in both ASA supports was indeed similar. The similar

acidity of ASA and ASA* enables a direct comparison of the

effect of Pt particle size. The larger particle size of the metal

particles in the Pt/ASA* catalyst might explain why the DM-BP

selectivity was lower and the selectivities to the sulfur-

containing intermediates were higher than for the Pt/ASA

catalyst. Larger metal particles have relatively less edge and

kink sites and more sites in low-index planes. This disfavors

hydrogenolysis and relatively favors hydrogenation reactions,

because the DDS route needs s adsorption on one active site

through the sulfur atom of the reactant, whereas the HYD

pathway in the HDS of 4,6-DM-DBT most probably occurs by

p adsorption of the molecule on several metal atoms. The lower

dispersions of Pt, Pd, and Pt–Pd on ASA (38–47%) than on

alumina (48–57%) can also explain the selectivity differences



A. Niquille-Röthlisberger, R. Prins / Catalysis Today 123 (2007) 198–207206
between the ASA- and alumina-supported catalysts. Another

explanation for the differences in activity and selectivity

between Pt/ASA and Pt/ASA* could be that the effect of the

acidic support is weaker for the larger Pt particles in Pt/ASA*.

However, the TOFHYD of Pt/ASA* is only 22% smaller than

that of Pt/ASA and still very much larger than that of Pt/g-

Al2O3.

The higher DDS selectivity of the Pt than of the Pd catalysts

may be due to a higher tolerance to H2S. In the HDS of 4,6-DM-

DBT over MoS2 and Co and Ni-promoted MoS2 catalysts, H2S

inhibited the DDS route more than the HYD route [60]. The

same may happen on the Pt and Pd catalysts. Because the

methyl groups strongly hinder the interaction of the sulfur lone

pair with the metal atom on the catalyst surface in the s

adsorption mode, only exposed metal atoms will be able to

catalyze DDS. Exposed metal atoms at kinks and edges have

fewer neighbors than metal atoms in low index planes and

should be more susceptible to sulfur poisoning. The observation

that in all cases the alumina-supported noble metals had a

higher DDS selectivity (Table 2) can be explained by their

higher dispersion and thus higher fraction of exposed metal

atoms.

The cracking and isomerization was much higher over Pt/

ASA than over Pd/ASA and Pt–Pd/ASA. Since these reactions

did not take place on the corresponding metal catalysts

supported on alumina [6], they must take place on the acidic

sites on the ASA support. The explanation why the metal has

such a large effect may be indirect. For instance, if the spillover

of hydrogen atoms from the metal particles to the ASA support

is more extensive for the Pt/ASA catalyst than for the Pd-based

catalysts, there will be less coke formation by oligomerization

reactions on the acid sites and less deactivation of the acid-

catalyzed cracking and isomerization reactions.

The TOFHYD and TOFDDS are higher for the ASA-supported

catalysts than for the alumina-supported ones, but the TOFHYD

is more enhanced than the TOFDDS (Table 2). If we assume that

the C–S bond breaking in the hydrogenated intermediates

correlates with the C–S bond breaking in 4,6-DM-DBT (thus

with TOFDDS), we can understand that the difference between

the total conversion and the HDS conversion curves is larger for

the ASA-supported catalysts than for the g-Al2O3-supported

catalysts (Fig. 7), because over ASA the desulfurization cannot

keep pace with the much faster hydrogenation. Since this is

most obvious over Pd, it explains why the fully hydrogenated

sulfur-containing intermediate DM-PH-DBT could only be

detected on the Pd-based catalysts, and why DM-BCH was the

major reaction product over Pd and DM-CHB over Pt.

5. Conclusions

ASA-supported Pt, Pd, and Pt–Pd catalysts were much more

active than the corresponding alumina-supported catalysts in

the HDS of 4,6-DM-DBT and the support acidity had a similar

influence on all catalysts. Thus, as on alumina, Pt was a better

desulfurization catalyst than Pd, and Pd had better hydrogena-

tion properties. The bimetallic Pt–Pd catalyst showed an

outstanding HDS performance and a product distribution close
to that of Pd, indicating the occurrence of chemical synergism

between Pt and Pd and the existence of surface Pd enrichment.

The greater enhancement of the HYD pathway may be due to

the presence of new active sites with improved hydrogenation

properties. The Pt catalyst with larger particles had a higher

hydrogenation selectivity than the one with smaller Pt particles.

A possible explanation is that hydrogenation requires large

ensembles of active sites, such as terraces, for the p adsorption

of the reactants, which is proportionally enhanced by the

particle growth.

Isomerization and cracking reactions could not explain the

improvement of the activity occurring on the surface of our

acidic catalysts. Electron-deficient metal particles that arise

from a partial charge transfer from the metal clusters to the

acidic sites of the support can explain that the adsorption of H2S

is inhibited, leading to a better sulfur resistance and to higher

hydrogenation properties. When acidic supports improve the

HDS activity of noble metal catalysts substantially it would be

logical to use zeolites as support, because of their higher acidity

than ASA. A drawback of zeolites is, however, that their pores

are too small to give access to molecules like dialkylated-DBT.

The catalytic reaction is then restricted to catalyst particles on

the outer surface. Another drawback is their fast deactivation by

coke formation on the acid sites by alkenes and dienes formed

by dehydrogenation on the metal [22,23,57].
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