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Abstract

Hydrodesulfurization (HDS) reactions of tfeS radioisotope-labeled dibenzothiophene (DBT) were carried out over 1094 4%k and
2% Pt—10% PgdAl 03 catalysts. The total amount of the sulfidis) accommodated on the catalysts and the amount of labile ssifur (
participating in the HDS reaction were determined usinty® radioisotope tracer method. The sulfided state of noble metal sulfides on
two catalysts changed depending on the partial pressure $filithe reaction atmosphere. Taking into account the amount of the sulfur
accommodated on the alumina support, the sulfided Pt or Pd species on the catalysts are presented in the fpion Bff {5 = 0-0.25)
in lower partial pressures of 4% under 5.2 kPa. At the same time, all the sulfur incorporated into the catalyst were almost the labile sulfur.
On the other hand, the sulfur further incorporated into the Pd catalyst with further increasing the partial press8rim@f i¢action system
over 5.8 kPa, resulting in the formation of the phase of PdS. In contrast, there was no significant changéiifidpatid So even though
the partial pressure of 46 in the atmosphere increased into ca. 17 kPa in the case of Pt—Pd catalysts. The structurgs:pdtiBtg 25
in the Pt—Pd catalyst remained.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction is necessary to attain sulfur concentration reductions below
a few ppm. Recent studies show that utilizing an acidic sup-
Growing knowledge about the aromatics contained in port such as zeolite [13,14] and adding a transition metal
diesel fuels and their adverse effects causing undesired emismay effectively improve the activity of these catalysts and
sions in exhaust gases and resultant health hazards has led tdeir tolerance to sulfur [15-19]. However, despite the im-
limitations on the use of these aromatics around the world. provement, the catalyst for aromatic reduction still suffers
Under such circumstances, refiners are required to developfrom low sulfur tolerance. The retardation in improving the
new catalysts capable of higher hydrogenation activity in sulfur resistance of the supported Pt catalyst may be due to
order to meet the emission standards that have been made poor understanding of the fundamental chemistry involved
more and more stringent each year [1-5]. Noble metal cat- in the behavior of sulfur on the catalyst in the hydrotreating
alysts such ay-Al2Oz-supported platinum and palladium  process. Recently, the behavior of noble metal catalysts in
catalysts are known to be highly active in the hydrogenation the HDS has been investigated usimj@ radioisotope pulse
of aromatics [6—11]. However, one of the major problems as- tracer method¥S RPTM), which has been recently devel-
sociated with the use of platinum and palladium is their hlgh oped [9_11'201 The hydrogenation activity of phenanthrene
sensitivity to sulfur compounds that are usually present in (PHE) over the monometallic and bimetallic catalysts—
hydrogenationfeedstocks [12]; hence, a severe hydrotreating:t/N ,03, Pd/Al,03, and Pt—PdAl ,03—was investigated
in the presence of dibenzothiophene (DBT). Although the
~* Corresponding author. bimetallic catalyst (Pt—P@AI 203) did not show some syner-
E-mail address: whgian@cc.tuat.ac.jp (E.W. Qian). getic effects in HDS reactions, this catalyst showed better
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performance in the hydrogenation reaction of PHE in the Table 1
presence of 1 wt% DBT than the CoMo catalyst. Further, it Active metal loadings and surface area of prepared catalysts

was found that both the amount of the sulfSi{z) accom- Catalyst Pt Pd BET surface Pore
modated on the catalyst and the amount of the labile sulfur (mmol/  (mmol/ area volume
(So) participating in the reaction increased linearly with in- Gea)  Gead  (M?/gead  (cm*/gca)

crease in active metal loading [11]. Al203 256 0.650
It is well known that the stable sulfides of noble metal 10% PdAl20s 0.938 232 0.553
2% Pt-10% PgAl,O03  0.103  0.938 230 0.536

change depending on the ratio of$fHy in the atmosphere,
especially in the case of supported catalysts [21-25]. Since
HDS reactions are normally carried out in hydrogen, the re- 2.2. Preparation of catalysts

duction of sulfur species might result in the generation of

vacant sites. Thus, behavior of the sulfided active metals on  The catalysts used in the present study were prepared by
the working catalysts is not yet clarified. Mangnus et al. pro- the usual impregnation method. For 10%/RtbO3 catalyst,
posed from the thermodynamic equilibrium point of view 20- to 80-meshy-Al,03 was impregnated with an aqueous
that the reduction of transition metal sulfides may occur de- solution of PdC} as required. This was followed by oven
pending on the KS/H> ratio in the reactor, for instance, drying at 120C for 3 h and then calcined in the air at 40D

the reduction of PtS to Pt may occur when the said ratio is for 15 h. A 10% PdAl,O3 catalyst was consecutively im-
less than 0.2 [24]. Because this ratio generally falls betweenpregnated with an aqueous solution ofMICk to obtain
10~1 and 1073 under typical HDS conditions, it is assumed a bimetallic catalyst, 2% Pt-10% pal,Os. The chemical

that the sulfided Pt and Pd are presentin the forms of RtS  composition and BET surface areas of these prepared cata-
and Pdg_, [11,22-24,26]. In our previous study, all noble lysts are shown in Table 1.

metal catalysts were determined as nearing the state equiva-

lent to the $Pt (or Pd) ratio, 0.25, much lower than that of 2.3. 3>Sradioisotope pulse tracer method

the stoichiometric state platinum or palladium sulfide [11].

This suggests that the Pt (Pd)—S bond strength is so weak to Experiments using the’¥S]DBT tracer were carried out
allow the lower sulfur accommodation on the catalysts, and with a fixed-bed reactor of conventional design; details of
that the sulfur accommodation may depend on the partial this reactor are described elsewhere in Ref. [27]. After be-

pressure of IS in the atmosphere. ing calcined overnight in the air at 40C, the test catalyst
In the present study, the HDS reactions of tfRS was pretreated at 40C for 3 h under atmospheric pressure
radioisotope-labeled DBT were carried out ovey RO3 with hydrogen at a flow rate of.8 x 103 m3/h. The reac-

and Pd-PtAl ;O3 catalysts under practical HDS conditions. tor was then cooled in the hydrogen stream to the reaction
The reaction conditions such as concentration of DBT, the temperature and pressurized with hydrogen. A decalin so-
pressure of hydrogen, and space velocity were changed tdution of [3°S]DBT was then introduced into the reactor by
investigate the effect of the partial pressure @BHn the at- high-pressure liquid pump (Kyowa Seimitsu KHD-16).
mosphere on the amount of sulfur accommodated and the Typical reaction conditions involved were the amount of
behavior of sulfur on the noble metal catalysts. Further, the catalyst, 1 g; hydrogen flow rate,®x 10-? m3/h; WHSV,
effects of the sulfur additive present in the feedstocks on 14-28 h'l; pressure, 1.0-5.0 MPa; concentration of DBT
the catalytic performance were examined to clarify resultant in decalin, 0.1-4.0 wt%; and temperature, 260 The lig-
differences in sulfur tolerance between the catalysts. uid products were collected from the gas—liquid separator
and put under gas chromatographic component analysis us-
ing an FID detector (Shimadzu 17A, Shimadzu Co., Ltd.)

2. Experimental and a commercially available column (DB-1, 0.25 mm
60 m). The products were identified by their retention time
2.1. Materials examined relative to the standard chemicals provided (Tokyo

Chemical Industry Co., Ltd.). The 4% produced was ab-

Decalin, used as a solvent, was of the commercial GR sorbed by bubbling through a commercially available scin-
grade (Kishida Chemicals). Dibenzothiophen&#$]|DBT) tillation solution (Carbosorb, Packard Japan Co., Ltd.). For
and3°S-labeled dibenzothiophenéIB]DBT) were synthe-  each run, the liquid products and absorbegSHsolution
sized according to a method previously employed [27]. Hy- samples were collected every 15 min. The radioactivities of
drogen (99.99%) was supplied by Tohei Chemicals. Hydro- both [F°S]DBT unreacted in the liquid product art?§]H,S
gen hexachloroplatinate (IV) hexahydrateCk - 6H,0), formed in the absorbed solution were measured with a lig-
and palladium chloride (Pde) were of the commercial uid scintillation counter (Beckman LS-6500, Beckman Co.,
GR grade (Kishida Chemicals). All scintillation solvents Ltd.) after adding a proper scintillation solvent (Permafluor
used for the radioactivity measurement were available from or Instaflour, Packard Japan Co., Ltd.) to each of the frac-
Packard Japan Co., Ltd. TheAl,03 used as a supportwas tions sampled. For the liquid scintillation counting, an ex-
supplied by Nippon Ketjen Co., Ltd., ag32 inch extrudate.  planatory literature is available [28].
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Typical operating procedures followed were as follows: tivities of both formed $°S]H,S and unreacted®$S]DBT
(a) The reaction system was pressurized by hydrogen to thedecreased rapidly and approached the background level. As
pressure desired and heated at the reaction temperature, rggroposed in Ref. [11], the total radioactivity incorporating
spectively. (b) A decalin solution of 1 wt%$JS]DBT was onto the catalyst for the time interval (0—400 min) can be
pumped into the reactor until the amount of the formed calculated from the balance of radioactivity between the total
[3%S]H.S had become constant (ca. 6 h). (c) The decalin so- radioactivity of the $°S]DBT introduced and that eluted in-
lution of [*°S]DBT was replaced by decalin, and the reactor volving the total radioactivity of the’PS]H,S released from
system was purged with decalin and hydrogen for ca. 3 h. the catalyst, i.e., area A in Fig. 1, and the total radioactiv-
(d) The decalin solution oES]DBT of various concentra- ity of the unreacted®PS]DBT, i.e., area B in Fig. 1. Then,
tions was substituted for decalin, and reacted for 4-5 h. Forthe total radioactivity can be converted into the amount of
the analysis of sulfur effects on the catalytic performance, sulfur accommodated on the catalySix{a)) according to a
the decalin solution of DBT was also used containing 0.059 method reported in Ref. [11]. The amount of total sulfur in-
and 0.156 wt% sulfur adjusted with the addition of polysul- corporated into the catalyst was 14.5 fggxt
fide (GgH17—S,—CgH17, n = 4.8: 39.0 wt% of sulfur). In order to determine the amount of the sulfur participat-
ing in the HDS reaction of DBT, i.e., labile sulfur, the decalin
solvent was substituted for thé°5]DBT to purge the cata-

3. Results lyst at 255 min and continued for 2.5 h. After that, a decalin
solution of F2S]DBT was introduced and the HDS of DBT

3.1. Determination of sulfur behavior using a **S was carried out on th&S-labeled catalyst. A portion of the

radioisotope tracer method 353, which is indicated as the shaded area C in Fig. 1, was re-

leased from the catalyst aS8]H,S when the$2S|DBT was
For the determination of sulfided working catalysts, the introduced. As reported in our previous papers [28,29], it is
HDS reaction of 0.5 wt%4°S-labeled DBT was carried out  proposed that the portion of the sulfur on the working cata-
over the 10% PgAIl,O3 catalyst at 5.00 MPa and at 260. lyst participates in the HDS reaction and that the said portion
Fig. 1 shows the typical results obtained by #i8 RPTM: of sulfur is defined as labile sulfur. Similarly, the amount of
initially, 0.5 wt% solution of f°S]DBT was introduced and this labile sulfur §o) participating in the HDS reaction over
the HDS reaction continued about 4 h until the release of the Pd catalyst was determined from the total radioactivity of
[3%S]H,S had become constant. Despite the high DBT con- the F°S]H,S released by the introduction of tié$]DBT in
version determined, the’JS]H,S was not released imme- the same manner as above [11]. The amount of labile sulfur
diately, which suggests the incorporation of SofR8 into was 5.47 mgdcat
the catalyst and progress in the sulfidation of the catalyst.
The radioactivities of the unreactetP$]DBT and formed 3.2. Behavior of sulfur on Pd/Al,O3 catalysts
[3%S]H,S increased and approached the steady state when
the [°S]DBT was introduced for 45 and 120 min, respec- To investigate the effects of 4% partial pressure on the
tively. Then, to determine the amount of the sulfur accom- behavior of sulfur on the catalyst, i.&tar @and So, Similar
modated on the catalyst in the HDS reaction of DBT, decalin experiments using théJS]DBT tracer were carried out over
solvent and hydrogen were introduced to purge the catalystthe 10% PdAIl O3 catalyst at 5.0 MPa and at 260, where
and reaction system at ca. 255 min for ca. 2.5 h. The radioac-the DBT concentrations in decalin solution were varied be-
tween 0.1 to 3.0 wt% so that the partial pressure g8 th

5 = Lh Py 100 reaction atmosphere was changed by changing the HDS rate
= of DBT. Fig. 2 shows changes in the radioactivities of both
E 4 4 80 formed P°S]H,S and unreactedS]DBT in several reac-

E s tion with different DBT concentrations. In all cases, the ra-
S 3 60 = dioactivity of [*®S]H,S increased and approached the steady
S S state when the®PS]DBT was introduced for 300, 180, 105,
z 2 40 S and 90 min, respectively. The time delay when the radioac-
z g tivity of [ 3°S]H,S reached the steady state was considered to
§ 1 20 © be caused by the change in the concentrations of DBT, i.e.,
=

51

&

amount of BS formed from HDS of DBT. In the same man-
ner as above, the amount of the sulfur accommodated on the
0 100 200 300 400 0 600 700 catalyst was determined from the balance between the intro-
duced radioactivity and eluted one. Similarly, the amount of
the labile sulfur involved was determined from the total ra-
Fig. 1. Changes in radioactivities of unreactetP]IDBT and formed dioactivity of [*°S]H,S released during the introduction of
[3°S]H,S and DBT conversion with reaction time. 10% Rt,Og, 260°C, [32S]DBT. The results are summarized in Table 2. As seen
5.0 MPa, 0.5 wt% DBTH, [*°S|DBT; ®, [35S]H,S; A conversion. in Table 2, both values oo and values ofSy increased

Reaction Time (min)
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Fig. 2. Changes in radioactivities of unreactd8ag]DBT and formed $°S]H,S with reaction time. 10% Pe\Il,03, 260°C, 5.0 MPa; concentration of DBT
(CpgT): 0.1-3.0 Wi% @, [35S|DBT; O, [3°S]H,S.

Table 2 3.3. Behavior of sulfur on Pt—Pd/Al,O3 catalysts
Results of3>S tracer experiments over a 10%;/Rdl, O3 catalyst at 260C
Concentration ryps  ScHB  Stotal So HaoS/Hz2  pH,s . .

Oof DBT (104 mol/ (%) (mg/gead (My/gea) (10-3 mol/ (kPa) Similarly, the HDS reaction ofPS]DBT was performed
(Wt%) (h g:a) mol) over the 2% Pt—10% R@&I,03 catalyst and the effect of
01 152 100 427 3.02 0.15  0.73 concentration of DBT was investigated. Fig. 3 shows the
0.25 378 910 996  4.82 037 181  changes in the radioactivities of both form&d$]H,S and
05 729 879 145 547 072 350 ynreacted}®S]DBT in several reactions with different DBT
1.0 109 838 161 6.75 1.05 525 ; -

30 120 732 160 6.69 115 575 concentrations at 26@ and 5.0 MPa. Results similar to
4.0 123 605 173 5.76 1.18 5.90 those using the P@\,O3 catalyst were obtained: the ra-

dioactivity of [3°S]H,S increased with the reaction time and

ith , in th rati {DBT ie. th approached the steady state; the time when the steady state
\t,'VII an mcreasfe n icor;ﬁen ration f[) i ’ :‘.%,BTE par o radioactivity of F°S]H,S was obtained became longer if
lal pressure of S, when the concentration o : was t[he concentration of DBT was lower. Further, the HDS re-
less than 1.0 wt%, and then approached respective constan

- 5 0 -
values with a further increase in the concentration of DBT actions of P°SIDBT of 1 wt% were carried out at 26€

above 1.0 wt%. At the same time, the HDS rate of DBT wh_en total pressure was varied from 5.0 to. 1.0 MPa, and
shows the same tendency. weight-hour-space-velocity (WHSV) was varied from 28 to

In order to further increase the partial pressure g8kh 134;3 h~1. The changes in the radioactivities gf bpth formed
the atmosphere, the sa?RS tracer experiment was carried | >12S and unreacte&TS]pBT are shown in Fig. 4. Ac-
out using the decalin solution of 4.0 wt% DBT. The results cording to the method described above, the values of the total
are listed in Table 2. There is no significant increase in the @mount of the sulfur accommodated on the catalyst and the
HDS rate of DBT although the concentration of DBT in- amount of the labile sulfur involved were calculated from
creased from 3 to 4 wt%. Further, different from the case the radioactivity balance and the results are shown in Ta-
using lower concentrations of DBT, an increasefigyand ~ bles 3 and 4. It was observed that the HDS rate of DBT
a decrease irfy were observed. This indicates that some Vvaried depending on the reaction conditions, resulting in the
variance in structure of the Pd catalyst occurred when the different bS/H; ratios in the reaction atmosphere. Further,
concentration of DBT increased up over 3.0 wt%. This is the concentration of DBT did not significantly affect the se-
due to a sulfur poisoning effect occurring on the catalyst at lectivity for cyclohexylbenzene (CHB) while the selectivity
higher partial pressures o8 in the reaction system as dis- remarkably changes with the total pressure and space veloc-
cussed later. ity.
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Fig. 3. Changes in radioactivities of unreactéES]DBT and formed :f5S]HZS with reaction time. 2% Pt-10% PAall,O3; 260°C; 5.0 MPa; concentration
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Fig. 4. Changes in radioactivities of unreacté8J]DBT and formed $°S]H,S with reaction time. 2% Pt-10% P&l ,Og; 260°C; concentration of DBT:
1.0 wt%. (a) 5.0 MPa, WHSV 281; (b) 2.5 MPa, WHSV 28 i (c) 1.0 MPa, WHSV 28 hl; (d) 1.0 MPa, WHSV 14 hl. @, [35S]DBT; O, [35S]H,S.

3.4. Behavior of sulfur on
presence of sulfur additive

Pd/Al,O3 catalystsin the

of H>S, and the effect of sulfur additive in reactant solution
on the catalytic activity, the polysulfide of concentrations
of 0.15 and 0.4 wt%, corresponding to sulfur contents of

In order to investigate the behavior of sulfur on the noble 0.059 and 0.156 wt%, was added into the decalin solutions of
metal catalysts in an atmosphere of higher partial pressurel wt% [*°S]DBT or [*2S]DBT; then simila’®S tracer exper-
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Table 3
Results 0f°S tracer experiments over a 2% Pt—10% Rig O3 catalyst at
260°C

299

Table 5
Effect of sulfur additive on results oS tracer experiments over a 10%
Pd/Al,O3 catalyst at 260C

Concentration rgps  ScHB  Stotal So HyS/H» PH,S Concentration rHqps  ScHB  Stotal So HyS/H» PH,S
of DBT (1074 mol/ (%) (Mg/gead) (MY/gead) (103 mol/ (kPa) ofadded (104 mol/ (%) (MYdcad) (MY/Yead) (1073 mol/ (kPa)
(Wt%) (h@ap) mol) sulfur (%) (hgat) mol)

01 152 100 684 6.04 0.15 a3 0 109 888 16.1 6.75 1.05 5.25
05 762 985 160 7.79 0.75 %6 0.059 898 865 18.7 5.49 136  6.78
1.0 151 896 160 9.84 1.46 78 0.156 579 89.6 29.9 4.91 1.88  9.37
3.0 362 877 179 8.85 350 1%

14 1.219 PdS

Table 4 12 .;K ————————————————————————— x

Results of*>S tracer experiments over a 2% Pt—10% Rig O3 catalyst at = L Phe

260°C ) 1F ‘

20 I
Pressure SV rHDS  ScHB  Stotal So H2S/Ha  pH,s = [
(MPa) () (10-* mol/ (%) (my/Gea) (Mg/Gead (103 mol/ (kPa) £ O8] PdS 5
(hgead) mol) < o6k 0.516
50 28 151 89.6 16.0 9.84 146 .28 ©w - P\ ¥ S
25 28 143 72.6 18.0 9.06 137 &2 g‘ 04 F 0235
1.0 28 753 145 115 4.71 0.73 .26 e L
1.0 14 531 422 139 6.47 1.04 .04 S N e i ¢
.. O e
0 L L L L 1

iments were carried out at 26CQ and 5.0 MPa. In the same 0 2 4 6 8 10 12

manner as above, the amount of the sulfur accommodated Puss (kPa)

on the Pd catalyst was determined from the balance between

the introduced radioactivity and the eluted one. Similarly, the Fig. 5. Effect of partial pressure of4$ on Siotal and So on a 10% Pd
amount of the labile sulfur involved was determined from the A'203 catalyst at 260C. Solid symbol Sioral; open symbolSo.

total radioactivity of f°S]H,S released during the introduc-

tion of [3°S]DBT. The results are summarized in Table 5. Table6 _ _ _
Compared to the results in the absence of polysulfide, the_HZS/HZ e_:qumbrlum ratios for the reduction of bulk palladium and plat-
addition of polysulfide remarkably hindered the HDS rate of inum sulfides at 260C

DBT. The HDS rates in the presence of 0.059 and 0.156 w9 Euilibrium

H»S/H> equilibrium ratios

of sulfur decreased respectively to 82.3 and 53.1% of that Pd+ H2S < PdsS+Hy 3.8x 1Cf2
without the addition of sulfur with no significant variance Pd+H2S< PdS+H; 85107
Pt+ HpS < PtS+ Hy 9.7 x 10

in the selectivity for CHB. Further, the value 6fotq in-
creased with increasing concentrations of added sulfur while
the values ofSy decreased. These results indicate that the ca. 5.2 kPa, and approached respective|y the constants 0.516
sulfur accommodated into the catalyst and poisoned activeand 0.235 mmglgcat.

sites on the catalyst, resulting in a decrease in the catalytic The stable state sulfides of Pt and Pd are in the forms of

activity. PtS and PdS [21,31], whereas supported catalysts are more
complicated to handle. TheJ3/H> equilibrium ratios for
the reduction of the bulk Pd sulfides at 26D calculated

4. Discussion from thermodynamic data using an Outokumpu HSC Chem-

istry software [9,32] are given in Table 6. This indicates that
the form of Pd and Pt sulfides depends on th&HH, ra-

tio in the reaction atmosphere. It was suggested that the
Pt/Al,03 catalyst can be sulfided in a mixed gas of 15%
H2S + 85% Hy to be present in the form of Pigs [22]

4.1. Sulfur behavior on Pd/Al>,O3 and Pt—Pd/Al,03
catalysts in an atmosphere of lower partial pressure of HoS

Fig. 5 shows the changes in total amounts of sulfur incor-
porated to the Pd catalys$igia)) and the amount of labile  and that the P#AlI,O3 and P¢'Al,O3 catalysts can be sul-
sulfur (So) with the partial pressure of #5 in the reaction  fided in the forms of Pt§ and Pd$ 3 [24] in a stream of
atmosphere. Since the hydrogenolysis of polysulfide to form 10% HS + 90% H, at 480°C. It was proposed that Pd sul-
H>S can easily occur, it was assumed that all the added sulfurfide can be present in different sulfide phases in the range
transfers to hydrogen sulfide [9,30]. The data obtained in the of the HbS/H> ratios: Pd metal (at a #5/H> ratio below
case adding polysulfidd@ [7) are also plotted in Fig. 5. The  0.008), PdS (at HbS/H> ratios between 0.008 and 0.025),
values of bothSiota) and So monotonically increased with an  and PdS at higher ratios [22]. Further, it was found that the
increase in the partial pressure of$lin an atmosphereupto  sulfided noble metal catalysts corresponded to tffet $or
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4.2. SQulfur behavior on Pd/Al>,03 and Pt—Pd/Al>,03
catalystsin an atmosphere of higher partial pressure of HS

When the sulfur additive, polysulfide, was added in the
reaction system, i.e., in an atmosphere of higher partial pres-
sure of KBS, it was observed that the value 8t (H)

o further increased with increasingn,s, and approached a
B constant value of 1.219 mmyaca;, which represents the to-
tal amount of sulfur present in the form of PdS on the Pd
catalyst, as shown in Fig. 5. This means that the sulfur fur-
ther incorporated into the Pd catalyst with further increases

: : in pH,s. In contrast to this, the value 6§ (O) inversely de-

10 15 20 creased with further increases jim,s, as shown in Fig. 5.
Prs (KPa) It was proposed thay represents the number of active sites
present on the catalyst [1,10]. Thus, these results mean that
the number of active sites decrease with the further incorpo-
ration of sulfur into the Pd catalyst and the formation of PdS
phase. That is, the sulfur present in the form of PdS phase
is almost not mobile. As shown in Table 2, the HDS rate
of DBT only slightly increased with increasing concentra-
tions of DBT from 1 to 3 wt%, especially from 3 to 4 wt%,
although it is well known that the HDS rate increases with
the concentration of DBT. At the same time, the selectiv-
ity for CHB also decreased significantly in the case using 3
or 4 wt% DBT. The phenomenon can be explained by the
fact that the sulfur accommodation on the catalyst in an at-
mosphere of higher ¥ partial pressure brings about the
formation of the PdS phase in which the sulfur is not mo-
bile, i.e., unrelated to the HDS reaction.

SroraLs So (mmol/g.Cat.)

Fig. 6. Effect of partial pressure of4$ onSiotg) and Sp on a 2% Pt-10%
Pd/Al,0g catalyst at 260C. Solid symbol Siota); Open symbolSg.

Pd) ratio, 0.25, in the HDS reactions [11]. Therefore, tak-
ing into account the amount of sulfur accommodated into
alumina support, which was 0.281 mrmigda:[11], it is sug-
gested that the sulfided species of Pd opiAtdO3 catalysts

is present in the form of PdSx = 0-0.25) with the vari-
ance in the partial pressure ob$, and that the phase of
PdS 25 is stable in an atmosphere of lower partial pres-
sure of BS. Moreover, in the atmosphere where the par-
tial pressure of HS is higher than ca. 3.5 kPa, the ratio of
labile sulfur, i.e.,Sp, to the remainder between total sul-

fur incorporated in to the catalyst and that originated from On the other hand, the situation is different in the case of

the a!“”?'”a. support, i.eSiotal — 0.281, s apprommately the Pt—Pd catalyst. As shown in Fig. 6, the behavior of sul-
one, indicating that all sulfurs on the catalyst are labile. ¢, o the Pi—Pd catalyst in an atmosphere of lower partial
This is consistent with the results proposed in previous pa- pressure of KS is similar to that in the Pd catalyst while the
pers [1,0'11]' ) behavior of sulfur is remarkably different from each other
Similar to the case using 10% PAI>O; catalyst, the iy higher partial pressures of,8. Although no polysulfide
valu.es of bothSiotal and_ So were also p|0tt?d against the  \vas added in the case of the Pt—Pd catalyst, the upper limit
partial pressure of ¥ in the atmosphere in Fig. 6. Re-  yajye of py,s tested is much higher than that in the case
gardless of the reaction conditions resulting in the change o the pd catalyst due to the higher catalytic activity of the
in the partial pressure of 45, the values of botlSiota and former. Even though the partial pressure gfSHn the at-
So increased monotonically with an increase in the partial mosphere increased into ca. 17 kPa, there is no significant
pressure of KIS in the atmosphere and then approached re- change in bothSio and So. This suggests that the struc-
spectively the constants 0.541 and 0.260 myiggk These tures of PdS,s and Pt s in the Pt—Pd catalyst remain,
values for the Pt-FAI 203 catalysts are greater than those and that no significant sulfur poisoning occurs in the HDS
for the Pd'Al203 catalysts. This indicates that the platinum  on the Pt—Pd catalyst. That is, the sulfur tolerance of the Pt—
sulfide species as well as palladium sulfides was formed andpq catalysts is improved, maybe due to the formation of a

presented in the form of PtSx = 0-0.25) on the Pt-Pd  pt—Pd alloy. This is consistent with the results reported by
catalyst if taking into account the amount of sulfur accom- Cooper and Donnis [33] and Lin et al. [34].

modated into alumina support, 0.281 mpgk: Further,

similar to the case of P@\Il,O3 catalysts, when the partial

pressure of KIS in the atmosphere is higher than ca. 3.5 kPa, 5. Conclusions

the ratio of labile sulfur, i.e.Sp, to the remainder between

total sulfur incorporated into the catalyst and that originated ~ The total amount of the sulfuS{ya)) accommodated on
from the alumina support, i.eSiotai — 0.281, is also approxi-  the noble metal catalysts and the amount of the labile sul-
mately one, indicating that all sulfur on the catalyst is labile. fur (Sp) participating in the HDS reaction were determined
This is consistent with the results proposed in previous pa- using the3>S radioisotope tracer method. The sulfided state
pers [10,11]. of noble metal sulfides on two catalysts changed depending
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on the partial pressure of 43 in the reaction atmosphere

and approached their stable states with increasing the par-

tial pressure of KIS to ca. 5.2 kPa. Taking into account the

amount of the sulfur accommodated on the alumina support

(0.281 mmofgcay, it was concluded that the sulfided noble
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