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Abstract

The effect of Pt and Ru~< 0.6%) added to Mo/AlO3 sulfide catalyst on the simultaneous hydrodesulfurization (HDS) of thiophene and
hydrogenation (HYD) of cyclohexene was studied. The addition of Pt and Ru significantly increased the HDS and HYD activities of the
Mo/Al,03 catalyst. The addition of Pt led to a weaker synergy in HDS, which was almost independent of the reaction temperature. The
addition of Ru led to much stronger synergy in both reactions, which increased at higher reaction temperatures. The synergy in HDS over
Ru-promoted catalyst occurred between 240 and®82@pproaching values of up to 6. The strong synergy in HYD (up to 4) appeared only
at temperatures 300—-33CQ and was accompanied by a more than twofold increase in the apparent activation energy. As the most probable
explanation, a change in the quality of the sites participating in HYD was proposed. HYD mainly proceeds on separate Ru and Mo sulfides
at lower temperatures and while on mixed Ru—Mo-S sites at abov&@30this change is ascribed to a partial release of Ru—Mo-S sites by
desorption of thiophene or4%$ at the higher temperatures, which compete for the adsorption and reaction with HYD.
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1. Introduction gle phasd7,8] or as possible dopant for the conventional
NiW/AI 203 catalyst9].

Transition-metal sulfides of the second and third rows  Some transition-metal sulfides, in addition to their good
possess high activity in reactions such as hydrodesulfuriza-HDS activity, also show a high capacity for hydrogenation.
tion (HDS), hydrodenitrogenation (HDN), and hydrogena- Hydrogenation is key reaction in hydrorefining because it is
tion (HYD). It was demonstrated more than two decades involved in the reaction scheme of many compounds. A rela-
ago that Ru sulfide is the most active in the HDS of diben- tion between HDS and HYD catalyst functions is an impor-
zothiophene[1]. Later, Ru sulfide, unsupported, deposited tant issue in connection with the deep HDS of FCC naphtha,
on different supports, or in combination with the Mo sul- where selective sulfur removal without the loss of olefinic
fide phase, has frequently been studied from the point of components is desirable in order to keep the high octane
view of hydrorefining as a potential promof@r-6]. Suchan  number of gasolin¢10,11] On the other hand, the higher
interest can be ascribed to its favorably high activity, a rel- hydrogenation activity of the catalysts could be valuable in
atively good knowledge of its chemistry, and its lower price the production of diesel fuel, in which refractory sulfur com-
compared with other noble metals. Pt sulfide was another hounds undergo direct HDS with difficulty and need to be
often studied sulfided noble metal, again supported as a Si”'hydrogenated before C—S bond cleavgyel0].

It seems that the use of catalysts based on noble met-
~* Corresponding author. Fax: +420 220 920 661. als as such is practically excluded because of their excep-
E-mail address: vit@icpf.cas.c4Z. Vit). tional price. Combination with a suitable conventional phase
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could mean a reasonable solution, provided that the result-Table 1
ing activity is much higher than that achieved with the sin- Composition and surface area of catalysts

gle components, that is, when a significant synergetic effect catalyst Composition (wt%) Surface area

takes place. Data from the literature show that modification Noble metal Mo s (m2/g)

of the conventional Mo or CoMo/AD3 systems by small  yq/ai,0, _ 9.0 59 204

amounts of noble metals around 0.5 wt% led in some casespyAl,04 0.30 - 1.2 242

to synergetic effects in HDS and HY[5,12]. Recently, the Ru/Al;03 0.34 - 17 249

significant improvement of the activity of the HDS of ben- Pt=Mo(S)/AbO3 0.52 9.0 7222
Ru-Mo(S)/AbO3 0.63 9.0 7.3 215

zothiophene and HYD of naphthalene was achieved by the
deposition of Pt, Pd, and Ru on the presulfided Moy
catalyst12]. or Ru acetylacetonates in ethanol. The dried catalyst precur-

In recent years we have systematically studied the cat-sors were sulfided ex situ with 10%8 in H, at 400°C for
alytic properties of noble metal sulfides and the effect of 1 h. The catalysts were cooled to room temperature in H
their addition to a Mo/AJO3 catalyst, first with the Ir sulfide  and stored under argon. The promoted catalysts are further
[13,14]and then with Pt, Pd, Ru, and Rh sulfid#5], on the denoted by the symbols Pt-Mo(S) and Ru—Mo(S), where
activity in the simultaneous HDS of thiophene and HDN of S means the preparation from the sulfided Me@{. The
pyridine. In accordance with the work of Merifio et |l2], actual contents of Mo, noble metals and sulfur in the cata-
we showed that the synergetic effect of noble metals can belysts, were determined with the inductively coupled plasma
substantially strengthened by their deposition on the presul-method (ICP). The surface areas of the sulfided catalysts
fided Mo/AlLO3 instead of the oxidic cataly$t4,15] This were evaluated on a Flowsorb Il Instrument (Micromerit-
was ascribed to the higher dispersion of the Ir sulfide phaseics). The composition and surface areas of the prepared cata-
achieved on the sulfided Mo/#Ds and to a possible protec-  lysts are listed iable 1 The content of Mo was 9 wt%, and
tion of the Mo phase against partial reduction to Mo@the the amount of noble metals was between 0.3 and 0.6 wt%.
presence of 1{14]. In our preceding paper we showed that The content of sulfur in the freshly sulfided catalysts cor-
the addition of Rh, Ru, and Pd had the most significant effect responded to a @10 ratio of 2.0 for the Mo/A}O3 and to
on the HDS of thiophene, and the addition of Pt influenced an average value of 2.3 for the promoted catalysts, indicat-
more the HDN of pyridine. This led to the strong synergy in ing the complete sulfidation of the Mg$hase. The nominal
HDS over the Ru-Mo(S) system and in HDN over the Pt— surface area of the startingAl,O3 was 255 md/g. The de-
Mo(S); the latter was probably due to the high capacity of Pt position of the small amounts of noble metals had practically
to hydrogenate pyridingl5]. This difference in catalytic be-  no effect on this value. The smaller decrease in the surface
havior of the two groups of noble metals was in line with the area to about 204-221%yg in the case of Mo/AlOs and
experimental results obtained by other authors earlier andboth promoted samples can be ascribed to the higher amount
was explained by periodic trends observed in different hy- of the deposited Mo phase. The pulsg &tisorption on the
drotreating reactionl]. catalysts containing noble metals was performed &8s

The aim of this work was to determine whether synergetic described elsewhef@3]. The H uptake on the Pt/ADs,
effect of noble metals added to the presulfided Moy Ru/Al,03, and both promoted Pt—Mo(S) and Ru—Mo(S) cat-
also occurs in the hydrogenation reaction and compare italysts was suppressed to zero after sulfidation, which shows
with the synergy achieved in the HDS. The noble metals that the noble metals were completely covered by sulfur and
studied were Pt and Ru, which were selected because of theidid not possess free Pt (or Ru) metallic sites. Two commer-
high hydrogenation and HDS catalytic efficiency. The noble- cial catalysts, CoMo/AlO3 (Shell 344, 2.4 wt% Co, 9.2 wt%
metal-modified catalysts contained 9 wt% Mo and around Mo) and NiMo/Al,O3 (Shell 324, 2.8 wt% Ni, 11.8 wt%
0.6 wt% Pt or Ru. Hydrogenation of cyclic olefins was cho- Mo), were included in this study for comparison. The surface
sen as a test reaction and cyclohexene as a model compoundhreas of CoMo and NiMo catalysts were 178 and 157gn
The simultaneous HDS/HYD reaction was performed at the respectively.

low sulfur level of 200 ppm in the feed. The catalytic prop- The activity of the catalysts in simultaneous HDS of thio-
erties of the samples promoted by Pt and Ru were comparedphene (TH) and HYD of cyclohexene (CHE) was evaluated
with those of the conventional CoMo and NiMo/&)3 cat- in an integral flow microreactor with fixed bed of the cata-
alysts. lyst at temperatures of 230—-330 and an overall pressure

of 2 MPa. The catalyst was placed in a stainless-steel reac-
tor tube (i.d. 2 mm) between two layers of glass wool and
2. Experimental was sulfided in situ with 10% #8 in H (0.05 mo)h) at at-
mospheric pressure. The temperature was gradually raised
The preparation and characterization of the catalysts haveto 400°C at a rate of 6C/min and held at 400C for 1 h.
been described in detail elsewh¢t&]. The y-Al>,03 (CS- Then the HS was switched off and the catalyst was cooled
331, Sud-Chemie AG) and sulfided Mo&ls, both of 0.16— to reaction temperature in a flow of;HThen H was re-
0.32 mm particle size, were impregnated by solutions of Pt placed by means of a six-port valve with the feed containing
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equimolar amounts of TH and CHE (200 ppm of each) in practically be tested at the higher or lower temperatures, be-
H2 (0.4 mol/h) at an overall pressure of 20 bar. The feed cause their activity was too high (HDS over CoMo, NiMo)
was generated in a pressure flow evaporator filled with a or too low (HDS over Pt/AIO3). However, all of the cata-
mixture of liquid reactants. Their concentrations in the gas lysts could be compared at the temperature of Z30The
phase were adjusted, in addition to the proper composition of Ru-based catalysts were studied in the broader range of 230—
the liquid, by the ratio of K flowing through the evaporator  330°C, because of the unusual activity feature of the Ru—
above the liquid and via the bypass regulated by a fine needleMo(S) sample. The activity of all of the catalysts was stable
valve. The H flow and pressure in the reactor system were during catalytic tests. The Ru—Mo(S) catalyst did not dis-
stabilized with a mass flow controller (Sierra Instruments, play any observable loss of its activity after 13 h on stream.
Inc.) and a back-pressure regulator (Tescom Corp.), respec-This agrees with our earlier experience obtained with these
tively. The on-line analyses of the feed and reaction mixture catalysts in the simultaneous HDS/H)Mb].

were alternatively performed by an automatically operated ~ Tetrahydrothiophene as the intermediate of HDS of thio-
sampling valve (VICI AG). The samples were taken every phene was present in the reaction products only in small
15 min, and the analyses proceeded isothermally &C50 amounts of 1-2% over the majority of the catalysts. Higher
on a 4890D gas chromatograph (Agilent) equipped with a @mounts (3-5%) were found over the monometallic Mo and
30-m capillary DB-5 column (J&W Scientific) and a flame PtAl2Os catalysts at reaction temperatures of 280and
ionization detector. The composition of the reaction mixture less. The main reaction products of HDS wergSHand G

was expressed by the conversiaps= 1 —n; /n?, wherei is hydrocarbons (@), with butane (BU) and 2-butenes as major
TH or CHE, andx; = n;/n?, wherej is butane (BU) or cy- components. The HDS followed the first-order reaction with
) 1 )

respect to thiophene, in agreement with our earlier results.
Cyclohexene was hydrogenated to cyclohexane over all
catalysts without the formation of other products. This
shows that isomerization or splitting does not occur on
the alumina-supported noble metal systems, as on alumina-
supported NiMo catalystfl6]. The order of the reaction
with respect to cyclohexene was mostly assumed in the lit-
erature to be 16,17] or was found experimentally to be be-
tween 0 and 116]. In the present work, the fit of experimen-

clohexane (CA)yn andn® are the numbers of moles in the
reactor effluent and the feed, respectively.

The steady state was usually achieved after 2-3 h on
stream. The majority of; ; varied in the range 0.25-0.80.
The space timé&/ / F; was changed by the amount of the cat-
alyst W (5-70x 10~ kg) while the flow ratesF; of TH and
CHE were kept constant (eachx810~> mol;/h). Samples,
differing greatly in the HDS and HYD activities, were tested

casary for the evaluation of e Sctuiy i broad range of 4 022 0n the HYD of yciohexene over the Moj@h anc
y y 9 RuMo(S) catalysts is shown Ifig. 1, where— In(1 — xcHg)

reaction temperatures. Blank tests with the empty reactoriS plotted versusv/ F. The points corresponding to the Ru—
gave the valuesty = xc, < 0.03 andxcHe = xca < 0.01

: Mo(S) catalyst gave a straight line, confirming first-order
f‘# emperatures ‘t’f 300133.‘5' a”dbz‘iﬁa“ Shtf"""”g that the  behavior. The fit of the data obtained with the Mo/@h
etiect ot the reactor matenal on both reactions was smaf. catalyst was a little worse, suggesting that some deviation
The valuesy; ; evaluated during catalytic tests were cor-

ted by th | ) b At tion t ; from the first-order behavior could not be excluded. Never-
rected by the values given a 'ove.. reaction tempera ureStheless, to describe both simultaneous reactions in the same
of 280°C and less, the contribution of the reactor mater-

il | ¢ q lected. Both i simple way, we decided to use the first-order description for
ial was almost zero and was neglected. Both reactions weréy,q {1y of cyclohexene.

described by pseudo-first-order rate constants for thiophene
HDS (k) and cyclohexene HYDkcrE). They were calcu- 35 Activity and HDSHYD selectivity
lated as follows and expressed in migh Kgca):

Table 2summarizes the activity and HDS/HYD selec-
ki = —(Fi/W)In(l —x;). 1) tivity of all of the catalysts evaluated at a reaction temper-
The selectivity of butane formation during HDS was defined ature of 280C. The Mo/AbO3 catalyst exhibited almost
by 100ngy/ Y_nc,, Wwhere)_nc, is the overall number of
the moles of @ hydrocarbons. The HDS/HYD selectivity  Table 2

was defined by the ratio of the rate constaitis/ kcHE. Activity and HDS/HYD selectivity of catalysts in simultaneous HDS of
thiophene and HYD of cyclohexene at 280 and 2 MPa

Catalyst kTH kcHE kTH/kcHE
3. Resultsand discussion (mol/(hkgead) _ (mol/(hkgead)

Mo/Al,03 3.0 25 120
. PHAI,O 0.24 142 002
3.1. Model reactions Ru,AfZSS 0.41 20 014
Pt-Mo(S)/AbO3 7.9 97 081
The activity of the majority of the catalysts was tested in  Ru-Mo(S)/AbOg 9.4 86 109
the range of reaction temperatures of 250-300The pre-  COM0/A)03 269 7 349
NiMo/Al 503 484 469 103

liminary experiments showed that some catalysts could not
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Fig. 1. Plot of —In(1 — xcHE) versusW/F for HYD of cyclohexene at Fig. 2. Dependence of Inversus }T for HDS of thiophene and HYD

280°C over Ru-Mo(S) 4) and Mo/AbO3 (@). of cyclohexene over Pt—-Mo(S)J®) and Mo/AbO3 (O,®). HDS (open
points), HYD (full points).

the same HDS and HYD activities. The monometallic Pt
and Ru/AbOs catalysts generally showed much lower HDS

and higher HYD activity compared with the Mo/ADs. tivity in comparison with Mo/AbOs. This effect was smaller
PUAI203 showed the highest HYD by far and, at the same o1 the Ru—Mo(S) catalyst, in agreement with the fact that

time, thellowest HDS. A much higher HYD activity of the e Ru addition improves both HDS and HYD wgi,5].

PUAI20s in comparison with the Ru/ADs was previously  The selectivity of the Pt-Mo(S) sample was substantially

observed in hydrogenatlon reactions of dlfferent aromatic qer than the selectivity of the Ru-Mo(S), which we ex-

compoundg18]. This result observed by us in the reaction plain by the much higher HYD activity of the Pt/4Ds com-

of cyclohexen_g therefore agrees well with this trend. pared with the Ru/AlO3. Both catalysts promoted by noble
The deposition of about half a percent of Pt and Ru onto yetajs therefore have enhanced hydrogenation efficiency, re-

the sulfided Mo/AJOs led to an improvement of the ac-  gyjting in lower HDS/HYD selectivity. The selectivity of the

tivity by factors of 3—4. In the case of HDS, the activities R_Mo(S) was similar to that of the conventional NiMo cat-
of both bimetallic systems highly exceeded the activities alyst.

of their single components. This also holds for the HYD
over the Ru-Mo(S) system. However, the HYD activity of 3.3 Effect of reaction temperature on activity
the Pt—Mo(S) combination was between the activities of the
Pt/Al;03 and Mo/AR QO3 catalysts. The HDS activities of the Fig. 2 shows temperature dependences of the logarithms
noble-metal-promoted catalysts did not achieve those of theof the rate constants corresponding to HDS and HYD over
conventional CoMo and NiMo catalysts. In HYD, they were the Mo/ALOs and Pt-Mo(S) catalysts. A specific charac-
slightly above the activity of the CoMo catalyst and below ter of these dependences allows us to draw two conclusions.
the activity of the NiMo catalyst. The activity differences be- First, the slopes of the plots corresponding to HDS were
tween the two groups of promoted catalysts can probably besubstantially higher than those corresponding to HYD. This
explained by much higher amounts of Co and Ni promoters shows that the apparent activation energies of HBZXS)
than noble metals. were higher than the apparent activation energies of HYD
The data irTable 2show that the HDS/HYD selectivity ~ (EHYP). The consequence of this is that the hydrogena-
of the catalysts greatly depends on the kind of active phase.tion was prevailing at the lower reaction temperatures, and
The CoMo catalyst showed markedly the highest selectivity the HDS was predominant at the higher temperatures. An-
value in favor of HDS. This result corresponds well to re- other interesting aspect is that the slopes corresponding to
cent observations of other authors in the case of reactions ofPt—-Mo(S) were almost the same as those for the M4l
thiophene and cyclohexelfg,19] or 1-hexend3], or reac- catalyst. TheE, of both reactions therefore remained un-
tions of benzothiophene and naphthal§l®20]and shows changed after the addition of Pt to the Moj@k.
that Co in combination with Mo has a much greater effecton  Fig. 3 shows analogous dependences for the MgDAl
HDS than on HYD. On the other hand, the monometallic no- and Ru—Mo(S) catalysts. The temperature dependence of
ble metal sulfide catalysts represented the opposite extremén kT for the Ru—Mo(S) catalyst showed a good linearity
because their HYD activity strongly exceeded the HDS ac- over the whole range of the reaction temperatures, 230—-

tivity. In general, the data ifiable 2show that the addition of
small amounts of Ru and Pt decreased the HDS/HYD selec-
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The valuestHPS and EHYP evaluated from Arrhenius
plots are summarized for all catalysts Tlable 3 These
data show that th&!PS values were almost always higher
than EHYP | with the lone exception of the Ru-Mo(S) cat-
alyst in the range of 300-33C. This result is in a fairly
good agreement with the results obtained by other authors.
The higher values of£HPS for HDS of thiophene and
lower EFYDP for HYD of 1-hexene were found over the
CoMo/Al,0O3 and Ru/AbO3 catalysts earlief3]. Low val-
ues of 21-25 kdmol were also reported for the HYD of
cyclohexene over monometallic X1,22], which are close
to the values for the sulfided Pt and Ru@®k observed in
the present work. On the other hand, the higher values of
EHYP around 157-193 kinol were reported for the HYD
of cyclohexene in the absence of thiophene over NiMo cat-
alysts, performed at temperatures of 310-35@nd 50 bar
of pressurg16]. The valuestHPS in Table 3evaluated by
us for the conventional catalysts are well in the range of 65—
114 k¥ mol reported in the literatur2,3,23—-25]

The valuestHPS for the Mo/Al,03 and Pt-Mo(S) cata-
lysts were found to be 65 and 63/dol, respectively, that
is, within the limits of experimental errofTéble 3. The
same situation obviously occurred in the HYD of cyclohex-
ene, where£HYP values of 36 and 33 kinol were found
for Mo/Al,O3 and Pt—Mo(S), respectively. Such an agree-
ment clearly shows that the addition of Pt to Mo/Bk

Ink

Ru-Mo(S)

1.8 1.9

1000/T, K

Fig. 3. Dependence of Inversus ¥T for HDS of thiophene and HYD
of cyclohexene over Ru—Mo(S)\(A) and Mo/AbO3 (O,®). HDS (open
points), HYD (full points).

330°C. In contrast to this, the analogous plot ok e fol-
lowed a trend that was almost parallel to that for Mo®@d

up to about 280C and then significantly deviated upward.
The experimental points in the 300-330 range gave an-
other linear fit with the substantially greater slope. Such
a course clearly shows th& P significantly changed at  did not change the apparent activation energy of either re-
temperatures near 30C. This behavior is clearly unusual action. On the contrary, the addition of Ru to Mo®g

and evokes a question about its origin. Taking into account significantly changedz4PS, which approached a value of
that hydrogenation reactions are exothermic, one can argued2 kJ/mol. The effect of Ru addition on HYD of cyclohex-
that the observed effect could be ascribed to catalyst over-ene performed at lower reaction temperatures was similar to
heating, leading to a much higher increase in HYD activity. the effect of Pt; theEHYP was again practically the same
However, we consider such a possibility improbable, for the as that for Mo/AyO3 (Table 3. A significant increase in
following reasons. A sudden increase in the catalyst tem- EFYP to 100 k¥mol occurred when the reaction tempera-
perature should also have an impact on the simultaneouslytures exceeded 30C. The value of 100 kimol is highest
proceeding HDS, in a parallel increase in the HDS activ- among those evaluated for HYD in this work, but still within
ity. However, such a change was not observed. Second, thehe limits found for the same reaction over the conventional

values of the rate constantgye over the Ru—Mo(S) cata-
lyst at 300—-330C were between 15 and 40 mi¢h kgeay),
still lower than kcye for the more active NiMo catalyst

NiMo catalysts used by us (67 kdol) and other authors
(157-193 kJmol) [16].
To the best of our knowledge, a similar change of the ap-

(Table 2, which itself did not show any unusual activity parent activation energy of the HYD of cyclohexene over
features. Moreover, the feed contained only 200 ppm of cy- sulfide catalysts has not yet been reported in the literature.
clohexene, in addition to thiophene, diluted by.Huch Changes in the apparent activation energy have recently
a composition rather supports a good transfer of the reac-been observed in HDS of thiophene over a conventional
tion heat from the catalyst instead of its accumulation. We CoMo/Al,O3 catalyst performed at temperatures of 177-
therefore conclude that the effect observed on the Ru—Mo(S)512°C by Leliveld et al.[25]. An approximately twofold
catalyst cannot be ascribed to side thermal effects. increase of the apparent activation energy of HDS at reaction

E)t:)lee\rgnt activation energies of HDS of thiophene and HYD of cyclohexene
Reaction Ea (kJ/mol)
Mo/Al»,03 Pt/Al,O3 Ru/Al,03 Pt—-Mo(S)/AbO3 Ru—-Mo(S)/AbO3 CoMo/Al;O3 NiMo/Al ;03
HDS 65 44 72 63 92 76 108
HYD 36 16 17 33 4P 100 53 67

@ For temperature range 230-280.
b For temperature range 300—-330.
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Fig. 4. Selectivity HDS/HYD as a function of reaction temperature. Fig. 5. Selectivity of butane formation in HDS of thiophene at 280as a
CoMo/Al;03 (+), Mo/Al03 (O), NiMo/Al203 (©), Ru-Mo(S) @), function of thiophene conversion. Notation of catalysts &Sign 4.
Pt-Mo(S) @), Ru/Al,03 (V) and Pt/AbO3 (V).

3.5. Sdectivity for butane formation

temperatures above 40Q was explained by the participa-
tion of the second type of the active site. It was proposed
that the sulfur vacancies on the Co atom were the active
sites at temperatures below 40D, and the bridging sulfur
vacancies between the Co and Mo atoms with the higher ac-

t'V"’_‘t'on energy were active at tempe_ratures aboye @O . the higher thiophene conversions. The CoMo catalyst gave
Th|5_ shows that the number and quality of the active sites in much less butane than the other ones, suggesting its lower
sulfide catalysts are not constant and can be strongly aﬁeCtequdrogenation activity. On the other hand, the monometallic

py the reactio.n conditions used. In our case, the HYD reac- ,jpie metal sulfides, especially Pt®s, produced much
tion was studied over a broad range of temperatures (230—

o . . o more butane even at very lowy.
330°C) and in the presence of thiophene argbHoriginat- Some selectivity features commonfgs. 4 and Ssug-

ing from thiophene decomposition, both strongly competing gest 4 parallelism between the hydrogenation activities of the
in adsorption and the reaction. We believe that both factors catalysts in the two reactions. Such a correlation is shown
were decisive for the appearance of the catalytic effect ob-;, Fig. 6 where the conversions of cyclohexene to cyclo-

served over the Ru-Mo(S) catalyst. hexane are plotted versus the conversions of thiophene to
butane. The data for Mo/AD3 and all of the promoted cata-

3.4. Effect of reaction temperature on HDS'HYD selectivity lysts fall more or less into one curve, clearly confirming this

hypothesis. The experimental points obtained for BA|

and Ru/AbOs3 were out of this correlation, because their too

low HDS activities were the limiting factor, in contrast to the

other catalystsTable 2.

The percentage of butane iny Qiydrocarbons formed
during HDS, that is, the selectivity of butane formation, is
compared as a function ofry for all of the catalysts in
Fig. 5. The content of butane was almost the same over
the Mo/AlbO3 and Ru—Mo(S) catalysts and increased at

A comparison of the HDS/HYD selectivities of all the
catalysts as a function of reaction temperature is shown in
Fig. 4. The data show that the HDS/HYD selectivity is sig-
nificantly temperature dependent. Thgy/kcne ratios in-
crease for all of the catalysts with increasing reaction tem-
perature, which is given by the higher apparent activation i .
energies of HDS compared with HYO'gble 3. The HDS The magnltude_ of the synergetic effect (SE) was ex-
activity of some catalysts, such as Mo®s, Ru-Mo(S) pressed by the ratio of the rate constants over the promoted
and NiMo, prevails at temperatures above 300ut greatly ~ catalyst kprom) and the sum of the rate constants over Mo
diminishes below 250C, where HYD becomes dominant. and noble-metal catalysts (MePt or Ru), according to
CoMo and both monometallic Pt/AD3 and Ru/AbOs3 cata-
lysts keep their own specific selectivity features over a broad SE=kprom/ (knto + kive)- )
range of reaction temperatures, the former in high HDS and The monometallic Pt/Al0O3 catalyst showed the lowest HDS
the two latter in high HYD. activity. A deposition of 0.5% Pt on the Mo/#0Ds led to a

3.6. Synergetic effect of Pt and Ru
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Fig. 6. Correlation between conversion of cyclohexene to cyclohexane and Fig- 7- Synergetic effect in HDS of thiophene and HYD of cyclohexene
thiophene to butane for reaction at 280. Notation of catalysts as Fig. 4 as a function of reaction temperature over Ru-Mo(S() and Pt-Mo(S)

(O,m). HDS (open points), HYD (full points).
significant increase in the HDS activity and to a weaker syn-
ergy slightly above 2. This value was almost independent catalyst was always stronger than in simultaneously pro-
of the reaction temperatur€if. 7). On the other hand, the ~ ceeding HYD. This was observed in HYD of cyclohexene
Pt/Al,O3 catalyst exhibited by far the highest HYD activity, in this work and recently in the reaction of pyridifi£5].

which exceeded that of the original Mo/&; catalyst Ta- However, in contrast to expectation, the high activity and
ble 2. The activity of the bimetallic Pt-Mo(S) combination = synergy of the Pt-Mo(S) system in pyridine transformation
was between the values for Pt48l; and Mo/AbO3 cata- were not observed in the reaction of cyclohexene. Although

lysts, and the synergy in the HYD of cyclohexene did not the monometallic Pt/Al03 showed by far the highest HYD
occur. The Ru/AlO3 catalyst was also of rather low HDS  activity, the catalyst promoted by Pt did not show any syn-
activity. The addition of about 0.6% Ru to the Moj&ls ergetic behavior. We ascribe this result to different catalytic
led to a synergy between 2 and 3 at reaction temperaturessites required for HYD of aromatics and cyclic olefins, as
of 280°C and lower Fig. 7). This is close to the values recently proposefP6].
obtained with the Pt-Mo(S) system. However, the SE val-  The most striking finding in this work is the change
ues rose significantly to about 6 at the higher temperatures.in the E{YP of HYD of cyclohexene over the Ru—Mo(S)
Such behavior differs greatly from that observed over the catalyst, for which we propose the following explanation.
Pt—-Mo(S) and shows that the synergetic effect of Ru was A change in the apparent activation energy could reflect a
strongly temperature dependent. A similar situation also ex- change in the quality of catalytically active sites participat-
ists for the HYD of cyclohexene. Almost no synergy was ing in the reaction, as recently observed in HDS over Mo
observed at the lower reaction temperatures, whereas abov@nd CoMo catalysts by Leliveld et &R5]. In our case, this
300°C it became apparent and increased to about 4. Thesecould mean the formation of some kind of surface species
results demonstrate the different behaviors of Pt—-Mo(S) and created from the sulfided noble metal and Mo atoms, a struc-
Ru—Mo(S) systems in HDS and HYD reactions. ture analogous to the so-called CoMoS phase. Such a model,
The results obtained in this work concerning the reaction explaining a strong synergetic effect in conventional HDS
of thiophene and cyclohexene complement well our recent catalysts, is at present most widely accepf2t]. An as-
results obtained over the same catalysts in the simultaneousumption of the existence of mixed Ru—Mo-S sites could
reaction of thiophene and pyridiféd5]. First, both stud- explain the differences observed in the course of the two
ies show that the Ru—Mo(S) combination is more efficient simultaneous reactions. In HDS of thiophene over the Ru—
than the Pt-Mo(S) from the point of view of HDS of thio- Mo(S), the value ofE}PS was markedly higher than that
phene. The synergetic effect in HDS was much higher over corresponding to the nonpromoted Mo#@% catalyst. Then
Ru—Mo(S) combination, regardless of the presence of cyclo- it can be assumed that HDS over the Ru—Mo(S) catalyst pro-
hexene or pyridine in the feed. Because of the temperatureceeds on sites different from those present on Mg24land
dependence of the synergy, the HDS activity of the Ru— Ru/Al,Os3 catalysts, that is, on mixed Ru—Mo-S sites, in a
Mo(S) system evaluated in this work was about 2.5 times range of temperatures as broad as 230830
higher than that of the Pt—Mo(S) catalyst at 320 The sec- In contrast to this, the HYD of cyclohexene proceeds over
ond aspect is that the synergy in HDS over the Ru—Mo(S) the Ru—Mo(S) catalyst with aEQYD almost the same as that
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over Mo/AlLbO3 up to 280°C. We therefore conclude thatun- 4. Conclusions
der these conditions the HYD proceeds on the Mo and Ru

sulfides more or less separately. The rapid increage i Modification of the Mo$/Al,03 catalyst by Pt and Ru
at temperatures above 300 was observed only over the sulfides improved its activities in model reactions of thio-
promoted catalyst and not on the Ru/@®§ and Mo/AbO3 phene and cyclohexene. However, the two noble metals dif-

catalysts. This confirms that catalytic sites responsible for fer substantially in their effects. The addition of Pt resulted
high HYD activity necessarily include both Mo and Ru. The in a weaker synergy in HDS, being almost the same for re-
HYD activity of the Ru—Mo(S) system at the higher reaction action temperatures between 270 and 3200n the other
temperatures can therefore be mainly ascribed to the stronghand, the addition of Ru led to much stronger synergy in
synergetic effect of Ru, which was accompanied by a more HDS, which increased at the higher reaction temperatures to
than twofold increase iE5YP. We ascribe the increase in @ value of 6. At 320C, the HDS activity of the Ru-Mo(S)
the rate of HYD to a partial release of mixed Ru-Mo-S Systémwas about 2.5 times higher than that of the Pt—Mo(S)
sites by the desorption of thiophene or${ originating from  catalyst. Over the Ru-Mo(S) catalyst, the strong synergy in
thiophene decomposition, which allows competitive adsorp- HYD appeared only at higher temperatures of 300330
tion and cyclohexene reaction. A significant decrease in the 21d Was accompanied by a more than twofold increase of the

surface coverage of the NiMo and CoMo catalysts by des- apparent activation energy. It seems most likely that HYD
orption of thiophene at temperatures over 280 and°&L7 proceeds on separate Ru and Mo sulfide phases at the lower

. reaction temperatures and on the mixed Ru—Mo-S sites at
respectively, has already been documergj29] At the . .
b Ve, . y un ri . ] temperatures above 30C. This could be due to a partial
same time, S is known to strongly inhibit HYD of cy- desorption of thiophene (or4$) from the Ru—Mo-S sites at
clohexene over NiMo catalysf&6]. We assume an analogy P b

; around 300C, which in turn become available for the com-
between the noble-metal-promoted Mo and the conventional ___. .. . :
petitive adsorption and reaction of cyclohexene. In contrast

catalysts and suppose that the same phenomena also 0CCyf the Ru—Mo(S) catalyst, a modification of the Moj@k

on the catalysts prepared in this work. An assumptl_on Fhat catalyst by Pt did not affected the activation energies either
HYD and HDS could proceed on the same catalytic Sites j, bg or in HYD. This indicates that the quality of sul-
seems to contradict some earlier studies performed on theqyeq pt and Mo sites does not change during these reactions
conventional catalysts. However, this quesFlon is still unan- 54 suggests that the mixed sites are not obviously formed.
swered[10,25} Moreover, more recent studies propose that The synergetic effect of noble metals is possible to achieve
interconversion between HDS and HYD sites is posgiile i hoth HDS and HYD reactions, although the latter is more

and references therein] limited by the type of noble metal and reaction conditions.
Alternatively, it cannot be excluded that the synergetic

effect observed over noble-metal-promoted catalysts could
also be ascribed, perhaps partly, to the hydrogen spillover acknowledgment
between the noble metal and Mo sulfides. In principle, MoS
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