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Abstract

The first part of this work aimed at optimizing Rh based HDS catalysts by modification of the precursor nature as well as the selection
of an adequate pre-activation method. Further, the combination of the Rh catalysts with Ru catalysts was also investigated. Although no
obvious synergetic effect was observed, the combined Rh-Ru catalysts exhibited higher activities than the single metal-based ones. Among
all the prepared catalysts, the RhCsk8{ catalysts prepared from the rhodium carbonyl precursor with a ratio Rh/Cs2 exhibited the
most interesting catalytic performance. The effect of the Rh loading on the activity of these catalysts was studied. An increase in activity
was observed when the Rh loading increased up to 0.5wt.% but further Rh addition did not lead to any noticeable effect on the catalytic
performance. Whilst the prepared catalysts exhibited a gross activity inferior to that of a classical CoMo system, their specific activity
calculated per mole of metal was considerably higher than the one obtained for the latter conventional system. Furthermore, the conversion
of the 4 wt.% Rh catalyst was about twice as high as the one of a 4 wt.% Ru catalyst. Therefore, in order to elucidate the interesting catalytic
properties of such Rh based catalysts, radioactive tracer DBT HDS experiments were performed. We found that for 4 wt.%Rlhe
H,S release rate constant, was almost the same as the one obtained for the 4 wt.% Ru catalyst. Somevaignificantly higher on the
Rh catalyst than on the Ru catalyst{0%). This indicated that the high activity was due to the formation of a great quantity of active sites
(labile sulfur atoms).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction oped by some research teams, which performed various
attempts in order to obtain ruthenium catalysts competitive
In big city areas the problem of the air pollution due to for the HDS reactiorf2-5], hydrogenation (HYD)6] and
the diesel engine fumes has become more and more serioushydrodenitrogenation (HDN). On the other hand, whilst
Especially, the quantity of sulfur released in the atmosphere supported metal carbonyl complexes were found to be active
is pointed out as being an important cause of pollution. for several catalytic reactiorjg], e.g. hydrogenation of car-
Therefore, a number of approaches aiming at improving bon monoxideg8], metathesis of olefif9], etc. their HDS
the deep hydrodesulfurization (HDS) of light gas oils have reactivities toward thiophenic molecules have been only
been investigated through the development of new HDS scarcely investigatefd 0,11} Indeed, we can find only a few
catalysts together with thorough studies of the relevant re- examples of HDS of thiophenic molecules over catalysts
action mechanisnil]. Among all the possible candidates derived from supported-Mo(C®@)and Ri(CO)2 precur-
for new efficient catalysts, solids consisting on ruthenium sors. Maezawa et aJ12] reported that a Mo(CQJAI2O3
species deposited on high surface area supports exhibitedatalyst with a low Mo loading was more active than a
several promising properties. Such catalysts were devel-conventional MoG@/Al,O3 catalyst for the thiophene HDS.
However, the catalytic activity of the catalyst derived from
mspondmg author. Tel:81-42-388-7228; supporte_:d Rg(CO)12 was sometimes lower than that of the
fax: +81-42-388-7228. one derived from the supported Rg(QL3]. The effect of
E-mail addressatsushii@cc.tuat.ac.jp (A. Ishihara). the support was investigated by Harvey and Mathd&dh
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They studied the benzothiophene (BT) HDS reaction cat- 2. Experimental

alyzed by supported ruthenium sulfide species derived from

Rus(CO)12 and RuCs. The reactions were performed in a 2.1. Materials

batch autoclave, and the relative efficiency of both catalysts

was dependant on the reaction temperature and the nature of Commercially available RifCQO);», ethanethiol (EtSH),
the support (alumina, zeolite). Our group have not only stud- triethyl amine (NE$), cesium hydroxide (CsOEH,0),

ied HDS of DBT over conventional molybdenum-alumina tetrahydrofuran (THF), decalin and methanol (purity: 98%)
systems[15-17] but also over alumina-supported metal (Kishida Chemicals) were used without further purification.
carbonyl complexes (Mo(C@®,) Cr(CQO), W(CO)) [18], Hexarhodium hexadecacarbonyl gR80O)6) was supplied
alumina-supported anionic ruthenium carbonyl®,20], from Aldrich Chem. Co. The gamma-alumina was sup-
alumina and silica-alumina supported molybdenum and plied from Nippon Ketjen, and was crushed and screened
cobalt carbonyls[21], and alumina-supported ruthenium to obtain 0.84—1.19 mm grains of catalyst carrier. Alumina
carbonyl-alkali metal hydroxide22]. We have also stud-  was dried under vacuum at 350 for 4 h and stored under
ied the effect of the support on HDS activities of catalysts Ar atmosphere prior to use. Hydrogen, nitrogen (99.99%)
prepared from supported anionic molybdenum carbonyls and hydrogen sulfide in hydrogen mixed gas$H5.0%)
[23] and of catalysts prepared from supported ruthenium were obtained from Tohei Chemicals. All scintillation sol-
carbonyl—cesium hydroxide systelf#l]. The main results  vents used for radioactivity measurements were supplied by
of these studies can be summarized as follows: Packard Japan.

(1) The catalysts prepared by activation of metal carbonyls 2.2. Preparation of the catalysts
complexed with triethylamine (NE}Y and ethanethiol
(EtSH) (formation of anionic complexes containing 2.2.1. Rh/AIO3 catalysts
metal-sulfur bonds) were active in HDS of DBT. Espe- A first series of alumina-supported rhodium catalysts
cially, a Mo(CO}l—Net—EtSH/AbO3 system activated  was prepared with two different rhodium precursors with
by H, or Hy,S exhibited a higher catalytic activity than a rhodium loading fixed at 2wt.%. The first precursor

a conventional molybdenum—-alumina system. was prepared by complexation of B80)6. 0.0176 g of
(2) The HDS rate calculated per gram of molybdenum de- Rhg(CO);6 was mixed with EtSH and NEt(Rh:N:S =

creased in the following order: SiOAI>O3 > TiO2 > 2:1:1) into a 50 ml reactor before introduction of the sol-

NaY zeolite> AloO3 > SiOs. vent (10ml of THF). After stirring the mixture at 7@

(3) When the amount of alkali metal hydroxides added to for 1h, the reactor was cooled down to room temperature.
an alumina-supported ruthenium carbonyl system in- Then, 0.4900 g of AIO3 was added into the obtained solu-
creased, the DBT conversion increased concomitantly tion, which was stirred again during 2h. The solvent was

before reaching a maximum value at M/Ru2 (M = removed under vacuum. The second precursor was com-
Na or Cs). Such catalysts exhibited activities compa- mercially available RhGl The catalyst was prepared under
rable to the one of a conventional Co-Mo8ls HDS argon atmosphere by the conventional impregnation method
catalyst. using water as the solvent.

In addition, our group has developed an in situ method, 2.2.2. RhCs/AlO; catalysts
which permits to investigate the behavior of the sulfur on  An anionic rhodium carbonyl complex was prepared by
working catalysts. As dibenzothiophene (DBT) is a key reaction of RB(CO); with CsOH in methanol. Then, alu-
compound in the desulfurization of heavy feedstocks such mina was added into the prepared solution. After the mixture
as light oils, 3°S-labeled DBT $°S]DBT) HDS model was stirred for 2 h, the solvent was removed under vacuum.
reactions were performed under practical HDS conditions The first series of catalysts was prepared with 2wt.% Rh by
[25-28] By recording the change in the unreact&t§|DBT varying the Cs/Rh molar ratio (Cs/Rh 0, 1, 2 and 4). A
and the formed $S]H,S quantities, the behavior of the second series was prepared with Cs/ARA by varying the
sulfur on the working catalyst could be monitored in situ.  Rh loading (0.0125, 0.25, 0.5, 1, 2, 4 and 8wt.%). Due to
In the present work, we studied Rh based catalysts be-their instability under the atmospheric conditions the cata-
cause rather good activity results were previously obtained lysts were prepared and stored under an argon atmosphere.
on Ru based catalysf20]. It would be interesting to ex-
tend the study to other elements close to Ru in the periodic 2.2.3. RuCs(1)-Rh/AD3 and RhCs(1)-Ru/AD3 catalysts
classification of the elements. The effects of the rhodium preparation (catalysts designation explained in the next
precursor, the catalyst activation method, the Cs and/or paragraph)
Ru addition on the DBT HDS catalytic activity were in- These catalysts were prepared by successive impregnation
vestigated. In the second part, the high intrinsic activity with first a MeCs solution and then a Mesolution. The
observed for low Rh loading was explained by using the (Ru+ Rh)/Cs ratio was fixed at 1. In the first series Rh was
above-describedP}S]DBT radioisotope tracer method. chosen as Mg which loading was fixed at 0.25wt.%, and
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Ru (6, 12 and 16 wt.%) was chosen as Mk the second  diameter of all the catalysts was38t 0.2 nm. If we take
series, Ru was chosen as Me&vhich loading was fixed at  into account the 2% measurement error induced by the de-
16 wt.%, and Rh with a loading of 0.125, 0.25, 0.5 or 1wt.% vice, the observed differences can be considered negligible.
was chosen as Me The MeCs solutions were prepared in  Therefore, the textural parameters were not parameters that
the same way as the one describedattion 2.2.2When can explain the variations of DBT HDS activity among the
Me; was Rh and Mgwas Ru, the Rh catalyst was calcined at different catalysts.

400°C during one night before subsequent Ru impregnation. Powder X-ray diffraction (XRD) spectra were recorded
No intermediate calcination was performed for the reverse on a Rigaku RINT 2000 apparatus using a Gu tadiation

case. (A = 0.15405 nm). The Debye—Scherrer equation was used
to estimate the mean size of the Rh particles deposited on
2.2.4. Catalysts denomination Al>0O3.

The catalysts were named as follows: the chemical sym-  Transmission electron microscopy (TEM) photographs
bols of the impregnated metals were written in the same or- were taken on a CM 300/STEM microscope working at an
der as the impregnation order, separated by a ‘-". When theaccelerating voltage of 250kV. The samples were crushed
impregnation of two metals was simultaneous, their symbols before being slurried with methanol and deposited on a cop-
were directly linked (without intercalation of a ‘-’). When  per grid, which was set in the microscope. The pictures were
the catalyst contained Cs, the ratio of ttmal amount of recorded with a magnification of 175,000-255,000.
metaldivided by the amount of Cs was indicated in paren-
theses after ‘Cs’. The Ru and the Rh loadings (wt.%) were 2.3.2. HDS activity measurement
indicated before the symbol of the respective metal. For ex- The HDS experiments were carried out in a fixed-bed
ample, 0.25RhCs(1)-8Ru/fD3 means a catalyst prepared flow reactor (8 mm.d. x 300 mm). The catalysts were pre-
by successive impregnation of the active metals. Rh andsulfided with a mixture of 5vol.% bB5/H, or prereduced
Cs are impregnated before the Ru impregnation. This cat-in a 99.9% H flow. After the pretreatment, the reactor was
alyst contains 0.25wt.% of Rh and 8wt.% of Ru with a cooled down to room temperature and then pressurized with
(Rh 4+ Ru)/Cs molar ratio equal to 1. A catalyst named hydrogen. Then, a decalin solution of DBT was fed into
8RuCs(1)-0.25Rh/Al03 would be the same catalyst except the reactor by a high-pressure liquid pump (Kyowa Seim-
that the impregnation order of the active metals is reversed.itsu KHD-16). The DBT HDS reactions were carried out
Indeed, in this case Ru impregnation is performed before under the following conditions: Hflow rate = 1251h~1;

the simultaneous Rh and Cs impregnation. WHSV = 28h!; reaction pressure= 5MPa; concentra-
tion of DBT in decalin= 1.0 wt.%; catalyst weigh= 0.5g.

2.3. Apparatus and procedures The liquid products were collected every 15min and ana-
lyzed by a gas chromatograph equipped with a FID detec-

2.3.1. Characterization of the catalysts tor (Shimadzu-17A, Shimadzu Co. Ltd.) and a commercial

The amount of Rh loaded was measured by X-ray fluores- capillary column (DB-1).
cence (Shimadzu Co. Ltd., Rayny EDX-800). The surface
area, pore volume and pore distribution were measured by2.3.3. F°S]DBT radioisotope tracer method
a BET apparatus (Coulter Co., SA3100). After outgassing The F°S]DBT HDS reactions were carried out under the
the sample at 300C for 30 min, the measurement was per- following conditions: 1g of catalyst, Hflow = 25Ih,
formed using a 10-point pre-programmed BET method. The 300°C. A typical operation procedure can be described as
pore distribution was obtained using the BJH metf@@]. follows:

The results are shown ifable 1 The specific surface area 1. A decalin solution of 1 wt.%¥%S]DBT was pumped into

of the RhCs catalysts was 2856m°g™* and their pore the reactor until the conversion became constant (after
volume was 072+ 0.02 ccg L. In addition, the mean pore

about 2 h).
Table 1 2. Then, the3?S]DBT decalin solution was replaced by that
BET surface area and pore volume of the RhCs catalysts of 1wt.% [°SIDBT (7000dpmg?). The reaction with

[3°S]DBT was performed until the amount o°B]H,S

Sample Rh loadirty Surface area Pore volume

(Wt.%) (m2g-Y) (ccg?) released from the reactor became constant (after about
0 (Alumina) - 256 0.738 4h). _ )
0.5Rh(BPS) 056 253 0.723 3. The reactant solution was then replaced again by a 1 wt.%
1.0Rh(BPS) 1.20 259 0.735 [3?S]DBT solution and the reaction was pursued until
2.0Rh(BPS) 2.08 254 0.722 the radioactivity of releasedJS]H.S could be no more
20Rh(APS)  2.08 249 0.702 detected (after about 4 h).

Mean pore diameter was3+ 0.2 nm for all the catalysts. . Lo . .
a The amount of loaded Rh was measured by XRF. The radioactivities of the unreactet?§]DBT in the lig-

b BPS means “before presulfidation’. uid product and the quantity ofJS]H,S released in the
¢ APS means “after presulfidation”. gas phase were measured by a liquid scintillation counter
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(Beckman, LS-6500) after addition of an appropriate scin- 100 H
tillator solution. :

Conversion (%)
[ Selectivity (%)
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3. Results and discussion
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3.1. Optimization of the DBT HDS activity of the
Rh based catalysts
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The selected strategy was to optimize first the DBT
HDS catalytic performance of the Rh based catalysts. The :
formulation of the catalysts was modified (addition of a 1 2 4  1(Ru)
cocatalyst, etc.) and optimal gxperimental co_nditiqns (pre- Cs/Rh (mol/mol)
treatment, etc.) were determined. Then, radioactive tracer
experiments were performed on a series of catalysts thatFig. 2. Effect of Cs addition on BP selectivity and DBT conversion (metal
exhibited interesting catalytic properties. 2Wt.%; 300°C).
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3.1.1. Selection of the rhodium precursor 3.1.2. Effect of cesium addition on the Rh/®¢ catalysts

In the case of Ru/AO; catalysts, we have reported e found in a previous study that the Cs addition on
[20] that the effect of the precursor on the activity of the R/Al,05 catalysts leads to a drastic increase in activity
final catalyst is important. Indeed, we have found that the [20) Therefore, we investigated the effect of Cs addition on
ruthenium carbonyl gives better catalytic results than the pp catalysts derived from the rhodium carbony! precursor.
ruthenium chlorideFig. 1 shows the effect of the rhodium Fig. 2 shows the effect of the Cs addition on the HDS
precursor on the DBT conversion and the BP selectivity activity and the BP selectivity of the 2Rh/AD; catalyst de-
of Rh catalysts presulfided with a mixture of 5vol.%%$  (jyed from the rhodium carbonyl complex. In comparison
in Hy at 300°C during 3h. The DBT conversion of the  yith the result obtained previously for a 2RUCS(1¥®%
2Rh/AI293 cataly;t derived frpm eﬁher rhOQ|um carbonyl catalyst20], surprisingly the RhCs(1)/ADs catalyst HDS
or rhodium chloride was quite high and .mcreased with activity was about three times as high as the RuCs(3J4l
the temperature. The 2Rh/AD; catalyst derived from the  catalyst. This means that the intrinsic activity of rhodium
rhodium carbonyl precursor exhibited a higher activity than \yas significantly higher than that of ruthenium. In the case of
that derived from the rhodium chloride precursor. Itis likely 4 RuCs/ApOs series, it was found that the synthesized RuCs
that some chloride re;idues remaining on the latter catalystcomp|ex was destroyed during the impregnation through the
surface were responsible for a negative effect on the HDS yeaction of the cesium species with the alumina surface hy-
activity. The BP select|y|ty of bqth catalysts was similar, droxyl groups[20]. Therefore, the quite bad performance
with values above 90% irrespective of the temperature.  gpserved for Ru/Cs= 1 was attributed to the fact that the

In brief, the rhodium carbonyl based precursor gave bet- rycs direct interaction was not preserved after impregna-
ter results than the rhodium chloride one, and the former g Nevertheless, when the Ru/Cs ratio was increased, a
was therefore selected as the precursor for further catalystspart of the impregnated complexes remained intact because

synthesis. all the alumina OH surface groups were already neutralized
100 100 by the Cs excess in the system. In this case, a drastic in-
a - — ] — crease in activity was observed. In the case of the RhCs

50 [ - 50 catalysts, as we can seefiy. 2, the change in the Rh/Cs

;\? i ’ Q ratio had only a very limited influence on the activity, sug-
= I 3; gesting that the RhCs complex is more stable than the RuCs
= 60 - 160 = complex and might not be easily destroyed upon impreg-
§ 40 [ 20 S nation. Therefore, an excess of Cs atoms in the system is
£ i 17 = not needed to neutralize the alumina surface, because the

: P [ : complex structure is likely to be preserved after impregna-

m 201 1?0 = tion. It is also remarkable to note that the BP selectivity
R [ reached almost 100%, indicating that the direct HDS path-
Yo 280 300 330 340 way (DDS) was promoted by cesium addition on a Rh based

catalyst.

Therefore, unlike the RuCs based catalysts that requires
an excess of Cs to obtain enhanced catalytic performances,
Fig. 1. Effect of the temperature on DBT conversion and BP selectivity the RhCs catalysts are activated even for a low Cs content.
(Rh 2wt.%). Thus, catalysts hereafter were prepared by loading a RhCs

Temperature (°C)
® O :Rhy(CO),4precursor m,0 :RhCl; precursor
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100 5 & &5 100 Pt) for which the activity increases even for higher metal
|_> | loading. To check the role of the particle size, we recorded
:\J 80 | 180 ~ the XRD spectra of Rh/AD3 catalysts containing 0.5, 1
= ] > and 4wt.% Rh. The mean particle size was estimated by
2 60| 160 & the Debye—Scherrer’'s equati{8i] applied to the Rh(111)
§ ] % (d = 0.22 nm) reflection. Before measurement, the catalysts
S 40 140 = were presulfided with a mixture of 5 vol.%8/H, and then
1> 4 . .
o ] : prereduced in pure hydrogen at 3@ for 3h in order to
2 20 | [ 120 obtain a surface state as close as possible to the one that is
] supposedly obtained under the reaction conditions. Neither
‘ ‘ ‘ 0 the 0.5wt.% Rh/AJO3 catalyst nor the 1wt.% Rh/AD3
260 280 300 320 340 showed diffraction peak due to Rh species, but a small peak
Temperature (°C) attributed to metallic Rh species was detected in the case
®,0 :H,S,300°C m0 :H,300°C of the 4Rh/AbOs catalyst at @ = 41.0° (111). For the

Fig. 3. Effect of the catalyst pretreatment on DBT conversion and BP latter sample the mean particle size was fOL,md to be about
selectivity (Rh 2Wt.%). 10nm. Brenner et a[32] reported that the size of the Rh
particles present on Rh/#03 catalysts drastically increased
upon presulfiding treatment or after HDS even for catalysts
containing low Rh loading (0.1 or 0.5wt.%). For example,
the mean particle size observed for a catalyst containing
0.5wt.% Rh was about 2 nm before sulfidation and increased
up to 7 nm after sulfidation. In any case, the activity of Rh
sulfides was comparable to the one of sulfided commercial
Co(Ni)-Mo catalysts. The activity per gram of metal was
much higher on the former than on the latter. The same au-
thors attempted to correlate the particle size with the activity.
They found that the DBT HDS activity of the 0.5wt.% Rh
catalyst (with 9.1 nm Rh particles) was higher than that of
catalysts containing smaller Rh particles (5.4 nm). Neverthe-
less, their study also showed that the DBT HDS activity did
not increase by loading large contents of Rh (up to 10 wt.%
Rh). Therefore, the relationship between the HDS activity
and the Rh metal particle size is still a matter of debates. In
addition, It is well known thag-alumina possess both Lewis
and Bronsted acid sites on their surface. It is very likely
that the Rh carbonyl complexes are selectively adsorbed on
the Lewis acid sites of thg-alumina support. When all the
Lewis acid sites are covered with Rh carbonyl complexes,
the Rh carbonyl complexes introduced in excess cannot be
chemically anchored to the support and are not stabilized on
'the Lewis acid sites. Therefore, the Lewis acid sites covered
with Rh carbonyl complexes become the nucleation point
for the aggregation of Rh particles. Actually, we found the
presence of Rh particles larger than 20 nm by XRD and TEM
(photographs not presented here) on the 4RlAkatalyst.

For lower Rh loading, the presence of such big particles was
not evidenced. In brief, a high Rh loading led to an increase
in the mean Rh particle size, which may not be favorable for
further DBT HDS activity increase as observedrig. 4.

complex with Rh/Cs= 1, which was synthesized by the
reaction of Cs hydroxide with Rh carbonyl.

3.1.3. Effect of the catalyst pretreatment

The effect of the pre-reduction on the RhCs(1)®4
catalysts activity and selectivity was studied. The results are
compared with the one obtained for the catalyst activated
by conventional pre-sulfidingHg. 3). The HDS activity
observed after the pre-reduction treatment was lower than
the one obtained after the pre-sulfiding treatment. The BP
selectivity was not dependant on the pretreatment method,
with a value of about 100% in both cases (DDS pathway).

3.1.4. Effect of the Rh loading

The HDS activities of RhCs(1)/ADs catalysts were in-
vestigated at different temperatures for various Rh loadings.
The results are presented ig. 4. These catalysts exhib-
ited very high HDS activities even for low Rh contents (for
example, a catalyst loaded with only 0.25wt.% Rh exhib-
ited a DBT conversion of about 40% at 30D). The activ-
ity increased linearly up to 0.5wt.% Rh before stabilizing
with further Rh addition. This phenomenon is different from
the one classically observed over other noble metals (Pd

=]
=]

(=)
=]

DBT conversion (%)
=
[—]

o)
20 O 280 oC 3.1.5. Effect of ruthenium addition on the
® 300C 0.25RhCs(1)/AlO3 catalyst
00 s 2 s 4 s é s é — The effect of the ruthenium addition on the HDS ac-

tivity was checked. The prepared catalysts were derived
from the 0.25RhCs(1)/AD;3; catalyst on which 6, 12
Fig. 4. Effect of the Rh loading on DBT conversion (Rh/€dl). and 16wt.% of Ru were impregnated. The results are

Rh loading (wt%)
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8 20 A RhCs-Ru = 20}
(=] @® RuCs =2
a I
0 . I . I . I . 0 . ! . ! . ! . I .
0 5 10 15 20 0 0.2 0.4 0. 0.8 1
Ru loading (wt%) Rh loading (wt%)
Fig. 5. Effect of Ru addition on the 0.25RhCs(1)8% catalyst conversion I—A—220 —-240 —C-260 —EI—280|
(300°C).

Fig. 6. Effect of the Rh loading on RuCs-Rh catalysts activities.
shown in Fig. 5 in which the activities previously ob-

tained for RuCs(1)/Al0O3 catalysts[29] containing 6, 12 mean value of the 0.25RhCs(1) and the 16RuCS(3Al
and 16wt% Ru are also shown for comparison. When caiqiysts activities. In addition, the apparent activation en-
6wt.% Ru was added to the 0.25RhCs(1@¢ catalyst  grgy of the DBT HDS reaction over the RuCs-Rh catalysts

(i.e. 0.25RhCs(1)-6Ru/ADs), the DBT conversion in-  \yaq calculated. No significant difference was obtained when
creased from 40 to 58%. Nevertheless, this value was lowerihe ry loading increased, with a value of-22 kcal mol-

than the sum of the activities obtained separately for the regardless of the catalyst.

0.25RhCs(1)/AlO3 catalyst and the 6RuCs(1)/AD3 cata-

lyst, meaning that no combination effect of Rh and Ruwas 3 5 Behavior of the sulfur on the sulfided

obtained. Moreover, with further increase in the Ru load- RhCs(1)/AdO3 catalysts

ing, the DBT conversion on 0.25RhCs(1)Ru/@®k became

close to that on the corresponding RuCs(1( catalyst. As described above, no synergetic effect was obtained
The 0.25RhCs(1)-16Ru/AD3 catalyst showed the same penyeen Rh and Ru. Therefore, we did not further investi-

activity as the 16RuCs(1)/AD; catalyst. This indicated gt these catalysts by the radioactive tracer method, but we
that the highly active rhodium species were progressively t5cysed on the RhCs catalysts. This system is interesting
covered by ruthenium species and that all the Rh catalytic pecayse, whilst the activity of the RhCs catalysts was in-

sites were recovered when 16 wt.% Ru were added, whichreior to that of a conventional CoMo catalyst, the specific

means that the supported Rh species could not contributedactivity per metal atom was much higher than that of the

to the activity. CoMo catalyst Fig. 7).

. ) o Therefore, $°S]DBT HDS reactions were performed to
3.1.6. Effect of the impregnation order modification investigate the behavior of the sulfur on RhCs(1)®d
on the RURhCs catalysts catalysts at 300C and 5 MPa. Initially, a decalin solution of

The preparation method was therefore modified in or-
der to avoid covering the Rh active species with the Ru

species; ruthenium was loaded prior to rhodiufig. 6 f;

shows the effect of the rhodium addition on the HDS activ- z S0

ity of 16RuCs(1)/AbO3. The HDS activity plot exhibited § @ Rh

a volcano-type curve with a maximum near 0.25wt.% Rh. E 4OF 4 coMo
The 16RuCs(1)-0.25Rh/AD3 catalyst exhibited a con- g

version of about 95% at 28€, whilst the catalyst pre- = 30t

pared in the reverse order, i.e. 0.25RhCs(1)-16RuDAl 2

exhibited the same value at a reaction temperaturgC20 < 20t

higher Fig. 5. We deduced that the highly active rhodium )

species on the catalysts prepared by previous loading of g 10p

Ru were present on the top surface of the solids and there- c?

fore efficiently participated in the reaction. Moreover, the 2 (;00 ‘2“‘0‘ *_’2;’0’/ 3;0 360
16RuCs(1)-0.25Rh/AD3 catalyst showed higher activity =

than the 0.25RhCs(1)-16Ru/D3 catalyst but a simple cal- Temperature (°C)
culation showed that the activity of the former was almost Fig. 7. 0.25RhCs(1)/Al0; catalyst and CoMo/AlOs (CoMo: 5wt.%
the same as the one that would be obtained if we assume the&o0, 16 wt.% MoQ) catalyst specific conversions (per mole of metal).
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1 wt.% [32S]DBT was pumped into the reactor until the con- Table 2

version of DBT became constant. Then, tﬁ%ﬂ]DBT solu- Kinetic parameters on RhCs(1)/A0; and RuCs(1)/A103 catalysts
tion was replaced with a 1 wt.%89S]DBT solution and the ~ Catalysts ~ Conversion So kre x 1072 So/Sotal
reaction was pursued until the amount 3t]H,S formed ~ Wt%) (%) (mg/g-cat)  (min~%) (%)
became constant. After thé®B]DBT introduction, the ra-  Rh

dioactivity of the unreacted®}S]DBT in the liquid phase 2 gg'; 12‘26 gg; 22‘2
increased and approached a steady state quasi-immediately. g 527 171 243 45.8
However, it took about 75 min to achieve a steady state in

the radioactivity of the producedIS]H,S. This result in- 258 7 95 3.70 28.6
dicated that the sulfur taken from the DBT molecules is g 59.7 12.9 311 254
not directly released as hydrogen sulfide but is temporar-
ily accommodated on the catalysts, which is consistent with
the results obtained for ADs-supported molybdenum cat-

alysts[25,26] Then, in the last part of the experiment, the .

[35S]DBT solution was replaced with the initiaf2S]DBT same as the one obtained for the 4RuCs(L)4lcatalyst,

one. The amount of labile sulfur on each catal{),(which S exhibited about twice the value obtained for the latter.

is likely to represent the amount of the active sites, was cal- Further, for a Iowezzr R_h_l{)admg,RIE oeXh'b'ted a quite h'.gh

culated from the total radioactivity of the releas@®gJH,s ~ Value (432 x 10“min~* for 2wt.% Rh). That explains

[25,26]as it is represented by the shaded area ‘AFig. 8 why the act|y|ty per mgtal atom of Rh based catalysts with
In order to discuss the*jS]H.S release process more [OW Rh loadings is higher than the one of CoMo cata-

accurately, the FS]H,S release rate constant was calcu- YStS: Inglzeeq,_t?e latter ones exhibit usuallie value of
lated. As reported previous27], the B5S]H,S release in ~3x10~“min~" at 300°C. Therefore, for low Rh loadings,

the range of area ‘A’ shown iRig. 7 can be described as a the opserved good intrinsic performance can be explained at
first-order reaction. This permitted us to determine, the ~ |€@st in part by a good 48 release turnover. Moreover, un-
[35S]H,S release rate constant. The value§pandkge are like the CoMo catalysts, almost a.II the sulfgr present on the
shown inTable 2 For comparison, some results previously Strface of the 2wt.% Rh catalyst is of a labile type (96% for
obtained for RuCs(1)/A03 catalysts are also showa9]. the latter and 20-40% for the form{83]). This indicates
The So/Sera Fatio represents the percentage of S atoms effec- that a large part of the active phase participates efficiently

tively participating in the HDS reaction. When the Rh load- in the HDS reaction on the catalysts with low Rh loadings.
ing was increased from 2 to 8 wt.%g 8icreased from 8.96

Sotal IS defined as the amount of sulfur that would be accommodated
assuming a total sulfidation into R8s or RuS.

Nevertheless, whilst the HDS activity of Ru based cat-

to 17.1mgg-cat! whilst the HDS activity almost did not alysts increased with increasing Ru content up to 16 wt.%

change. In the same time, both #g: value, which indicates [29]’_ the HDS activity of RhCs based pgtalysts reac_he_d a
the relative ease of migration of sulfur from the catalyst, Maximum at 0.5wt.% Rh and then stabilized. The radioiso-

and theSy/Sea value decreased. When examining results tope experir_nents results clarified the fact_ that whilst the
obtained for a 4wt.% Rh catalyst and a 4 wt.% Ru catalyst, @mountof increased when the Rh loading increased, atthe
we can see that the activity of the former is twice the activ- S2Me time the sulfur mobilitykge) decreased proportionally
ity of the latter. The higher activity of the 4RhCs(1)5 to the increase iy, leading to almost no change in activity.

catalyst was due to the fact that whilsikwas almost the The Rh particle size (deduced by the XRD pattern and the
TEM measurements) might be considered as a factor influ-

encingkre. Anyway, the fact that under certain conditions

35 -S-DBT 32S-DBT (low Rh loading) the intrinsic HDS activity of Rh is higher
$ (due to an easier #6 desorption) than that of a conven-
3k = * HS tional CoMo catalyst is very interesting. Therefore, further
4 DBT research work will aim at keeping these interesting proper-

ties for higher Rh loadings, by modification of the carrier
and/or modification of the preparation method, for example,
in order to obtain catalysts with better HDS activities.

4, Conclusion

Radioactivity (104dpm/15min)

The first part of this work aimed at the optimization of
00 a0 s e00 the DBT HDS properties of Rh based catalysts. The use of
a Rh carbonyl-based precursor gave better results than that
of the classical Rh chloride precursor. Therefore, the former
Fig. 8. Changes in radioactivities with reaction time. was selected for further catalysts synthesis. The use of a

0 b | N 1
0 100 200
Reaction Time (min)
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RhCs complex derived from cesium hydroxide and Rh car-
bonyl resulted in an increase in DBT HDS activity. This

increase in activity was accompanied with a remarkable in-
crease in BP selectivity that reached almost 100%, indicat-
ing that the DBT HDS reaction over the RhCs system was
mainly governed by a DDS (direct desulfurization) mecha-

nism. Moreover, the addition of Ru as a co-catalyst was also
investigated but optimization of the RURhCs system did not
produce any synergetic effect of Ru and Rh. Indeed, even in

J. Lee et al./Journal of Molecular Catalysis A: Chemical 209 (2004) 155-162

[2] T.G. Harvey, T.W. Matheson, J. Catal. 101 (1986) 253.

[3] P.C.H. Mitchell, C.E. Scott, J.P. Bonnelle, J.G. Grimblot, J. Catal.
107 (1987) 482.

[4] Y. Kuo, R.A. Cocco, B.J. Tatarchuk, J. Catal. 112 (1988) 250.

[5] J.A. De Los Reyes, S. Goeboeloes, M. Vrinat, M. Breysse, Catal.
Lett. 5 (1990) 17.

[6] M. Lacroix, N. Boutarfa, C. Guillard, M. Vrinat, M. Breysse, J.
Catal. 120 (1989) 473.

[7] D.C. Bailey, S.H. Langer, Chem. Rev. 81 (1981) 109.

[8] A. Ishihara, T. Mitsudo, Y. Watanabe, J. Jpn. Petrol Inst. 33 (1990)
28, and references cited therein.

the best case the activity of the obtained catalyst was equal [9] K. Chatacondu, M.L.H. Green, J. Qin, M.E. Thompson, P.J. Weisman,

to the sum of the corresponding RuCs and RhCs catalysts.
In the second part of the work, as it was found that the

intrinsic DBT HDS catalytic activity of a RhCs catalyst with

a low Rh loading was much higher than that of a classical

CoMo catalyst, we studied the former system by using the

[3°S]DBT HDS radioactive tracer method. We found that,

for 4wt.% Rh,kgrg, the HS release rate constant aSgl

the number of labile sulfur, were almost the same as the one

obtained for the 4 wt.% Ru catalyst. Howevg&g, (assumed

J. Chem. Soc., Chem. Commun. (1988) 223.

[10] Y. Okamoto, A. Maezawa, H. Kane, T. Imanaka, J. Mol. Catal. 52
(1989) 337.

[11] M.L. Vrinato, C.G. Gachet, L. de Mourgues, in: B. Imelik (Ed.),
Catalysis by Zeolite, Elsevier, Amsterdam, 1980, p. 219.

[12] A. Maezawa, M. Kitamura, K. Wakamoto, Y. Okamoto, T. Imanaka,
Chem. Express 3 (1988) 1.

[13] R. Lopez Cordero, S. Lopez Guerra, J.L.G. Fierro, A. Lopez Agudo,
J. Catal. 126 (1990) 8.

[14] G.H. Harvey, T.W. Matheson, J. Catal. 101 (1986) 253.

[15] M. Nagai, T. Kabe, Sekiyu Gakkaishi 23 (2) (1980) 82.

to be a representative of the number of the actives sites[16] M. Nagai, T. Kabe, Sekiyu Gakkaishi 23 (4) (1980) 275.

present on the catalysts) was significantly higher on the Rh
catalyst than on the Ru catalyst70%). Therefore, the high
intrinsic activity was due to the formation of a large quantity
of labile sulfur atoms, i.e. a large quantity of active sites.

In brief, the intrinsic activity of a RhCs system containing
a low Rh loading is higher than that of a classical CoMo
catalyst, but an increase in the Rh loading tends to eliminate
this interesting property. We are now making efforts to find
a RhCs catalyst that can keep higkekvalues even for high
Rh loadings.
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