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Abstract

The sulfidation of nonpromoted and Co(Ni)-promoted M@$,03 catalysts with different organosulfide compounds (dimethylsulfide,
dimethyldisulfide, and ethanethiol) has been investigated in this study. Comparison@ithutidation was performed using similar pro-
cedures of activation except the origin of sulfur (particularly theSHbartial pressure generated inside the reactor during the activation
procedure). The aim of this study was to better evaluate the different possibilities proposed in the literature to explain the well-known advan-
tage of using organosulfides instead @fSHduring the activation of hydrotreating catalysts. Using organosulfide agents with alkane solvents
to perform sulfidation of NiMo/AjO3 leads to a very limited gain in activity for the HDS of dibenzothiophene or 4,6-dimethyldibenzo-
thiophene compared to that of,H sulfidation. Even if the formation of thiolate species and their interaction with the catalyst surface is
demonstrated, their role does not seem of prime importance to reach highly active catalytic systems. Moreover, in our experimental con:
ditions, the catalytic results rule out a better balance between reduction and sulfidation when using organosulfides insgdtitbeH
sulfiding agents are used under rigorously identical conditions, there is no significant difference in HDS performances of the obtained cat-
alysts at the laboratory scale. Therefore, it is concluded that the actual beneficial effect of organosulfides as activating agents observed |
industrial practice is not mainly chemical in nature. A “thermal well” effect of the organosulfides diluting the effect of the exothermicity of
the oxide—sulfide transformation should be rather envisaged to explain the better efficiency of organosulfides. Finally, suppesditepH
to the reactant feed during the HDS reaction clearly evidences the higher activity of NiMo catalysts compared to CoMo catalystssat low H
concentration. Increasing the,8 partial pressure results in a more severe inhibition of NiMo catalysts than CoMo catalysts, leveling off
HDS activity differences between these two catalysts.
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1. Introduction must be activated in a first step by a sulfiding agent ei-
ther in situ, i.e., directly inside the hydrotreating reactor,
Hydrotreatment refers to several important hydrogena- or ex situ by pre-impregnation with polysulfides followed
tion processes used in refineries to remove heteroelementdy a subsequent reactivation of the catalyst inside the re-
(S, N, O), polyaromatics, and metals from petroleum feed- actor. There is a general agreement that the in situ activa-
stocks. High hydrogen pressures and elevated temperaturetion procedure (gas composition, heating rate, temperature
(573-673 K) are required to perform C-heteroelement hy- of treatment, etc.) strongly influences the final activity and
drogenolysis reactions [1]. Alumina-supported molybdenum stability of hydrotreating catalysts. Nowadays, gas-phase ac-
disulfide promoted by cobalt or nickel are typical exam- tivation by HS is scarcely used and is limited to laboratory-
ples of industrial hydrotreating catalysts. However, com- scale applications. $6 as an activating agent has long
mercial catalysts are usually sold in an inactive form and been superseded by organosulfide agents (also called “spik-
ing” agents) (CH-S-CH;, CH3—S-S-CH, polysulfides,
— _ etc.) for performing activation of Co(Ni)Mo/ADs cata-
Corresponding author. Fax: (+33) 472 44 53 99. .
E-mail addressGilles.Berhault@catalyse.cnrs.fr (G. Berhault). lysts. In a famous account, Hallie [2] reported that the use
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of VGO (Vacuum Gas Oil) by 60% compared to a gas-phase the activity or selectivity. However, other assumptions were
H2/H2S sulfiding procedure particularly for CoMo/#D3 made to explain a beneficial role of organosulfides like a
catalysts. Prada Silvy et al. [3] have systematically com- thermal well effect reducing the exothermicity produced by
pared an H/H>S sulfiding mixture to different organosulfide  the sulfidation of oxide precursors[21,22] or a well-balanced
agents (Cg dimethyldisulfide, dimethylsulfide, butanethiol, equilibrium between sulfidation and reduction of Mo(VI)
and thiophene) diluted in cyclohexane for the HDS of thio- oxide species into Mo(IV) sulfide moieties [3,4].

phene on CoMo/Al0s. Their results showed a temperature Therefore, to clarify the exact role of organosulfide agents
dependency of the nature of the activating agent on the HDSand their influence on the hydrodesulfurization of diben-
of thiophene. Butanethiol was found the most effective acti- zothiophene and alkyldibenzothiophenes, herein is reported
vating compound. DMDS was found to be less efficient than a study in which spiking agents are compared & kivhile

H>S at a treatment temperature of 573 K while similar results strictly respecting similar procedures of activation.

between these two agents were obtained at 623 K. Van Ges-

tel et al. [4] studied different in situ activation procedures by

H2S or DMDS at 4.0 MPa and 623 K for the simultaneous 2 Experimental

HDS of thiophene and hydrogenation of cyclohexene. They

found that the DMDS activation resulted in a 40% increase I

of the C-S bond-breaking rates in the HDS reaction schemez'l' Activation procedure
of thiophene. Moreover, the hydrogenation step from thio-

h to thiol hardly infl d by th t fth - ;
pnene fo fhioane was hardly influenced by the nature o efect of the nature of the sulfiding agent on the HDS activ-

sulfiding agent. Similar results were reported by Arretz [5]. iy, E h X t tth 1 f1h tivati
However, these results were obtained for the gas-phase HDgY- For €ach experiment, except the nature of the activating

of thiophene, a model compound easily removed by hy- molecule and/or solvent, other parameters were kept simi-
drodesulfurization and no longer representative of sulfur- lar: injection tgmperature of the liquid feeq and aCt'\./at".]g
containing compounds present at the high HDS conversion@9ent (gas or liquid), temperature and duration of sulfidation

requested nowadays. Only recently, Yamada et al. [6] and plateaus if present, hegting rate, dqration and valug of the fi-

Qian et al. [7] have reported systematic studies respectively 2! témperature of sulfidation, partial pressure gSHtself

on the HDS of dibenzothiophene and of straight-run light °" ©f H2S generated by the activating molecule, partial pres-

gas oil (SRLGO). While the DMDS activation results in a sure of solvent and/or CHi partial pressure of g} Ho/HC

lower final HDS activity for dibenzothiophene than thegd ~ 'atio, and total pressure. o _ _

activation, the former led to a catalyst which was around ~ 1he typical sulfiding procedure was divided into five

50% more active in the HDS of one of the most refrac- St€PS:

tory compounds, 4,6-dimethyldibenzothiophene. In conclu- ) )

sion, inconsistencies were often observed when comparing 1+ Heating at0.05 Ks (3.0 K/min) from room temperature

the results of all these studies. It should be pointed out that 0 423 KunderH,

these discrepancies may come from the fact that the sulfid- 2+ Injection of the sulfiding feed at 423 K and plateau for

ing agents were used in different conditionsiSHsulfida- 1 h (time needed to obtain a complete wetting of the

tion at atmospheric pressure versus DMDS activation under _ catalyst),

high pressure, single-step sulfidation versus multiple-steps 3- Heating at 0.05 s from 423 to 623 K,

sulfidation, and inappropriate procedures (absence of sol- 4- Plateau at 623 K for 12 h, and

vent, direct pre-heating to the final temperature of sulfidation - decrease of the temperature from 623 K to the tem-

without wetting catalysts by the sulfiding feed, etc.) Finally, perature of the HDS test (563 K) under the sulfiding

as stated by Jacquin et al. [8], the beneficial effect of DMDS atmosphere.

compared to HS could also depend markedly on the nature » _ o .

of the solvent used during the activation procedure. If not explicitly reported, typical sulfidation conditions
Understanding the activation by organosulfidesH8) were as follows.

of hydrotreating catalysts is a part of a general effort to bet-

ter ascertain the role of carbon in hydrotreating applications. 2.1.1. Sulfidation by C#-S—-S—CH(DMDS) or by other

This aspect was studied in detail in several reports [9-20]. spiking agents

Two main effects were observed: (1) a geometrical effect  The sulfiding feed consisted of 7.6 mol% DMDS diluted

by which carbon deposit isolates sulfide particles from each in one of the following solventsi-heptane, decane, decalin,

other maintaining a high dispersion [9-12] and/or (2) a struc- cyclohexane, cyclohexene, and 1-methylnaphthalene. Sul-

tural effect by which surface carbide-like species are formed fiding feed and H flow were respectively 8.0 chih and

at the surface of the active phase during the hydrodesulfur-4.7 L/h for a H/HC ratio of 587 L/L. The total pressure

ization reaction [13—20]. If the use of spiking agents leads to was 4.0 MPa. The various partial pressures were as follows:

more active HDS catalytic systems, one of the two or both Py, =2.96 MPa,PH,s = 0.13 MPa, Pcy, = 0.13 MPa, and

effects might be (partly) responsible for an enhancement of Psgvent= 0.78 MPa.

Activation was performed to compare precisely the ef-



406 S. Texier et al. / Journal of Catalysis 223 (2004) 404-418

For other spiking agents, all the experimental conditions 2.3. Catalysts
were kept equal to the standard procedure for DMDS, partic-

ularly regarding the molar percentage of sulfur introduced. The commercial NiMo/AlO3; and CoMo/ApOs hy-
drotreating catalysts contained 3.0 wt% CoO or NiO and
2.1.2. Sulfidation by b5 14.0 wt% MoQ. The Mo/ALOs catalyst, containing

In that case, hydrogen sulfide was directly provided by 16.6 wt% MoQ, was prepared by incipient wetness im-
a 10% (yv) H2S/H, gas cylinder. The by/H,S rate was  Pregnation ofy-Al203 (BET surface aree: 260 nt/g; pore
adjusted to keep the same$i partial pressure as for the Vvolume= 0.56 cn?g~!) with an aqueous solution of am-
DMDS (or other spiking agent) activation. The liquid feed monium heptamolybdate (1.6 M), (M}M07024-6H20.
flow, uniquely consisting of solvent, was adjusted to com- To obtain a good impregnation of the-Al203 support by
pensate the absence of methane previously formed by the dethe precursor solution, a slight excess7(6n? ggy) of solu-
composition of DMDS. The total pressure was 4.0 MPa. The tion was used. The catalyst was dried at 393 K and calcined
various partial pressures were as follows, = 2.96 MPa, ~ underair flow at 773 K.

Pst = 013 Mpa, and)sohlent: 091 MPa i
2.4. Chemicals

aés Itjézfnzothlophene and 4,6-dimethyldibenzothiophene Dimethyldisulfide (98%), dimethylsulfide (979):hep-
tane (99%), cyclohexene (99%), 1-methylnaphthalene (98%),
and decalin (98%) were purchased from Fluka, ethanethiol
(97%) from Aldrich, cyclohexane (99.5%) from Riedel-
de Haén, dibenzothiophene (98%) from Lancaster, 4,6-
dimethyldibenzothiophene from Eburon, and3fH, from
Air Liquide.

The activation procedure was followed on-line by gas
chromatography with a Varian 3400 equipped with a 50-m

The aim of this study was to determine a possible effect of
the nature of the sulfiding agent on the activation of alumina-
supported hydrotreating catalysts. Therefore, dimethyldisul-
fide, generally used to keep a nearly high constagp$ H
partial pressure during the HDS test, was not added to the
feed. The HDS test with dibenzothiophene (DBT) was per-
formed at 563 K, 4.0 MPa. The reactant mixture consisted yg, capillary column (J&W Scientific) with the follow-

of dibenzothiophene (1.11 mol%) diluted in decalin. The ing temperature programming: 320 K (5 min), from 320 to

various partial pressures were as follows, = 3.06 MPa, 362 K at 0.116 Ks (7 K/min), and from 362 to 523 K at
Preactant= 0.01 MPa, andPgecaiin= 0.93 MPa. In typical 0.3K/s (18 K/miﬁ). (7 K/min),

HDS conditions, the reactant feed rate and the fidw For the HDS test, owing to the high boiling point of the
were 42.7_crﬁ/h and 20.0 [/h for 100 mg of cataly;t. The reactants, on-line analysis of the reaction products was not
H2/HC ratio was then 470 [L. For the HDS testwith 4,6- ., enient. Consequently, the reactor effluents were con-
dimethyldibenzothiophene (4,6-DMDBT), the low solubil- - yonqeq and liquid samples were periodically collected to be
ity of 4,6-DMDBT in decalin regulted in a less concentrated analyzed by gas chromatography. The analyses were carried
reactant solution (0.28 mol% instead of 1.11 mol%). The ,; with a temperature programming from 323 to 423 K at
partial pressure of 4,6-DMDBT was then 0.0025 MPa. Other () 166 K/s (10 K/min), 10 min at 423 K, from 423 to 523 K

conditions were keptequal. , at 0.333 K/s (20 K/min) and 20 min at 523 K.
Catalyst activity was determined according to the follow-

ing equation considering a pseudo-first order for the individ-

2.5. Elemental analysis
ual HDS rate constant:

F 1 C and S contents were determined using a total combus-

k= . In<1_ T> tion analyzer CE Instruments NA2100. Prior to elemental
analysis, catalyst samples were first washed with,Clpl

The hydrodesulfurization of dibenzothiophene proceeds (Prolabo) at reflux in a Soxhlet apparatus and dried for 24 h

through two different pathways: (1) the direct desulfuriza- at 323 K to remove lixiviable carbon.

tion pathway (DDS) leading to biphenyl (BP) and (2) the

hydrogenating pathway (HYD) resulting in the formation

of a hydrogenated intermediate, tetrahydrodibenzothiophene3. Results

(THDBT) subsequently converted into cyclohexylbenzene

(CHB) by C-S bond rupture. Therefore, when differing 3.1. Hydrodesulfurization of dibenzothiophene on

greatly from the “total” activity values, “HDS” activity =~ NiMo/Al,O3 activated by dimethyldisulfide

data are reported. “HDS” activity refers to the conversion

to desulfurized products only (for instance, for the HDS The aim of this study was to determine a possible effect

of DBT, the hydrogenated intermediate of the desulfuriza- of the nature of different sulfiding agents used during the

tion of DBT into cyclohexylbenzene, tetrahydrodibenzoth- activation process on the final activity for the hydrodesulfur-

iophene (THDBT) is excluded). ization of dibenzothiophene. For this purpose, experimental
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Fig. 2. Evolution of the selectivity versus DBT conversion during the
HDS of DBT on NiMo/Al,O3 (decalin,7° = 563 K, PpgT = 0.01 MPa,
Prot = 4.0 MPa). Sulfidation was performed using DMDS (7.6 mol%) in
n-heptane at 4.0 MPa, 623 K.

Fig. 1. Evolution of the DBT conversion versus contact time on
NiMo/Al 203 (decalin, 7° = 563 K, PpgT = 0.01 MPa, Piot = 4.0 MPa).
Sulfidation was performed using DMDS (7.6 mol%) inheptane at
4.0 MPa, 623 K.

35 4
activation conditions were maintained strictly equal for the
different sulfur compounds. In previous studies, DMDS was 30 1 o o
often added to the reactant feed under standard condition
for the HDS of dibenzothiophene. This DMDS addition was
used to maintain good stability of the active phase during .
the HDS test and/or for kinetic analyses, to limit the varia-
tions of the BS concentration due to different levels of DBT
conversion. In our case, since our objective was to compare
precisely spiking agents (mainly DMDS) activation tg$
sulfidation, DMDS was not added to the HDS reactant feed
to avoid any subsequent interaction with the active phase af- s |
ter the activation procedure. Therefore, the first part of our
study was to verify that the absence of DMDS in the re- 0 : x ~ x r f r .
actant feed did not have consequences for the stability of 0 100 200 300 400
the hydrotreating catalysts. Fig. 1 shows the evolution of Time on stream / min
the DBT conversion versus contact tlme fo.r NiMoj@ at Fig. 3. Evolution of the activity versus time on stream during the HDS
563 K and 4.0 MPa after a standard activation procedure Us-o¢ pgt on CoMo/ALOs and NiMo/ALOs (decalin, T° = 563 K,
ing DMDS as sulfiding agent. Results showed a quasi-linear ppgr = 0.01 MPa, Pot = 4.0 MPa, contact time= 0.39 s). Sulfidation was
variation of the DBT conversion with contact time up to ca. performed using DMDS (7.6 mol%) in-heptane at 4.0 MPa, 623 K.

35% of conversion. A possible slight inhibiting effect by
H>S generated by the HDS reaction could not be excluded provide useful information on the nature of the resulting
at high HDS conversions. Therefore, in the following exper- active phase. Particularly, a high increase of the selectivity
iments, DBT conversion will be maintained at conversion along the DDS pathway is often a good indication of the
levels which fall in the range where the linear relationship is formation of a cobalt (or nickel)-promoted phase [23]. How-
obtained. ever, the HYD/DDS selectivity has a meaning only if the
Two parallel pathways are generally observed during the two pathways are parallel, i.e., if biphenyl is not converted
hydrodesulfurization of dibenzothiophene. The so-called di- into cyclohexylbenzene under our experimental conditions.
rect desulfurization pathway (DDS) leads to biphenyl (BP) Fig. 2 shows the selectivity distribution for the three products
through an apparently direct C—S bond-breaking reaction. of the transformation of DBT versus its conversion. As ex-
Leading to the formation of cyclohexylbenzene (CHB), the pected, biphenyl and tetrahydrodibenzothiophene were pri-
so-called hydrogenating pathway (HYD) needs in a first step mary products since extrapolation of the curves representing
the hydrogenation of at least one of the two aromatic rings, their concentration to a “zero” DBT conversion gives values
leading to tetrahydrodibenzothiophene (THDBT) before the of 87% and 13%, respectively. Evolution of the selectivity in
C-S bond rupture can occur. Changes in the HDS selectiv-THDBT and CHB along the hydrogenating pathway clearly
ity depending on the compound used during activation could reveals that successive reactions of hydrogenation of DBT

S 1

e CoMo/ALO,
20 o NiMo/ALO,

Specific Activity / 10" mol.g”
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Table 1 Table 2

Activity and selectivity results for the HDS of DBT (without DMDS added)  Effect of the HS partial pressure added during the HDS of DBT on ac-

with MoS,/Al,03, CoMo/Al,O3, and NiMo/AL Og3; sulfidation was per- tivity and selectivity results of NiMo/AlO3 and CoMo/ApOg3 catalysts;

formed with DMDS (7.6 mol%) im-heptane sulfidation was performed with DMD&/heptane

Catalyst Activity Selectivity (%) Py,s added Activity Selectivity
(10" molg~ts™) HYD DDS (MPa) (10"molg7’s™l) DDS  HYD

MoS,/Al 203 1.6 42 58 NiMo/Al ,03 0 285 84 16

CoMo/Al,03 130 5 95 0.01 7.0 76 24

NiMo/Al 203 285 16 84 0.05 30 71 29

0% 25.8 84 16

. . . CoMo/Al,O 0 130 95 5

into THDBT and transformation of THDBT into CHB oc- 23 0.01 13 86 "

curred. Indeed, the CHB selectivity increases at the expense 0.05 23 77 23

of the THDBT selectivity with increasing values of DBT 02 131 92 8

conversion. The selectivity along the DDS pathway (BP 2 after successive increasing values of$ipartial pressure, #5 was
only) hardly changes with the DBT conversion. Only a very finally suppressed from the feed to check if reversible effects are observed.
small decrease of the BP selectivity is observed from 87%

to 84% when DBT conversion increases from 6% to 62%. fluence of different activating compounds since this catalyst

Consequently, the hydrogenation of BP into CHB can be \as both the most active under our experimental conditions

considered negligible and constant values for the HYD/DDS and the catalytic system with which potential selectivity
ratio can be expected for moderate DBT conversion ranges.variations will be the most easily detectable.

Moreover, typical activity versus time on stream curves did
not reveal any deactivation phenomenon when the catalysts3.3. Effect of the KiS partial pressure on the
were sulfided using standard conditions with DMDS (see dibenzothiophene HDS activity and selectivity of

Fig. 3). CoMo/AbO3 and NiMo/AbOs catalysts

3.2. Hydrodesulfurization of dibenzothiophene: In the absence of DMDS added to the reactant feed,
comparison between Ma&l,03, NiMo/AlLOs and NiMo/Al 203 appears much more active than CoMo/B4
CoMo/AbO3 activated by DMDS while similar results were observed when 0.05 MPa of added

H2S was present in the reactant feed [24]. Therefore, ex-

The HDS activity and selectivity results were obtained for periments with HS added to the reactant feed were carried
two commercial alumina-supported CoMo and NiMo cata- out with samples presulfided by using the standard DMDS
lysts after the standard activation by DMDS to determine procedure to check if under our experimental conditions
the best candidate for further activation studies (Table 1 andNiMo/Al ,03 was more sensitive than CoMo/3 to the
Fig. 3). Results with MogAl ;03 were also reported to bet-  H,S partial pressure or not. In these experimentsS Was
ter ascertain the role of the Ni (or Co) promoters on the provided from a H/H2S gas cylinder and did not result
activity and selectivity in the present conditions. The non- from the decomposition of an organosulfide agent. These ex-
promoted Mo$/Al O3 catalyst presented poor HDS activity — periments made it possible to verify if the standard DMDS
since it was 10-20 times lower than that for promoted cat- sulfidation led to a final stable active catalyst or not. There-
alysts. More interestingly, a large difference in activity was fore, our main objective was not to study the effect ofSH
observed between NiMo and CoMo catalysts under our HDS on the HDS of DBT since well-developed kinetic studies
experimental conditions. Indeed, NiMo/D3; was twice as are available already elsewhere [26]. Table 2 reports the ef-
active as CoMo/AlO3. These results should be comparedto fect of the BHS partial pressure added during the HDS of
preceding studies by Bataille et al. [24]. They observed only DBT on the activity and selectivity of NiMo/AD3 and
a 10% difference in activity between the two commercial CoMo/Al,O3 catalysts. For both catalysts, addingSto
catalysts. A lower temperature of reaction (563 vs 623 K) the reactant feed strongly reduced the HDS catalytic activity.
and the absence of a high8l partial pressure added to the More interestingly, increasing the,8 partial pressure lev-
reactant feed could explain these differences. Concerning seled off the differences in activity between NiMop®3 and
lectivity, results reported in Table 1 confirm that promoters CoMo/Al,Os. Indeed, NiMo/AbO3 appeared more sensitive
strongly favor the selectivity along the DDS pathway, par- to the BS partial pressure present in the HDS reactant feed
ticularly for cobalt. Indeed, CoMo/AD3 exhibited a 95% than CoMo/ApOs3. While NiMo/Al>03 was 120% more ac-
selectivity along the DDS pathway while a 58% value was tive than CoMo/A}O3 without HoS added to the feed, its
found for MoS/Al»03. The Ni promoter enhanced also the activity was only 30% higher with 0.05 MPa of,8. The
DDS pathway but its effect was less significant. This result results also clearly indicate a strong influence of th&SH
is in agreement with previous studies reporting the more hy- partial pressure on the HDS selectivity. The DDS selectivity
drogenating character of NiMo catalysts compared to CoMo decreased with increasingH partial pressure, in agreement
catalysts [1,25]. NiMo/AdJO3 was chosen to study the in-  with previous results [27-29]. Without4$ added to the
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Fig. 4. Evolution of the activity versus time on stream during the HDS
of DBT on NiMo/Al,O3 (decalin, 7° = 563 K, Ppgt = 0.01 MPa,
Piot = 4.0 MPa, contact time= 0.39 s). Sulfidation was performed using
either S or DMDS at 4.0 MPa, 623 K. Flows of DMDS or,8 were
adjusted to generate the same partial pressure;8f s = 0.13 MPa)
during the activation.
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Table 3

Effect of the nature of the activating compound used during the sulfidation
process on the final HDS of DBT activity of NiMo/ADs; sulfidation was
performed using heptane as the solvent even for #f $tlfidation

Activating Relative Selectivity

compound activity DDS HYD CHB/(THDBH CHB)
HoS 100 86 14 78

DMDS 108 84 16 65
(CH3-S-S-CH)

DMS 105 86 14 66
(CH3-S-CH)

CH3—CHo—SH 107 84 16 68

Nonée? 32 97 3 0

@ The activation procedure was made under an inert gas&hd corre-
sponds to an in situ activation by DBT during the HDS test.

within the hydrogenating pathway was significantly higher
(78%) after the HS activation than after the DMDS proce-
dure (65%). The HDS results after the dimethylsulfide and
ethanethiol activation procedures were also reported in Ta-
ble 3. The results are quite similar to those obtained with
DMDS. The DDS selectivity results are about the same (84—
86%) as well as the selectivity values in CHB within the

feed, the DDS selectivity reached an 84% value but droppedhydrogenating pathway (66—68%). Activation by organosul-

to 71% when 0.05 MPa of & was present. Similar results
were observed for CoMo/ADs. Suppressing kB from the

fides led to similar HDS results, with slightly better activity
than that after IS activation. For comparison, the results

feed resulted in a complete recovery of both activity and se- obtained after an in situ activation by DBT itself was also

lectivity for NiMo/Al 203 and CoMo/AbOs catalysts. This
reversible poisoning effect of 26 supports the fact that a

reported in Table 3. The experimental conditions of activa-
tion were the same as those with other organosulfide agents.

stable HDS active phase was reached as a result of the stanbBT activation resulted in a 3 times less active catalyst than

dard DMDS activation.

3.4. Effect of the nature of the activating agent on the
hydrodesulfurization of dibenzothiophene

after the use of other activating molecules. However, the se-
lectivity results were different. The DDS selectivity was very
high (97%) and CHB was not formed. Elemental analysis re-
vealed a low degree of sulfidation (50% lower than for other
sulfiding agents). This result confirms the poor efficiency of

Fig. 4 shows activity versus time on stream for the HDS DBT as a sulfiding agent.

of DBT over NiMo/Al>O3 after activation by HS or DMDS

Activation procedures by & and DMDS were also per-

(with n-heptane as the solvent) using the same procedures oformed with MoS$/Al,03 and CoMo/AbO3 (Table 4). The

activation (the source of sulfur excepted). Neither initial in-

DMDS activation of Mo$/Al 203 led to higher activity than

crease in activity nor deactivation phenomena was observedthe H'S activation. Selectivity results were also slightly dif-

and activity values were remarkably stable after both pro-

cedures of activation. The DMDS activation led to a slightly
higher activity than the b5 activation. Selectivity results af-

ferent with a higher DDS selectivity after the$lactivation
(65% vs 58%). With CoMo/AIO3, the results were close to
those obtained with NiMo/AlOs with a moderate improve-

ter activation by these two activating molecules are reported ment in the activity by the DMDS sulfidation compared to

in Table 3. Similar DDS selectivity values were obtained
after activation by HS and by DMDS (86 and 84%, re-

spectively). These selectivity results support the assumption

H>S. However, contrary to Mg$Al 03, activation by HS
resulted in a less favored DDS pathway compared to DMDS.

that similar active phases were obtained in both cases. Since8.5. Effect of the nature of the activating agent on the
activities (and then conversions) were comparable for the hydrodesulfurization of 4,6-dimethyldibenzothiophene

H>S and DMDS activation procedures (contact times were

equal), the conversions into CHB or THDBT within the hy- New environmental regulations will lower the sulfur con-
drogenating pathway could be compared. Indeed, since thetent in diesel fuels to a maximum of 50 ppm or less in 2005.
hydrogenation of DBT into THDBT and the conversion of Refractory organosulfur compounds have to be converted
THDBT into CHB are successive reactions, selectivity com- to reach this level of sulfur concentration. These mole-
parisons regarding these products are only possible if similarcules are mainly alkyldibenzothiophenes and 4,6-dimethyl-
conversion values are obtained. Contrary to the values ob-dibenzothiophene (4,6-DMDBT) is now well-recognized as
served for the HYD/DDS selectivity, the CHB selectivity one of the most difficult sulfur impurities to decompose



410

S. Texier et al. / Journal of Catalysis 223 (2004) 404-418

Table 4
Effect of the activation by KIS or DMDS on the final HDS of DBT activity of MoBAl,O3 and CoMo/ApO3 catalysts
Catalyst Activating Relative Selectivity
compound activity DDS HYD CHB/(THDBH CHB)
MoS,/Al, O3 H,S 100 65 35 46
MoS,/Al2 03 DMDS 123 58 42 46
(CH3-S-S-CH)
CoMo/Al,03 HoS 100 90 10 60
CoMo/Al,03 DMDS 107 95 5 63
(CH3-S-S-CH)
Table 5

Effect of the nature of the activating agent used during the sulfidation procedseptane on the final HDS of 4,6-dimethyldibenzothiophene (4,6-DMDBT)

on NiMo/Al,03

Activating compound Total activity Relative “HDS” Selectivity

in n-C7 (10" molg~1s1 activity DDS HYD MCHT/(DMTHDBT + MCHT)
HoS 2.7 100 12 88 72

DMDS 2.8 110 14 86 78

Total activity refers to the activity determined using complete 4,6-DMDBT conversion. “HDS” activity refers to the activity determined usirfzeonly t
desulfurized products [only methylcyclohexyltoluene (MCHT) and dimethylbiphenyl (DMBPh)].

[30,31]. It was therefore interesting to determine the pos-
sible effect of different sulfiding compounds on the activ-
ity of the catalysts for the HDS of 4,6-DMDBT. To our
knowledge, up to now, only one recent paper by Qian et
al. [7] has reported an indirect study of the activation by
organosulfides for the particular case of 4,6-DMDBT. While
studying the HDS of a straight-run light gas oil (SRLGO)
with 1.5 wt% S on CoMo/AlOs, they observed a higher
desulfurization of the SRLGO cut after DMDS activation
at 593 K, 3.0 MPa compared top,8 activation at 673 K,
0.1 MPa. According to these authors [7], this higher desul-
furization activity could be ascribed to higher HDS activ-
ity for alkyl-substituted dibenzothiophenes after the DMDS
activation. However, once again, the quite different proce-
dures of activation by b5 or DMDS led to uncertainties
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Fig. 5. On-line GC evolution of the outlet relative concentrations of the

about the conclusions reached in this study. In our case, thedifferent products coming from the DMDS decomposition during the pro-

HDS of 4,6-DMDBT was performed following similar pro-
cedures of activation by #6 and DMDS both in the presence
of n-heptane as the solvent. Activity and selectivity results
are reported in Table 5. Total and “HDS" activities based
on the total conversion of 4,6-DMDBT did not evidence
any real difference betweenp8H and DMDS. Even if sim-
ilar after HbS or DMDS activation procedures, selectivity
results were strikingly different from the preceding results
obtained in the HDS of DBT. While for the HDS of DBT
the DDS pathway was largely predominant, for the HDS of
4,6-DMDBT, the main route for hydrodesulfurization was
the hydrogenating pathway leading first to dimethyltetrahy-
drodibenzothiophene (DMTHDBT) and second to methyl-
cyclohexyltoluene (MCHT); the DDS pathway to dimethyl-
biphenyl (DMBP) represented only 12—14%. This result is
in agreement with preceding studies [23] revealing a quite
restrained DDS pathway for alkyl-substituted dibenzothio-
phenes.

cedure of activation (DMDS= 7.6 mol% inn-heptane, H/HC ratio of
587 L/L, Ptot = 4.0 MPa, heating rate- 0.5 K/min).

3.6. On-line analysis of the decomposition products formed
from dimethyldisulfide (DMDS), dimethylsulfide (DMS),
and ethanethiol during the activation process

The activation process by organosulfide agents of hy-
drotreating catalysts can only be understood if the nature of
the products formed from the decomposition of the spiking
agents is known. For this purpose, on-line analysis by gas
chromatography was carried out for different spiking agents.
Figs. 5 and 6 present the outlet concentrations of the main
products obtained by decomposition on NiMo/@ of
dimethyldisulfide (DMDS) and of dimethylsulfide (DMS),
respectively. Only carbon-containing compounds could be
detected here since a FID detector was used. The heating rate
was reduced from 3 to 0.5 Mnin to increase the number of
experimental points between 423 and 623 K. HDS tests were
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o to disappear at temperatures higher than about 560 K. Be-

tween 503 and 603 K, the DMS outlet concentration strongly
decreased while CHwas formed in increasing quantities.
Moreover, the CHSH concentration passed through an op-
timum (50%) for a temperature of activation of 545 K.

Dimethyldisulfide appears much more reactive than di-
methylsulfide, revealing the easy cleavage byFthe weak
S-S bond of alkyldisulfides [32,33]. Dimethylsulfide did not
undergo hydrogenolysis into GHind HS below 503 K but
this was the only reaction &t° > 603 K:

CHg—S—CH; + 2Hp — 2CHa + H,S. (4)

The conversion of dimethylsulfide into GBH was mainly
observed for medium activation temperatures (503<K
Fig. 6. On-line GC evolution of the outlet relative concentrations of the dif- T° <603 K):

ferent products coming from the DMS decomposition during the procedure

of activation (DMS= 15.2 mol% inn-heptane, H/HC ratio of 587 L/L, CHz—S—CH + H2S — 2CHzSH. (5)
Ptot = 4.0 MPa, heating rate- 0.5 K/min).
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On-line analysis was also performed with ethanethiol (not
] . ] . shown here). Ethanethiol only decomposed into(€hane

performed to check that this change in heating rate did not 54 ethylene) products. The decomposition yield stayed low
modify the activity and selectivity of the catalyst. Apartfrom (2004) up to 503 K and then reached 100% above 603 K.

the main products presented in Figs. 5 and 6, heavier prod-gihane and ethylene were not completely separated with
ucts, such as Cit-S-S-S-Chland CH-S-CH-S-Chyin our on-line chromatographic analysis. However, ethylene
the case of DMDS, were found in very small amounts. appeared as the main product at the beginning of the acti-

Three different steps could be distinguished during the \ation procedure before decreasing to the benefit of ethane
DMDS decomposition between 423 and 623 K (Fig. 5). gt higher temperatures.

First, below 503 K, DMDS was completely transformed into

methanethiol, CESH (90%) on the one hand and DMS and 3 7, Modification of the procedures of activation:

CHa (5% each) on the other hand. Between 503 and 603 K, getermination of key steps during the activation process
the amount of CRSH decreased sharply while symmetri-

cally the CHj concentration increased. The dimethylsulfide  The on-line analysis of the products formed by the de-
concentration also increased in a first step, reached an opxomposition of DMDS during the activation process re-
timum value for a temperature of around 560 K (30%) be- yealed three different zones: (i) between 503 and 603 K,
fore decreasing for higher temperatures of activation. Above p\ps was transformed mainly into GISH; (i) between
603 K, CH; was the only carbon-containing product to be 503 and 603 K, the C§SH concentration decreased sym-

detected. . ~ metrically with an increase in the GHoncentration while
It can therefore be concluded that dimethyldisulfide is cH;—S-CH, was formed by condensation of GSH;

very reactive and was completely decomposed into methan-(jjj) finally, above 603 K, CH and HS were the only prod-

ethiol at a temperature as low as 423 K: ucts of the DMDS decomposition. Therefore, based on these

CH3-S—S—CH + H 2CHsSH. 1 results, two new procedures of activation at low temper-
3 H 2_)_ Hs _ @ atures {'° < 493 K) called S1 and at high temperatures

In a second step, for higher temperatures of activatfon (T° > 543 K) called S2 were tested to compare organosul-

503 K), hydrogenolysis into CiHand HS became increas-  fides versus kS efficiency as sulfiding agents for the low

ingly important and was the only reaction above 603 K: and high activation temperature regions.

CHa—S—S—CH + 3H, — 2CHy + 2HsS. ) Scheme 1 reports respectively the S1 and S2 procedures

of activation with the injection of the sulfiding agent at low
The condensation reaction of GBH into dimethylsulfide  or high temperatures of activation. Partial pressures and flow
was also observed between 503 and 603 K: rates of H, H2S, and hydrocarbon compounds were kept
equal to those used for the standard procedure of activation.
2CHgSH— CH3-S-Chy + HaS. (3) For the S1 activation, the sulfiding feed was still injected at
For dimethylsulfide, three steps of decomposition were iden- 423 K. After a plateau at this temperature for 4 h, the tem-
tified as for DMDS (Fig. 6). However, contrary to DMDS, perature was increased up to 493 K at 0.A1kn where a
below 503 K, DMS was only partly converted into g6H second plateau was maintained for 10 h. The sulfiding feed
(18%) and CH (7%). Seventy-five percent of DMS did not was then replaced by Nonly (4.7 L/h) and the tempera-
decompose up to 503 K. This is in accordance with the de- ture was then increased at 3#in up to 563 K. The HDS
composition of DMDS where the as-formed DMS started reactant feed was then injected. Therefore, according to the
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563 K HDS test
Injection of the .
10h < 3K/
sulfiding feed 493K mn
423K l 4h <— 0.5 K/min Sulfiding feed is
replaced by N,
T /¢— 3 K/min
S1 Procedure
Injection of the
sulfiding feed 623K 10h
563 K HDS test

543K <« 0.5 K/min

<— 0.5 K/min

e 3 K/min
S2 Procedure

Scheme 1. Temperature program for the S1 and S2 procedures of activation.

preceding results of the on-line analysis of the DMDS de- quite close to those obtained using the standard activation.
composition (Fig. 5), sulfidation was essentially performed Bypassing the initial stages of sulfidation at low tempera-
by H,S or by CHSH formed by hydrogenolysis of DMDS.  tures of activation below 543 K is not critical in achieving
For the S2 activation, the first part of the standard pro- an active catalyst. The final sulfidation step above 550 K
cedure of activation was suppressed. Therefore, the initialby H,S, produced in any case from the decomposition of
plateau at 423 K was removed and the temperature wasorganosulfides, is therefore quite important for obtaining a
increased from 423 K to 543 K at 0.5/Kin under N highly HDS active catalytic system.
only. At 543 K, the sulfiding feed was injected and a sub-
sequent increase in temperature up to 623 K was carried
out at 0.5 K/min. A plateau was then maintained for 10 h
at 623 K before being decreased to 563 K, the temperature
used for the HDS of DBT. According to the on-line analy-
sis for DMDS, sulfidation was then performed essentially by ~ The role of the solvent has to be examined to better under-
H>S. This S2 procedure of activation was then applied to stand the activation of hydrotreating catalysts. Actually, the
check the importance of the sulfidation by$iformed from ~ nature of the solvent may not be without consequences on

3.8. Effect of the nature of the solvent used during the
activation procedure

DMDS at high temperatures of activation. the catalyst activation. The solvent used during activation by
The low-temperature S1 procedure of activation led to alkyldisulfides (DMDS) or thiols is generally an alkane [5].
very different results if performed with % or DMDS (Ta- The use of aromatics is seldom considered but seems bene-

ble 6). First of all, as expected, activity results were signif- ficial when combined with alkanes in minor proportions [8].
icantly lower than the results obtained using the standard Olefinic compounds should be avoided in the activation by
procedure of activation up to 623 K. The$+S1 activation alkyldisulfides but seem profitable in the presence of ele-
resulted in a NiMo/A}Os3 catalyst presenting activity 20%  mental sulfur [34]. Indeed, combination reactions probably
lower than that for the standard procedure. Interestingly, us- occur in this case and lead to the formation of polysulfides
ing the S1 procedure, the,8 activation led to a catalyst [34,35]. Table 7 shows the influence of the nature of the sol-
twice as active as with C4#8H produced by the decomposi- vent used during the activation procedure on the HDS of
tion of DMDS. Selectivity results also showed higher DDS DBT on NiMo/Al,O3. DMDS activation of NiMo/AbOz in
values (89-94%) than those reported using the standard prothe presence of alkane or cycloalkane compounds did not re-
cedure (85%). In our experimental conditions, sulfidation by sult in marked differences in activity for the HDS of DBT.

a thiol compound like CBtSH appeared much less efficient Nevertheless, the catalysts seem to be slightly less active
at low temperatures of activation than sulfidation bySH when DMDS is used in the presence of cyclic alkanes. The
Conversely, the high-temperature S2 procedure of activationhighest activity was still obtained in the case of activation by
led to very similar activities whatever the sulfiding agent, DMDS in the presence ef-heptane. Selectivity results were
H>S or DMDS. Activity and selectivity results were also once again very similar.
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Table 6
Effect of the nature of the sulfiding agent48 or DMDS) on the HDS of DBT of NiMo/AlOg3 catalysts activated using the low-temperature S1 or high-
temperature S2 procedure of activation

Activating compound Procedure of Activity Selectivity

in n-C7 activation 10" molg~1s1 DDS HYD CHB/(THDBT + CHB)
H>S S1 217 89 11 55

DMDS S1 96 94 6 50

HoS S2 277 86 14 66

DMDS S2 280 84 16 62

Table 7

Effect of the nature of the solvent used during the activation procedure,ByorlDMDS on the final activity and selectivity of NiMo/4D3 for the HDS of
DBT

Activating Solvent Activity Selectivity

compound (10" molg~1s1 DDS HYD CHB/(THDBT + CHB)
H>S Heptane 26.4 86 14 78
DMDS Heptane 28.5 84 16 65
DMDS Decane 25.7 85 15 68
DMDS Cyclohexane 235 83 17 67
DMDS Decalin 22.7 84 16 62
H>S Cyclohexene 18.1 92 8 58
DMDS Cyclohexene 18.4 89 11 52
H»S 1-Methylnaphthalene 21.9 88 12 63
DMDS? 1-Methylnaphthalene 16.0 90 10 46
DMDSP 1-Methylnaphthalene 171 93 7 65

@ Sulfidation by DMDS/1-methylnaphthalene, leading to a 6.5 wt% C deposit.

b sulfidation by DMDS/1-methylnaphthalene, leading to a 10 wt% C deposit.
Sulfidation by DMDS in the presence of 1-methylnaphthalene led to high carbon contents and therefore to less reproducible experiments. Twis experimen
are then reported, leading to differences in selectivity and carbon contents: the highest DDS selectivity corresponds to a higher carboe Gabterg)(se

Activation by Hb'S or DMDS in the presence of an olefin P - afer activation by DMDS/-CT 7
. . [ After activation by DMDS/Me-naphthalene

or of an aromatic compound like 1-methylnaphthalene led 30 1 -6
to even lower HDS activities than in the presence of an - 2 | DDS Activity HYD Activity | . T
alkane or a cycloalkane compound. Activation in the pres- = = , 2
ence of cyclohexene resulted in less active catalysts than»: 20 - § -4 wj
with an alkane as solvent. However, in that case, th€ H §, ) 3 ) g
and DMDS activation procedures led to very similar activi- £ " | ® R
ties. The DDS selectivity is somewhat higher with thgSH 2 10 4 L, ;
activation than with DMDS. Contrary to the DMDS activa- = =
tion in the presence of-heptane, activation in the presence 3 !
of 1-methylnaphthalene could lead to significant variations o 0

in the levels of HDS activity with respect to28 activa-

tion. Interestingly, selectivity along 'the DDS pathway was S NIMO/AI O3 (decalin, 7° = 563 K. Pogy — 001 MPa,
favored when the catalyst was sulfided Wlth DMDS in the Piot = 4.0 MPa, contact time= 0.39 s) after sulfidation using DMDS di-
presence of 1-methylnaphthalene. If activities for the DDS |uted either ini-heptane or in 1-methylnaphthalene.

or the HYD pathway are considered (“DDS” or “HYD” ac-

tivity), the inhibiting effect of 1-methylnaphthalene is much Table 8 gives the results of C and S elemental analyses
stronger on the “HYD" activity when comparedieheptane  of the samples after the various activation procedures. Ex-
than for the “DDS” activity (cf. Fig. 7). Therefore, the higher  cept for the activation with 1-methylnaphtalene which gave
DDS selectivity reported in Table 7 was in fact related to a lower sulfur percentages, these procedures led to percent-
very depleted activity along the HYD pathway. As shown ages of sulfur higher than those expected for the complete
in Fig. 8, the “DDS” activity strongly increased at the be- sulfidation into C@Sg (or Ni3S;) and MoS. Carbon con-
ginning of the HDS test before reaching a steady-state valuetents were quite low when activation was performed with an
after 300 min whereas the “HYD” activity stayed constant alkane solvent but increased significantly in the presence of
all along the HDS experiment. cyclohexene and reached the highest value in the presence

Fig. 7. Comparison of the “DDS” and “HYD" activities during the HDS
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spiking agents. For instance, Prada Silvy et al. [3] compared
= sulfidation by HS/H, at 3.0 MPa to activation by DMDS di-
4 luted in cyclohexane using catalysts initially preheated under
Ar at different temperatures of activation. Similarly, Yamada
et al. [6] compared bIH2S sulfidation at 0.1 MPa with sev-
eral plateaus of sulfidation at 373, 473, 573, and 673 K to
A DDS DMDS activation pgrformed at_593 K and 3..0 MPa with-
6 O HYD out any plateau during the heating ramp. Various causes for
the positive effect of organosulfides were also reported and
4 vary from (i) an increase of the dispersion of the active phase
[6,7,10], (ii) a structural effect [14—17,36-38], (iii) a better
o —————————0 balance between reduction and sulfidation during the trans-
0 [ [ [ [ [ [ ‘ [ . . formation of Mo(VI) oxides into Mo(IV) sulfides [3,4], and
0 50 100 150 200 250 300 350 400 450 500 finally (iv) a “thermal well” effect that reduces the nega-
tive effect of exothermicity inherently occurring during the
oxide—sulfide transformation [22].
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Fig. 8. Evolution of the “DDS” and “HYD” activities versus time on
stream during the HDS of DBT on NiMo/AD3 (decalin, T7° = 563 K,
PppT = 0.01 MPa,Ptot = 4.0 MPa, contact time= 0.39 s). Sulfidation was
performed using DMDS diluted in 1-methylnaphthalene.

4.1. Effect of HS on the catalytic properties of
CoMo/AbO3 and NiMo/AbOs catalysts during the HDS of
DBT

Table 8
C and S elemental analysis for NiMo/AD3 catalysts after the activation
by H»S or DMDS with different solvents

In an effort to better ascertain the causes of the benefi-
cial role of spiking agents on the activation of hydrotreating
catalysts, the present study was carried out by comparing

Activating agent Solvent %C %S precisely different activating agents under identical experi-
gﬁnsos :zgtt;:‘: g ;'g mental conditions. To avoid any subsequent interaction of
HoS Cyclohexene B 76 DMDS during the HDS te§t, DMDS ad'd|t|on to generate a
DMDS Cyclohexene 2 6.9 high and constant +8§ partial pressure in the reactant feed
HoS 1-Methylnaphthalene Qa 6.8 was not used. Preliminary results (cf. Table 1) demonstrated
DMDS? 1-Methylnaphthalene B 6.6 that, in the absence of 4% other than the }B generated
DMDS" 1-Methyinaphthalene 10 52 by the HDS reaction (ca. 0.003 MPa), NiMoA&lz was

a sulfidation by DMDS/1-methylnaphthalene leading to a HYD/DBS twice as active as CoMo/ADs. At higher HS pressures,
10/90 selectivity. NiMo/Al ;03 and CoMo/AbO3 present similar HDS activ-

b sulfidation by DMDS/1-methylnaphthalene leading to a HYD/DBS ities. The effect of HS added to the feed confirmed the
7193 selectivity. higher sensitivity of NiMo/ApOs to an increase in the 5

concentration [25,39]. 5 also decreased preferentially the
of 1-methylnaphthalene. For a given solvent, DMDS activa- DDS pathway during the HDS of DBT.

tion led systematically to higher concentrations of carbon.

This is particularly true in the case of 1-methylnaphthalene 4.1.1. HS inhibition of the DDS pathway

where DMDS seems to promote the formation of carbonde-  The higher HS inhibition of the DDS pathway seems

posit (up to 10 wt%). contradictory to the well-known inhibition of aromatic hy-
drogenation reactions by 43 [40,41]. However, recent
mechanistic studies on the HDS of DBT and 4,6-DMDBT

4. Discussion may help in proposing a sensible explanation [23,24]. A pos-
sible way to cleave a C-S bond in DBT would be first to

The effect of different activating agents used during sulfi- hydrogenate one of the double bonds in the vicinity of the

dation of hydrotreating catalysts has been studied by severakulfur atom of the DBT molecule to obtain a dihydrogenated

authors [2,4,5,7,8]. These studies generally led to the conclu-intermediate product and then to break the C—S bond thanks

sion that the use of organosulfide agents is more beneficial toto an B elimination process. The first step of the elimination

the final activity of HDS catalysts than sulfidation by$1 process would be the nucleophilic attack by a basic sulfur of
However, comparison between activating agents was oftena H atom in theg position with respect to the sulfur atom
carried out using different experimental procedurBs,§, of DBT, allowing a rearomatization process and the simulta-

temperature of sulfidation, pressure, presence or absence ofieous cleavage of the C-S bond (Scheme 2). In this respect,
solvent, etc.) and might lead to inconclusive results. More- the main effect of the promoter is to improve the C-S bond
over, certain studies [3,6] have surprisingly concluded dele- cleavage activity of Mogand then the DDS pathway [24,
terious effects regarding the well-known beneficial effect of 42—45]. As demonstrated by Berhault et al. using FTIR spec-
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Scheme 2. Emechanism of the C—S bond cleavage in the DDS pathway of the hydrodesulfurization of dibenzothiophene-tadédSatalysts [23].

troscopy [46], this improvementwas related to an increase of ducing the metal—sulfur bond strength to optimum values for
the basicity of sites (ex: sulfur anions) shared between Mo HDS activity is electronic in nature. Substitution of Co or Ni
and promoter atoms. This result is also in agreement with for Mo at the edges of MaSslabs results in a reduction of
an electronic origin for the promotion. Indeed, as revealed the acceptor character of Mo due to the filling of antibonding

by Harris and Chianelli [47], Co and Ni present the unique
ability to interact electronically with Mo. Co or Ni can do-
nate electrons to Mo, resulting in a formal reduction of Mo
and formal oxidation of Co (or Ni). This electron donation
weakens the metal—sulfur bond strength in NiMo or CoMo
sulfides compared to MeSleading to less strongly bound

states lying below the Fermi level [50,51]. This reduction ef-
fect of the acceptor character was found to be stronger after
Ni substitution than after Co substitution of Mo edge atoms.
Surface metal—sulfur bond strength would then decrease in
the following order: Mo$ > CoMoS> NiMoS. A more re-
duced metal—sulfur bond strength after Ni substitution than

sulfur atoms, i.e., more basic species. The increased basicafter Co substitution would imply that basic sulfur anions

ity would then favor the attack of acidic H atoms in the
position of the DBT molecule. In that case;&Hwould act
through its acidic properties, inhibiting strongly the DDS
pathway by converting the basié Sanionic sites (or equiv-
alent anionic sites) into protonic sulfhydryl species inactive

(or similar active sites) shared between Mo and Ni atoms are
more basic sites than similar sulfur atoms shared between
Mo and Co atoms. The interaction ob8 with these basic
sites would be stronger for the NiMoS phase than for the
CoMoS phase. This would induce a highesSHinhibiting

for the C-S bond cleavage. This result supports the fact thateffect of the NiMoS phase.

the main requirement for the elimination step for C-S bond

cleavage is the basicity of théSentities.

4.1.2. Sensitivity to b5 of NiMo/AbO3 and CoMo/A$O3
catalysts

4.2. Interaction of organosulfides with the catalyst surface
during the activation process

In a first step, the decomposition products of DMDS and

While mechanistic considerations could provide an ex- DMS were identified to analyze how organosulfide agents

planation for the preferred inhibition of the DDS pathway

could interact with the catalyst surface during the genesis of

by H,S, mechanistic studies cannot account for the differ- the active phase. Dimethyldisulfide was found to be very re-

ences of sensitivity to b5 between NiMo and CoMo. Even
if the higher sensitive character tao8 of NiMo/Al,O3 cat-
alysts is already known [25,39], the real cause of this dif-
ference of comportment after Ni or Co promotion is not yet

active even at 423 K. Indeed, it was completely converted at
the beginning of the activation procedure into £3tH with

a very high selectivity (90%). This result should be com-
pared to a previous study by Cadot et al. [52] on the catalytic

understood. Nevertheless, recent progress of theoretical calsynthesis of CHSH by reduction of DMDS. Indeed, the
culations of promoted NiMoS and CoMoS phases could help hydrogenolysis reaction of DMDS into GISH is not intrin-

to distinguish NiMo from CoMo catalytic properties. First
of all, density functional theory (DFT) calculations have re-

sically selective since the formation of G&H is counterbal-
anced by the subsequent condensation of theSEHprod-

cently renewed the idea of a Sabatier principle interpretation uct into CH5—S—CH; and HS. Consequently, the G3H

of HDS activity results [48,49]. In this respect, it has been

clearly demonstrated that the synergy effect of Co or Ni re-

selectivity could reach only typical values of 50% what-
ever the nature of the sulfide catalysts used (NiMo, CoMo,



416 S. Texier et al. / Journal of Catalysis 223 (2004) 404-418

MoSp). Interestingly, the addition of water strongly inhibited industrial conditions after the use of spiking agents can be
the consecutive transformation of @6H into CHs—S-CHh. rejected. First of all, DMDS appears largely more reactive
In that case, in the presence of water, Cadot et al. [52] couldat low temperatures of activation than DMS since it is al-
obtain a CHSH selectivity of 95% at 100% DMDS conver- ready completely transformed into @G8H at 423 K whereas
sion. The very high selectivity observed in the present case isDMS is not decomposed below 500 K. This result definitely
in complete agreement with this preceding study sing®H  rules out the assumption about a link between the reactiv-
very probably formed at the initial stage of the sulfidation ity of spiking agents at low temperatures of activation and

process, would limit the DMDS transformation to g5H the final HDS activities [2]. It also rules out the explanation
up to ca. 500 K. At higher temperatures of activation, the based on better HDS activity as a result of the decomposi-
consecutive transformation of GBH into CHs—S—-CH; is tion of spiking agents into 5 at low temperatures which

not blocked anymore and DMS concentration increases up towould enhance the sulfidation at the initial stage of the acti-
ca. 550 K; C-S bond cleavages and production of, @ke vation. HS is never formed in large amounts below 500 K
predominant only at higher temperatures of reactions. Theduring the DMDS decomposition while 43 is of course
intermediate condensation reaction of £ into CH;—S— already present at 423 K forJ43 activation. Another expla-
CHs is quite interesting since the condensation of thiol into nation for better HDS activity resulting from the interaction
thioether is considered as a typical acid—base reaction whichof spiking agents was to consider that sulfiding agents and
occurs at the catalyst surface thanks to a Lewis acid site andparticularly thiols formed from the DMDS decomposition
a basic site. The interaction of GHH with different sulfide at low temperatures would be a better activating agent than
catalysts has been studied by Berhault et al. [46]. The forma-H2S [4]. Indeed, Prada Silvy et al. [3] have proposed that if a
tion of thiolate species linked to coordinatively unsaturated thiol dissociates into RSand H" species and y5 into HS
sites (CUS) on the catalyst surface was evidenced by FTIRand H" species, RS would be more effective in sulfidation
spectroscopy [53]. than HS . A better balance between sulfidation and reduc-
Alkylsulfides (DMS) were found to be strikingly less re-  tion would then be accomplished if thiols are used instead of
active than alkyldisulfides, demonstrating the high reactivity H»S. The limited gain in HDS activity after DMDS activa-
of S-S bonds [32,33,52]. Indeed, contrary to DMDS, DMS tion compared to biS does not support this assumption. This
did not decompose up to 500 K. However, above this tem- fact was confirmed by using4$ or DMDS in the modified
perature, the transformation of GHS—ChH into CHsSH S1 activation procedure at low temperature (up to 493 K). At
supports the initial presence of thiolate species at the cata-these low temperatures of activation, DMDS was essentially
lyst surface which could recombine with protonic species to decomposed into C§$H and the S1 procedure practically
form CHsSH. The onset for production of GHs similar to corresponds to sulfidation by methanethiol. The S1-activated
the DMDS decomposition case, suggesting C—S bond rup-NiMo/Al ;03 catalyst was much less active for the HDS of
ture of similar types of groups “spiked” or linked to the cat- DBT than the catalyst sulfided by.lS. Moreover, selectivity
alyst surface. This on-line analysis demonstrates that alkyld- results suggest that the active phase achieved after the S1 ac-
isulfides and alkylsulfides as well as their products of de- tivation was similar to the one obtained after the in situ mode
composition (mainly thiols) interact with the catalytic sites of activation by the DBT molecule during the HDS test (see
(sulfide or oxysulfide phase?) during the activation process. Table 3). In contrast, selectivity after,B activation at low
temperatures is closer to those obtained using the standard
4.3. Analysis of the procedures of activation with different procedure of activation, suggesting a better sulfided phase.
sulfiding agents Similar activity and selectivity results were systemati-
cally obtained with organosulfide agents o3Husing the
The use of similar experimental conditions of activation standard procedure of activation with NiMo/&s (Ta-
between HS and DMDS (or other spiking agents) shows ble 3). Aleveling effect due to the hydrogen sulfide produced
only a limited gain in HDS activity when organosulfide in all cases by the decomposition of the organosulfide agents
agents are used instead of$ The present result does not at temperatures higher than 550 K could be envisaged. The
confirm the study by Yamada et al. [6] who observed better S2 activation at high temperatures confirmed the assumption
activation by BS than by DMDS for the HDS of DBT. Our  of a leveling effect with similar activity and selectivity re-
result emphasized clearly the necessity of comparip§ H sults when the catalysts were activated at high temperatures
and DMDS using similar procedures of activation, which by H,S or DMDS. Activity results using the modified S2 ac-
was not the case for the study by Yamada et al. The presentivation procedure at high temperatures only (543 K'° <
study does not confirm an increase in HDS activity for alkyl- 623 K) are quite close to those observed using the standard
substituted DBTSs after DMDS activation compared tg5H procedure of activation (423 k T° < 623 K). Therefore,
Even if the DMDS activation involves a certain gain in HDS the initial stages of sulfidation at low temperatures and par-
activity for 4,6-DMDBT, this increase is similar to the one ticularly the formation of thiolate species at the catalyst sur-
observed for the HDS of DBT. face is not of prime importance to reach better HDS active
Some of the different causes which were proposed to ex- catalysts in the present experimental conditions. However,
plain why better HDS active phases would be obtained in these results should be considered cautiously. Particularly,
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it should be underlined that selectivity results should not occurs in the presence of DMDS instead ofS4The carbon

be interpreted too extensively. Indeed, results by Chianelli amount was also higher if sulfidation was carried out using
et al. [54] have shown that the active phase in steady-stateDMDS with 1-methylnaphthalene as solvent instead of cy-
conditions for the HDS of DBT can incorporate surface clohexene. This result might be related to a previous study
carbide-like entities. The presentresults only suggest a directby Lebreton et al. [58] who observed that DMDS promotes
relationship between the way of activating hydrotreating cat- the formation of “coke” under specific conditions. Indeed,

alysts and the final state of the HDS phase but does not helpthey suggested that DMDS could form €%t radicals, initi-

to know the real nature of the HDS active phase. ating polycondensation reactions with anthracene. A similar

As reported in Table 4, the gain in activity after the
DMDS activation is more significant for the nonpromoted
MoS,/Al»03 than for its promoted counterparts. Since pro-
motion increases the sulfidability of the Mpghase [55,56],
it seems that the reported gain in HDS activity due to the

effect could be envisaged with 1-methylnaphthalene. How-
ever, the experimental conditions were quite different from
ours (9.0 MPa, 713 K) and any conclusion on this subject
should be used cautiously. Compared to the activation by
DMDS in the presence of an alkane solvent, activation by

use of organosulfides is more easily detectable on catalyticDMDS with 1-methylnaphthalene clearly favors the DDS
systems, which are more difficult to activate. This fact com- pathway as shown in Table 7, or, more precisely, depleted
bined with the use of much lower liquid hour space velocities more strongly the HYD pathway (cf. Fig. 7). This sug-
in industrial conditions (LHS\&= 1.0-20 h~1) than in the gests very different behavior of the C—S bond cleavage ver-
present study (LHS\= 68 h~1) might suggest a possible sus hydrogenation functionalities and then the existence of
“size” effect to explain our results compared to practical con- two different types of active sites. This result could be ex-
ditions used in industry. plained by considering the different modes of adsorption of

Finally, some authors have proposed that the use of DBT, prerequisites for hydrogenation, or C—S bond cleav-
organosulfide agents reduces the whole exothermicity ef-ages, as developed in the Rim—Edge model [59]. According
fect of the oxide—sulfide transformation by diluting it in- to this model, hydrogenation steps need an initial parallel
side an organic matrix playing the role of a “thermal well” 7, mode of adsorption through the aromatic ring while the
[21,22,36]. Once again, the low amount of catalysts used in C—S bond hydrogenolysis would result from a perpendicu-
our experimental conditions does not allow us to study the lar mode of adsorption through the sulfur atom of the DBT
possible thermal or thermodynamic effects likely to be en- molecule. A similam® mode of adsorption would occur for
countered in industrial practice. Anyhow, from the present the adsorption of non-heteroatom-containing aromatics like
experiments, it can be concluded that the higher activities naphthalene-type compounds. Therefore, an initial interac-
obtained in practice after sulfidation by spiking agents [2] tion of the aromatic solvent during the activation process on
are not due to pure chemical phenomena. hydrogenation sites could be considered. The gradual gain
in DDS activity during the HDS test (cf. Fig. 8) whereas
the HYD activity remains constant supports the assumption
of an irreversible poisoning of the HYD sites probably by
coke during the activation by DMDS in the presence of 1-

The effect of the nature of the solvent used during the ac- methylnaphthalene. Moreover, as reported in Tables 7 and 8,
tivation procedure clearly demonstrates that the solvent usedan increase in carbon content is generally accompanied by
has consequences on the final HDS catalytic properties. Ouran increase in the DDS selectivity. Therefore, activation by
study supports preceding results obtained by Jacquin et al.DMDS in the presence of 1-methylnaphthalene corresponds
[8] on the minor effect of alkanes used during the activation to a selective coking effect, limiting the hydrogenating prop-
procedure. Among the different alkane solvents used (cf. Ta- erties of the final catalyst.
ble 7), slight differences were observed and might only result
from variations of liquid evaporation of the different alkanes
used as observed by Ishihara et al. [57].

Sulfidation in the presence of cyclohexene resulted in less
active catalysts than with heptane. Elemental analysis (Ta- Activation by some organosulfide agents has been com-
ble 8) shows a higher amount of C particularly with DMDS, pared to HS sulfidation on Ni(Co)-promoted and non-
suggesting that a coking process occurred. Howevss, bt promoted Mo$S/Al,03 catalysts using similar experimen-
DMDS activation led to similar activities. tal procedures. In our conditions (no dimethyldisulfide

The most interesting case is 1-methylnaphthalene. Ele-was added to the HDS reactant feed to generate a high
mental analysis results (cf. Table 8) revealed high amountsH>S partial pressure), NiMo/AD3 was twice as active as

4.4. Interaction of different solvents during the activation
process

5. Conclusion

of C after activation of NiMo/A}Os by DMDS in the pres-
ence of this aromatic compound. Comparison #SHicti-

CoMo/Al,O3 for the HDS of DBT. However, NiMo cat-
alysts are more sensitive topH poisoning, and at higher

vation in the same conditions of activation even suggests aH,S partial pressures (0.05 MPa) in the HDS reactant feed,

“promoting” effect of DMDS on the final carbon content
since its amount is 3-5 times more important if activation

NiMo/Al 2,03 and CoMo/AbOs catalysts present similar
HDS activities. Using organosulfides (mainly dimethyldisul-
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fide, DMDS) diluted in an alkane solvent for the activation
of NiMo/Al ;03 leads to a limited gain in HDS activity com-
pared to HS sulfidation at the laboratory scale either for
the HDS of DBT or for the HDS of 4,6-DMDBT. Vary-
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