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Abstract

Surface organometallic chemistry has been used to deposit tin atoms on an alumina-supported cobalt—-molybdenum sulfide. The EXAFS
spectra at the Mo and Co K-edges were not changed significantly by tin doping, which means that the initial morphology of sulfide phases was
preserved during the synthesi&’Sn Méssbauer spectroscopy indicated that the main neighbors of the deposited tin atoms were sulfur and
oxygen atoms with no significant formation of metallic tin particles. Tin seems thus to have been deposited either on the sulfide slabs through
sulfur bridges or on the support via oxygen bonding. According to the infrared spectroscopy, tin doping led to the blocking of different surface
sites with slight electronic structure modification. Those surface sites are sulfur vacancies on sulfide $tadoshydroxyl groups on the
support, or “interfacial” sites: support hydroxyl groups H-bonded with sulfide phases.

The impact of tin doping on the activity and selectivity of the sulfide phases was studied by catalytic tests carried out using a synthetic
FCC gasoline feed. Three main reactions were found to be involved: hydrodesulfurization of sulfur-containing molecules, double-bond
isomerization and hydrogenation of olefins. Olefin hydrogenation was preceded by double-bond isomerization reaction, which gave quickly
thermodynamically equilibrated composition. No clear correlation could be made between tin doping and isomerization performance and
catalyst support was proposed as the main actor for this reaction. Small amounts of tin had little effect on the hydrogenation activity, but
higher loadings resulted in an important decrease in activity. Contrary to the case of olefin hydrogenation, thiophene hydrodesulfurization
activity decreased drastically at a low tin loading, and continued to decrease but more slightly at higher loadings. By comparison of the activity
variations and the characterization results, the sulfur vacancies were found to play a major role in the hydrodesulfurization process. Interfacial
sites were assumed to be involved in one of the key steps in the olefin hydrogenation pathway.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sulfur content in transportation fuels. In the European Union,
for example, the sulfur content in gasoline will be reduced
Nowadays, the oil refining industry is faced to more and from 150 to 50 ppm in 2005 and maybe below 10 ppm in
more stringent environmental legislation concerning the 2008[1]. This drastic change in sulfur specifications is due
to the negative effect of sulfur in gasoline on the function
of catalytic converter, leading to increased automobile emis-
* Corresponding author. Tekt 33-4-78-02-29-06; sions such_ as nitrogen oxides (NGand hydrocarbonEZ]._
fax: +33-4-78-02-20-66. These emissions are known as precursors of ozone in the
E-mail addressdenis.uzio@ifp.fr (D. Uzio). tropospherg3].
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The gasoline pool is made up of products coming from catalysts with desired composition and struct[#€é]. For
various units in the refinery. In particular, it contains 20—40% example, the successive hydrogenolysis of tatharyltin
of gasoline supplied by the fluid catalytic cracking unit (FCC (Sn(-C4Hg)4) on the surface of group VIII metals leads
gasoline) which has a high sulfur concentration (generally to a well-defined bimetallic catalyst supported on an oxide
up to 2000 ppm). As FCC gasoline may represent alone more[27—30]} In SOMC on oxide-supported metals, a complete
than 90% of the sulfur contained in a total gasoline pool, selection of reaction conditions (temperature, initial com-
sulfur presentin FCC gasoline is a key target in order to meet plex concentration, etc.) allows the reaction to occur prefer-
future sulfur specifications on gasoline. One of the viable entially between organometallic compounds and metal sur-
technological options is the hydrodesulfurization (HDS) of faces[27,29,30]

FCC gasolind4,5]. Similar attempts have been made for the preparation
Main sulfur compounds present in FCC gasoline are thio- of mixed transition-metal sulfideg81-34] These studies
phenes and benzothiophenes and they are relatively easyhowed that promotion by cobalt or nickel is more efficient
to remove by conventional HDS cataly$&7]. However, by reaction between pre-sulfided molybdenum (or tungsten
a major technical problem encountered with conventional sulfides) and promoter-containing organometallic com-
catalysts is that desulfurization is accompanied by the hy- plexes than by conventional impregnation. However, hardly
drogenation (HYD) of olefins, which are also abundantly any information has been reported about the chemistry in-
(25-50%) present in FCC gasoline. Olefin saturation through volved during the catalyst preparation. Recently, we applied
hydrogenation leads to a considerable loss of octane numbethe SOMC method to the modification of alumina-supported

[8]. (Co)Mo sulfides by cobalt or tif24]. As in the case of metal-

Many research efforts have thus been made to increasdic catalysts, successive hydrogenolysis was found to be
the selectivity (HDS/HYD) of the conventional sulfide-based involved in the SOMC modification of sulfide catalysts.
catalysts (e.g., CoMo/AD3) by modifying their composi-  Moreover, the surface morphology of the initial sulfide was
tion or surface properties: deactivated CoMofB4 sulfides preserved without significant Sn particle formation. The
(used or pretreated by cokinf§—12], use of basic organic  content of fixed Sn was found to reach a plateau, indicating
compounds like pyridine§l3,14] or promotion by basic  the adsorption type of the surface reaction by the SOMC
supporf15-17] Nevertheless, contradictory results still ex- method.

ist in the field of the improvement of the HDS/HYD selec- The objective of the present work was to obtain compre-
tivity, showing that fundamental knowledge is still needed hensive information about the mechanism of hydrodesulfu-
to explain the phenomena. rization and olefin hydrogenation over sulfides and to get a

While edge sites of sulfide slabs are generally acceptedbetter insight into relationship between different sites and
as active sites of sulfided CoMo/ADs [7,18-20] their de- catalyst selectivity (HDS/HYD). Tin was added to sulfided
tailed local structures and catalytic roles are still not clearly CoMo/Al,O3 and the resulting reactivity variations were
elucidated. For example, despite the arguments in favor of studied. The SOMC method was used for tin deposition and
the same sites for HDS and HY[D7], there are also various  the local structure of Sn on sulfided CoMo$8l3 was char-
evidences supporting models with different sites. It is well acterized by a multi-technique approach consistingegn
known, indeed, that HDS activity is highly promoted by the Md&ssbauer and infrared spectroscopies, as well as EXAFS.
addition of Co to Mo sulfide, while little or negative effect
is observed on olefin HY21-24] Moreover, hydrogen
sulfide (HS) inhibits HDS and straight-chain olefin HYD 2. Experimental
[23,25] but does promote branched-chain olefin HYZ3].

It is also remarkable that thiophene HDS/butene HYD se- 2.1. Preparation of the catalysts

lectivity increases when the active phase of a CoMglA|

catalyst is transformed from the so-called Type | Co-Mo-S  Modification of CoMo sulfides using SOMC was car-
structure into Type Il Co—Mo-S by increasing the sulfida- ried out by reacting tetraallyltin (Sng€ls)s, +95%,
tion temperatur¢26]. Strem Chemicals) with the surface of freshly sulfided

In this respect, it is of first importance to improve prepa- CoMo/Al,Os. Tetraallyltin was preferred to tetrabutyltin
ration method in order to realize meaningful structure— because of its higher reactivity towards the surface
reactivity studies on well-defined catalydtg]. Classical [24]. First, an oxide precursor (3wt.% CeQOwt.%
impregnation methods does not seem well suited for this MoO3/Al;03) was sulfided in flowing 15vol.% 8/H;
purpose, because the insertion of a promoter requires subunder atmospheric pressure. The pre-sulfidation tempera-
sequent thermal treatments at elevated temperatures (dryture was raised from room temperature (RT) to 673K at
ing, calcination, or re-sulfidation), and this may result in 300Kh™1 and maintained for 2h. Then the temperature
significant bulk structure modifications (e.g., sintering or was lowered to 473 at 300 K#. At this temperature the
modification of the promotion level). gas flow was switched to purepHand the reaction was

Surface organometallic chemistry (SOMC) has shown a further maintained for 2h. Then, the reactor was rapidly
high potential for the preparation of supported bimetallic cooled to RT in flowing H and finally pulses of 15vol.%
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H2S/H; were injected until the saturation of the surface Tablel
sites occurred. The as-prepared sulfide was then trans/nter-atomic distances of the reference shells

ferred, without air contact, to the reactor designed for the Shell Distance (A)
SOMC treatment. This reactor, containing the solution Mo-Co 3.3
(complex+ solvent), had been purged by Ar flow before Mo-Mo 33

Mo-S 2.4

catalyst introduction. The reaction was done at RT in flow-
ing Hy for 2 h. After reaction, the catalyst was washed with
pure solventii-heptane) under Ar flow. To ensure complete _ ) _
decomposition of the anchored complexes, a post-treatmenchamber and the remainder in the second ion chamber. At
was performed by reduction under pure fiow at 473 K. th_e Mo K-edge, each spectrum was recorded three times
The resulting materials were ground into fine powder and With a step of 3eV (from 19900 to 21000eV) and 2s per

then stocked under Ar atmosphere to avoid any contact with P0int. The energy/angle calibration was performed using

air before catalyst characterization. Co, Mo, or Sn foil as reference. After sieving, particles in
the 100-20(wm range were loaded into a sample holder
2.2 Characterization sealed by self-adhesive Kapfrtape that is transparent

to the X-ray beam. The loading of the sample holder was

1195 Mgssbauer spectroscopy analyses were Carriedpe'rforrned in a glove box filled with pure nitrogen to avoiq
out at RT using an EG&G Novelec constant acceleration Oxidation of the sample. The Mo K-edge was recorded with
spectrometer in transmission mode. The source-cdys a sample thickness of 4mm. Normalized EXAFS spectra
was119MSn in a BaSn@ matrix with a nominal activity of ~ Were isolated from the experimental data using standard
10 mCi. The velocity scale was calibrated with the magnetic Procedurée36]. Data analysis was performed by using the
sextet of a high purity iron foil absorber, usiffgCo(Rh) “EXAFS pour le Mac” packagg37]. Fourier transforms
as source. A fresh Sn-containing sample was placed in the(FTS) of th_ek3-we|ght_ed EXAFS functions were obtained
specific Pyrex cell, which was sealed under vacuum and USing a Kaiser type window ranging from 4.08 to 16.17A
then transferred to the spectrometer. The Mossbauer specbeyond the Mo K-edge. In this work, FTs were calculated
troscopy analyses were thus realized without any contact ofand presented WIthOU.t phase correction. The inverse Fourier
the powered samples with air. The recorded spectra weretransforms (FT1s or filtered EXAFS) were opta|ned in the
fitted with Lorentzian profiles by a least-squares method 'ange between 1.42 and 3.30 A for Mo. Two filtered EXAFS

[35]. The isomer shifts were determined relative to the SPeCtra per sample were calculated: one per each peak on
center of the BaSn@spectrum recorded at RT. the FT (the first one is obtalr_1ed in the range between 1.42
For the infrared (IR) spectroscopy measurements, the sul-and 2.39 A; the second one in the range between 2.42 and
fide sample previously kept under Ar was taken out in air 3-30 A). Theoretlca! amphtude; and phr_ase functions for all
and pressed into a self-supporting disc (10 mg, ®)cthwas the possible bpnds in the material involving a Mo atom were
then placed into the IR cell and re-sulfided in situ under the c@lculated using FEFF 8.10 softwaj@8]. The structural
same conditions as those used for the initial sulfidation. The Parameters (inter-atomic distances) of the calculated refer-
main difference was that, after the reduction procedure, the €nces used in this study are summarizedable 1 A one-
IR cell was evacuated during the temperature decrease fronf" two-shell least-squares fitting procedure kispace) us-
473K to RT and no HS/H, pulse was injected. First, IR N9 a single scattering EXAFS formulation was employed to
spectra of fresh sulfide were obtained at RT and 100 K, then extract, from each filtered EXAFS spectra, the coordination
small calibrated pulses of carbon monoxide (CO) were intro- Number ), inter-atomic distanceR), and Debye-Waller
duced into the IR cell at 100 K up to an equilibrium pressure factor (@) with Round Midnight softwarg37].
of 133 Pa. IR spectra were recorded after each CO introduc-
tion with a Nicolet Magna 550 FT-IR spectrometer equipped 2.3. Catalytic tests
with a liquid-nitrogen-cooled MCT detector. The spectrom-
eter operated at 4 c resolution collecting 512 scans. Catalytic performance of the prepared sulfides was eval-
X-ray absorption experiments were performed at LURE uated in an autoclave under constant hydrogen pressure
(Laboratoire pour I'Utilisation du Rayonnement Electro- with a model FCC gasoline feed. This feed was composed
magnétique, Orsay, France) using DCI, a storage ring of 1000 ppm sulfur as 3-methylthiophene (>98%, Fluka),
operated with an electron energy of 1.85GeV and a cur- 10wt.% olefin as 2,3-dimethyl-2-butene (>97%, Fluka) or
rent between 260 and 360 mA. Data were collected at RT 1-hexene £98%, Fluka), and solvent asheptane (>99%,
on the EXAFS IV station, which is equipped with a Si HPLC grade, Fluka). Fresh catalyst was introduced under
(400) double crystal monochromator for the Mo K-edge argon (Ar) flow into the reactor containimgheptane, which
(20000€V), and a double borosilicate mirror for the re- was also previously purged by Ar flow to prevent any air
jection of harmonics. Measurements were done in trans- contact of the catalyst. The reactor was purged again by ni-
mission mode using ionization chambers filled with argon trogen (N) stream, prior to the injection of reactants consist-
to absorb around 20% of the X-ray beam in the first ion ing of 3-methylthiophene (3-MT) and 2,3-dimethyl-2-butene
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(2,3-DMB2N) or 1-hexene (H1N). Then, the temperature 1
was increased up to the reaction temperature of 473 K under 1.00
N> atmosphere. After introducing hydrogens{Ho have a ’
total reaction pressure of 2.5 MPa, the reaction was started
by stirring the reaction mixture. Under these reaction condi-
tions, the absence of mass transport limitation was checked
by a linear increase of the reaction rate with increasing the 0.99 1
mass of the catalyst. The composition of the reaction mix-
ture was monitored during the reaction, by analyzing the lig-
uid samples using a gas chromatograph (Varian, CP-3800)
equipped with a flame ionization detector and a 50 m long
and 0.2mm diameter (i.d.) capillary column (HP PONA,
0.5um film thickness).

0.5 % Sn £ Sn

11.6 % Sn

Relative transmission

3. Results

3.1. Tin doping of CoMo/AD3 sulfide by SOMC
0.98 +

As described inSection 2 the tin doping proceeded
in two steps: liquid phase reaction of the organometallic
complexes (Sn(gHs)4) and the sulfide catalystachor- 2.4 % Sn Y ?
ing), followed by thermal decomposition of the surface L R R N
organometallic complexegafting). More detailed infor- ’ ’ ’
mation about the mechanism of SOMC tin doping of a Velocity (mm s™)
sulfide catalyst are given elsewhdit] and we summa-
rize hereafter the major results to facilitate the following
interpretation of characterization data.

The tin complex adsorbs on the surface of the solid via 100 T
an adsorption equilibrium process, the loading reaches a '
plateau for high concentration of tin precursor in the solu-
tion. The gas analyzed during the Sn adsorption was mainly 0.98
propene with some traces of propane and the quantity of ] Sn
gas produced was almost equal for anchoring and graft- SN1
ing steps. Moreover, up to 90% of the carbon in the Sn 1 2.9% Sn
complexes was removed during the anchoring and grafting. T T T T 1
From these observations, it can be concluded that a pref- T e
erential hydrogenolysis of the C—Sn bond was involved in
the anchoring and grafting of the Sn complexes. First, two
allyl ligands of a Sn(gHs)4 complex were removed as
propene, forming a surface tin complex. Then, the thermal
post-treatment further hydrogenolyzed the remaining two
ligands, leaving on the catalyst surface nearly ligand-free Sn.

0.96

Fig. 1.1195n Méssbauer spectra of Sn-doped CoMe@ sulfides.

0.96 sn'.

1 SN2

1 1.8% Sn
Atk

Relative transmission

3.2. 1195n Méssbauer spectroscopy

Fig. 1 presents thé1°Sn Méssbauer spectra of sulfided
CoMo/Al,O3 with different Sn contents. For a better in-
terpretation of the spectra, reference samples obtained by
the SOMC between tin complexes and pure alumina sup-
port were also studied. Different Sn/&3; samples were
prepared by changing the mode of pre- or post-treatments Velocity (mm s™)

(Fig. 2). The corresponding spectroscopic data are summa-__ 119 ) o
Fig. 2. ~°Sn Mdssbauer spectra of Sng@lz with different treatments.

rized m,TabI,e.S 2_and 3 . SN1: pre-sulfidation of alumina at 673K and reduction at 473K of
The identification qf the Mosspauer dat?‘ was performed somc-treated sample; SN2: pre-drying of alumina at 393 K and reduction
using the scale of isomeric shifts obtained from some at 473K of SOMC-treated sample; SN3: pre-sulfidation of alumina at

reference Sn compounds available at the Laboratoire des573K and drying at RT of SOMC-treated sample.
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1195 Mossbauer spectroscopic data on CoMgAl sulfides with 0.5-2.4wt.% Sn

207

Sample Isomer shift (mnT$) Quadrupole splitting (mms) Species Molar percentage
0.5% Sn—CoMo/AiO; 0.26 (3) 0.73 (3) sn(Iv) 49.4
2.89 (5) 2.45 (7) SD) 34.8
3.20 (11) 1.57 (14) sn(ll) 15.8
1.6% Sn—CoMo/AIOs 0.56 (2) 0.79 (4) Sn(Iv) 17.2
2.91 (1) 2.17 (1) sn(lly 61.7
3.24 (1) 1.49 (2) SD) 21.1
2.4% Sn—-CoMo/AlO3 0.40 (2) 0.78 (2) sn(Iv) 37.6
2.86 (2) 2.24 (2) sn(ll) 421
3.30 (3) 1.79 (4) sn(ll) 20.3
Table 3
1195 Mésshauer spectroscopic data on SgD3lwith different treatments
Sample code Sn content (%) Isomer shift (mmh)s Quadrupole splitting (mms) Species Molar percentage
SN2 2.9 0.61 (1) 0.39 (2) sn(Iv) 236
0.72 (1) 1.34 (1) sn(Iv) 35.4
2.89 (2) 2.25 (3) S) 30.9
3.21 (6) 1.70 (7) sn(ll 10.1
SN2 1.8 0.03 (1) 0.75 (1) sn(Iv) 53.2
2.80 (1) 2.36 (1) Sn(ll) 46.8
SN 2.9 0.01 (1) 0.48 (1) Sn(Iv) 49.3
1.42 (1) 0.79 (1) Sn(Iv) 50.7

a Pre-sulfidation of alumina at 673K and reduction at 473 K of SOMC-treated sample.
b Pre-drying of alumina at 393K and reduction at 473K of SOMC-treated sample.
¢ Pre-sulfidation of alumina at 673K and drying at RT of SOMC-treated sample.

Agregats Moléculaires et Matériaux Inorganiques (LAMMI,  |n this case, two species were clearly identifiedYSstannic
Montpellier) Fig. 3). The Sn/AbO3 sample, prepared under  oxide (near Sng) and SH stannous oxide (near SnO). The
the same conditions as the Sn-doped CoMgDAI(SN1 in SN3 sample was prepared with pre-sulfided alumina but the
Fig. 2and Table 3, had two oxidation states (IV and Il).  sample was simply dried at RT after the anchoring of the Sn
Two different Sn species were obtained for each oxidation complexes. This sample showed only‘Sepecies: one ox-
state by peak decomposition. The observed” Speaks ide species (Snftype) and one covalent species, probably
(0.61 and 0.712 mms") probably correspond to Sn oxysul-  due to the residual hydrocarbon ligands on Sn atoms.

fide species. One of the Sispecies shows an isomeric shift The CoMo/AbO;3 sulfides with different Sn loadings con-
characteristic of a stannous oxide (2.89 mrt)s whereas  tain the same Sn species, but with different proportions
the other species might be due to an oxysulfide or sulfide (Fig. 1andTable 2. The SH was ascribed to intermediate
(3.21mms1). These ascriptions were confirmed by the re- species between two é’nspecies of Sn/Al03. However,
sults on sample SN2, the alumina of which was simply dried the larger peak width (1.2—1.3mmY suggests that both

at 393 K instead of pre-sulfidation before SOMC treatment. gV species were also present on the sulfided CoMdDAl
Practically, the same types of 'Sispecies (one oxide and
one (oxy)sulfide) were found on sulfided CoMo®; and

T T T
s sis Sn/AlbO3 (SN1).
| [T |
sn*-o | | sn-0 3.3. Infrared spectroscopy
| L]
Bhsno | IR spectroscopy was used to investigate the different
— ———— surface sites, either by studying chemisorbed C@9g. 4
| | | | and 9, or by monitoring directly the surface OH groups
00 SS - S S0 SnS (Figs. 6 and Y on the sulfided catalysts. The infrared

spectrum of CO (IR(CO)) adsorbed at 100K on sulfided
CoMo/Al,O3 without Sn doping Fig. 4), corresponds to
typical IR(CO) spectra obtained on sulfided CoMg/®4
[21,31,39] with principally four different types of CO

05 00 05 10 15 20 25 30 35 40
S (mm/s)

Fig. 3. Scale of isomeric shifts for tin.
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Promoted sites
(CUS CoMo)

2067

1T CO at equilibrium

COdoses

2250 2200 2150

2100

2050 2000 1950

Wave number (cm-)

Fig. 4. IR spectra of CO species resulting from the introduction of increasing doses of CO at 100K on a reference sulfided,OgMo/Al

species. First, two characteristic bands of CO on alumina der around 2055 cmt could indicate the presence of Co

could be observed. The bands at 2155 and 2190cm

that is not connected with Mo sitgl81,39] The band

correspond, respectively, to CO hydrogen-bonded to hy- at 2110cm?, characteristic of non-promoted Mo sites

droxyl groups (Brgnsted acid sitef31,40,41]and to CO
coordinated to the Lewis acid sites of alumina A)

[21,31,39,41,43,44]has a very weak intensity. It means
that almost all Mo edge sites are in interaction with Co

[31,40-43] The lower wave number region is character- atoms evidencing the good promotion level of this sulfided
istic of sulfide phases: CO chemisorbed on coordinately catalyst. The spectra of the tin-doped catalysts display the

unsaturated sites (CUS). The band at 2067 tiis due to
the Co-promoted Mo sulfide sitg47,21,31] The shoul-

]
2
2 IO'O“ \
2
o
%]
2 0.0% Sn
/\ 0.5% Sn
/\ 1.6% Sn
—— 2.4% Sn
2250 2200 2150 2100 2050 2000 1950
(a) Wavenumber (cm-1)
100+ Brénsted sites on support
0.80 -
(]
3
© 0.60
> +— Lewis sites on support
£ 040 - .
< ,——CUS on sulfide phases
® 020
0.00 T T
0.00 1.00 2.00
() Sn content (%)

Fig. 5. (a) Evolution of IR spectrum of chemisorbed CO at 100K, with
increasing Sn loading on sulfided CoMo#@l3 and (b) relative absorbance
values of different CO species vs. Sn loading.

same kind of bands as the reference sulfided CoMa4\l

but Sn led to a decrease of the band intensiig.( 59.

No significant band shift could be noted with Sn loading,
except maybe small decrease in wave number (2-3Fm
for samples with high Sn loadings. The evolution of the
band intensity with Sn loading is reportedkig. 5bfor the
different CO species. The contributions of CO chemisorbed
on non-promoted and Co-promoted sites were combined to
the total CUS on the sulfide phases.

On the other hand, the OH groups of the alumina support
were also directly monitored at RT before CO introduction
(Fig. 6). Sulfided alumina showed two bands at 3731 and
3681 cnt! specific of acidic OH groups as well as a broad
band characteristic of H-bonded OH groupsy( 69. This
points out the high hydroxylation degree of the alumina sur-
face in agreement with the low temperature of final evacu-
ation (473 K). Deposition of Sn by SOMC on pure alumina
decreased only slightly the number of OH groups and no
preferential interaction can be noticdeid. 63.

On the sulfided CoMo/AlO3 samples, a decrease of the
alumina OH groups is observed in agreement with the sup-
port coverage by the sulfided phaség; 6b). This decrease
is more important on Sn-containing catalysts. To better eval-
uate the modifications in the OH group zone, the spectrum
of the sulfided alumina was subtracted from those of the sul-
fided CoMo catalystsHig. 7). For the sulfided CoMo/AlO3,
the negative bands at 3731 and 3681 ¢rmonfirm the de-
crease of the number of free-alumina OH groups in presence
of sulfided phase. The positive band at 3630 ¢émoints
out the appearance of support OH groups perturbed by the
presence of the sulfided phapt—48] these OH groups
will be called “interfacial sites” in the following. Such sites
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- 3731 3681 3569
g i
c
g |
£
2
= ALLO,
I 0.1 ALO, + 2.7%Sn
3800 3700 3600 3500 3400 3300 3200 3100
(a) Wavenumbers (cm-')
Q
Q
c
@
£
s 0%Sn
<
I 0.1
0.5%Sn
1.6%Sn
2.4%Sn
3800 3700 3600 3500 3400 3300 3200 3100
(b) Wawenumbers (cm")

Fig. 6. IR spectra of the OH band region of the (a) sulfidedl support with and without 2.7% Sn and (b) sulfided CoMe@d with different Sn

loadings.
0%Sn 3630

.................... J 0‘05

1.6%Sn

Absorbance
—>

> anon X ——

|
3569 \

3900 3800 3700 3600 3500 3400 3300 3200
Wavenumbers (cm-1)

b
3731 3681

Fig. 7. IR spectra of the OH band region of the sulfided CoMgD4l with different Sn loadings, after subtraction of sulfided alumina contribution.

could correspond to acidic alumina OH groups in interac- mina OH groups while for the highest amount of Sn intro-
tion with basic sites of the sulfided phase (such as sulfur duced, H-bonded hydroxyls groups (band at 3569 trare
ions or SH groups). Until 1.6% Sn, Sn deposition leads strongly affected. Variation of the acidic OH groups (bands
more specifically to a decrease of the high wave number alu-at 3731 and 3681 cn) is consistent with the IR(CO) re-
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2.4% Sn
FT 1.6% Sn
Magnitude
0.5% Sn
0.0% Sn
0 1 > 3 4
@ R(A)
W 2.40/0 Sn
FT —’MV/\‘N 1.6% Sn
Magnitude ;

M—«(K/F\M 0.5% Sn
//\ 0.0% Sn

(b)

,

T

3
R (A)

Fig. 8. Experimental and calculated Fourier transforms ((a) first peak and (b) second peak) of the EXAFS spectra at the Mo K-edge of Sn-doped
CoMo/Al,03 sulfides (0—2.4 wt.%). Dotted lines and solid lines represent experimental (filtered) and calculated spectra, respectively.

sults. Additionally, a higher Sn loading (1.6 and 2.4% Sn) residual in the order of I®. Also note that the adjustable

induces a diminution of the band at 3630chalthough

parameter related with energy originEg) was constrained

the simultaneous decrgase of aIu_mina H-bonqeq OH groupsio be the same for each shell of a given least-squares fitting.
prevent a clear following of the intensity variation of the According to the fitted dataTéble 4, the reference sample

“interfacial site” band.

3.4. EXAFS

(Owt.% Sn) showed the coordination distances and numbers
of Mo—S, Mo—Mo shells comparable to previously reported
results on CoMo/AlO3 sulfides[17,49-51] However, the
coordination distance of Co—Mo (3.23 A) was substantially

Whatever the content of doped Sn (0-2.4 wt.%), the spec- Nigher than the usually reported value (2.80 A).

tra looked quite similar for a given edge. As an example,

Fig. 8shows experimental and calculated Fourier transforms 3.5. Catalytic test with the feed containing
of the EXAFS spectra obtained at the Mo K-edge. The results 3-methylthiophene and 2,3-dimethyl-2-butene

of the numerical simulation, for the Mo K-edge, in terms of
global and specific (structural) parameters, are reported in

Fig. 9 shows a typical plot of conversion versus reaction

Table 4 Note that the numerical simulation gave a typical time obtained over the different sulfide catalysts studied.
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Table 4
EXAFS analysis of Sn-doped CoMo/AD; sulfides (0-2.4wt.%) at the
Mo K-edge

Sn content  Shell N R (A)P Ao (A) AEg
(%) (ev)
0.0 Mo-S 5.3 241 0.064 6.7
Mo—Mo 25 3.16 0.069 -1.5
Mo—Co 1.1 3.23 0.062 —15
05 Mo-S 5.4 2.41 0.063 75
Mo-Mo 2.4 3.15 0.069 -1
Mo—Co 1.2 3.22 0.066 —-1.0¢
1.6 Mo-S 55 2.42 0.065 9.0
Mo—Mo 2.1 3.15 0.069 —1.C°
Mo—Co 15 3.25 0.066 -1
2.4 Mo-S 55 241 0.064 9.0
Mo—Mo 2.2 3.19 0.070 -1.0
Mo—Co 0.6 3.25 0.066 -1.0
a 10.5.
b +0.05.

cdefConstrained to be equal.

For the total conversion of 3-methylthiophene, a first-order
kinetic law, resulting in a good fit of the experimental

data, was used to compare the HDS activities of differ-
ent catalysts in this study. In the reaction products, some
3-methyltetrahydrothiophene, thiols and alkylthiophenes
other than 3-MT were detected. However, the contribution of

these products was estimated to be negligible under our tes

conditions. In the case of 2,3-dimethyl-2-butene, an impor-
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Fig. 10. (a) Molar distribution of products from 2,3-dimethyl-2-butene
conversion as a function of reaction time and (b) evolution of molar ratio
of 2,3-dimethyl-1-butene to 2,3-dimethyl-2-butene with reaction time.

tant conversion had already been made during the heating

of the reaction mixture under NFig. 9). During the reac-
tion under B pressure, the rate of olefin conversion slowed
down with reaction time and became constant at ca. 30 min.
This rather complex kinetic behavior was, in fact, due to the
concomitant presence of isomerization and hydrogenation
reactions. Indeed, during the heating of the reaction mixture
under N and at the beginning of the reaction undes, H
only isomerization of 2,3-DMB2N to 2,3-dimethyl-1-butene
(2,3-DMB1N) took place Fig. 103 and hydrogenation
reaction to 2,3-dimethylbutane (2,3-DMBN) began only
when the ratio 2,3-DMB1N/2,3-DMB2N became constant

80 1

[e2]
o

Conversion (%)

23DMB2N

0 T T T T 1
50 100 150 200 250

Reaction time (min)

Fig. 9. Conversion of 3-methylthiophene and 2,3-dimethyl-2-butene as a
function of reaction time over a reference CoMa/@4 sulfide catalyst.

(Fig. 10a and p Hydrogenation reaction was nicely fitted
with zero-order kinetic laws.

3.6. Catalytic test with the feed containing
3-methylthiophene and 1-hexene

The conversion of 3-MT showed again apparent first-order
kinetics Fig. 11). A significant HIN conversion was ob-
served as a result of heating under &mosphere. Then the
conversion increased rapidly up to near 100% during the
reaction under bl pressure and stabilized at ca. 1 h of reac-

100 7

7

80 7 H1N

60 T

40 1 I~

3MT

Conversion (%)

20 7

50 100 150

Reaction time (min)

200 250

Fig. 11. Conversion of 3-methylthiophene and 1-hexene as a function of
reaction time over a reference CoMog@3 sulfide catalyst.
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Fig. 12. (a) Molar distribution of products from 1-hexene conversion as _g
a function of reaction time and (b) evolution of molar ratio of 1-hexene = 041
to 2-hexenes (H2N) plus 3-hexenes (H3N) with reaction time. &
0.2 -
tion time. H1N isomerization prevailed at the beginning of
the reaction but hydrogenation was also presEig. (123, 0 o 0‘5 1 1‘5 2 2‘5 3
unlike the test with 2,3-DMB2N. When increasing reaction ' ' '

. . . S " Sn content (%)
time, the isomers approached their equilibrium composition

and hexane (HN) formation by hydrogenation showed ap- Fig. 14. Evolution of 3-methylthiophene HDS and olefin HYD activities as

parent zero-order kineticﬁg. 12a and h For the first 1h a function of Sn loadings. Dashed lines correspond to the mixture of 3-MT

of reaction hydrogenation deviated a little from zero-order and 2,3-dimethyl-2-butene and solid lines to that of 3-methylthiophene
) ! and 1-hexene.

behavior. As a consequence, HYD rate constants were cal-

culated, for comparison, from the data obtained for the re-

action time higher than 1h. relative to the activities of reference catalyst. With increas-
ing loading, tin doping suppressed gradually both HDS and

3.7. Influence of Sn doping on the catalytic performance HYD reactions. However, the decrease trend was clearly dif-
ferent for these two reactions. A small dose of Sn (0.5 wt.%)

This part compares the activities of catalysts with various diminished drastically HDS and HDS activity continued to

tin loadings, for the three main reactions involved: isomer- decrease with increasing Sn loading although to a much

ization, hydrogenation and hydrodesulfurization. Due to a lesser extent. In the case of HYD, 0.5wt.% of Sn showed

considerable isomer formation during the heating of the feed little effect and activity decrease became important at higher

in N2, no meaningful kinetic analysis was possible for the Sn loadings. Moreover, the activity decrease of 2,3-DMB2N

olefin isomerization. Thus, a direct comparison of reaction HYD was less important than that of HIN HYD with Sn

curves (H1N isomerization versus reaction time) was made doping.

for the comparison of isomerization activitieSig. 13. In

general, all catalysts showed similar behavior and tin dop-

ing did not seem to have significant impact on isomerization 4. Discussion

performance. However, some discrepancy could be noted at

the beginning of the reaction without however apparent cor- 4.1. Tin deposition on CoMo/#0Ds sulfide via SOMC

relation with loaded tin content. Unlike ISOM, tin doping

resulted in remarkable activity changes in both HDS and Mdssbauer spectroscopy showed that the tin environment

HYD, as indicated byrig. 14where activities are presented was rich in sulfur and oxygen, their proportion depending



J.-S. Choi et al./Applied Catalysis A: General 267 (2004) 203-216 213

on the tin loading. It is also noteworthy that no intermetallic exist about the relative importance of the two pathways,
environment (i.e., Sn—Mo, Sn—Co or Sn—-Sn) was observedand arguments favoring one of the pathways were often
indicating again that tin was linked to the sulfide phases or to supported by the detection or not of hydrogenated inter-
the support by way of sulfur (or oxygen) bridges with a high mediateq[7]. In the case of methylthiophene HDS at ele-
degree of dispersion. The presence of sulfur bridge betweenvated H pressure, the pre-hydrogenation pathway seems
tin and cobalt (or molybdenum) could be explained by the to be favored7,53]. The detection in the present work of
fact that the surface of CoMo/AD3 had been saturated by  3-methyltetrahydrothiophene and thiols corresponding to
H>S/H, pulses before SOMC treatment (sgection 3. The the first C—S bond breaking appears to support this hypoth-
present characterization results suggest that the hydrogenolesis.
ysis of tetraallyltin Sn—C bonds took place probably with ~ The conversion of 2,3-DMB2N to 2,3-DMBN showed
SH groups and OH groups initially present on CoMo/24 a typical behavior of consecutive reactions, as shown in
sulfide. Fig. 10 or proposed in[54]. Indeed, 2,3-DMB2N gave
EXAFS showed, from the Mo K-edge spectii@id. 8 only 2,3-DMB1N at the beginning of the reaction and the
which do not show any sensible change with Sn doping, that concentration of 2,3-DMB1N began to decrease with time.
the bulk structure of the sulfide phases were not modified Therefore, 2,3-DMB1N was a reaction intermediate. It is
by the SOMC treatment as it was previously suggested by remarkable that ISOM was instant under the reaction con-
XRD, TEM, and electron probe microanalysis (EPM24]. ditions used and approached rapidly the equilibrium. When
Different locations of doped Sn atoms can now be deducedthe ratio of 2,3-DMB1N/2,3-DMB2N arrived near the
from IR results, since the various types of sites present onequilibrium value, hydrogenation of 2,3-DMBI1N started.
CoMo/Al,O3 sulfide can be monitored according to differ- Direct hydrogenation of 2,3-DMB2N to 2,3-DMBN seems
ent tin loading Figs. 5 and ¥: free OH groups of support  less probable due to its much lower reactivity compared to
(Brgnsted sites), Al sites of support (Lewis sites), sulfide 2,3-DMB1N [55]. According to the work done by Maurel
CUS, and OH groups in H-bonding with sulfide phases (in- on Pt/SiQ [55], 2,3-DMB1N is about 500 times more active
terfacial sites). The introduction of 0.5wt.% Sn decreased than 2,3-DMB2N primarily due to the difference in adsorp-
the numbers of OH groups, At sites and sulfide CUS tion coefficients. Considering the constant isomer distribu-
(Figs. 5b and B Higher Sn loadings (1.6 or 2.4wt.% Sn) tion during the reaction, it is evident that the ISOM was not
continued to decrease the number of sulfide CUS but the de-kinetically limited contrary to HYD of 2,3-DMB1N. All
creasing rate was considerably lowered. On the other hand this consideration permits to propose a reaction network of
the number of free OH groups and®Alsites did not change  2,3-DMB2N hydrogenation over sulfide catalyBid. 15).
any more at 1.6 or 2.4 wt.% Sn. Some increase in Lewis acid Basically the same reaction scheme was involved in
sites could be explained by the formation of'Ssites[52]. 1-hexene HYD Fig. 12. Isomerization of HIN started
The decrease of H-bonded OH groups is more pronouncedduring the feed heating undera,Nand near equilibrium
for the highest Sn amount. The site blocking by tin seems composition of isomers was rapidly established. Moreover,
to proceed without significant strength change of residual the formation of HN from hydrogenation was continually
sites, as no evident band shift trend was obsertggl 69. accompanied by this equilibrated isomer distribution. One
The small decrease in wave number for the samples with major difference, compared to 2,3-DMB2N conversion,
1.6 or 2.4wt.% Sn could result from specific poisoning of was that HYD took place readily at the beginning of the
certain sites of sulfide phases or electronic effect, but clearreaction, due to the higher reactivity of HIN than those
explanation is not possible with the results of present study. of its isomers with internal double-bori@5]. From these
Concerning the interfacial sites, a small increase of the bandobservationsFig. 16 proposes the global network of HIN
intensity was observed at 0.5 wt.% Sn but higher Sn loadings conversion, consisting of the H1IN isomerization and hy-
progressively poison this type of sitdsq. 7). The informa- drogenation according to parallel pathways. Even though
tion obtained by IR can be summarized as follows: at low Sn H2N and H3N isomers were probably not reaction interme-
loading SOMC preferentially blocked sulfide CUS and some diates considering their lower reactivity than their terminal
of support sites (free OH groups andAlsites) without double-bond counterpafib5], the isomer concentration
changing drastically electronic properties, and for higher Sn presented a maximum during the reactiéig( 129 due to
loadings, then H-bonded and interfacial OH groups started the reversibility of the reactiofb4].
to be poisoned.

4.2. Reaction networks : i \>4< +H,

It is generally suggested that hydrodesulfurization of
thiophenic compounds can occur via two alternative path- 23DMB2N 23DMBIN 23DMBN
ways. hydmgena.tlon step. of thiophene ring followed _by Fig. 15. Proposed reaction network of 2,3-dimethyl-2-butene conversion
S-C bond breaking or direct S-C bond cleavage Wwith- at 473K and under total pressure of 2.5 MPa. Feed composition: 10 wt.%
out pre-hydrogenation. However, different points of view 2,3-dimethyl-2-butene, 1000 ppm S as 3-methylthiophenereneptane.
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SN rans-H2N discrim_ina_\te active s?te_ structures for each reaction. First,
ISOM indicated no visible change in catalyst performance

K\/\ cis-H2N for the reaction time higher than 1h in case of HIN even
at 2.4wt.% Sn Fig. 13. Before attaining equilibrium iso-

/ SN rans-HIN mer composition, we can note that initial activity varies for

I/\ _ different Sn loading, but no apparent tendency could be ob-
~ cis-H2N tained with increasing Sn loading. At present, we could not

explain the difference of initial isomerization performance.
N However, sites blocked by tin do not seem to play an impor-
tant role in olefin ISOM. Especially, the number of sulfide
w CUS and interfacial sites did not seem to be rate limiting for
2

HIN

olefin ISOM, as even the catalyst with the highest Sn con-
tent (2.4 wt.%) resulted in no significant activity decrease,
SN neHN whereas the number of sulfide CUS and interfacial sites was
very drastically decreased with doping of 2.4wt.% Sn. On
Fig. 16. Proposed reaction network of 1-hexene conversion at 473K and the contrary, the portion of support OH groups andHAl
under total pressure of 2._5 MPa. Feed composition: 10wt.% 1-hexene, gitac \which remains free after Sn deposition, could therefore
1000ppm S as 3-methylthiophene andieptane. be the active sites for olefin ISOM. Indeed, the alumina sup-
port has already been proposed as an active phase for olefin
4.3. Hydrodesulfurization, isomerization and isomerization, when the surface Brgnsted acidity is main-
hydrogenation mechanisms tained by a partial pressure of,H or the presence of sul-
fide phasg56]. As ISOM was very rapidly approaching the
The previous part reported that the various types of sites equilibrated composition, the diminution of only some part
could be blocked by Sn according to the Sn content: co- of support sites might not be sufficient to visibly diminish
ordinately unsaturated sites on sulfide phases (CUS or sul-the catalytic activity.
fur vacancies), free OH groups, H-bonded OH groupstAl Tin doping brought about net activity decrease for both
sites on the support, and finally interfacial sites consisting of HYD and HDS Fig. 14). A higher tin loading led to a more
support OH groups H-bonded with the sulfide phase. Most important activity drop. However, the profiles of activity
significant site blocking concerned sulfide CUS and inter- decrease were completely different for these two reactions.
facial sites. The comparison of these results on site numberFirst, we can note a good parallel between HDS activity
evolution with the activity variation according to tin load- (Fig. 14 and the number of sulfide CUS deduced from
ing (Figs. 13 and 1¥provides important information on the  IR(CO) areas Kig. 5b. The plot in Fig. 17 confirms in-
nature of active sites for ISOM, HYD and HDS. deed an excellent linear correlation between relative HDS
Figs. 13 and 14&how clearly that each of ISOM, HYD  activities and relative areas of IR bands for CO/sulfided
and HDS reacted differently to the Sn doping and allow to phase CUS. The sulfur vacancies on sulfide phases played

0.9
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0.4 1
0.3 1
0.2

0.1

Relative area of CO/sulfided phase CUS

0 T T T T
0.00 0.20 0.40 0.60 0.80 1.00
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Fig. 17. Linear relationship between HDS activity and the number of sulfided phase CUS.
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therefore an important role in HDS catalytic cycle. This 5. Conclusions
finding enters perfectly the generally accepted reaction
scheme of HDS over sulfide catalyst, where CUS on sulfide  Tin doping of sulfided CoMo/AlO3 by surface organo-

phases are considered as active Jitg¢s metallic chemistry of tetraallyltin was found to take place
On the other hand, no evident correlation can be found keeping the initial morphology of sulfide slabs. Very high
with CUS, free OH groups or At sites for olefin HYD. tin dispersion seems to have been achieved. Tin complex an-

The catalyst with 0.5wt.% Sn showed only a small decrease choring was proved to proceed by hydrogenolysis of Sh—C
in HYD, while a sensible diminution of CUS was noted. bonds on SH and/or support OH groups. The SH groups
It indicates that the elementary steps involving sulfur va- might be linked to Mo or Co-promoted Mo sites, H-bonded
cancies (olefin or hydrogen activations) were not of pri- to support OH groups, or located at3Alsites. As a result,
mary importance for olefin HYD in our condition of test. tin doping led to the blocking of different sites on the sul-
In addition, free OH groups and At do not seem to be fide catalysts, depending on tin loading. A small dose of tin
important in the HYD catalytic cycle either. As, although blocked preferentially sulfide CUS and some part of support
the number of free OH groups andAl sites stayed prac-  sites (free OH groups and At sites). This site blocking
tically constant for all the Sn-doped catalysts, the activity was realized with limited variations of the electronic prop-
decrease correlated with the Sn content. Unlike the CUS, erties. At higher tin loading, the interfacial sites (made up of
hydroxyl groups and Att sites, the interfacial sites showed support OH groups H-bonded with the sulfide phases) were
a qualitatively good correspondence with olefin HYD activ- also poisoned.
ity. Indeed, a significant diminution of interfacial sites was  The conversion of 3-methylthiophene proceeded via
observed only on the catalysts with 1.6 and 2.4wt.% Sn pre-hydrogenation of thiophenic ring and showed an ap-
and these two catalysts showed lowest HYD activity. The parent first-order kinetic behavior on CoMoj8l3 sul-
catalyst with 2.4wt.% Sn had less numerous and less ac-fides with or without any tin doping. Hydrogenation of
tive interfacial sites than the catalyst having 1.6 wt.%. The 2,3-dimethyl-2-butene was a consecutive reaction involv-
presence of tin on interfacial sites seems to decrease HYDing intermediate isomerization to 2,3-dimethyl-1-butene.
activity by inhibiting the hydrogen addition to olefin. In  Hydrogenation started when equilibrated isomer composi-
this respect, it is noteworthy to reconsider a work done by tion was reached and had apparent zero-order kinetic law.
Candia et al.[26]. As mentioned already, high tempera- The conversion of 1-hexene involved isomerization and
ture sulfidation of CoMo/AIOs results in the transition of  hydrogenation in parallel. The isomer concentration was
the active phase from Type | Co—Mo-S structure into Type again quickly equilibrated and hydrogenation followed ap-
Il Co—Mo-S. This transition is accompanied by thiophene parent zero-order kinetic law. No clear correlation could
HDS promotion and some inhibition of secondary HYD of be obtained between tin doping and isomerization perfor-
butenes. These authors explained this change by more commance and the support was proposed to play an important
plete sulfidation and diminution of the interaction between role in this reaction. Tin doping significantly inhibited hy-
sulfide phase and support. Their IR results showed, in ef- drodesulfurization and olefin hydrogenation. According to
fect, the appearance of some free OH groups after highinfrared spectroscopy and carbon monoxide chemisorption,
temperature sulfiding, indicating the decrease of interaction the decreased hydrodesulfurization activity could be nicely
with the support. It is interesting to note that the increase explained by the decreased number of sulfur vacancies on
of free OH groups is accompanied by a relative decreasesulfide phases and activity drop in hydrogenation by the
of OH groups in interaction with sulfide phases, and thus disappearance of support hydroxyl groups in interaction
a decrease of “interfacial sites” according to our terminol- with sulfide phases. Sulfur vacancies on sulfide phases were
ogy. therefore proposed as active sites in hydrodesulfurization,
According to the global picture proposed by the present having little impact on olefin hydrogenation or isomeriza-
work, it seems possible to increase HDS/HYD selectivity of tion. The interfacial sites were proposed to play an impor-
the conventional CoMo/AlD3 catalysts by addressing dif- tant role in the olefin hydrogenation pathway, maybe by
ferent sites: support, interfacial sites and sulfide CUS. The controlling the transport of the olefin from the support to
observed discrepancy or poor variation of the selectivity the sulfide active site.
with catalyst modification found in literature (s&ection
1) might be due to the difficulty in controlling the catalyst
modification. However, further studies are necessary to un-
derstand the exact role of interfacial sites in HDS. Also,
further investigation is necessary to identify the elementary
steps in which mterfgc_:lgl ;ltes are epgaggd for olgfln hydro- Catal, Today 62 (3000) 77,
g_e”a?'on- One possibility is the parﬂmpgﬂoq of this type of [2] L.D. Krenzke, J.E. Kennedy, K. Baron, M. Skripek, NPRA Annual
sites in the transport of reactant like olefins via the support as Meeting Paper No. AM-96-67, 1996.

proposed in the case of hydrogen for other catalytic systems [3] R.W. Boubel, D.L. Rox, D.B. Turner, A.C. Stern, Fundamentals of
[57]. Air Pollution, Academic Press, San Diego, 1994.
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