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Abstract

The transformation of a synthetic FCC gasoline (2-methylthiophene plus 2,3-dimethylbut-2-ene and orthoxylene dissdiegdiane)
was studied under mild HDS coitidns (total pressure, 20 bar; temperature, 20Dover a commercial CoMo—alumina catalyst and over the
same catalyst modified with potassium. The aim of the study was to identify the factors which can favor HDS and minimize olefin hydrogena-
tion. The modification by potassium of the commercial catalyst made it possible to improve its selectivity in HDS of the synthetic gasoline
with respect to the hydrogenation of the olefins. In fact, by decreabm@tidity, the addition of possium decreases the hydrogenation
activity more than the HDS activity. This is considered to be the consequence both of a modification of the electronic properties of the sulfide
phase and of the isomerization properties of the support.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction (30 vol%), and sulfur compounds such as alkylthiophenes
(up to 5000 ppm)2—4]. To purify such fractions a high
It is well known that the gas emissions (N@nd SQ) hydrotreating selectivity (corresponding to a high activity

from motor vehicles contribute widely to air pollution. To in hydrodesulfurization (HDS) and to a limited activity in
address this environmental problem, new restrictive regula- olefin hydrogenation) is required.
tions were adopted by the European Community (Directive  Indeed, significant alkene sation can occur during the
98/70/EC): the reduction of the sulfur levels in diesel and HDS process, which leads to a decrease of the octane num-
gasoline down to 50 ppm was planned for 2005 (10 ppm ber in the final product. Consequently, it is essential to mod-
maximum on January 1, 2009 and even as soon as Januify conventional hydrotreating catalysts in order to achieve
ary 1, 2005 in some of the countries in the EEC thanks to deep HDS with a minimum of alkene saturation. Several
a tax incentive]1]. The gasoline fraction produced by the catalytic processes are commercialized by licensors to help
FCC process represents 30-50 vol% of the commercializedthe refiners to meet the future stringent regulations on FCC
motor fuel but typically contributes over 90% of the total gasoline (ScanFining from Exxon Mobil and Prim& @om
sulfur content of the ga.SOIine pOOl. Desulfurization of this Axens-IFP, for examp|e). Moreover, several patents and pa-
gasoline fraction is therefore mandatory. In addition to alka- pers have proposed new catalysts with reduced acidity of the
nes, it is mainly composed of aromatics (30 vol%), alkenes zjymina carrier, such as potassium-modified alunfn)].

The use of less acidic or basic supports such as,T88Dy,
~* Corresponding author. Fax: +33-549453897. or MgO was also proposed and it has been reported recently

E-mail addresssylvette.brunet@univ-poitiers.{S. Brunet). that the selectivity for HDS could be increased with CoMo
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catalysts supported on Mg—-Al oxide suppdi@s12]. The
change in the size of the MgSrystallites corresponding
to a decrease in the number of Mo&dge sites when the Catalytic activity measurements were carried out in a
magnesium content is increased leads to a decrease in th@igh-pressure fixed-bed microreactor at 2@0under a to-
hydrogenation activity10]. Compared to conventional cata- tal pressure of 20 bar. Before the test, the catalyst samples
lysts, hydrotalcite-supported catalysts showed a decrease inwere presulfided in situ at 40C for 10 h with a mixture
total activity (HDS and hydrogenation) but an increase in of 10 mol% kS in H; under atmospheric pressure and then
the HDS selectivity of FCC gasoline. This could be corre- cooled down to 200C.
lated with an increase in the concentration of basic sites on The model feed made of 2-methylthiophene (2MT,
the surface. 3 wt%: 10000 ppm S); 2,3-dimethylbut-2-ene (23DMB2N,
In this paper we report on the reactivity over a sulfided 20 wt%) and orthoxylene (30 wt%) in-heptane were in-
CoMo/Al,03 commercial catalyst, of model molecules (2- Jjected into the reactor with a syringe pump. The reaction
methylthiophene and 2,3-dimethylbut-2-ene) which are con- Products were analyzed on-line by means of a Varian gas
sidered as representative of the sulfur-containing moleculeschromatograph equipped with an automatic sampling valve,
and olefins found in FCC gasoline. The reactivity of the @ 50-m PONA (HP) capillary column (inside diameter,
model feed was measured under conditions close to mild -2 mm; film thickness, 0.5 um), a flame-ionization detec-
HDS conditions. The identification of the various reaction tor and a cryogenic system. The conditions of analysis were

2.2. Activity measurements

products is reported and reaction mechanisms are proposedhe following: a temperature program fronfQ (15 min)

The changes in activity and selectivity due to the presence of

to 20°C (1.3°C/min), from 20 to 50C (2°C/min, and

potassium are examined and discussed. Modifications of thethen from 50 to 250C (7°C/min). The identification of
surface properties due to potassium addition were studied bytn€ Products was made possible by GC-MS coupling.
IR spectroscopy in order to relate the changes in acid—base

properties to the variations of catalytic performances.

2. Experimental
2.1. Catalyst and chemicals

The reference hydrotreating catalyst (R) was a commer-
cial CoMo/Al,O3 catalyst (HR 306 from IFP), containing
3 wt% CoO and 14 wt% Mog@ The catalyst modified by
potassium (CoMoK/AlO3) containing 2.7 wt% K (K) was
prepared by incipient wetness impregnation of the reference
catalyst with an agueous solution of potassium carbonate.
The impregnated catalyst was dried at 2@0and finally
calcined at 500C under air flow during 10 h. The physic-
ochemical properties of both catalysts are giveifable 1
which shows in particular that, within experimental error, the
surface area of the catalyst was not modified by the presenc
of potassium.

2-Methylthiophene (98%) and 2,3-dimethylbut-2-ene
(99%) were purchased from Aldrich, and orthoxylene (99%),
2,3-dimethylbut-1-ene (99%), and potassium carbonate
(99%) from Fluka. They were used without further purifi-
cation.

Table 1
Physicochemical characteristics of the catalysts

Catalysts DesignatiorSsger CoO MoO3 K Col/(Co+Mo)
[m2/g] [Wt%] [wt%] [wt%] atomic ratio

CoMo/Al,03 R 206 30 14 0 030

CoMoK/Al,03 K 213 30 14 27 0.30

2.3. Characterization by infrared spectroscopy

The acidic and basic properties of the catalysts were de-
termined by IR spectroscopy using CO and &% probe
molecules. About 10 mg of the samples (precisely weighted)
were pressed as self-supported wafers (diameter: 1.6 cm).
After introduction of the wafers into the IR cell, the sam-
ples were sulfided in situ under a flow of;+H1>S (90—
10%) (30 cnd min—1) using the same procedure as that used
for catalyst testing. Then, the samples were evacuated for
45 min at 300C and cooled down te-173°C under a resid-
ual pressure of 1 Torr. A first spectrum of the wafer was
recorded as reference. Then, given amounts of CO were in-
troduced and IR spectra werecorded for each dose. The
cell was then heated up to room temperature (RT) under sec-
ondary vacuum. A spectrum was taken in order to check that
all the CO was eliminated from the catalyst surface. Adsorp-
tion of COp was then performed at RT. The reported spectra
correspond to the differences between the spectra taken in

She presence of adsorbed CO or£&hd the reference spec-

trum of the sample. All the spectra were normalized to an
equivalent sample weight of 10 mg. The FTIR spectra were
recorded with a Magna spectrometer (Nicolet) using 128
scans and a resolution of 4 ¢

3. Results
3.1. Reaction products over CoMo@l3

Orthoxylene did not transform at all under the conditions
of the reaction. The sulfur compound (2MT) was the most

reactive component=g. 1). As reported previously13],
the isomerization of 23DMB2N into 2,3-dimethylbut-1-ene



438 D. Mey et al. / Journal of Catalysis 227 (2004) 436—-447

[ IS
) IS
[mol.%]

Conversion [%)]
(3]
(=]
1

(=]
1

0 20 40 60 80 100 120
Residence time [s] 2MT Conversion [%]
Fig. 1. Conversion of the model feed versus residence tifne: 00°C, Fig. 3. 2MT transformation over CoMo/AD3 (T = 200°C, P = 20 bar,
P = 20 bar, H/Hc = 200 /I, time on strean> 8 h). Co1, conversion Ha/Hec = 200 I/1). Product distribution versus 2MT conversion. HDS,
of 2-methylthiopheneCpupn, conversion of the sum of 23DMB2N and hydrodesulfurization products; AT, alkylthiopheness{@ethylthiophenes
23DMBIN into hydrogenation products. (C5MT) and G-methylthiophenes (C6MT)); RSH, s&thiols; 2MTHT,

2-methyltetrahydrothiophene.
100

— alkylthiophenes and alkyltetrahydrothiophenes (AT);
801 — Cs-thiols (RSH).
X
= 607 2MTHT as well as the HDS products were obviously
§ primary products. As shown by the shape of the curves in
5 401 Fig. 3, part of the primary HDS products were subsequently
converted into AT products which were at least in part sec-
207 ondary. Only small amounts ofs@hiols (mainly pentane-1-
thiol) were observed.
0 ' ' ' ' j j j j j ' The HDS products included the pentene isomers (pent-
0 2 4 6 8 10 12 14 16 18 20
Time [h] l-ene (P;N), E-pent-2-ene (E-P2N), and Z—p(.anF—Z—(.ane (z-
P2N)) which were expected to result from$ielimination
Fig. 2. Transformation of 2-methylthiophen€x41) and 2,3-dimethyl- from 2MT. In addition to these compounds which can be
butenes Cpmen) versus time on streamZ(= 200°C, P = 20 bar, considered as primary products;pentane (nP) resulting
HafHe =200V, Dic =0.065 mlmin, residence time- 96 s). from their hydrogenation was also found as well as pentene

skeletal isomers such as 2-methylbut-2-ene (2MB2N) and
(23DMB1N) occurred very readily under the conditions of 2-methylbut-1-ene (2MB1N), and their hydrogenation prod-
the reaction and the thermodynamic equilibrium between uct, 2-methylbutane (2MB). Moreover some of the desul-
the two isomers was reached very rapidly. Consequently, furization products underwent cracking into light products

the equilibrium mixture of both isomers (23DMB2N (C1—C4 hydrocarbons) and smatjuantities of oligomers
23DMB1N) will be considered as the reactant when mea- (C10—-Ci2) were also found. However no pent-1,3-diene was
suring the hydrogenation activity of the catalysts. detected.

The conversion of 2MT and the hydrogenation of 2,3- AT products resulted from the alkylation of 2MT by C
dimethylbutene (23DMBN) versus time on stream are shown alkenes (C5MT) or by 23DMB2N and its isomers (C6MT).
in Fig. 2 We can note that in both cases an initial deactiva- As shown inFig. 4, the main alkylation products were the
tion occurred followed by stabilization after 8 h on stream. primary C6MT while C5MT which were formed in small
The product distributions concerning the transformation of quantities were obviously secondary products. Traces of
the sulfur compound (2MT) and of the alkene (23DMB2N) alkylated methyltetrahydrothiophenes were also detected.
were determined on the stabilized catalysts. The results will

be given separately in the subsequent sections. 3.1.2. 23DMB2N transformation
23DMB2N led mainly to hydrogenation products but also
3.1.1. Transformation of 2MT to various minor products as shownRigs. 5a and 5b
The transformation of 2MT led to the formation of a va-
riety of productsFig. 3): — Hydrogenation products (HYDO): the main product
was 2,3-dimethylbutane (23DMB) corresponding to
— hydrodesulfurization (HDS) products; the hydrogenation of 23DMB2N and of its isomer

— 2-methyltetrahydrothiophene (2MTHT) resulting from (23DMB1N). Very small amounts (about 0.5%) of 2,2-
the hydrogenation of 2MT; dimethylbutane (22DMB) were also detected. The hy-
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Fig. 4. 2MT transformation over CoMo/AD3 (T = 200°C, P = 20 bar,
Ho/Hc = 200 I/1). Formation of the alkylation products versus 2MT conver-
sion. CEMT @) and C5MT (x), C6 and C5 methylthiophenes; C6MTHT
(O) and C5MTHT (), Cs- and G-methyltetrahydrothiophenes.

drogenation products corresponding to the other alkene
isomers were in concentrations too low to be quantified.
Isomerization products (ISO) resulting from the skele-
tal isomerization of 23DMB2N and 23DMB1N. The
major product was 3,3-dimethylbut-1-ene (33DMB1N);
2-methylpent-1-ene  (2MP1N), 2-methylpent-2-ene
(2MP2N), E-3-methylpent-2-ene (E3MP2N) and E-hex-
2-ene (EH2N) were also detected. All of them were
formed in very small amounts;

Alkane oligomers (Ol) resulting from the condensation
of Cs- and G-alkenes;

Cs-Thiols formed by addition of kS to 23DMB2N and

its isomers;

Alkylthiophenes (ATO) including &methylthiophenes
(C6MT) resulting from the alkylation of 2MT by
23DMB2N or its isomers and traces ok-@nethyltet-
rahydrothiophene (C6MTHT).

As shown inFig. 5b, the formation of @-thiols and of the
skeletal isomer of 23DMBN was very limited, presumably
because of thermodynamics.

3.2. Moadification of the acid—base properties of
CoMo/AbO3 by the addition of potassium

Acidic supports are known to promote the hydrogena-
tion activity of metald14,15]and of sulfide$16—19] Con-
versely, it is expected that basic supports can inhibit hydro-
genation. This is why, in order to favor HDS and to inhibit
the hydrogenation of olefins as well as the formation of sec-
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Fig. 5. (a) Transformatio of 23DMB2N over CoMo/A)O3 (T = 200°C,
P =20 bar, B/Hc = 200 I/1). Product distribution versu€pmsn (con-
version of 23DMB2N+ 23DMBI1N). HYDO (@), hydrogenation; ATO
(@), alkylthiophenes; 1ISOX), isomerization; Ol ©), alkane oligomers;
Cg-thiols (x). (b) Transformation of 23DMB2N over CoMo/AD3
(T =200°C, P = 20 bar, B/Hc = 200 I/I). Distribution of the minor
products versu€pysn (conversion of 23DMB2N+ 23DMB1N). ATO,
alkylthiophenes; ISO, isomezation; Ol, alkane oligomers.

adsorbed at low temperature 173°C). By this technique,
it is possible to characterize the Brgnsted and Lewis acid
sites of the support on one hand and the unpromoted and
Co-promoted Mo coordinatively unsaturated sites (CUS) of
the sulfide phase on the other hg@8,21] The comparison
of the wavenumber shifts and of the band areas made it pos-
sible to estimate the effect of potassium on the number and
strength of the sites belonging to each category.

On unmodified CoMo/AlO3 (R), the interaction of CO
with Lewis acid sites of the support gave rise to a band lo-
cated at 2190 cm' (Fig. 6. On CoMo/AbO3 modified by

ondary products such as AT products which are expectedpotassium (K), for the same amount of CO introduced, the

to be more difficult to desulfurize than 2MT and thiols, the
standard catalyst was modified by the impregnation of 3 wt%
of potassium.

3.2.1. IR characterization of the effect of potassium
addition

The acid properties of the sulfide catalysts with or with-
out potassium were charactesd by IR spectroscopy of CO

band was shifted down to 2181 crh This means that potas-
sium led to a decrease of the strength of the Lewis acid sites.
The interaction of CO with the OH groups of the support
of the CoMo/AbOg3 catalyst is characterized by a band at
2157 cntl. In the presence of potassium, this band was not
shifted significantly (from 2157 to 2155 crhonly) but pre-
sented a stronger intensity. Thus, potassium addition did not
modify the strength of the weakly acid hydroxyl groups of
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Fig. 6. IR spectra of CO adsorbed on CoMa/85 (R) and CoMoKApO3 (K) (adsorption of 580 pumol CO per gram of catalyBigs= —170°C).

the alumina significantly but, apparently, it increased their the adsorption centers so that CO would hardly adsorb even
number. at—173°C.

Regarding the sulfide phase, the CO absorption bands The possible modification of the support basicity due to
on CoMo/AbO3 (R) were detected at 2110, 2074, and the introduction of potassium was estimated by means of
2059 cntl. They correspond to CO adsorbed on the CUS the adsorption of C®[22—24] On CoMo/AbO3, CO; ad-
located on Mo, CoMoS, and Co, respectiviy]. The pro- sorption led to the formation of several species: hydrogen
motion level of the catalyst can be characterized by the in- carbonates giving rise to absorption bands at 1653, 1439,
tensity ratio of the bands of CO adsorbed on the CoMoS and 1228 cm?, and bidentate carbonates giving bands at
phase and on the unpromoted molybdenum. The low inten-1585 and 1329 cmt (Fig. 7). The presence of potassium
sity of the band at 2110 cmt (CO adsorbed on unpromoted led to a marked increase of the basic properties of the sup-
Mo vacancies) compared to that at 2074dniCO adsorbed  port. Indeed the total area of the g®ands was multiplied
on vacancies of the CoMoS phase) points out a good pro-by more than 3. This augmentation corresponded to an in-
motion level of the R catalyst. The presence of potassium crease of the number of hydrogen carbonate as well as of
led to some important modifications on the sulfide phase. carbonate species. Thus, potassium decreased the strength
The bands corresponding to CO adsorbed on unpromotedof the acidic sites (A especially) of the support and in-
molybdenum, promoted sites, and Co shifted from 2110, creased the number of basic site$t@nd OH groups). The
2074, and 2059 down to 2103, 2067, and 2051 tne- modification of the acid—base properties of the support led
spectively. On metallic and on sulfide phases, the position to concomitant modifications of the number of sites on the
of the CO absorption bands depends mainly on the extent ofsulfide phase as well as of their electronic properties.
the backdonation of the d-electron’s of the adsorption cen-
ter. This means that their values give information on the 3.2.2. Activity measurements
electronic properties of the sites. The downward shift of the  The performances of the modified catalyst (K) were com-
frequencies of CO when adsorbed on the sulfide phase of thepared to those of the unmodified reference catalyst (R) for
K-containing catalysindicates an increase of the electronic the transformation of the model feed under the same con-
density on the sulfide phase. This can be a consequence oflitions as described above. The presence of potassium de-
the decrease in strength of the acidic sites of the support.creased the conversion of 2MT and of the 23DMBN equilib-
Another effect of the presence of potassium is the decreaserium mixture (23DMB2N+ 23DMB1N). However the de-
in intensity of the bands corresponding to CO in interaction crease in activity was less significant for the HDS of the sul-
with the sulfide phase, the band at 2074 ¢neing more fur compound Fig. 8) than for the hydrogenation (HYDO)
specifically affected. This indates that potassium atoms lo-  (Fig. 9) of the alkenes. Accordingly, the HDS/HYDO selec-
cated on the support or on the sulfide probably lead also totivity given by the ratio of the HDS reactivity of 2MT over
direct poisoning of the various adsorption sites on the latter. the hydrogenation reactivity of 23DMBN was improved by
In fact, the consequence of the increase in electronic densitythe presence of potassiurhig. 10. It was multiplied by 2
on the sulfide could be an important decrease in strength ofand was nearly constant in the range of HDS conversions



D. Mey et al. / Journal of Catalysis 227 (2004) 436-447

441

1329

*

[N
AR
<
—

2000 1600

1400

Wavenumbers (cm'!)

Fig. 7. IR spectra of C@adsorbed on CoMo/AlOs catalysts {” = 100 K). Effect of the modification by potassiufrHydrogen carbonates: R, COMo/ADs;
K, CoMoK/Al,0s3.

0 20 40 60 80 100 120 140
Residence time [s]
Fig. 8. Transformation of a model FCC gasoline=£ 200°C, P = 20 barr,
Hy/Hc = 200 I/1). Formation of the HDS products from 2MT versus res-
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Fig. 9. Transformation of a model FCC gasolirfe=£ 200°C, P = 20 bar,
Ho/Hc = 200 I/1). Formation of the hydrogenation products (HYDO) from
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Fig. 10. Transformation of a model FCC gasoliffe=£ 200°C, P = 20 barr,
Hy/He = 200 I/1). HDS/HYDO selectivity versus HDS yield. Effect of the
presence of potassium. R, CoMog&l3; K, CoMoK/Al»03.

which was obtained. At the same time a decrease in the
activity of the potassium-modified catalyst in the isomer-
ization of 23DMB2N into 23DMB1N compared to that of
the unmodified catalyst could be notdeid. 11). Actually

it was found that on the unmodified catalyst, this reaction
was very fast and it was also found that the hydrogenation
of 23DMB1N was much faster than the hydrogenation of
23DMB2N [13]. Consequently any inhibition of the olefin
isomerization activity is likely to decrease the activity of
the catalyst in olefin hydrogenation. The addition of potas-
sium led also to the nearly otplete disappearance of the
formation of C6MT, the alkithiophenes resulting from the
reaction of 23DMB2N or 23DMB1N with 2MTRKig. 12).

23DMBN versus residence time. Effect of the presence of potassium. R, This is also a consequence of the decrease in acidity of the

CoMo/Al>03; K, CoMoK/Al»03.

catalyst.
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Fig. 11. Transformation of a model FCC gasolifie=t 200°C, P = 20 bar,
Ha/Hc = 200 I/I). Formation of 23DMBIN from 23DMB2N versus
HDS vyield. Effect of the presee of potassium. R, CoMo/AD3; K,

Fig. 12. Transformation of a model FCC gasoliie=t 200°C, P = 20 bar,
Ha/Hc = 200 I/l). Formation of C6MT versus HDS vyield. Effect of the
presence of potassium. R, CoMo&l3; K, CoMoK/Al,03.

CoMoK/Al»0O3.

4. Discussion into 2MTHT followed by the desulfurization of the latter
into penta-1,3-diene. However, under our conditions we did

4.1. Reaction mechanisms not observe any trace of penta-1,3-diene, which was also the

case in the literature for dienes in geng¢2&—28] Neverthe-

The identification of all the products of the transformation less, this does not prove that such compounds do not exist
of the model feed containing 2MT and 23DMB2N made it as adsorbed intermediates which, as already suggested by
possible to determine the reaction schemes and to propos®thers, would react very fast through hydrogenaf)27]
reaction mechanisms. Except for HDS and hydrogenation, The possibility of a direct transformation of 2MTHT into
the formation of the products involved the Brgnsted acidity pentane through hydrogenolysis must also be considered.
of the support. The formation of the by-products involved mainly the

Regarding the transformation of 2MT, the primary desul- Brgnsted acidity of the catalyst. The alkene isomers
furization products underwent a series of consecutive re- (2MB2N, 3MB1N, 2MB1N) are supposed to be produced
actions leading to pentanes, cracking products, oligomers,through the protonation of P2N and P1N and the forma-
thiols, and alkylthiophenes, which appeared as secondarytion of protonated cyclopropan&¢heme R The presence
products Scheme L According to the literature, the desul- of C5-thiols (pentane-1-thiol and pentane-2-thiol) could be
furization of compounds such as thiophene involves two due to the opening of the 2MTHT ring and/or to the addi-
pathways[25]. In the case of 2MT, this gives as main tion of HyS to the primary pentene productScheme %
products P1N, E-, and Z-P2N6¢heme 2 Following this Actually, 2MTHT resulting from the hydrogenation of 2MT
scheme, the direct desulfurization of 2MT should give penta- can be protonated and undergo either the “a” or “b” rup-
1,3-diene as a primary product which through hydrogenation ture of the cycle through an elimination process to produce
would produce pentenes then pentane as the final productthe ene-thiols which after the hydrogenation of their dou-
The other pathway would involve the hydrogenation of 2MT ble bond would give the corresponding thiols. The addition

Q\ +H, Saturated-Cs
+2H2 +H2 /
/ “H,S

+H,S
2 Thiols

+3H,

/ \ - Cs-alkenes
Q\ -H,S + O\ Alkylthiophenes
—_—

(AT)
/ +H,
/

Cracking products Alkanes -HyS

Scheme 1. Transformation of 2MT.
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Scheme 2. Formation of the HDS products from 2MT. 2Mnethylthiophene; 2MTHT, 2-gthyltetrahydrothiophene; P1Nept-1-ene; P2N, pent-2-eneP,n
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PN )\/ )\/ 3MBIN

@
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Scheme 3. Isomerization of the C5 alkenes prodimeithe HDS of 2MT. P2N, pent-2-ene; P1N, pent-Ee2MB2N, 2-methylbut-2-ene; 2MB1N, 2-methyl-

but-1-ene; 3MB1N, 3-methylbut-1-ene.
. 5
SH® b\ @ sH®
a) é,%f b) |

B-eliminatioV H H
2MT l l

+2H, +H" @\ o
S a )

5 H a2 ] Ty T SH
H
-stl +3H, +Hx
-H-S @,
PIN M - /\)S\HZ o a TN
/\/\ H +H,S + SH
1 +H b N sH
=
NS H N, S -H
o < /ﬁ/\ - /\'/\
-H,S +H
2 ®SH2 SH

Scheme 4. Formation ofg=thiols. 2MT, 2-methylthiophene; 2N, pent-2-ene; P1N, pent-1-ene.

of H,S to the double bond of the primary pentene prod- recombination of HS with PAN or P2N should give mainly
ucts involves the protonation of the latter followed by a pentane-2-thiol and pentane-3-thiol. The fact that we ob-
nucleophilic attack by KS. This reaction which is expected tained mainly pentane-1-thiol and that no pentane-3-thiol
to follow Markownikoff’s rule favors the formation of the  was observed seems to indicate that pentanethiols resulted
secondary thiols. Consequently, as showsaneme 4the essentially from the opening of 2MTHT. In addition, the ex-
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Scheme 5. Formation of{2methylthiophenes (C5MJT P2N, pent-2-ene;
P1N, pent-1-ene.

cess of pentane-1-thiol withgpect to pentane-2-thiol means
that the opening occurs perkntially at the carbon atom to
which the methyl group is attached or that if it occurs on

both sides pentane-2-thiol decomposes through HDS more

rapidly than pentane-1-thiol. The C5MT and C6MT alkylth-
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23DMB2N 23DMBIN 33DMBIN
+H*
/ +H* l
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Scheme 6. Formation of g@methylthiophenes (C6MT). 23DMB2N,
2,3-dimethylbut-2-ene; 23DMBIN, ,2-dimethylbut-1-ene; 33DMB1N,
3,3-dimethylbut-1-ene.

\+H+
-H*

o

4-methylpentenes (4MP1N and 4MP2N). Successive re-
arrangements of the various carbenium ions can explain the

iophenes were formed in significant amounts through the formation of the other minor products. The varioust@iols

alkylation of 2MT by the pentene HDS products and by
the 23DMBN isomers, respectively. The C5MT products are

result from the nucleophilic attack ofd3 on the protonated
double bond of the galkenes followed by the elimination

supposed to result from the attack of the thiophenic cycle of H

by a secondary carbenium ion formed through protonation

of pentenes followed by deprotonatioBocheme b Simi-
larly, the C6MT products are supposed to result mainly from
the electrophilic attack of #nthiophenic ring by carbenium
ions formed by protonation of 23DMB2N and 23DMB1N
(Scheme B Partial or total hydrogenation products of these
AT were also observed in small amounts. The formation of
heavy alkanes results from the condensationfadd G-
alkenes through acid catalysisidgs, Ci1-, or Cio-alkanes
may also be produced through the desulfurization of AT.
Their structure could not be determined by GC-MS.
Scheme &hows all the products of 23DMB2N transfor-
mation. The main products are the 23DMB1N isomer and
23DMB, the hydrogenation product. However, as indicated
previously the 23DMBN isomers contribute to the forma-
tion of the C6MT products§cheme Has well as to the
formation of G-thiols (through the addition of +8) and
of heavy alkanes (2 and G3). The important point is
that the equilibrium between the two alkenes (23DMB2N
and 23DMBI1N) is very rapidly reached through double-
bond migration. 23DMB, the main hydrogenation prod-
uct, is mostly formed from 23DMB1N which is much
more reactive than its 23DMB2N isomé§t3]. The for-

4.2. Effect of potassium

It is known that acidic supports such as zeolites can pro-
mote the hydrogenation activity of metdtk4,15] as well
as of sulfide§16—19] The enhancement of the activity was
attributed, in part at least, to electronic transfer phenom-
ena from the metal or sulfide to acceptor sites in the ze-
olite lattice. Such a transfer would favor the adsorption of
the substrate and therefore the hydrogenation activity of the
metal or sulfide[29]. However, this kind of effect could
also be interpreted in terms of a modification of the intrin-
sic hydrogenation properties of the material. Evidence for
the electronic transfer was found in FTIR of adsorbed CO
which showed that the absorption bands were shifted to-
ward high frequencies, indicating an electron deficiency of
the catalytic centers which increased with the acidity of the
supporf17,19] Conversely, it can be expected that increas-
ing the basicity of the support should decrease the hydro-
genation activity. This is indeed what was observed with
Pt zeolites[29,30] and more recently by Zhao et diL1]
as well as by Hatanaka et al. who reported that potassium-
modified hydrotreating catalysts were more selective in the

mation of the other products can be explained by skeletal HDS of FCC gasoline than unmodified catalyfts3]. Ac-

isomerization involving the tertiary carbenium ion corre- tually, the interpretation of Hatanaka et al. was not based on
sponding to 23DMB2N and 23DMBI1N and a protonated electronic effects; they suggested that potassium may limit
cyclopropane intermediateS¢heme B The C-C bond  the coke formation and the deactivation of the catalyst. How-
ruptures in the protonated cyclopropane lead to the for- ever, it must be noted that this observation is not general and
mation of 2-methylpentenes (2MP1N and 2MP2N) and that otherd31,32]found no positive effect of the addition
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4AMP1N, 4-methypent-1-ene.
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of alkaline elements on the performances of the catalysts.with previous results in the literature. For instance a simi-
For instance, Miller et a[31] reported recently that cesium lar observation was made by De Mallmann and Barthomeuf
and potassium had respectively no effect on the selectivity with basic zeolites used in the case of benzene hydrogena-
of Mo and CoMo catalysts used in the HDS of FCC naph- tion [29] while the reverse was obtained, for instance, with
tha. Moreover, Muralidhar et a[32] even found that the  ruthenium sulfide on acidic zeolit¢s7]. It can therefore be
HDS of thiophene was more depressed than the hydrogenaconcluded that the stronger decrease in hydrogenation activ-
tion of hex-1-ene when their CoMo catalyst was modified by ity than in HDS activity, hence the increase in HDS/HYDO
sodium and calcium additives. However, they used separateselectivity, could be due at leais part to the modification
experiments which may not be representative of the situa- of the electronic properties of the sulfide following the addi-
tion encountered under practical conditions. Indeed, it was tion of potassium. However, the fact that HDS is supposed
found that the hydrogenation of olefins was inhibited signif- to involve hydrogenation steps prior to C-S bond cleav-
icantly in the presence of sulfur compourjdi8]. In fact, the age makes this explanation questionable unless we suppose
differences in the effects which were observed may result as several authors di8,4,26,33—-35that the reactions oc-
from differences in the experimental conditions and meth- cur on different catalytic centers and that potassium inhibits
ods. The effect of alkali metals or alkaline earth elements on those involved in olefin hydrogenation mainly. One may note
the HDS/HYDO selectivity very likely depends on whether that this constitutes an easy way out which our results do
we are using FCC gasoline, model reactions, or synthetic not really support since all the sites seem to be affected by
gasoline; it may depend also on the sulfur content of the feed potassium. This is the reason why another explanation must
and consequently on the HDS conversion which is reached.be considered.
For instance, Miller et a[31] used a FCC gasoline and stud- Actually, the FTIR study showed also that the acidity of
ied the effect of potassium and cesium in a range of sulfur the support was decreased due to the addition of potassium.
content between zero and 800 ppm, which was much lower CO adsorption showed that the number and the strength of
than in our case and this could explain at least partly the dis-the Lewis sites of the support were decreased and the ad-
crepancies in the results. On the other hand, Zhao gt Hl. sorption of CQ confirmed that the basic properties were
studied the effect of potassium on the conversion of a syn- promoted. This was expected to decrease the activity of the
thetic gasoline made of thiophene and hex-1-ene in solutioncatalyst regarding the acigcomoted reactions such as in
in cyclohexane under conditions where the HDS conversion particular double-bond migration. Given the fact that ter-
with the modified catalysts was much lower than with their minal olefins such as 23DMB1N hydrogenate much faster
conventional standard catatysshich may explain why they  than olefins with a tetrasubstituted double bond such as
observed a positive effect. Actually, it is sensible to expect 23DMB2N [13], this may also explain the effect of potas-
that when approaching 100% HDS conversion it becomes sium on the HDS/HYDO selectivity. With the unmodified
more and more difficult, even with selective catalysts, to catalyst, the isomerization was very fast so that 23DMB1N
avoid olefin hydrogenation since the inhibition of the latter could be regenerated in condstions close to the equi-
by sulfur compounds which is quite significant at low HDS librium as soon as it was consumed through hydrogena-
conversiorf13] is disappearing. In practice one has therefore tion, which was apparently no longer the case with the
to adjust the experimental or process conditions carefully so catalyst containing potassium. This could very well consti-
that they be severe enough to get high HDS levels but mild tute the main explanation to the effect of potassium on the
enough so as to avoid complete olefin hydrogenation. We HDS/HYDO selectivity observed in our case. It was also ob-
may conclude that alkali metals can definitely have a positive served that potassium inhibited the formation of by-products
effect on the HDS/HYDO selectivity provided that the con- such as alkylthiophenes. This is also the consequence of the
ditions may not be too severe otherwise the effect is bound neutralization of the acidic properties of the catalyst.
to disappear.

The FTIR study carried out in this work showed that
although the promotion level was apparently not strongly 5. Conclusion
modified, the number of accebi sites on the sulfide phase
decreased, which may explain that the activity of the cat- The transformation, under hydrogen pressure of a syn-
alyst regarding both the transformation of 2MT and the thetic feed made of 2-methylthiophene, 2,3-dimethylbut-2-
hydrogenation of 23DMBN decreased. However the activ- ene, and orthoxylene dissolvedrirheptane can be a useful
ity in HDS decreased less than the activity in hydrogena- and predictable test reactiomdiscriminate between various
tion and consequently the HDS/HYDO selectivity increased. catalysts regarding their HDS/HYDO selectivity.
The FTIR results showed also that potassium had indeed Under the conditions we have used, the modification by
an effect on the electronic properties of the sulfide. Actu- potassium of a commercial catalyst made it possible to im-
ally, the absorption bands corresponding to CO adsorbed onprove its selectivity in HDS of a synthetic FCC gasoline
molybdenum vacancies were shifted downward (from 2110 with respect to the hydrogenation of the olefins. In fact, the
to 2103 cnml), which means that there was an increase of addition of potassium by decreasing the acidity decreased
the electronic density on ¢hmetal. This is in accordance more the hydrogenation activity than the HDS activity. This
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could be in part the consequence of the modification of the
electronic properties of the sulfide phase but, more likely, is

447

[13] D. Mey, S. Brunet, G. Pérot, F. Diehl, S. Kasztelan, Am. Chem. Soc.
Prepr. Div. Pet. Chem. 47 (2002) 69.

considered as being due to the change in the isomerizatior{l“] P. Gallezot, Catal. Rev.-Sci. Eng. 20 (1979) 121.

properties of the support.
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