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Abstract

A periodic density functional theory study of thiophenic derivative cracking catalyzed by proton- or lithium-exchanged mordenite has
been performed. The same qualitative trends in activation energies as those described employing the cluster approach method have be
obtained. However, the zeolite framework appears not to stabilize the transition state complexes. This is explained by the zwitterionic nature
of the thiophenic derivatives cracking transition state complexes. The zeolite framework has more subtle effect on reactivity, as shown by
the alteration of the ionic nature of the transition state complex in the case of better fit with the zeolite cavity. Notwithstanding, thiophenic
derivative cracking catalyzed by zeolites remains difficult. General comments concerning the use of zeolite catalysts in hydrodesulfurization
are made. Predictions on zeolite-based catalysts more suitable to achieve hydrodesulfurization are described.
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1. Introduction [1,5,8]. The activity of this class of catalysts in HDS has
been known for years. However, little understanding of the
Hydrodesulfurization (HDS) of thiophenic derivatives reason for its activity at the molecular level was available [5].
has been the subject of many studies these past years [1-20]The industrial pressure to develop more efficient catalysts
The driving force for the investigation of these systems to achieve deep hydrodesulfurization led to a renewal of
arises from the industrial need to improve HDS processes of scientific interest in this class of catalysts. During the past
petroleum feedstock in order to provide low-sulfur-content years, this resulted in a large number of theoretical studies,
transportation fuel [1]. New environmental regulations that which give better insight into the molecular description of
are stricter regarding transportation fuel composition are the HDS [9-13].
main reason for this demand [1,2]. Interestingly, it has been found that zeolites alone can cat-
Sulfur is present as thiols and thiophenic derivatives alyze HDS [14—20]. Zeolites are microporous (alumino)sili-
in feedstock [3,4]. The fraction of sulfur existing as thi- cate crystals [21-23]. Because they are silicates, they show
ols, thiophene, and alkylated thiophenes is rather easily good thermal and mechanical properties, which make them
hydrodesulfurized in the classical HDS. Sulfur in polyaro- appropriate catalysts or catalyst supports [24]. Furthermore,
matics (i.e., benzothiophene derivatives) shows a strongertheir well-characterized microporous network is the reason
resistance to HDS. In the case of multialkylated polyben- they are commonly employed as molecular sieves [21]. This
zothiophene molecules, the HDS resistance even turns intoproperty is also particularly useful in catalysis, whether ze-
high refraction [3-8]. olites are catalysts or catalyst-supports, as it induces shape
Usually, HDS catalysts consist of a sulfidic Ni-Mo or  selectivity reactions [25-28]. Zeolites can act themselves as
Ni-W phase dispersed ovenaalumina or zeolite support  catalysts: a fraction of framework silicon atoms are naturally
found to be substituted forlll (viz., Al)- or +1V (viz., P)-
~* Corresponding author. valent atoms. Cations or anions are introduced to neutralize
E-mail address: tgakxr@chem.tue.nl (X. Rozanska). the framework charge. The catalytic activity of zeolites will
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depend upon the nature of these cations or anions. Lewisfurization (see Scheme 1) [30—32]. We will here limit our in-
and/or Brgnsted basic and/or acidic sites are then generatedvestigations to this reaction. We used in the previous studies
Proton-exchanged aluminosilicate zeolites are solid acid [30-32] a small molecular fragment as a model of the zeo-
catalysts commonly used in alkane or olefin hydroform- lite catalyst that aims to model the catalytic active site. This
ing (viz., hydroisomerization and hydrocracking) and in method, known as the cluster approach method, has been
aromatic conversion (viz., isomerization, alkylation, and shown to give good qualitative data [33—37]. In the present
transalkylation) [29]. Their activity in HDS has been experi- study, periodic electronic density functional theory calcula-
mentally tested [14—20]. Furthermore, bifunctional catalysts, tions of thiophene, dihydrothiophene, and dibenzothiophene
combining a classical HDS catalyst dispersed over a proton-cracking catalyzed by proton- and lithium-exchanged mor-
exchanged zeolite catalyst, have been considered [3,4,6denite will be presented. This will allow us to describe the
14-17]. The hydrodesulfurization rate of the HDS refractory interaction between transition state complexes and zeolite
4,6-dimethyldibenzothiophene was significantly increased framework, providing further insights into zeolite-catalyzed
when such a bifunctional catalyst was employed [3,4,6]. reactions and thiophenic derivative hydrodesulfurization.
Michaud et al. [6] and Landau [3] explained this result by An important feature in zeolite catalysis is the stabiliza-
the isomerization of 4,6-dimethyldibenzothiophene, which tion of carbocation-like transition state complexes by the
led to molecules in which the thiophenic sulfur atom was not zeolite framework. With the periodic density functional the-
longer hidden behind the alkyl groups. Thus, HDS catalysts ory method, we are able to describe this effect [35,37,38].
could more easily convert isomerized dimethyldibenzothio- Moreover, as the repulsive contribution is treated at the
phene. guantum chemical level, it is possible to describe steric con-
However, the actual relationship between the two con- straints in zeolites accurately. However, density functional
stituents of the bifunctional catalyst turns out to be more theory methods are known to describe London dispersion
complicated than the above-mentioned description. Weltersforces inaccurately [22,23,34-38]. It was shown by Klein
et al. [16,17] reported that the rate of dibenzothiophene et al. [39] that the van der Waals contribution remains al-
HDS increases linearly with the acid strength of the proton- most constant in aromatic adsorption within zeolite. London
exchanged zeolite. The basis for the synergy between theforces can be assumed to be approximately constant on
protonic zeolite and the HDS catalyst remains unclear. intermediates and transition states, whereas zeolite electro-
In an attempt to rationalize hydrodesulfurization of thio- static and repulsion contributions can dramatically alter the
phenic derivatives by zeolite catalysts, Saintigny et al. [30] picture [23,34,35,37,40,41]. We selected mordenite as cat-
and Rozanska et al. [31,32] performed quantum chemi- alyst [34—36]. This zeolite has large microcavities that can
cal studies of the different reaction paths. As they used aaccommodate the large dibenzothiophene molecule. More-
cluster model of the zeolite catalyst in their theoretical cal- over, the unit cell that characterizes this crystal is small (i.e.,
culations, they could only provide qualitative trends. They 144 atoms), which facilitates the calculations.
demonstrated the importance of ldnd thiophene hydro-
genation in HDS. They observed that the zeolite catalytic
center in thiophenic derivative HDS is a Lewis basic site, 2. Method
and that Brgnsted acidity plays a limited role in this reaction.
These quantum chemical results are supported by experi- The periodic density functional theory calculations are
mental studies. It has been identified by Vrinat et al. [14] performed employing the Vienna ab initio simulation pack-
and Ono [18] that proton-exchanged zeolites are not the mostage (VASP) [42—-45]. The total energy is calculated solv-
efficient catalysts in thiophene and dibenzothiophene crack-ing the Kohn—-Sham equations using the local exchange—
ing. Zeolites with stronger Lewis basic sites showed a faster correlation functional proposed by Perdew and Zunger [46].
reaction rate. The effect of Hin thiophene HDS has been The results are corrected for nonlocality in the general-
illustrated in the investigations of Yu et al. [20]. ized gradient approximation with the Perdew—Wang func-
Our objective is to extend the analysis of desulfurization tional (PW91) [47]. VASP uses plane waves and ultra-
of thiophene derivatives catalyzed by a zeolite. It has beensoft pseudopotentials [48]. A 300-eV energy cutoff and a
shown that thiophenic ring cracking is the rate-limiting re- Brillouin-zone sampling restricted to tHe-point were se-
action step in thiophene and dibenzothiophene hydrodesul-Hected in our calculations.
The mordenite zeolite structure used in the calculations

@ = J SH is similar to the one that has been used before [34—-36]. The
S \ s, dimensions of the unit cell ate= 13.648 A, b = 13.672 A,
qy — PN e N\ ¢=15105A,a = 96.792, § = 90.003, andy = 90.022".
o 0 C) o) O . -0« The SyAl in this mordenite model is 23. It is the same
T e ay: denite model as i ious studies [34—36]: this all
PR /\ / N\ mordenite model as in previous studies [ ]: this allows

straight comparison between the different studies, as acidic
Scheme 1. Reaction mechanisms in the cracking of thiophenic rings Strength of zeolite varies with BAl ratio [22,23,29]. The
catalyzed by acidic zeolites. Bransted sites have been selected, as before, at the junction
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of 12- and 8-member rings, as these sites are the mostmain geometrical parameters of the optimized system can
stable [49]. The position of the proton participating in be seenin Fig. 1 (see Ads_thiol).
the reaction has been selected to allow the formation of  The transition state reaction pathway in the nudge elastic
alkoxy species at the most accessible oxygen atom (i.e., atband calculations has been defined following earlier expe-
the junction of two 8-member rings). The position of the riences [30,31]. Furthermore, alternative reaction pathways
proton around the aluminum is of limited importance due the were checked. For instance, one could imagine that the
relatively mobility of protons in zeolites [40,50]. The second zeolite framework could strongly stabilize protonated thio-
Bransted site does not get involved in the reaction. phene. Then, thiophenic ring cracking will proceed after
Relaxation of the adsorbed compounds and intermedi- a protonation step. These assumptions appear to be wrong,
ates was performed employing a quasi-Newton algorithm and the reaction mechanism that is more likely is similar to
based on analytical forces minimization. Convergence wasthat in the cluster approach calculations [30,31]. Lewis basic
assumed to be reached when forces were below 0.0BeV  oxygen atom induces thiophenic ring cracking, whereas the
The transition state search method in VASP is the acidic proton position does not change much in the transition
nudged elastic band method [51]. Several images of thestate (see TS_thiol in Fig. 1).
system are defined along the investigated reaction pathway. The activation energy for thiophene cracking is 318 kJ
These images are optimized, but only allowed to move in mp|. One notes that this value is higher than that was pre-
the direction perpendicular to the vector defined by the yiously reported [30,31]. The thiophene cracking activation
hypertangent between their two neighboring images. We energy has been calculated to be around 22@nkd using
employed up to eight images to analyze potential energy the cluster approach method [31]. This is rather unexpected
surface in the surrounding of the transition state. When g g far it is commonly thought that the zeolite framework
forces on the system images were below 0.08-0.10%V  giapjlizes transition state structures. Later in the discussion,
the image with the maximum energy in the reaction pathway \ye will provide an explanation.

was separately optimized using forces minimization. Thiophene cracking leads to the formation of an alkoxy

species (see Alk_thiol in Fig. 1). This species is not very
stable and undergoes thiol-formation with the assistance of

3. Results H» [30]. The energy of this system i$128 kJmol with
respect to physisorbed thiophene. This energy difference is
3.1. Thiophene cracking similar to that found in the cluster approach calculation [31].

This is in agreement with previous quantum chemical
We selected the geometry of thiophene in contact with the studies. It has been noted that the energy of a neutral system
zeolite catalytic site based on experimental and theoreticalis almost unaffected when more realistic zeolite models are
results. It has been observed that thiophene or any otherused in the calculations [34-37].
thiophenic derivative adopts art(S) adsorption mode with We observed in previous cluster approach calculations
respect to the zeolitic proton [19,52]. The geometry and [31] and in agreement with experimental data [14—20] that

Ads_thiol TS_thiol Alk_thiol

Fig. 1. Intermediates and transition state geometries and main geometrical parameters in thiophene cracking catalyzed by proton-exchateged morden
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crease of the activation energy [31]. This was explained
because only a C-S bond was broken in the thiophenic ring
cracking. Partial hydrogenation led to weakening of a C-S
bond, which became more easily breakable.

The geometry and main geometrical parameters of dihy-
drothiophene are shown in Fig. 3. 4h(S) adsorption mode
for dihydrothiophene physisorbed to the acidic proton was
selected.

The transition state search in dihydrothiophene was
carried on as in the case of thiophene cracking. One
notes that the optimized geometries of the transition state
complexes in thiophene and in dihydrothiophene show
similarities and differences (see Figs. 1 and 3). Similarities
are the zwitterionic nature of the transition state complexes:
in thiophene as well as in dihydrothiophene cracking. The
proton is still bonded to the zeolite framework, the C-S
bond is clearly broken, and the C-zeolite O alkoxy bond is
not fully formed. Then, the thiophenic derivatives charge is
negative on the sulfur atom, and positive on the C1 carbon
atom (see Scheme 1). Meanwhile, the zeolitic catalytic
site shows geometry close to the undisturbed case. The

‘ difference is the larger ability of dihydrothiophene to adopt
. other configurations, as two carbon atoms in the thiophenic
TS_thio2

ring are nowsp® hybridized. Molecular rotations around
_ y _ _ ~ these carbon atoms induce dihydrothiophene to more easily
Fig. 2. Transition state geometry and main geometrical parameters in accommodate its geometry to the zeolite framework. As can
thiophene cracking catalyzed by lithium-exchanged mordenite. . . .
be seen in Fig. 3, the sulfur atom almost becomes involved

) , in a hydrogen bond with the spectator Brgnsted acidic site.
cation-exchanged zeolites other than proton-exchanged ones The activation energy in dihydrothiophene cracking is

can more easily induce thiophene cracking. We considered, -, k¥mol. Once more, the same qualitative trend was
this case for a lithium-exchanged zeolite catalyzed reaction. g1 inad in cluster approach calculations [31]. Lowering

T_he geometry of ﬂ;]e oEtinQi.zed_ transitiqn _state is. ShOV_\’E in of the activation energy in dihydrothiophene cracking was
Fig. 2. One notes that the Lications are in interaction wit aroundA Eact= —12 kJ/mol. In the periodic calculations,

a_s+many zeoliti(_: oxygen_atoms in mprdenite as possiple. Theit is more significant WithA Eact = —36 kJ/mol. However,
L dcatlﬁ? that |s{'actll_:/ie |nt'the Leactlorgh%s@a?sorpu%n as in thiophene cracking, the dihydrothiophene cracking
mode. The Inactive L1 cation has am - adsorpion mode = qtiyation energy appears to be higher in the periodic

andoils I(?tcated irl;thezcel?ter of atn eighg—lrin? SiqetﬁQCkftdOf calculations than in the cluster approach calculatidfg$
mordenite (see Fig. 2). It was not our objective in this study _ . 575 214 214 Kinol, respectively) [31].

to analyze the stability of the different locations of Li in . .

: . The energy of the thiol-alkoxy species, the product of the
mordenite. Bar_bosa et .al. [53].and otherg [54’5.5] acmeveddihydrothio;?gene cracking, i512y8 Fk).:ymol with [:espect to
quantum chemical studies dedicated to this subject. physisorbed dihydrothiophene. This is very close to the re-

The activation energy in thiophene cracking by Li- g . : :
exchanged mordenite is 280/dol (versus 205 kJmol in ﬁggnﬁgirgé ﬁ]t::g?g;r;t%:]s;re?pproofalc(r)wgtr::‘;clzulatmns [31]
the cluster approach calculations) [31]. This is 38rkal ' oy '

lower than the activation energy by the proton-exchanged . ] ]
mordenite in the periodic calculations. The difference in 3-3- Dibenzothiophene cracking
activation energies between these reactions was 2hddJ

in the cluster approach calculations [31]. Mordenite 12-membered parallel channels are well suited
to accommodate the large dibenzothiophene molecule (see
3.2. Dihydrothiophene cracking Fig. 4). Dibenzothiophene can fit without dramatic steric

constraints in the microcavity. However, as we will see, this
We have shown that pre-partial hydrogenation of the thio- is not the case once the thiophenic derivative has cracked,
phene ring in thiophene [31] or in dibenzothiophene [32] and chemisorbed to the zeolite wall.
was helpful in lowering the thiophene ring cracking ac- Physisorbed dibenzothiophene main geometrical para-
tivation energy. We noted that full hydrogenation of the meters (see Fig. 4) are very similar to those observed in
thiophene ring in thiophene does not lead to a further de- thiophene (see Fig. 1) or in dihydrothiophene (see Fig. 3).
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Ads_dhthio TS _dhthio Alle dhithio

Fig. 3. Intermediates and transition state geometries and main geometrical parameters in dihydrothiophene cracking catalyzed by prothmexdbaitge

The validity of the comparison between the different thio- complex does not constitute a zwitterionic complex as was
phenic derivatives stops there. observed in thiophene and in dihydrothiophene, and as was
In the optimized transition state complex (see TS_dbt in also observed in the dibenzothiophene transition state com-
Fig. 4), the alkoxy bond formation is very far from com- plex found in the cluster approach calculations [32]. This
pletion: C-O is 2.31 A, whereas it is 1.76 and 1.60 A alternative transition state complex mechanism was also
in thiophene and dihydrothiophene transition state com- tested in the case of thiophene and dihydrothiophene but it is
plexes, respectively. Also, the proton is already connectedonly found with dibenzothiophene in mordenite to be more
to the thiophenic sulfur atom (C—S 1.38 A), contrary to likely.
what was previously observed (C=S2.19 and 2.17 A The dibenzothiophene cracking activation energy is
in thiophene and dihydrothiophene transition state com- 314 kJmol. This is close to what was obtained in thiophene
plexes, respectively). The dibenzothiophene transition statecracking (viz.,Eact = 318 kJmol), but slightly higher than

/ ‘ 1 I' \
Ads_dbt TS dbt Alk_dbt

Fig. 4. Intermediates and transition state geometries and main geometrical parameters in dibenzothiophene cracking catalyzed by protbomesdiztege
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that was obtained in the cluster approach calculations (viz., riodic (see Fig. 4) and in cluster approach calculations [32]
Eact= 288 kImol) [32]. reveals immediately the deformation of the geometries due

The geometry and main geometrical parameters of the to the zeolite steric constraints.
chemisorbed thiol molecule formed after dibenzothiophene
cracking can be seen in Fig. 4 (see Alk_dbt). The alkoxy . .

L o . . . 4. Discussion

bond is itself similar to that is measured in thiophene or
dihydrothiophene alkoxy species. However, the dibenzothio- 1, important issues will be discussed in this section.
phene alkoxy species suffers from strong steric constraints:,:irst, we will analyze the data that have been obtained on
its energy is+180 kJmol with respect to physisorbed  hydrocarbon catalysis by zeolites; especially, interactions
dibenzothiophene, whereas it was oM90 kJymol accord-  petween the transition state complexes and the zeolite frame-
ing to cluster approach calculations [32]. As we already work will be estimated. Second, on a less important topic, we
mentioned, neutral systems are expected to remain at similamwill consider the thiophenic ring cracking catalyzed by zeo-
relative energy levels when a more realistic zeolite model is lite. Confrontation of our data with others, understanding of
employed [33—-37]. A closer look at the alkoxy species in pe- the nature of the transition complexes, and influence of the

Dihydrothiophene

Thiophene Cracking Cracking

Eact = 318 kJ/mOl Eact = 272 kJ/l‘[lOl
(@ (b)

DBT Cracking

Fuw. = 314 kJ/mol
(c)

Fig. 5. Details of the geometries of the cracking transition states of thiophene (a), dihydrothiophene (b), and dibenzothiophene (c). Thbeafistaces
thiophenic derivatives H atoms and zeolite O atoms are reported.
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catalyst will allow us to elaborate general comments on this Table 1
reaction. Calculated thermodynamic data in cracking of thiophenic derivatives
catalyzed by acidic zeolife

4.1. Interaction between cracking transition states and Reactant Eact AE

zeolite framework Periodi® ClusteF  Periodi® Clustef
(chemisorbed— (chemisorbed—
physisorbed)  physisorbed)

We have shown in previous theoretical studies the effect
of the zeolite framework on the stabilization of transition Thiophene 318 226 128 108
state complexes [31-38,56,57]. Briefly, the zeolite frame- Diiydrothiophene - 272 214 83 3
. e " DBT 314 288 180 90
work stabilizes carbocationic transition state complexes. The — . — . .
main contributions that favor this stabilization are short- A_\I_I data in kJymol. See Scheme 1 for description of intermediates and
. . . . . transition state.
range electrostatic contributions, among which especially b 1y,g study.
zeolite oxygen atoms induced dipoles—transition state com- ¢ see Refs. [31,32].
plex charge interaction. As this energy stabilization is dom-

inated by short-range interactions, the TS stabilization is js clarified when further analysis of the systems is achieved.
dependent on the zeolite structure: in agreement with previ-|n Taple 2, we used the transition state structures that are
ous concepts developed in zeolite catalysis [22,23], we notedgimijlar in both cluster and periodic approaches [31,33,35,
that stabilization of given transition state complexes were 36,38]. The cracking DBT transition state structure is not re-
dependent on the size of the zeolite cavities [57]. ported in this table, as it is not similar in both approaches.
To estimate the effect of the zeolite micropore size and \we will come back to this point later. The limited model of
shape on the stabilization of transition state structure is to tne Mulliken charges is employed here to describe the car-
consider the situation in another way. Different thiophenic pocationic nature of different hydrocarbon transition states.
derivatives were considered in the present study, whereasrpe charge is calculated by adding the separate charges
the zeolite catalyst remained the same. The comparison ofzayried by atoms in the transition state structure in the
the data that are obtained using the periodic DFT method cjyster approach calculations. The comparison between the
with those of the cluster approach method [30-32] is \yjiiken charges and the differences in the activation en-
especially revealing when transition states of different size ergies between cluster and periodic approaches shows an
are compared, as the zeolitg framework is not desc_:ribed i”interesting trend [30,33] (see Table 2). We previously iden-
the cluster approach calculations. Thus, one can estimate thgified that the positive charge in the carbocation-like tran-
effect of the zeolite framework on the reaction. sition state induces polarization of the zeolite oxygen atoms
Let us more closely monitor the structure of the transi- 35 38] Hence, more charge separation in the transition state
tion state complexes and zeolite framework. The geometriesgnoy|d lead to an increase of the zeolite-framework-induced-
of cracking transition state are shown in Fig. 5. The thio- ginoles—transition state charge electrostatic contribution.
phene transition state structure is not in close interaction However, when the charge separation in the transition state
with the zeolite wall. The dihydrothiophene transition state s not sufficient, this stabilization should turn into a destabi-
experiences more contact with the zeolite wall. The diben- |ization. As we previously mentioned, thiophenic derivative
zothiophene transition state interacts with all sides of the cracking transition state complexes are different from other
zeolite micropore. The geometries of the transition states of .5 pocationic transition state complexes because they are
cracking of thiophene and dihydrothiophene are very much zitterion-like transition state complexes. The activation en-

like those of cluster approach method calculations. In the grgies in Table 2 have been obtained using different density
case of dibenzothiophene, a major difference occurs: in the

periodic system, the sulfur atom has become protonated inTable )
the transition state, contrary to what is observed in the clus- Comparative analysis of energy stabilization of some transition states by

ter approach calculations. zeolite frameworks and of Mulliken charge in the corresponding transition
A surprising result concerning the thiophenic derivative state structure

cracking calculations is that transition state structures are NOReaction Mulliken AEacf® Source

longer stabilized by their interactions with the zeolite frame- charge  (periodic-cluster)

work (see Table 1). This follows when cluster approach Thiophene cracking 0.25 92 [31] and this study

results are compared to periodic results. Let us considerDihydrothiophene 0.28 58 [31] and this study

dibenzothiophene as a specific case: as can be seen from the cracking

energy difference between physisorbed system and aIkoxmerF:y'e'_”e i 0.60 —34 [23,38]

species, large steric constraints are involved in this system.Tofu;n:sorp on 0.88 ~100 33,35]

We will achieve the analysis of dibenzothiophene cracking a  isomerization

bit later.

L . L @ In kJ/mol; activation energies in this difference have been obtained
The source of the destabilization of the thiophenic-ring- using different methods. Therefore, only the qualitative trend should be

cracking transition state in thiophene and dihydrothiophene considered.
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functional theory methods. Employing the same method Table 3
should result in different quantitative results; also the quali- Trends in activation energies of reactions related to hydrodesulfurization

tative trend should be respected. based on reported data

Comparison of thiophene and dihydrothiophene cracking Reaction—catalyst Activation energy ~ Source
reveals that the size of the transition state is important. There (kJ/mol)
are two additional hydrogen atoms in dihydrothiophene Thiophenic derivatives cracking by zeolite 270-320  (This study)
compared to thiophene. Dihydrothiophene cracking transi- Hydrocarbons cracking by zeolite 150-220 (60]
tion state structure destabilization is 5&/kbl, whereas it < aed thiophenic derivatives 135-165 (361

. . . 4 - isomerization by zeolite
is 92 kymol for thiophene. This large difference is not ex-  Thiophene HDS by metal sulfide 240-300 [61-65]

plained by the difference in the Mulliken charge. Additional
hydrogen bonds between activated dihydrothiophene and the
zeolite framework can explain this stronger stabilization in gies of thiophenic derivatives cracking by zeolite catalysts
part. For the other part, the higher ability of dihydrothio- are from the present study. Angyan et al. [60] performed
phene to adapt its geometry to the zeolite framework also periodic quantum chemical calculations for hydrocarbons
probably favors a stronger energy stabilization of the tran- (viz., ethane, propane, and butanes) catalyzed by proton-
sition state complex. However, it is difficult to estimate the €exchanged chabazite. We summarize their results in Table 3.
relative importance of each of these contributions in the sta- We mentioned their data as they have been obtained us-
bilization. ing the same quantum chemical method than in our studies.
In dibenzothiophene, we mentioned that steric constraints Moreover, these data are in good quantitative agreement with
alter the picture. However, we developed an approach thatexperimental hydrocracking activation energies [60]. The
was revealed to be useful and reasonably accurate forisomerization of alkylated benzothiophene derivative acti-
estimating and correcting for this change [37,56,57]. For this vation energies comes from one of our previous periodic
purpose, the Polaniy—Evans—Brgnsted relation is employedquantum chemical studies [36]. All these data have been ob-

[23,58,59]. tained using the VASP program.

Application of this corrective method leads to an esti-  Concerning the activation energies of hydrodesulfuriza-
mated value of dibenzothiophene cracking in the absencetion of thiophene by classical HDS catalysts (viz., Mo, Co,
of steric constraints of the order dfact ~ 270 kymol. CoMo, and Rh sulfides dispersed over a carbon support), we

The dibenzothiophene cracking transition state structure isrefer to the experimental data of Hensen et al. [61,62]. As the
actually slightly stabilized in its contact with the zeolite data they presented are apparent activation energies, we had
framework. We mentioned that contrary to what was ob- to correct these from adsorption energies of thiophene so as
tained in cluster approach calculations, dibenzothiopheneto get activation energies. For this purpose, we used data of
was protonated in the periodic transition state. Therefore, theoretical studies [63,64] (see also Ref. [65]).

the charge separation is more complete in this transition state  One can see in Table 3 that zeolite catalyst can crack thio-
than in the cluster approach transition state. Furthermore, thephene derivatives, but the activation energies are higher than
transition state structure fit to the micropore is better than for those required when metal sulfide is employedEgc: ~
thiophene or dihydrothiophene. 30 kJmol).

It is extremely important to mention that the relation Isomerization of alkylated benzothiophene derivatives ac-
between charge separation in the transition state and transitivation energies is much lower than hydrodesulfurization
tion state energy stabilization must be handled with caution. activation energiesX Eact ~ 65-85 kJmol). In agreement
Quialitatively, it is correct. However, we described that other with experimental data [3,4,6], it is predicted that isomer-
factors play also an important role in the transition state ization prior hydrodesulfurization in HDS of multialkylated
stabilization. These are the size of the transition state struc-polyaromatic thiophenic derivatives catalyzed by a bifunc-
ture (number of H atoms in the hydrocarbon molecule) and tional catalyst is likely to occur.
the dimensions of the zeolite micropore. Moreover, changes However, when the data of Angyan et al. [60] are con-
in transition state complexes such as in dibenzothiophenesidered, a difficulty in this clear picture becomes appar-
cracking cannot be a priori predicted. Further systematic ent. Activation energies of alkane cracking catalyzed by
studies are required in order to develop an estimate of theproton-exchanged zeolite overlap with the alkylated aro-

importance of these different contributions. matic thiophenic derivatives activation energies. Actually,
the differences in activation energies indicate that isomer-
4.2. Thiophenic derivatives cracking catalyzed by zeolites ization will certainly take place. However, the concern is

about the product of the HDS reaction: these are alkanes.
In this section, we will put in perspective the results that The presence of acidic zeolite catalytic sites will crack HDS
have been obtained in thiophenic cracking quantum chemi- products. This may lead to a substantial lowering of the qual-
cal calculations using a realistic model of zeolite catalysts. ity of transportation fuel.
We report activation energies relevant to hydrodesulfuriza-  Zeolite catalysts as such are not very good catalysts in
tion of thiophenic derivatives in Table 3. Activation ener- HDS of thiophenic derivatives. We saw that the zwitterionic
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nature of the cracking transition state complex disfavored the
occurrence of this reaction in zeolite microcavity. However,

X. Rozanska et al. / Journal of Catalysis 215 (2003) 2029

complex. While the steric constraints partly destabilize the
reaction, the zeolite electrostatic contribution stabilizes the

the understanding of the transition state structure is very transition state structure.

helpful in case one wants to tune zeolite catalyst activity
specifically to this reaction. The difference in activation

energies between a (nonadapted) zeolite and metal sulfideAcknowledgments

catalysts is relatively small, and can be further decreased.

5. Conclusions

We have performed a periodic density functional theory
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