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Abstract

The effect of moderate sintering of the platinum particles of a precokégi®i catalyst on the transformation efPB was investigated
under reforming conditions (773 K, 5 bar, and HiC = 5). The results showed that the larger the platinum particles, the greater the formation
of cyclic compounds. Furthermore, a concentration balance between the ethylbenzene and the cyclic compounds was revealed, suggestin
a common reactive adsorbate for both reaction products. According to a previously proposed reactive adsorbate for ethylbenzene and the
results of studies of PSiO, and PtSySIO, catalysts, a reactive adsorbate was proposed for the formation of the cyclic compounds. This
latter reactive adsorbate, which results from the reactive adsorbate leading to ethylbenzene, is consistent with either a decrease in the size c
the Pt ensembles or an increase in the electron density of the platinum particles giSt@ Ratalyst sample with the smaller particles after
coke deposition. It is still uncertain as to whether the concentration balance phenomenon is due to a geometric ensemble effect, a change i
the electronic density of the platinum clusters, or both. The studies with a tin-promoted catalyst were discussed in relation to this new finding
and a detailed reaction network for the transformation-&B over metallic sites is proposed.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction ronmental regulations in 2005 will strictly limit the content
of benzene in gasoline; thus, refiners want to gain a bet-
The scission of the carbon—carbon bond, as affected byter understgnding of such side reactions of the reforming
hydrogen, occurs in many processes in petroleum refiner-Process [2] in order to lower the level of benzene.
ies [1]. The C—C bond scission is a desired reaction of fluid ~ Relatively few studies have been performed on C-C
catalytic cracking or hydrocracking processes, the objective 20Nd scission of the alkyl chain of alkylaromatic com-
of which is to decrease the molecular weight of the feed- POUNds [3-7], in contrast to the number of studies on the

stocks. In other refining processes, such as isomerization Olhydrogenolysis C,)f alkanes. Amqng the latter, the study of
reforming, the C—C bond scission is a side reaction, which ethane has received most attention [8-10], although the hy-

lowers the yield of the desired products. In the reforming drogenolysis of alkanes other than ethane has been the sub-

process, hydrogenolysis can either take place in the naphJeCt of numerous studies as well [11-14].

tha feed, which consists mainly of paraffins and naphtenes,h dDehydrcige.natlfotr;] ofCthg tr)eac(:jtmg fékar;e occurstrt]) ef-ore
or with respect to alkyl aromatics, thus leading to the for- ydrogenolysis of the C-C bond [8- .]' owever, the In-

. . . fluence of the nature of the adsorbed intermediates on the
mation of benzene and other aromatics. However, new envi-

degree of dehydrogenation of the C—C bond is still be-
ing investigated [10-14,16]. A systematic study of the hy-

* Corresponding author. drogenolysis reactions of 14 aliphatic hydrocarbons, ranging
E-mail address: cthomas@ccr.jussieu.fr (C. Thomas). from C4 to Cg, led Leclercq et al. to conclude that 1,3-
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diadsorbed species were favored over an alumina-supportegir (1 Lh™1 ggalta,ysg for 2 h at 773 K and then reduced in
platinum catalyst [11]. Nevertheless, these authors could notflowing hydrogen for 2 h at 773 K.

rationalize all their hydrogenolysis results by a single mech-  For the sake of comparison, the results obtained over a
anism based upon such 1,3-intermediates species only. Thusjn-promoted catalyst [17] will also be reported in this pa-
1,2-, 1,4-, and 1,5-diadsorbed species could all play a role per. This PtSpSIO, catalyst (0.48 wt% Pt and 0.23 wit%

in hydrogenolysis reactions as well. Few studies of alkyl- Sn) was prepared by impregnating th¢$0, catalyst with
aromatic compounds have described the nature of the cor-an aqueous solution of M&nCl (Aldrich). After drying at
responding adsorbed species [4,7] which are fundamental353 K overnight, the catalyst was calcined in situ in flowing
to gaining an understanding of hydrogenolysis of the alkyl air (1 Lh~? g;almys) for 2 h at 773 K and then reduced in
chain. flowing hydrogen for 2 h at 773 K.

The transformation of-PB, a model alkylaromatic mole- Reference [17] gives a more detailed description of the
cule, was investigated over monofunctional catalysts (acid characterization of the catalysts. The silica-supported plat-
or metallic) [17]. That work showed that hydrodealkylated inum catalyst was also characterized by means of transmis-
products (benzene, toluene, and ethylbenzene) form oversion electron microscopy (TEM) with a JEOL JEM100 CXII
the metallic sites along a parallel pathway, suggesting theinstrument. The microscope was operated at 100 kV with a
involvement of different adsorbed species, which occupy tungsten filament. The powered catalyst was embedded in
specific patches of platinum atoms. Based on the dehydro-€POXy resin and cut into thin slices (70 nm) with an ultrami-
genated compounds detected in the gas phase in the coursgrotome equipped with a diamond knife. Distributions were
of the reaction, adsorbed intermediates were suggested t¢alculated by counting about 700 and 800 metallic particles
explain the formation of ethylbenzene and toluene. Thesefor the 0.3-g and the 0.8-g samples, respectively.
hydrodealkylated products require an adsorption site with ~ Catalytic measurements were carried out using commer-
two adjacent platinum atoms. Concerning the formation of cial n-propylbenzene (Fluka, purum 98%), without fur-
benzene, a sequence of elementary steps, adapted from thaper purification, as a reactant. Liquidpropylbenzene was
proposed by Grenoble [4] for toluene hydrodealkylation, in- dgllvered to the F:atalyuc device by means of a high-pressure
volving a unique platinum atom has been suggested. In thisPiston pump (Gilson 307). The hydrogen flow and the total
previous work, we exclusively focused our attention on de- Pressure were controlled by a mass-flow controller (Brooks
hydrogenated and hydrodealkylated products. However, re-5850 TR) and a back-pressure regulator (Brooks 5866), re-

action products issuing from cyclization and isomerization SPectively. . S
reactions were also detected. Reactions were carried out using either 0.3 or 0.8 g of

In the present paper, the influence of limited sintering of th€ Silica-supported platinum catalyst (0.16-0.20 mm) in
the platinum particles of a precoked silica-supported plat- & fixed-bed microreactor at a temperature of 773 K and a
inum catalyst on the transformation ofPB is investigated ~ tOtal pressure of 5 bar. Catalytic measurements were per-
under reforming conditions (773 K, 5 bar total pressure formed on the stabilized catalyst. The contact time varied

Ha/HC = 5). The results reveal a concentration balance phe-fom 0.4 0 4.0 s, maintaining a hydrogen-to-hydrocarbon

nomenon between ethylbenzene and the cyclic compoundsMlar ratio of 5. The reaction products were analyzed by

A common reactive adsorbate is proposed to explain this g‘nedaqﬁeog dzr;tﬁiré;"t?:nggf tﬁzr%r:]ﬁﬁgg%‘a?soﬁﬁgg’egIE ))/
phenomenon. In addition, this study gives a new explanation : L
concerning the results reported in our previous study over iC'BASCEHIDGSCBgOaHgé’gJéA) ar|1aly3|s and |njefct|on cc)if thg
a tin-promoted catalyst [17]. A detailed reaction network stahdards. an o analyses were periormed using

of n-PB transformation is also proposed according to the a PONA (paraffins—olefins-naphtenes—aromatics) capillary

present results and the conclusions drawn from the above—COIumn (Hewlett Packard, 50 m long, 0.20 mm inner diame-

cited reference [17]. ter, 0.5 um film thickness).

) 3. Resultsand discussion
2. Experimental
To study the influence of moderate sintering of the plat-
Grace X254 silica (BET specific surface area 540ymt, inum particles on the transformation @fPB under reform-
grain size 1-3 mm) was used as a support. TH&iRb ca- ing conditions, a single batch of f8iO, catalyst was used to
talyst (0.48 wt% Pt) was prepared by means of the excessavoid any bias that might have occurred due to catalyst syn-
impregnation technique of the silica carrier with an ammonia thesis. For this purpose, two silica-supported platinum cata-

solution of platinum dihydroxotetramine Pt(N}4(OH). lyst samples of different weight were used and the sintering
(Johnson Matthey). After drying at 353 K overnight, the ca- of the metal particles was induced by means of the catalyst
talyst Icined itu in flowi ir (1 chg2: ivati idati i i Ik

yst was calcined ex situ in flowing air ( gcataWS) activation steps (oxidation and reduction). It is well known

for 2 h at 673 K. Before carrying out the catalytic measure- that both oxidative thermal treatment and water release in
ments, the catalyst samples were calcined in situ in flowing the course of the reduction step, water acting as a sintering



S Toppi et al. / Journal of Catalysis 218 (2003) 411418 413

agent, can affect the particle size distribution of supported sample is broader with a maximum shifted to bigger parti-
metal catalysts [18]. Since the batch of theg HO, cata- cle size (2.5 nm, Fig. 1b). For both samples, the presence of
lyst was calcined ex situ up to 673 K followed by additional very large metallic particles drastically decreases the plat-
in situ calcination of the two samples up to 773 K, particle inum dispersion. The platinum dispersion was estimated
sintering probably occurred during the subsequent reductionfrom the mean particle diameter assuming a cubo-octaedral
step. In that case, the heavier the catalyst sample and, thusshape for the metallic particles [19]. Dispersion is then 36
the higher catalyst bed height (2.7 times higher for the 0.8-g and 31% when considering the mean particle diameters of
sample compared to the 0.3-g sample), the greater the ex2.8 and 3.3 nm for the 0.3- and 0.8-g samples, respectively.
posure of the catalyst bed to the released water and, thusThe dispersion estimated for the 0.3-g sample coincides with
the greater the extent of sintering of the platinum particles. that determined by means obHO; titrations (37.5%) [17].
After activation, the catalyst samples were removed from These observations are consistent with the sintering of the
the reactor. The catalyst samples were homogenized beforenetallic particles of the 0.8-g sample. As expected, the plat-
being analyzed by TEM. The reason is that the sintering inum particles are bigger in the 0.8-g sample than in the
process may not have occurred uniformly along the catalyst 0-3-g sample.

bed since the bottom part should have been submitted to the  The effects of the weight of the catalyst sample and, thus,
highest water exposure in the course of the reduction acti- Of the size of the platinum particles on the formation of hy-
vation step. As a result, a more pronounced sintering of the drodealkylated, indane, indene, and 2-ethyltoluene products
platinum particles should have occurred in the bottom layer from the conversion of-PB are shown as a function of time

of the catalyst bed rather than in the upper layer. Since the©n stream in Figs. 2 and 3. For the sake of comparison, the
catalyticn-PB transformation depends on the mean platinum deactivation trends were studied with a comparable contact
particle-size distribution, it was of the utmost importance to time (about 1.5 s) for both samples by adjusting the reactant
ensure that the sample studied by TEM was representative/low rates to the weight of the catalyst sample.

of the mean particle distribution of the catalyst bed through ~ Considering first the hydrodealkylated products, a de-
a thorough homogenization of the sample. crease of the concentration of the three reaction products is

The particle-size distribution measured by TEM is rather OPserved in Fig. 2 for both platinum particle sizes. Such a
narrow for the 0.3-g sample, with a maximum around 1.5 nm decrease can reasonably be ascribed to a deactivation of the

(Fig. 1a). On the other hand, the distribution for the 0.8-g Metallic phase by coke deposition [20]. Fig. 2 also shows
that the formation of both toluene and benzene follows a

0 comparable decrease whatever the platinum particle size and
@ that the concentration of each product is identical after sta-

S bilization (680 min on stream). The most striking difference
£ is the much lower concentration of ethylbenzene over the
. heavier catalyst sample with the larger platinum particles.
£ Concerning the cyclization and isomerization products
2 5 (Fig. 3), a concentration decrease, comparable to that pre-
§ viously reported for hydrodealkylated products [17], is ob-
ERTE served for indane and 2-ethyltoluene, whereas the indene
= concentration is stable after only a few minutes on stream.
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Particle diameter (nm) in the conversion ofi-propylbenzene at 773 K, 5 bar, and HHC = 5, as a
function of the PtSiO, sample weight loaded in the react@®; ethylben-
Fig. 1. Particle-size distributions for two amounts of $i0, sample loaded zene; @, toluene; and®, benzene (open symbols, contact time of 1.56 s)

in the reactor: (a) 0.3 g and (b) 0.8 g. 0.3 g and (full symbols, contact time of 1.50 s) 0.8 g.
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Fig. 3. Concentrations of indane, indene, and 2-ethyltoluene versus time onFig. 4. Concentrations of-propylbenzene and hydrodealkylated products

stream, in the conversion afpropylbenzene at 773 K, 5 bar,HC = versus contact time, in the conversionmepropylbenzene at 773 K, 5 bar,

5, as a function of the P8I0, sample weight loaded in the react®, and H/HC = 5, as a function of the P8I0, sample weight loaded in the
indane; M, indene; and@, 2-ethyltoluene (open symbols, contact time of  reactor:A, n-propylbenzenelll, ethylbenzene#, toluene; and®, benzene
1.56 s) 0.3 g and (full symbols, contact time of 1.50 s) 0.8 g. (open symboals) 0.3 g and (full symbols) 0.8 g (data recorded for 420 min of

run after a deactivation period of 680 min on stream).

Table 1

’ . 20 80
Product concentrations (18 molL~1) at 10% conversion of-propyl-

—
\n
L

benzene over a P8I0, catalyst at 773 K, 5 bar, andAHC = 5 r
Reactions Products J8i0, sample weight (g) _‘; + 60 "g
0.3 0.8 ¢ £ . g E
R =%
Cyclization Indene 7)) 4.9 E § 101 ; Lo % %
Indane 260 31.2 §§ g s
- F = :
Dehydrogenation Phenyl-2-propene 41 15 h 8 = g
Z-Phenyl-1-propene 3 3.4 § 57 T2 g
E-Phenyl-1-propene 13 11.6
Isomerization Isopropylbenzene 71 1.6 0 . T - . - T - T 0
Ortho-xylene Q7 0.6 0 1 2 3 4 5
2-Ethyltoluene 5 2.8 Contact time (s)
Hydrodealkylation Tzﬁlznine Gg 2(5J Fig. 5. Concentrations of cyclic compounds (indanédene) and 2-ethyl-
Ethylbenzene 12 7'0 toluene versus contact time, in the conversion-giropylbenzene at 773 K,

5 bar, and H/HC = 5, as a function of the P8iO, sample weight loaded
Data recorded after 1100 min on stream at contact times of 1.56 and 1.50 sin the reactor®, indane+ indene; andll, 2-ethyltoluene (open symbols)

for the 0.3- and 0.8-g P8I0, samples, respectively. 0.3 g and (full symbols) 0.8 g (data recorded for 420 min of run after a
deactivation period of 680 min on stream).

After deactivation of the metallic phase, comparable concen-
trations are found for indene and 2-ethyltoluene over both
samples, whereas the indane concentration is significantly
higher over the catalyst sample (0.8 g) with the larger plat-
inum particles.

Table 1 lists the concentrations of all the reaction products -
resulting from the conversion af-PB after stabilization of
the metallic phase. At comparable conversion of the reactantz

=

(10%), a higher formation of the cyclic compounds occurs at &

the expense of ethylbenzene over the catalyst sample (0.8 g) e,

20

15 4

duct
mol L)

ogenation pro.
5

10 -

r
concentrations (107

with the larger platinum particles. 0 W\H‘*’“ﬁ\’
This interesting finding prompted us to study the depen- 0 1 2 3 4 5
dence of the concentrations of the products resulting from Contact time (s)

n-PB transformation as a function of contact time over both _ _
samples. Catalytic measurements of the above-noted reac!_:lg. 6. Concen_tratlons of dehydrogenated products versus contact time,
tion products are shown in Figs. 4-6. As reported else- in the conversion ofz-propylbenzene at 773 K, 5 bar, andb HHC =

P ] . gs. ’ P . 5, as a function of the P8I0, sample weight loaded in the reac-
where [17], there is a linear dependence of concentration 0N m, E£-phenyl-1-propene:®, Z-phenyl-1-propene; an®, phenyl-
the contact time (from 0.35 to 4.00 s) for the disappearances2-propene, (open symbols) 0.3 g and (full symbols) 0.8 g (data recorded

of n-PB (Fig. 4) and dehydrogenated products (Fig. 6), and for 420 min of run after a deactivation period of 680 min on stream).
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the formation of all other reaction products (Figs. 4 and 5), Table 2
except 2-ethyltoluene. These observations suggest an appaﬁzlydrodealkylation and cyclization formation ratesm,epropylbenzene over
ent zero-order reaction. silica-supported platinum catalysts (0.8-g sample weight) at 773 K, 5 bar,
The concentrations of toluene and benzene do not de-anOI /HC=5
pend on the size of the platinum particles since comparableReactions Products Formation rates
concentrations were obtained over the wide range of con- (l(_,_ molL~s )
tact times studied (Fig. 4). On the other hand, ethylbenzene PYSIO,  PSnSiop
shows a singularly different behavior. A clear break in its Hydrodealkylation TBlenze”eT(B) ;2’2 gii
formation rate along with a significant decrease of this for- E?hL;T;:n(Zgne (EB) 25 168
mation rate over the larger platinum particles is observed
(Fig. 4, 0.8-g catalyst sample). Such a break is not ob-
served for 2-ethyltoluene (Fig. 5) or for the dehydrogenated
products (Fig. 6). However, an inverse break compared with Data recorded for 420 min of run after a deactivation period of 680 min on
that observed for ethylbenzene is found for the cyclic com- STeam:
pounds (indane and indene), the concentrations of which
were lumped together in Fig. 5 for the sake of clarity. The
catalyst sample (0.8 g) with the larger platinum particles .
shows an increased formation rate of cyclic products, which 10 Petter understand the results of this study over the
counterbalances the decreased formation rate of ethylbenWO PYSiOz samples, let us first recall the results obtained
zene. In other words, the sum of the concentrations of ethyl- for the effect of the tin promoter reported in our previous

benzene and the cyclic compounds remains unaffected wheﬁ’"Ork [17]._In that work,.httle attention had been pgud to
the mean size of the platinum particles is changed. the formation of the cyclic compounds since the main goal

From the above-noted results, it is very likely that a com- was to investigate the distribution of the hydrodealkylated

- : : products in the transformation ef-PB, and in particular
mon initially reactive adsorbate can explain the observed . ; -
. the formation of benzene, over the metallic and acidic func-
concentration balance phenomenon for ethylbenzene and the. : T .
) : . . ions [17]. Table 2 lists the effects of adding tin to a silica-
cyclic compounds. This common intermediate would prefer-

entially lead to ethylbenzene, but may also lead to the cyclic supported platinum catalyst on the rates of formation of
compounds hydrodealkylated and cyclic products. Over the unpromoted

. catalyst, the rate of formation of the cyclic compounds (in-
To further understand this phenomenon, one must re- y y P (

ber that th tallic oh f both I & ddane and indene) is almost three times higher than that of
member that the metafiic phase ot both samples Sutleredy, . global reaction rate of hydrodealkylation. In addition,
a deactivation process by coke deposition. The surface of

the most striking difference between the two catalysts is

the metallic particles has been described as being continU~, .+ the rate of formation of the cyclic compounds is al-

ously and mostly covered by a strongly bound carbonaceousy, gt 761 over the tin-promoted catalyst, whereas 30 and
deposit coexisting with uncovered patches Qf platinum sur- 25% decreases are found for the global hydrodealkylation
face atoms [21]. These latter patches of platinum atoms are g ethylbenzene formation rates, respectively. According to
the so-called “Pt ensembles” or “Pt domains” introduced 5 recent study by Humblot et al. [31] over identical catalytic
by Sachtler and co-workers [22], as well as Stephan andgystems, these decreases can be assigned to geometric con-
Ponec [23] to account for the differences found in the ad- sjgerations and to a decrease in the size of the Pt ensembles
sorption of H and CO, respectively, over platinum-based \yith the addition of tin as a promoter. One can therefore rea-
films. Platinum ensemble size effects were then invoked by sonably conclude that the size of the Pt ensembles required
Puddu and Ponec [24] to explain the much slower hydro- for the formation of cyclic compounds; thus, the correspond-
genation of benzene compared to that of cyclohexene overing steric hindrance of the reactive adsorbate must be higher
Pt and Pt-Au catalysts. Afterward, the ensemble conceptthan that involved for the formation of ethylbenzene. More-
was considered to explain the selectivity of hydrocarbon re- gver, it can be concluded that the Pt domains required for
actions over alloys [25,26], and in particular in the case of the formation of cyclic compounds have almost completely
supported bimetallic platinum-tin catalysts [27-33]. The au- disappeared over the tin-promoted catalyst. As reported by
thors of these studies concluded that one of the effects of tin Dadyburjor and Ruckenstein [14], this latter conclusion does
promotion is to enhance the isolation of the platinum atoms not necessarily mean that the size of the Pt domains has
through dilution by tin atoms [28-33]. The addition of tin  become too small to prevent the occurrence of reactions in-
therefore decreases the size of the Pt domains. volving reactive adsorbate of lower steric hindrance than that
Significant changes of the selectivity in hydrocarbon re- engaged for the cyclization reaction.
actions were also reported after catalyst deactivation [26,34— In accordance with the chemical nature of the dehydro-
36]. Sarkany and Ponec and co-workers have concluded thagjenated compounds detected in the gas phase, an adsorbed
the size of the Pt domains is diminished by a geometric effect phenylpropene species has been suggested (Fig. 7a) to ex-
by coke deposition, comparable to that of a promoter addi- plain the formation of ethylbenzene [17]. Such a diadsorbed

B+T+EB 5.94 4.27

Cyclization Indanet indene 1839 0.47

tion such as tin, over platinum and iridium catalysts [34—36]
or alloys [26].
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i by the equal formation rates of benzene and toluene over

both PySiO, samples (Fig. 4). A more pronounced decrease
: in the size of the Pt domains should have resulted in a signif-
icant increase of the benzene formation rate and a decrease
| L ﬂ | = of that of toluene, as shown in Table 2 which compares ben-
zene and toluene formation rates between unpromoted and
Fig. 7. Adsorbed reactive intermediate species for the formation of: (a) tin-promoted platinum catalysts.
ethylbenzene and (b) indane and indene. In addition to the geometric effect of coke deposition,
Barbier et al. [37] reported an electronic effect. The chem-
intermediate species was considered according to a 1,21cal structure of coke has been ascribed to the formation

adsorption mode. The 1,3-adsorption mode, suggested to b&f Polyaromatic compounds of high molecular weight [38].
favored for the hydrogenolysis of alkanes over a platinum Consequently, it was suggested that the electron density
catalyst from the work of Leclercq et al. [11], was not con- of the platinum clusters is enhanced following coke depo-
sidered for the following reasons: (i) If a 1,3-diadsorbed Sition [37], in agreement with the work of Hlavathy and
intermediate species were involved in the formation of hy- T€tényi [39]. These authors showed that the adsorption of
drodealkylated compounds, it is very likely that the selectiv- light alkanegalkenes on a platinum surface leads to changes
ity of hydrodealkylated products would have been the same in the work function, indicating electron transfer from the
over both the unpromoted and the promoted catalysts, whichadsorbed hydrocarbons to the platinum. This electronic ef-
is not the case in the present studies (Table 2 and [17]). Thefect is notinconsistent with the above-proposedflat adsorbed
reason for that is that the addition of tin to a silica-supported reactive adsorbate involved in the formation of the cyclic
platinum catalyst [31] and coke deposition on platinum [26— compounds (Fig. 7b). The higher the dispersion and, thus,
28,34-36] were both shown to lead to a decrease in the sizethe smaller the platinum particles, the higher the electron
of the platinum ensembles. Note that Leclercq et al. [11] density of the particles following coke deposition. This in-
were unable to rule out the involvement of 1,2-diadsorbed crease in the metallic electron density of the platinum clus-
species and other diadsorbed species. (i) It must be em-ters of the catalyst with the smaller platinum particles is
phasized that the conclusion of Leclercq et al. [11], that the consistent with an unfavored adsorption of the aromatic ring
1,2-adsorption mode is not favored over platinum surfaces, of the ethylbenzene reactive adsorbate (Fig. 7a) to lead to the
in contrast to the 1,3-adsorption mode, has been drawn oncyclic reactive one (Fig. 7b). This electronic effect can also
the basis of initial reaction rates. Thus, the authors assumedccount for the observed decrease of the formation of cyclic
that their conclusion is valid in the case of a carbon-free compounds over the 0.3-g/f8iO, sample (Table 1, Figs. 3
platinum surface only, which obviously exhibits much larger and 5).
platinum domains than those exhibited in the present study. According to this finding, a common reactive adsor-
Our results were obtained on stabilized catalysts, i.e., pre-bate for the formation of ethylbenzene and the cyclic com-
coked platinum surfaces. pounds such as indane and indene, a new explanation for
In order to explain the formation of cyclic products, it the results obtained in our previous study [17] may be sug-
is likely to assume that the aromatic ring of the adsorbed gested. The increase in the rate of formation of benzene
phenylpropene species, involved in the formation of eth- and the decreases of that of toluene and ethylbenzene over
ylbenzene, bends toward the particle surface leading to athe PtSrSIiO, catalyst (Table 2) are consistent with an
“flat” adsorbed intermediate, as indicated in Fig. 7b. Such isolation effect of tin.n-PB adsorption sites consisting of
a species would be adsorbed on the Pt by the aromatic nu-single or two adjacent ensembles of platinum atoms were
cleusin ar-type interaction as well as by the alkyl chain; the suggested for the formations of benzene or toluene and
latter adsorption mode is involved in the formation of eth- ethylbenzene, respectively. The reason for the more dras-
ylbenzene (Fig. 7a). Such an adsorbed species would, theretic decrease of the formation rate of toluene compared to
fore, require larger Pt ensembles than needed for the reactivéhat of ethylbenzene is not obvious, because both com-
adsorbate of ethylbenzene. One can add that the adsorbe@ounds involve comparable ensembles of two adjacent plat-
phenylpropene species is thought to occur with smaller Pt inum atoms. Two assumptions can be suggested to account
ensembles only when the “flat” adsorption of the aromatic for this disparity: First, differences in steric hindrance of
ring is hindered. According to these two adsorbed intermedi- the chemisorbed intermediates may be invoked. The ad-
ate species, the difference between the twGR), samples sorbed intermediate involved in the formation of toluene
of different weight could be ascribed to a lowering of the has a much higher steric hindrance (due to the phenyl and
size of the Pt ensembles over the catalyst sample with themethyl groups [17]) than the adsorbed intermediate lead-
smaller particles. Given the modest difference in the for- ing to ethylbenzene (Fig. 7a). Second, it is well known
mation rate of the cyclic compounds of the two/&i0, that an aromatic ring attracts electrons through an induc-
samples (Fig. 5), the size of the Pt domains is likely to be tive effect. This effect is the more pronounced for the alkyl
only a little lower over the B1SiO, with the smaller plat- C-C bonds closest to the aromatic ring. Consequently, elec-
inum particles (0.3-g sample). This conclusion is supported tron withdrawal is probably more important for the termi-
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nal C—C bond (involved in the formation of ethylbenzene) @N
than for the central C—C bond (involved in the formation

of toluene). It is assumed, therefore, that the weakening of

the C—C bond involved in the formation of ethylbenzene is

greater than that involved in the formation of toluene. This @/\/‘} [@”\1[@/’\/]
assumption may also apply to the preferential hydrogenol- /: | [/

ysis of terminal alkyl C—C bonds over the/BiO, cata- @A/ l +

lyst, as reported for studies performed wittPB over sup- \

ported Rh catalysts [6] or with alkylbenzene molecules other [@/\QJ

than n-PB over supported Pt and Ni catalysts [7]. How- l n

ever, the above-noted concentration balance between ethyl-

benzene and the cyclic compounds also explains the slight ©:>+ ©A+CH“ ©/+ GHe @ *GH,
decrease in the formation rate of ethylbenzene compared l

to that of toluene with tin addition (Table 2). Indeed, the

formation rate of the cyclic compounds shows a strong de- @:(\

crease. The decrease in the size of the platinum ensem-_ , , ,
bles over the tin-promoted catalyst prevents the formation Fig. 8. Detglleq reaStlon network of the transfo_rmatlomqiropylbenzene

. ) . over metallic sites, * and [ ] symbols representing a platinum atom adsorp-
of cyclic compounds but does not hinder the formation of {jon site and an undetected reactive adsorbate, respectively.
ethylbenzene. It can also be added that the size of the Pt do-
mains must be strongly diminished by tin addition since a
decrease of the formation rate of ethylbenzene is observedz_ hvitol he tin- q | f hich
after all. An increase of the formation rate of ethylbenzene ethylto uene over t e tin-promoted catalyst, for whic
could have been expected on the basis of the Concentra-the formation of cyclic compounds suffered a drastic de-
tion balance phenomenon revealed in this work over the crease [17]'_ ) )
two PY/Si0, samples. Finally, the negligible deactivationre- '€ studies of the transformation@fB over a metallic
ported over the tin-promoted catalyst [17] is in agreement Pl&tinum phase, promoted by tin or not ([17], and this study),
with the limited formation of cyclic compounds and the led us to propose the reaction network shown in Fig. 8.
greater resistance of the tin-promoted catalysts to deactiva-
tion by coke [28,29].

As noted above, the behavior of 2-ethyltoluene differs 4. Conclusion

significantly from the other reaction products (Figs. 4-6).
The concentration of 2-ethyltoluene is not linearly depen-
dent on contact time (Fig. 5). From a kinetic point of view,
such a trend indicates that 2-ethyltoluene is related to the : . . o
further transformation of a previoui: reaction product. More- n-PB was investigated under reforming conditions (773 K,

over, the concentration of 2-ethyltoluene is rather low. Thus, 5hbar,| apd H/HC ,=| 5). Thhe results SEOV}’ed thff‘t theflargT-r
one must take a careful look at the other reaction prod- '€ Platinum particles, the greater the formation of cyclic

ucts to determine the involved primary product that trans- compounds. Furthermore,la concentration balance between
forms to 2-ethyltoluene. The concentration of the cyclic ©thylbenzene and the cyclic compounds was revealed, sug-
compounds, measured at a contact time of 4.0 s, is a lit- 9esting a common reactive adsorbate for both reaction prod-
tle lower than expected from an apparent zero-order plot ucts. According to a previously proposed'reactive adsorbate
(Fig. 5). This suggests that 2-ethyltoluene originates from for ethylbenzene and the results of studies ¢fSRD, and

the further reaction of the cyclic compounds. This would be PtSIYSIO; catalysts [17], a reactive adsorbate was proposed
in agreement with the work of Csicsery, who studied the for the formation of the cyclic compounds. This latter re-
transformation of 2-ethyltoluene over supported platinum active adsorbate, which results from the reactive adsorbate
catalysts [40]. In that work, the formation of indane and the leading to ethylbenzene, is consistent with either a decrease
subsequent formation of-PB took place along the oppo- in the size of the Pt ensembles or an increase in the elec-
site reaction pathway. The isomerization of 2-ethyltoluene tron density of the platinum particles of the/BiO, catalyst
to n-PB, thus, occurred through the formation of the cyclic sample with the smaller particles after coke deposition. It is
compounds such as indane [40]. Our conclusion is further still uncertain as to whether the concentration balance phe-
supported by the unique detection of 2-ethyltoluene, rul- nomenon is due to a geometric ensemble effect, a change in
ing out the possibility that 2-ethyltoluene formed through the electronic density of the platinum clusters, or both.
dealkylation—alkylation processes. This would have indeed The studies with a tin-promoted catalyst [17] were dis-
led to other isomers such as either 3- and 4-ethyltoluenecussed in relation to this new finding and a detailed reaction
or diethylbenzenes and propylethylbenzenes. The proposedietwork for the transformation af-PB over metallic sites is
reaction pathway is also consistent with the absence ofproposed.

The effect of moderate sintering of the platinum parti-
cles of a precoked PEiO, catalyst on the transformation of
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