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Abstract

Two series of chlorided-alumina-supported Sn catalysts were synthesized with different precursgrgrSBuy, and with various
contents of Sn. The acidity of the catalysts including 0.2 wt% Sn was characterized by FTIR adsorption—desorption of 2,6-dimethylpyridine
(Brgnsted acidity) and pyridine (Lewis acidity) and compared with that @fOA+Cl. The catalytic activity of the synthesized materials
was investigated for the transformation/epropylbenzene under reforming conditions. The results show that the incorporation of Sn into
Al>,03—Cl is not harmless. Neither the nature of the Sn precursor nor the content of Sn evenly affects the acidity and the distribution of
the isomerized and cracked products. The correlation between the product distribution obtained for the transformgtiopyitbenzene
and the acidity of the AI03—Cl and the 0.2Sghcp,/Al,03—-Cl catalysts supports the formation of isopropylbenzene and benzene catalyzed
by Brgnsted acid sites via carbenium ion chemistry. In contrast, the production of toluene and ethylbenzene occurs via radical chemistry.
The formation of these products is assumed to be catalyzed by Lewis acid sites with different strengths. The stability of the proposed radical
intermediate species is consistent with the involvement of stronger Lewis acid sites in the production of toluene compared with those involved
in that of ethylbenzene. The catalytic cycles responsible for the formation of toluene and ethylbenzene via radical pathways over an Al-O
pair are reported. Finally, it is worth noting that benzene is always the major product of the cracked compounds.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction zene is a side product of alkylaromatic hydrodealkylation.
Typical reforming catalysts, which consist of platinum sup-
New environmental regu|ations on benzene content in ported on a chlorided-alumina carrier with either tin or rhe-
gasoline require a crucial control of its formation in the Nhium added as a promoter, are bifunctional cataljstS].
course of the reforming process, provided that the feed- One of the aims of the studies initiated by our group was
stocks do not contain-Cg. In this refining process, ben- 0 gain a better understanding of such a side reaction un-
der reforming conditions and more particularly to determine
- whether hydrodealkylation reactions occurred preferentially
" Corresponding author. Fax: +33 1 44 27 60 33. on the metallic function or on the acidic one. To achieve this
| E-mail addresscthomas@ccr jussieu(C. Thomas). ~_goal, model monofunctional catalysts were studjé].
Prese_nt add_ress. Ga_z de France, 361 Avenue du Président Wllson,_l_hese studies showed that hydrodealkylation reactions ef-
93211 Saint-Denis La Plaine cedex, France.
2 present address: Axens, 89 Bd Franklin Roosevelt, 92500 Rueil Mal- f€Ctively occurred on both functions. Moreover, we showed
maison, France. that the dispersion and the Sn promotion of the Pt metallic
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phas€4,5] and the addition of Cl to an alumina carrigi The synthesis of a series of &i,/Al203—Cl materials,
markedly influenced the selectivity of the hydrodealkylated with various contents of Sn, was close to that performed for
compounds. In the latter work, the model catalysts consistedthe chlorided alumina catalyst. After being in contact with
of Al,03 and AbO3-Cl. For Pt—-Sn/AlO3 catalysts, how- HCI for 45 min at RT, an appropriate amount of SpCl
ever, it has been reported that not only was Sn closely as-diluted in the 1.2 wt% HCI solution, was introduced. The
sociated with Pt, as P8n, alloys, but it also coexisted as  solution was then maintained under stirring for 4 h at RT.
nonreducible SnOspecies, either in contact with the Pt par-  After filtering, the catalyst was exposed to an aqueous so-
ticles or isolated on the alumina carr[6t. This observation lution of hydrogen peroxide for 30 min at RT to allow for
led us to study model acidic chlorided-alumina-supported the oxidation of Sh to SHY. The catalyst was then filtered
Sn catalysts, which we believe to be most representative ofand washed with distilled water and finally dried in air at
the acidic function of the typical reforming catalyst. Sur- 120°C for 12 h. The decomposition of the Sn precursor was
prisingly, as far as we know, such catalysts have scarcelyperformed in air (1 L ht gc—alt) at 520°C for 2 h. The HO,
been studied7,8]. In these studies, Kirszensztejn et &} oxidation step was performed to allow for comparison with
used a rather unusual approach to introduce chloride intothe catalysts synthesized with SnBthe oxidation state of
their Al,O3—SnQ samples by reacting them with gas-phase Sn in the latter series was ®n
CCLFy/H> at 300°C. It must be noted that this treatment The synthesis of the SRgy,/Al203—Cl series of catalysts
led to the introduction of fluoride into the samples as well, differed substantially from that of the Sk,,/Al203—Cl se-
and that fluoride strongly influences the acid—base propertiesries. Solutions of SnBuin n-heptane (Aldrich), containing
of alumina[9-11]. The acid—base properties of chlorine-free appropriate amounts of SnBuvere dripped into the ADs3
[12-15]and chlorided7,8] alumina modified by tin oxides  sypport and kept for 1 h under continuous stirring at &=RT.
have been reported. Overall, these studies concluded that the; was then evaporated under air at 220for 15 h. The
acidity of alumina-supported Sn catalysts decreases with in-decomposition of the Sn precursor was performed in air
creasing amounts of tin. (1Lh1gz}) at 150, 350 and 520C for 2 h at each tempera-

The aim of this work was to investigate the influence tyre. The catalyst was then acidified with the same procedure
of Sn addition to A/O3—Cl (Sn/ALO3—Cl catalysts) on the 45 that used for AlD3—Cl and Skncy/Al203—Cl, except that
acidity of the catalytic materials and their catalytic activity in - {he catalyst was kept in contact with the solution for 24 h un-
the transformation of-propylbenzene{-PB) underreform- qer stirring at RT. After filtering, the material was dried in air
ing conditions. For this purpose, two series of Sa@d—Cl at 120°C for 12 h and calcined in flowing air (1 L g2
catalysts were synthesized with different Sn precursors. The 4t 5o0°¢ for 2 h.
results reveal striking differences in the acidity and the cat-  pyior to catalytic measurements, the catalysts were cal-
alytic activity of the materials, depending on the nature of N aityy ; ; 14-1
th)é Sn preczrsor. In addition, the Ehangegin the catalytic ac- (Z:mheir:g tsr:?nl?ega\évelrégina;r{(ll Lth’Ilg@i)) Ztt 28?;2 :g:
tivity of Al ,03—Cl with tin addition from the SnGlprecur- > h Th L Joat o

_ o = . The composition of the synthesized catalysts is listed

sor cou[d be correlated w!th acidity characterizations. The in Table 1 This table shows that the applied protocols al-
mechanisms of the formation of the hydrodealkylated com- lowed for the preparation of the desired catalysts:0-

pounds are also discussed. Cl and Swncy/Al203—Cl catalysts contained & 0.1 wt%
Cl. Note that the Sghgy,/Al203—Cl series of catalysts con-
tained slightly lower amounts of CI (0.8-0.9 wt%) than that

2. Experimental the Al,O3—Cl and Sgncy/Al,03—Cl catalysts did. The two
_ 0.2Sn/AbO3—Cl catalysts exhibited identical Sn (0.19 wt%)
2.1. Catalyst preparation and Cl (0.9 wt%) contents.

The chlorided alumina material (1 wt% CI) was pre-
pared by impregnation gf-Al,O3 (GOD 200; surface area 101

200 nf g1, porous volume 0.6 chg~1) with an aqueous Composition of the synthesized catalysts determined after calcination (air,
chlorhydric acid solution (1.2 wt% HCI, Merck) for 45 min  500°C, 2 h) and subsequent reductiory(t300°C, 2 h)

with stirring at room temperature (RT). After filtering, the catalysts sn cl Sn
material was dried in air at 12@ overnight and calcined in precursor (Wi%) (Wt%)
flowing air (1 L h1gz2) at 500°C for 2 h. Al;,05—Cl - 1.0 -
Sn/AlLbOs—CI catalytic materials were prepared with ei- 0.1Smsnc,/Al203-Cl SnCh 1.0 0.13
ther SnC} or SnBu as a precursor (Merck). These materials O-ZS%an’A'ZO?"g: Sngh 0.9 0.19
are referred to asSnsn precursohAl 203—Cl, wherex is the 0-5Sf8ncp/Al203- SnCh 11 0.48
Sn content (wt%) of the synthesized catalyst. It must be em- 0-1Sny/Al203-Cl SnBy 0.8 0.11

£0.2SMs5n8y, /Al ,05—Cl SnBy 0.9 0.19

i i i r
phasized that, because of the obviously different natures o 0.4Srne /Al 309—C) By 08 0.40

the precursors, different synthesis routes were used.
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2.2. Characterization of the catalysts Blank experiments, in which the reactor contained no
catalyst, indicate that thermal cracking was negligible com-
2.2.1. Adsorption—desorption of probe molecules followed Pared with that observed in the presence of the catalysts.
by infrared spectroscopy (FTIR) Reactions were carried out with 0.8 g of catalyst (0.16—
FTIR spectra of adsorbed probe molecules osOA-ClI 0.20 mm) in a fixed-bed microreactor, at a temperature of
and 0.2Sn/AlOs—Cl were collected on a Bruker Vector 22 500°C and a total pressure of 5 bars. Catalytic measure-
FTIR spectrometer equipped with a DTGS detector and a ments were performed on stabilized catalysts. The con-
data acquisition station. The sample was pressed into a selftact time varied from 0.8 to 2.8 s, during which a hy-
supporting wafer of 8-12 mg cm. The wafer was loaded  drogeryhydrocarbon molar ratio of 5 was maintained. The
into a conventional pyrex glass cell sealed with KBr win- reaction products were analyzed with an on-line gas chro-
dows that was connected to a vacuum system, which pro-matograph (HP 4890, FID), and the identification of the
duced a dynamic vaccum of at leask5L0~8 bar. Prior to products was confirmed by GC-MS (HP 5890-HP 5971A)
adsorption of the probe molecules, the catalyst was submit-analysis and injection of the standards. GC and GC-MS
ted to oxidizing and reducing pretreatments at atmosphericanalyses were performed with a PONA (Paraffins—Olefins—
pressure identical to those described in Secfidh After Naphtenes—Aromatics) capillary column (Hewlett—Packard,
pretreatment, the catalyst was evacuated at°C2® re- 50 m long, inner diameter 0.20 mm, film thickness 0.5 pm).
move residual traces of water. The catalyst temperature was
then decreased to RT under dynamic vacuum {88 bar).
Pyridine and 2,6-dimethylpyridine (2,6-DMP) were dried in
vacuo and stored in the presence of a 3A molecular sieve.
Pyridine and 2,6-DMP were adsorbed at RT under saturated
atmospheres of the probe molecules. After being exposed t03.1. Adsorption—desorption of probe molecules followed by
the probe molecules for 1.5 h, the catalysts were evacuated=T|R spectroscopy
at 25, 150, and 300C for 15 min, and the FTIR spectra were
recorded at RT; 128 scans were accumulated with a spectral . ) o
resolution of 4 cml. The spectrum of the pretreated cata- 3-1.1. Adsorption of 2,6-dimethylpyridine
lyst was used as a reference and subtracted from the spectra Fig- 1 shows infrared spectra for 2,6-DMP, adsorbed at
of the catalysts exposed to the probe molecules, which wereRT. after desorption at 25, 150, and 3@ under vacuum
subsequently evacuated at different temperatures. over AbO3—Cl and 0.2Sn/AlOs—Cl. Adsorption bands at
As already discussed in a previous paper from our labo- 1580 cn and about 1600 crit, assigned to the interac-
ratory [9], we followed the Lewis acidity by observing the tion of 2,6-DMP with Bregnsted acid sit¢40,11] rapidly
area of the pyridine band at ca. 1450 thnassigned to ~ decrease with increasing desorption temperature, except for
pyridine coordinated with Lewis acid sites (L-RyC—N or  the 0.2SBncp/Al203—Cl catalyst Fig. 1b). Over AbOsz—
v19b)[11,16] Because of the low intrinsic Brgnsted acid- Cl (Fig. 1a) and 0.2Sgncy/Al203-Cl (Fig. 1b), adsorption
ity of alumina materials, pyridine is not the most suitable bands in the 1615-1640 crh region are less affected by
probe molecule for characterizing Brgnsted acid ditd3. the desorption treatment than the 1650 ¢nband, which
Therefore we followed the Brensted acidity by observing the rapidly vanishes upon desorption. For these two catalysts,
adsorption bands from 1650 to 1615 chnattributed to the ~ a shift of the 1615 cm® band to higher frequency is ob-
v C—C vibration of the 2,6-DMP protonated probe molecule, served. As already suggested by Corma efl4l], consid-
as shown by Corma et 410,11} ering a wide distribution of OH groups with different acid
The amount of Lewis and Brgnsted acid sites (a.u.) re- strengths, an increase in the desorption temperature pro-
ported in the present work was normalized to a disk of vokes the desorption of 2,6-DMP, starting from the weakest
5 mgcnt2. Given that the extinction coefficients were not (lower frequency) acid centers, and shifts the 1615 &m
determined, Lewis and Brgnsted acidities could not be quan-band toward higher frequencies (strongest acid centers).

3. Results

titatively compared with each other. Table 3lists the Brgnsted acid site distributions, as de-
duced from the 1615-1650 crhadsorption bandSable 2.
2.2.2. Catalytic activity It is worth emphasizing that the introduction of Sn via SnCl

Catalytic measurements were carried out with commer- significantly increases the total amount of Brgnsted acid
cial n-propylbenzene (Fluka, purutk 98%) as a reactant Sites, whereas that via SnBdecreases it very slightly. The
without further purification. Liquidn-propylbenzene was  distribution of the Brgnsted acid sites is also strongly af-
delivered to the catalytic devidd,5] with a high-pressure  fected by SnGl, with a significant increase in the amounts
piston pump (Gilson 307). The hydrogen flow and the to- of both weak and strong acid centers and a decrease in that
tal pressure were controlled with a mass-flow controller of the medium acid sites. Conversely, the distribution of the
(Brooks 5850 TR) and a back-pressure regulator (Brooks Brgnsted acid centers is scarcely affected when griBu
5866), respectively. used as a Sn precursaéfigs. Ja andlc).
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Fig. 1. Infrared spectra of adsorbed 2,6-dimethylpyridine on calcined
(air, 500°C, 2 h) and reduced @ 500°C, 2 h) catalysts with increas-
ing evacuation temperature: (a)283-Cl, (b) 0.2SRncp/Al203-Cl, and
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(c) 0.2Sr5pgy, /Al O3-Cl.

3.1.2. Adsorption of pyridine

Infrared spectra of the AD3—Cl and the 0.2Sn/AD3;—Cl
samples, taken after adsorption of pyridine at RT and fur-
ther desorption under vacuum at various temperatures, are
given inFig. 2 In agreement with a previous wofk1], ad-
sorption bands of pyridine coordinated to Lewis acid sites
can be seen at 1450, 1500, and 1580 &nfor all cata-
lysts, the intensities of these bands decrease with increas-
ing desorption temperature. A shift of these bands to higher
wavenumbers is also observed with increasing desorption
temperature. The same explanation as that mentioned in the
case of 2,6-DMP can be given to account for this shift.
The total amount of Lewis acid sites and the distribution of
their strength were estimated with reference to the adsorp-
tion band at ca. 1450 cnt (Table 3. The introduction of Sn
leads to a decrease in the total amount of Lewis acid sites
for both 0.2Sn/AJO3—Cl catalysts. Nevertheless, this de-
crease is more pronounced for the catalyst synthesized from
SnBu, than that synthesized from SnCFor all catalysts,
the amount of weak Lewis acid sites is always the great-
est; the 0.2Sgnhcy,/Al203—-Cl catalyst exhibits the greatest
amount of weak Lewis acid sites, followed by ,&8—CI.
The amount of medium Lewis acid sites decreases with the
incorporation of Sn. This effect is the more pronounced
for the 0.2Smnc},/Al203—Cl sample. Finally, the amount of
strong Lewis acid sites is slightly lower over the supported
Sn catalysts compared with that ovepr@k—ClI.

3.2. Catalytic activity

3.2.1. Sancp/Al,03—Cl catalysts

The formation rates of the isomerized and hydrodealky-
lated products (isopropylbenzene, benzene, toluene, ethyl-
benzenet styrene) ofn-propylbenzene under reforming
conditions, on the Sghcy,/Al203—-Cl catalysts, are listed in
Table 4 The addition of Sn promotes the formation of iso-
propylbenzene and that of the sum of ethylbenzene and
styrene. The promotional effect of Sn on the formation of
isopropylbenzene, nevertheless, is greater than that on the
sum of ethylbenzene and styrene. For both products, a max-
imum beneficial effect of Sn is obtained for a content of
0.2 wt% Sn. The incorporation of Sn also promotes the
formation of benzene for Sn contents equal or lower than
0.2 wt%. In this case, however, a monotonous decrease in
the formation rate of benzene is observed with increasing
Sn contents. Conversely, the formation of toluene is not fa-
vored by the addition of Sn, and its formation rate decreases
monotonously with increasing Sn content.

Fig. 3 shows the formation of these products as a func-
tion of contact time over 0.2SRcy,/Al203—Cl. The forma-
tion of isopropylbenzene, toluene, and the sum of ethyl-
benzene and styrene extrapolates to positive axis ordinate
intercepts, whereas that of benzene extrapolates to a nega-
tive axis ordinate intercepf(g. 3). In agreement with Best
and WojciechowsKjil7], these results suggest that isopropy-
Ibenzene, toluene, and the sum of ethylbenzene and styrene
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FTIR characterization of Brgnsted and Lewis acid sites gf3-Cl, 0.2S@ncp,/Al 03-Cl and 0.2S8np, /Al ,03—Cl. Absorbances (per Unit Surface Area)
of the 1615-1650 cm! bands of 2,6-dimethylpyridine (2,6-DMP) and of the 1450 dnband of pyridine adsorbed on the catalysts, after desorption at

different temperatures

Catalysts Absorbances

2,6-DMP (Brgnsted acid sites) Pyridine (Lewis acid sites)
Desorption temperatur€C) 25 150 300 25 150 300
Al>03—Cl 2.16 1.54 0.73 3.88 1.90 1.00
0.2Srncp,/Al203—Cl 3.87 2.26 1.76 3.56 1.34 0.90
0.2Srgnpy, /Al ,03-Cl 2.07 1.73 0.71 3.07 1.64 0.94
Table 3 Table 5

Influence of the nature of the Sn precursor on the distribution of the acid

sites as a function of the desorption temperatigs), as deduced from
FTIR measurements reportedTable 2

Influence of the Sn content on the formation rates of isopropylbenzene and
hydrodealkylated compounds (benzene, toluene and the sum of ethylben-
zene and styrene) for catalysts synthesized with gré8uyprecursor

Acid site distribution

Formation raté Catalysts

Aly03—Cl 0.2Smncy/  0.2Smsnay/ (107°molL™ts™) AI,03-Cl 0.1Srnpy/ 0.2Swny/ 0.4Snay/
Al,O3-Cl  Al,O3-ClI Alo,O3-Cl  Al»,03-Cl  Al,O3-ClI

Brgnsted acid sites Isopropylbenzene 3.0 3.1 1.9 2.9

Weak (25> Tges > 150°C) 0.62 1.61 0.34 Benzene 9.8 6.7 5.2 3.2

Medium (150> Tges > 300°C) 0.81 0.50 1.02 Toluene 2.9 2.4 1.7 1.3

Strong ((ges > 300°C) 0.73 1.76 0.71 Ethylbenzene 2.3 3.7 3.2 2.8

Bransted total 2.16 3.87 2.07 + styrene

Lewis acid sites @ Data recorded for 5 h of run.

Weak (25> Tges > 150°C) 1.98 2.22 1.43

Medium (150> Tges > 300°C) 0.90 0.44 0.70 of the Srynpy, /Al 203—Cl catalysts. Whereas the introduction

Strong (ges > 300°C) 1.00 0.90 0.94 S .

Lewis total 3.88 3.56 3.07 of Sn from SnCj has a significant influence on the forma-
tion of the isomerized and hydrodealkylated products, Sn
incorporation from SnBuhas less influence on the catalytic

Table 4

transformation of:-PB over these catalysts. The formation

Influence of the Sn content on the formation rates of isopropylbenzene and of isopropylbenzene is roughly constant throughout the se-

hydrodealkylated compounds (benzene, toluene and the sum of ethylben-

zene and styrene) for catalysts synthesized with $a€precursor

Formation rat@ Catalysts

(10-°molL™ts™) Al,03-Cl 0.1Smncy/ 0.2Smncy/ 0.5Smncy/
Al,03-Cl  Alo,03-Cl  Al»,03—CI

Isopropylbenzene 3.0 1® 208 130

Benzene 9.8 139 120 5.6

Toluene 2.9 5 22 13

Ethylbenzene 2.3 35 36 27

+ styrene

2 Data recorded for 5 h of run.

ries of catalysts, whereas that of benzene and toluene de-
creases monotonically with increasing Sn content. On the
other hand, the formation of ethylbenzene and styrene is pro-
moted slightly by the incorporation of Sn, but decreases as
the amount of Sn increases.

4, Discussion

4.1. Formation of isopropylbenzene and benzene

are primary products, whereas benzene is a stable secondary Tables 3-5show that the introduction of Sn from dif-
product. It is also interesting to note that the formation of ferent precursors does not evenly affect the acidity of the

isopropylbenzene flattens at high contact tifig/(3, 2.8 s).

chlorided alumina catalyst and the formation of isopropyl-

This behavior is typical of an unstable primary product that benzene and benzene. It is obvious frdable 3that the

further transforms into a secondary prod[ict]. These ob-
servations, described for the 0.288,/Al203—Cl catalyst,
also hold for AbO3—Cl and Sgng,/Al203—Cl catalysts, al-
though they are less pronounced than for thengg/ Al 2O3—

addition of 0.2 wt% Sn from Sngknhances Brgnsted acid-
ity with a marked increase in the amount of strong and
weak acid sites compared withAbs—Cl, whereas the Brgn-
sted acidity of 0.2Sghsy,/Al203—Cl scarcely differs from

Cl series of catalysts, because of lower conversions with thethat of Al,O3—CIl. Moreover, the incorporation of Sn from

former materials.

3.2.2. Sanpy/Al,03—Cl catalysts

both precursors only slightly decreases the Lewis acidity of
the supported Sn catalysts compared with that of the chlo-
rided alumina material. It is also interesting to note that the

Table Slists the formation rates of the isomerized and hy- supported Sn catalysts synthesized from Srdhstically

drodealkylated products afPB with increasing Sn content

enhance the formation of isopropylbenzene and benzene,
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Fig. 2. Infrared spectra of adsorbed pyridine on calcined (air,°800
2 h) and reduced (4] 500°C, 2 h) catalysts with increasing evacua-
tion temperature: (a) AlD3—Cl, (b) 0.2Sncy,/Al203-Cl, and (c) 0.2

Sngnpy,/Al203—Cl.
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Fig. 3. Concentrations of isopropylbenzene, benzene, toluene and the sum
of ethylbenzene and styrene versus contact time, in the conversion of
n-propylbenzene at 500C, 5 bars, and b/HC =5 over 0.2Sgncp/
Al,03—Cl (extrapolated values: dotted lines). Data recorded for 5 h of run.

although this only occurs up to 0.2 wt% Sn for benzene
(Table 9, whereas the formation of isopropylbenzene is not
affected by the introduction of Sn from SnBwand the for-
mation of benzene decreases with SpBddition (Table 5.

The correlation between FTIR characterization of the acidic
properties and the reactivity of the 0.2Sn/@5—Cl catalysts
supports the formation of isopropylbenzene and benzene cat-
alyzed by the Brgnsted acid sites. In addition, the profile
concentration of these products as a function of contact time
suggests thai-PB first isomerizes to isopropylbenzene be-
fore cracking to benzen&ig. 3). The formation of benzene
from n-PB is shown inFig. 4. Dehydrogenated products of
n-PB, already reported in a previous study over alumina cat-
alysts[4], are also detected over the supported tin catalysts
(not shown). However, the formation of these compounds
is not the aim of the present section and will be discussed
later (Section4.2.3; hence their formation fronu-PB is
symbolized by a catalytic cycle in which the nature of the
involved acid sites is assumed to be a Lewis acid site (top
of Fig. 4). In Fig. 4, it is assumed that dehydrogenated prod-
ucts of n-PB are protonated to a benzylic carbenium ion;
this cation is the most stable, as it is resonantly stabilized by
the aromatic nucleus. This benzylic carbenium ion then iso-
merizes to an isopropylbenzene carbenium ion either via a
protonated cyclopropane intermediate or via a methyl shift
[18]. It is noteworthy that this isomerization step leads to
a primary carbenium ion, the formation of which is known
to be highly unfavored18,19] However, in this particular
case, this primary carbenium ion might readily isomerize
to the corresponding highly stable tertiary isopropylbenzene
carbenium ion via a 1,2 hydrogen atom shift; such carbe-
nium ion rearrangements have indeed been reported as facile
[20]. The hydride transfef18,19] from a n-PB molecule
yields to isopropylbenzene and a benzylic carbenium ion;
the latter intermediate allows the izomerization cycle to turn
over.
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Fig. 4. Carbenium-ion cracking of benzene catalyzed by Brgnsted acid sites.

)

The cracking of isopropylbenzene has largely been stud-4.2. Formation of toluene and ethylbenzene
ied in the literature as a model reaction to characterize the
strength of the sites of acidic cataly$#d—25] It is gener- 4.2.1. Carbenium-ion chemistry
ally accepted that the cracking of isopropylbenzene is cat- If the formation of isopropylbenzene and benzene might
alyzed by Brgnsted acid sitd23—-25] by protonation of be reasonably attributed to carbenium ion chemistry, there is
the ipso position of the aromatic nucle[5] to yield the a possible rebuttal to the formation of toluene and ethylben-
protonated benzene ring carbenium ion (catalytic cycle on zene and thus styrene, which is the dehydrogenated analog
the right side offFig. 4). A classic C—CpB scission of this of ethylbenzene, via classic C—£scissions of carbenium
carbenium ion leads to benzene and propene after the losson chain mechanisms.
of a proton from the isopropyl carbocation. Based on the  The only carbenium ion that allows for the formation of
aforementioned possible carbenium ion 1,2 H atom shift re- ethylbenzene is the benzylic carbocation that is also involved
arrangement in the case of the isomerizatiomd¥B, one in the isomerization catalytic cycle (catalytic cycle on the
might also consider the direct C—C bond scission of the lin- left side of Fig. 4). It is obvious that the C—@ scission
ear alkyl chain group ot-PB. Thisg scission would yieldto  of such a carbenium ion leads to the formation of styrene
benzene and a primary carbenium propyl ion; the subsequentind a methenium ion (GH) [4], with the rather doubtful
rearrangement of the latter to an isopropyl cation and the lossformation of the latter from a thermodynamic point of view,
of a proton also leads to propene. However, benzene appearsuling out the involvement of a carbenium ion mechanism
as a stable secondary product and isopropylbenzene appearfer the formation of ethylbenzene.
as an unstable primary produdgig. 3, [17]). The mecha- On the other hand, it is worth considering the possibility
nism reported irFig. 4for the formation of benzene is there-  of the formation of toluene via a rather complex transfor-
fore the more likely. Moreover, this mechanism is in good mation of a carbenium ion produced by protonation of the
agreement with the cracking of linear alkanes, for which iso- benzene ring at the ortho positif4]. In such an eventuality,
merization steps are known to precede C8-Gcissions to the formation of toluene occurs together with the formation
avoid the intermediate formation of primary carbenium ions of a primary ethylene carbenium iof CH,—CHjg). How-
[18]. Finally, it is worth mentioning that for poorly acidic  ever, this carbenium ion cannot rearrange to a more stable
catalysts, such as 403, a radical cracking of isopropylben-  carbenium ion, as was the case in the isomerization process
zene was also suggested to occur to a significant ef@éht of n-PB (Section4.1, catalytic cycle on the left side of
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Fig. 5. Protolytic cracking ofi-PB via penta-coordinated carbonium ions adapted from the work of Haag and @&&sau

Fig. 4). Although the stability of such a primary carbenium carbenium ion for @ products. Another strikingly obvious
ion might be greatly questionable, it is well known that alky- difficulty is that the dominant carbenium ion derived from
lation of benzene by ethylene occurs over acidic catalystsi-butane does not havef C—C bond. To overcome these
[26,27] suggesting that these materials are able to stabilizedifficulties, Haag and Dessau originally suggested the ex-
the ethylene primary carbenium ion. It is generally accepted istence of a carbonium mechanism also referred to as pro-
that the mechanism of aromatic alkylation takes place via a tolytic cracking[32]. This mechanism involves the direct
carbenium ion, as the formation of the latter results from the protonation of the alkane molecule by very strong Bran-
activation of olefin by Brgnsted acid sitgs$5,27] The asso- sted acid sites to form a pentacoordinated carbonium ion
ciated base of the Brgnsted acid sites catalyzing the alkyla-(*C,Ha,3). The decomposition of this carbonium ion with
tion reaction is therefore able to stabilize the ethylene carbe-the cleavage of bonds results in the formation of,€Cs
nium ion and hence performs the same role for the reverselight alkanes and carbenium ions that further transform into
reaction of benzene alkylation (i.e., ethylbenzene dealkyla- olefins with the loss of protons.
tion). In the present work, a similar path could be considered  The main argument against the formation of toluene via
for the hydrodealkylation ot-PB to toluene with the stabi-  protolytic cracking has already been stated above (Sec-
lization of an ethylene carbenium ion. Nevertheless, one cantion 4.2.1). Indeed, it is difficult to conceive that toluene
observe that the Bransted acidity of 0.2&,/Al203—Cl in- production takes place via a carbonium ion mechanism as
creases sharply compared withp@®s—Cl (Table 3, and the its formation rate decrease®aple 4 with the introduction
formation of toluene decreaseRaple 4. This suggests that, of 0.2 wt% Sn to A}O3—Cl, whereas the Brgnsted acid-
in the present study, Brgnsted acid sites do not catalyze theity of 0.2Sns,c,/Al203—Cl is considerably greater than that
production of toluene via a carbenium ion chain mechanism. of Al,O3—Cl (Table 3. On the other hand, the enhanced
sum of the formation rates of ethylbenzene and styrene

4.2.2. Carbonium ion chemistry with the introduction of 0.2 wt% Sn from Sng£(Table 4

As reported above, none of the existing C—C bond fis- might be consistent with protolytic cracking efPB. As
sion schemes based on carbenium ion chemistry can easilyalready stated above, the Brgnsted acidity also increases sig-
account for the formation of ethylbenzene and toluene in nificantly with the introduction of 0.2 wt% Sn from SnCl
the present study. Similarly, Notari et §8] stated thatthe  (Table 3. However, it must be emphasized that the sum
carbenium ion mechanism could not be applied for the hy- of the formation rates of ethylbenzene and styrene is in-
drodealkylation of methyl- and ethyl-substituted aromatics. creased by only 50% with the introduction of Sfable 4,
Such a conclusion has also been drawn in previous worksalthough the concentration of the strong Brgnsted acid sites
[18,20,29-31}that focused on the cracking of small mole- over 0.2Sgncy,/Al203—Cl is about twice that over ADz—
cules, such as-butane ofi-butane, to @-C3 products over Cl (Table 9. Moreover, the protolytic cracking afPB must
acidic catalysts. Indeed, the crackingiebutane via a carbe-  also favor the formation of benzene and tolueig(5), as
nium ion mechanism implies the formation of a methenium the protonation of a C—H bond is supposed to occur pref-
ion for the formation of @ and G compounds or a primary  erentially on the most substituted carbon at&®] or on a
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carbon atom located in an position with respect to a dou-  Table 6
ble bond[33], which is typically the case for the benzylic Influence of the nature of the Sn precursor on the acidity of the catalysts
carbon atom of:-PB (Fig &) However. in this Study we and the sum of the formation rates of ethylbenzene and styrene, and the
e ’ ! formation rate of toluene

showed that toluene formation decreastab{e 4 when the
Bragnsted acidity of the Sicy,/Al,03—Cl catalyst increased Catalysts
(Table 3 compared with A}O3—Cl. In addition to these ar- Al203-Cl 0.2Smncp/  0.2SmsnBu,/
guments, it is important to emphasize that pure protolytic : Al203=Cl  Al203=CI
cracking is supposed to occur predominantly at conversion For";at'on ratle L

; i _ (A0 7molL™*s™7)
approaphlng zerm_9,20,31,323|n the presence of low con Ethylbenzene: styrene 23 3.6 3.2
centrations of olefin§34], because olefins are much better 5 ene 29 29 1.7
proton acceptors than alkanf0,34,35] and at low par- Lewis acidity (a.11)
; ewis acidity (a.u.
tial pressure of hydrocarbof$9,32] Let us recall t_hat the . Weak Lewis acid sites 198 292 143
present study was perfprmed at conversions as high as 20%pedium-strong Lewis acid sites  1.90 1.34 1.64
in the presence of olefifg] and with a rather high partial
pressure ofi-PB (0.8 bar).

teresting theoretical work about the mechanism and the re-

4.2.3. Radical chemistry activity of alkane C—H bond dissociation on coordinatively

As both carbenium ion and carbonium ion chemistries unsaturated aluminum ions was recently published &y F
do not satisfactorily predict the formation of toluene and casiu and Lukinska$40]. In this work, the authors showed
ethylbenzene or styrene from a mechanistic point of view, that the reaction of propane over unsaturated aluminum ions,
a radical-like cracking ofi-PB was considered. Such radi- which typically correspond to Lewis acid sites, consisted of
cal pathways were suggested for the cracking of both alkyl the insertion of an aluminum ion into the C-H bond, fol-
aromatics and alkanes. As early as 40 years ago, Tunglowed by hydrogen migration from Al to O to form the
and Mclninch[22] and Notari et al[28] suggested radical  adsorbed intermediate. The elimination of hydrogen atoms
mechanisms for the cracking of isopropylbenzene over high- from Cg and oxygen then givesdnd propene. It is worth
purity alumina and that of toluene over alumina-modified mentioning that such a detailed mechanism corroborates pre-
catalysts, respectively. More recently, radical pathways havevious results suggesting that the presence of Lewis acid or
also been suggested to occur, to a significant extent, in theelectron acceptor sites of many acidic catalysts can enhance
cracking of hexane isomers over H-mordefi&8], of n-but- the dehydrogenation of paraffifi35,41-43] Based on the
ane over H-ZSM5[30], and of i-butane over silica- and  work of Farcasju and Lukinskaf40], the insertion of a C—H
halided-alumina catalys{f29]. Although the last work was  bond of n-PB located either on the benzylic carbon atom
the subject of great controver§$7,38] by the defenders  (Fig. 6a) or on the terminal carbon atom of the alkyl chain
of the protolytic cracking mechanisf84,38}—most prob- group Fig. 7) is considered. lifrigs. G and7, for the sake of
ably because the product distributions obtained by purely simplicity, the catalytic site is reduced to an Al-O pair with
protolytic cracking and radical mechanisms are very sim- an unsaturated aluminum iokig. 6a shows that the reac-
ilar [19]—recent reviews support the existence of radical tive adsorbate resulting from the adsorptiome®B via the
mechanisms for the cracking of alkarj&8,33,39] The ini- C-H bond of the benzylic carbon atom might be transformed
tiation of the radical mechanism is assumed to occur over via two different paths. Similar to&casju and Lukinskas’
electron acceptor sitefl9,36,37,39]such as Lewis acid  proposal[40], the elimination of the hydrogen atom from
sites[19,33,39] Cg leads to the formation of dehydrogenated compounds of

Table 6lists the sum of the formation rates of ethyl- »n-PB and k (catalytic cycle on the right side dfig. 6a),
benzene and styrene and the formation rate of toluene to-whereas the radical C-£Cscission leads to the formation of
gether with the characterization of the Lewis acidity of the styrene and methane. The hydrogenation of styrene to eth-
Sn/AlbO3—Cl catalysts. In this table, the sum of the amounts ylbenzene over Lewis acid siteSi¢. 6b), the reverse of the
of medium and strong Lewis acid sites is also reported. It reaction proposed bydfcasju and Lukinska$40], requires
can be seen that the sum of the formation rates of ethylben-the dissociation of bl over the catalytic sit¢44] and the
zene and styrene and the formation rate of toluene are fully reaction of these hydrogen atoms withrabonded mole-
correlated with the amounts of weak and medium-strong cule[40] of styrene. The hydrogenation of styrene can also
Lewis acid sites with the incorporation of Sn from SpCl be considered over the Brgnsted acid sites with the protona-
to a chlorided aluminaTgable 6. Indeed, an increase in the tion of styrene followed by a hydride transf@,19,24,34]
sum of the formation rates of ethylbenzene and styrene andfrom n-PB and the concurrent formation of a benzylic carbe-
a decrease in the formation rate of toluene are linked to annium ion (Fig. 6¢). The loss of a proton from this carbenium
increase in the amount of weak Lewis acid sites and a de-ion leads to the formation of the dehydrogenated products of
crease in the medium—strong sites. These results thus suggest-PB and the restoration of the catalytic Brgnsted acid site.
that these compounds are formed by a radical mechanism The existence of this hydrogenation path is supported by
involving Lewis acid sites of different strengths. A very in- the work of Holm and Blug45], who showed that ethylene



264

S. Toppi et al. / Journal of Catalysis 230 (2005) 255-268

CH,4
Q|
CH
cH”
Or + ]—l2
+CH 4 @
CH,
n-PB CH
CH CHZ, NCH,
HV\* J
| %‘ CH,
. ~o 1
cH N, CH;\JCH
H
A (i
\O‘ @ CHZ Al \O’ 3
- CH NCH,
‘H
@ | v g /
Al
TR o |
: CH; \ CH
e CH H
Al \O“’ ltl H
Al -
\0,4
(b) (©
H Phenyl-propenes
2 _H' Styrene
]
Al
\O
i 0"
g |
\ 4 Al
s Q o - +
I 7
St -
H yrene n-PB Al

Al\

Fig. 6. (a) Proposed radical cracking and dehydrogenati@arRB to styrene and E- and Z-phenyl-1-propene, respectively, over Lewis acid sites adapted from

the work of Farcasju and Lukinska$40]; hydrogenation of styrene to ethylbel

nzene (b) over Lewis or (c) Brgnsted acid sites.

could be almost fully hydrogenated to ethane over alumina in the order prim C—H> secC-H > tert-C—H, which is in
at 500°C. Comparable catalytic cycles such as those for the full agreement with the stability of the corresponding radical

adsorption ofz-PB via the benzylic carbon atorkify. 6a)
are shown for the adsorption @fPB by the terminal carbon
atom of the alkyl chainKig. 7). In this case, the formation of
phenyl-2-propene andHcatalytic cycle on the right side of
Fig. 7) and toluene and ethylene (catalytic cycle on the left
side ofFig. 7) occurs.

Farcaiu and Lukinska$40] also concluded that the in-
sertion of the aluminum ion in the C-H bond was favored

species. Considering this reactivity order of the C—H bonds,
the lower formation of toluene compared with the sum of
those of ethylbenzene and styreffalfle § might be sur-
prising, as the formation of toluene involves the insertion of
a prim C—H bondFig. 7), whereas that involved for the for-
mation of ethylbenzene and styrene iseeC—H (Fig. 6a).
However, in the case af-PB, one must also consider the fact
that the benzylic radicalHig. 6a) is the most stable of the
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above-mentioned radicals because it is resonantly stabilized4.3. Influence of the content of Sn and the nature of the Sn

by the aromatic ring28]. This peculiarity therefore accounts
for the higher formation of the sum of ethylbenzene and
styrene than that of toluene for 0.2&%a;,/Al203—Cl com-
pared with those found for AD3—ClI. It is also interesting

to note that the stability of the speculated radicals is consis-
tent with the strength of the Lewis acid sites assumed to be

precursor

Tables 4 and Xlearly show that the content of Sn de-
posited on A}O3—ClI and/or the nature of the Sn precursor
do not evenly affect the production of the isomerized and

responsible for the formation of the two classes of product cracked products and, thus, the acidity of the catalysts as

(Table §. Indeed, the formation of the benzylic radical, in-
volved in the formation of ethylbenzene or styreRey( 6a),

is more likely to occur on weaker Lewis acid sites than on
those engaged in the formation of toluene, the radical in-
termediate of whichKig. 7) is less stable than the benzylic

radical intermediate. It must be added that the radical mech-

shown inTable 3for the 0.2Sn/A}O3—CI materials.

For both series of supported Sn catalysts, the formation
rates of the cracked compounds decrease with increasing Sn
content Tables 4 and b These results are consistent with a
decrease in the acidity of the catalysts, as already reported in
previous studie§7,8,12—14] In contrast, the production of

anisms suggested in the present study are nothing but radicalSOPropylbenzene is almost constant for the;g, series,

C—C cleavages in thg position, as already proposed by
Leveles et al[46] for the oxidative conversion of propane.

Finally, Tung and MclnincH22] suggested an alterna-
tive path for the formation of toluene from isopropylbenzene
with the intermediate isomerization of isopropylbenzene to
n-PB, followed by decomposition of the 3-phenyl-propyl
radical, which is identical to that proposed in the present
work (catalytic cycle on the left side &fig. 7).

The correlation with the Sn catalyst synthesized from
SnBu is less obvious than that with 0.2&§,/Al203—Cl
(Table §. However, the distribution of the acid strength
of 0.2Srng,/Al203—Cl is very close to that of AOz;—Cl
with a rather large proportion of medium Lewis acid sites
(Table 3. In this case, the arbitrary desorption tempera-

whereas a maximum is obtained for the catalyst including
0.2 wt% Sn in the Sghcy, series. As suggested from the
results of the present work, the production of isopropylben-
zene and benzene occurs over the Brgnsted acid sites via
carbenium ion chemistry (Sectiohl). It is interesting to
note that the ratio of the formation rate of isopropylben-
zene to that of benzene increases with increasing Sn content
for both series. A likely explanation for this trend is a de-
crease in the strength of the Brgnsted acid sites with Sn
addition. This explanation is consistent with previous stud-
ies that reported a decrease in the acidity of the support with
the introduction of Sn, which resulted in higher selectivity
for isomerization and lower selectivity for the cracking of
Cs—Cg alkanes over PtSn/AD3 catalystd47—49] The rel-

ture range used for the assignment of the strength of theative formation of toluene and ethylbenzene, attributed to
Lewis acid sites might not be adapted as done for that of Lewis acidity via radical chemistry, is also consistent with

O.ZSrgan/AI 203—Cl.

a decrease in the strength of the Lewis acid sites; the forma-
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Fig. 8. Reaction network of the transformatiormePB over chlorided alumina catalysts.

tion of toluene involves Lewis acid sites stronger than those  Finally, it is worth mentioning that benzene is always the

needed for that of ethylbenzene (Sectibg.3. major product of the cracked compounds for all of the cata-
The comparison of the supported Sn catalysts with lysts investigated in the present work.

Al>,03—Cl is more complicated, and the main differences can

be summarized as follows: (i) a drastic increase in the for- 4.4, Reaction network of the transformationePB over

mation of isopropylbenzene over thesag,, series, whereas  chlorided alumina acidic catalysts

that of the Sgnhpy, series is not affected, and (ii) produc-

tion of benzene promoted by the incorporation of Sn up to  The results discussed in the present study allowed us to
0.2 wt% for the Sency, series, whereas benzene production propose the reaction network of the transformation B

is slightly inhibited for the Sgngy, series. This study there-  gyer chlorided alumina acidic catalysts showifFig. 8 This

fore reveals that the incorporation of Sn via Sp€tfongly  reaction network put a particular emphasis on the nature
promotes Brensted acidity for Sn contents of 0.2 wt% or of the mechanisms involved in the formation of the differ-
less, whereas that via SnBdoes not significantly modify  ent products and the nature and the strength of the required
it. It must be emphasized that the promotional effect of Sn acid sites. It is quite interesting to note that ethylbenzene
on the Brgnsted acidity had not been stated up to now. Theand toluene might be formed by radical monofunctional
reasons for this are (i) most of the works investigated cata- acidic pathways over the Lewis acid sites. The production
lysts with Sn contents higher than 0.2 w{%38,12,15,50] of ethylbenzene involves Lewis acid sites weaker than those
(ii) for a Sn content of 0.11 wt%, the catalyst studied by involved in the formation of toluene. In contrast, the for-
Sheng et al. was chloride-fr§&3], whereas it is well known  mation of isopropylbenzene and benzene would be formed
that the acidity of A}O3 is promoted by the addition of ClI by bifunctional acidic mechanisms, as already suggested by
[51-53} and (iii) the nature of the Sn precursor was rarely Schuette and Schweizf89]. Their production involves the
SnCh [7]. It is thus clear that not only the content of Sn is intermediate formation of dehydrogenated products over the
important, but also the nature of the Sn precursor. Lewis acid sites. These dehydrogenated compounds are then
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catalytically converted to isopropylbenzene and benzene bythat of Al,Os—Cl, with a rather large proportion of medium
the Brgnsted acid sites. Following this reaction pathway, it Lewis acid sites. In this case, the arbitrary desorption tem-
is very likely that isopropylbenzene would require Bragnsted perature range used for the assignment of the strength of the
acid sites weaker than those needed for the formation of Lewis acid sites might not adapted as done for the sites of
benzene. This conclusion is in good agreement with basic 0.2Srspc),/Al203—Cl.
cracking principles for which acid sites stronger than those  Finally, it is worth noting that benzene is always the ma-
needed for isomerization are requifd®,49] Although the jor product of the cracked compounds for all of the acidic
existence of protolytic cracking of-PB appears unlikely, catalysts investigated in the present work.
its intervention as an initiation step to produce the benzylic
carbenium ion shown ifig. 8 cannot be ruled out.
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