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Abstract

Alkylation of toluene with propene was carried out at 2@over a H-MCM-22 sample (%Al = 15) for which the distribution of protonic acid
sites in the three pore systems (supercages, sinusoidal channels, and external hemicages) was estimated by various methods. Different rec
were shown to take place in each of the pore systems. The desired alkylation of toluene into cymenes (and diisopropyltoluenes) occurs only wi
the external hemicages and without any deactivatigr-Gg alkene production through propene oligomerization cracking was demonstrated to
occur essentially within the sinusoidal channels. Mainly nondesorbed products (coke) are formed within the supercages.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction hemisupercages (7.07.1 x 7.1 A) [4,5]. Because of the very
different shapes and sizes of these three pore systems and the

Zeolite MCM-22 (MWW), synthesized by Mobil researchers varying activity of their acid sites (turnover frequency [TOF]),
in 1990 [1], is now used for the liquid phase alkylation of the selectivity and sensitivity to deactivation of the reactions
benzene with ethene and propene (Mobil-Raytheon processi@t occur there would be very .d|fflerent. This was previously
[2,3]). The Mobil-Raytheon cumene process produces Ver?hown fqrm-xylgne transformatlon,. thg value of TOF was 2
pure cumene (99.97 wt%) at 99.7 wt% yield. Commercially, thednd 2.7 times higher for the protonic sites of the external cups
MCM-22 catalyst has demonstrated cycle lengti#syears, the than for those located in the supercages and sinusoidal chan-
ultimate life cycle being likely>5 years. The high selectivity N€lS: respectively6]. Furthermore, in the large external cups
of MCM-22 against propene oligomerization and polyalkyla-the main reaction ofn-xylene is a non-shape—sglectlve iso-
tion allows the process to operate at low benzene-to-properfB€ization, apara-xylene toortho-xylene (p/o) ratio of 1.1.
ratios. However, according to Perego and Ingallj8g the In the sinusoidal channels, only-xylene isomerization into
BEA zeolite developed by Enichem would be more suitable? Xylene can occurp-xylene is unable to desorb from or to

than MCM-22 for cumene synthesis, whereas this would be thENter those channels, as has been shown by adsorption experi-
reverse for ethylbenzene synthesis ments[7]. In the supercages, both-xylene isomerization and

MCM-22 is a very particular zeolite. Indeed, in Contrastdispro.pprtionation oceur. H_ovyever, because of product shape
to most other zeolites, MCM-22 contains independent porgelectlwty effech, the/o ratio is much great_er_than 1(3.5-4),
systems: large supercages @& 7.1 x 7.1 A) connected by and the bulky trlmethylbenzepes trappgd within the supercages
10-MR openings (4 x 5.5 A), bidimensional sinusoidal chan- undergo various transformations, leading to smaller products

nels (41 x 5.1 A), and large external cups, corresponding toanOI to “coke”[8]. Consequently, very fast deacﬂ_vatmn (.)f the
supercages can be observed. In contrast, there is practically no

deactivation of the reactions occurring in the sinusoidal chan-
* Corresponding author. Fax: +33 5 49 45 37 79. nels and in the external cups. This can be related to the difficulty
E-mail address: michel.guisnet@univ-poitiers.M. Guisnet). of forming and trapping “coke” precursors within the sinu-
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soidal channels (quasi-identical sizes of the channel aperturegere recorded. The temperature was then increased t&C00
and channel intersections) and within the large external cupwithout evacuation for 20 min. Evacuation in vacuum was then
with small depth, from which molecules can be easily desorbecpberformed for 3 min, and IR spectra were recorded. The con-

The aim of this study is to determine the roles of the threecentration in 2,4-dimethylquinolinium ions was estimated from
pore systems of a MCM-22 zeolite in the gas phase alkylationhe area of the band at 1649 thusing the extinction coeffi-
of toluene with propene, chosen as a model reaction of cumeraent determined previous[it5].
synthesis. The essential role of the protonic sites of the exter-
nal cups in aromatic alkylatiofp—12]is confirmed. Moreover, 2.3, Toluene-propene transformation
it is shown that oligomerization cracking of propene, which is
the main secondary reaction over fresh MCM-22, occurs €s- The transformation of the toluene—propene mixture was
sentially on the protonic sites of the sinusoidal channels. Thgarried out in a fixed-bed reactor under the following con-
deactivation of these reactions is completely different, negligigitions: 200°C, atmospheric pressurp,/ proluene= 5 and
ble for alkylation, and very fast for oligomerization cracking. Proluend/ Ppropene= 2, contact time (taken as the reverse of
the weight hourly space velocity) af= 0.0048-00288 h @,
romene TOluENe was percolated on a silica gel column to elim-
inate traces of peroxide. This reactant was injected in a vapor-
ization spiral at the top of the reactor, in a flow of nitrogen and
propene, using a Metrohm Dosimat 725 automatic syringe. Be-
fore reaction, the catalyst was activated in situ at 45@inder
dry air flow overnight, then cooled to the reaction temperature
under nitrogen flow. The reaction products were collected with
a 10-position valve and analyzed on-line by a gas chromato-
graph (Varian 3400) equipped with a flame ionization detector
and a 60 m DB1 (J&W Scientific) capillary column, withplds
ﬂwe carrier gas.

After reaction, the samples were quickly cooled to room
temperature under nitrogen flow and kept refrigerated. The
coke content of the samples was measured by total burn-
ing at 1020°C under helium and oxygen with a Thermoquest
analyzer. The effect of -collidine poison on toluene—prope-
ghe transformation was determined by adding a small amount
625 pL in 10 mL of toluene) of collidine to the reactant.

2. Experimental
2.1. Materials

The MCM-22 laminar precursor, with a &l ratio of 16.8,
synthesized as described previoufl®], was calcined under
dry air flow at 550°C for 12 h. The protonic form of the material
was obtained by two successive exchanges with a 2 MNNB
solution for 1 h at 80C under reflux, followed by calcination
at 500°C for 3 h.

Sample porosity was characterized by nitrogen adsorptio
at —196°C with a Micromeritics Tristar apparatus. Before ad-
sorption, the sample was pretreated at 35Qinder vacuum for
12 h.

2.2. Infrared experiments

Infrared (IR) spectra were recorded on a Nicolet NEXU
FTIR spectrometer. Before measurements, thin (5-15 mg) ze
lite wafers were pretreated in situ at 45D for 12 h under air ] ]
flow (1 mLmin~1) and then at 200C for 1 h under vacuum 3- Resultsand discussion
(1072 Torr).

Pyridine was adsorbed at 150 and then evacuated in vac- 3.1. Physicochemical characteristics of the MCM-22 zeolite
uum (1073 Torr for 1 h), to eliminate the physisorbed pyri-
dine molecules. The concentrations in Bronsted and Lewis acid.1.1. Pore volume and external surface
sites were estimated from the areas of the bands at 1545 and Scanning electron microscopy showed that the sample was
1450 cn1l, respectively, using extinction coefficients deter- constituted mainly of platelets with a thickness of approxi-
mined previouslhy14]. mately 0.05-0.1 um and a size ab0« 0.5 un¥ agglomerated

Because 2,4-dimethylquinoline (2,4-DMQ) is not suffi- into particles. The nitrogen adsorption isotherm was analyzed
ciently volatile to allow its introduction in the gas phase, a smallby both the Dubinin—Raduskevich (DR) anglot (tp, using
amount of 2,4-DMQ was solubilized in methylene chloridethe Harkins—Jura equatidt6]) methods. The micropore vol-
(20-40 pmol in 1 mL of solvent) and deposited homogeneouslyime (pore diametet 20 A), Vpr, and Vi, (Table J) represents
on the pretreated zeolite wafer. Then the solvent was evac4#0-45% of the total pore volume (estimatedpdipg = 0.97).
ated in vacuum at 120C, and IR spectra of adsorbed 2,4-DMQ The difference between total and micropore volumes (55-60%)

Table 1

Physicochemical characteristics of the MCM-22 sample

Porosity Acidity (umolg~1)
Viotal (CT° g71) Vor (cm>g 1) Vip (cmP g1 Vmeso(cm® g 1) Sext (M?g1) CB CL
0.487 0.227 0.193 0.260 92 550 63

Vtotal total pore volumey pRr, micropore volume using the Dubinin—-Raduskevich equatiag; micropore volume using theplot method;V mesa mesopore
volume; Sext, €xternal surface using theplot method;Cg/C|, concentration of Bronsted/Lewis acid sites estimated by pyridine adsorption/desorptiorf & 150
followed by IR spectroscopy.



J. Rigoreau et al. / Journal of Catalysis 236 (2005) 45-54 47

12 7 a

=)
N
A
§ - 10 1 ér!;l\\’\’\_'\ without 2,4-DMQ
Py é ] N v L4 3
@ s 8 A
9 0,1 z 7 o
2 £ 6 - with 2,4-DMQ
z E 4 T 4
=)
E Q
< 27
__________________ (a) 0 0 1I0 2'0 3I() 4IO 5I() 6IO
T ()
TOS (min)
T T T T T
3700 3600 3500 b

Wavenumber (¢cm™)

Fig. 1. IR spectra of the MCM-22 sample in the OH stretching region: (a) before
pyridine adsorption; (b) after pyridine evacuation at 280
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is mainly due to interparticle mesopores. The external sur-

face estimated by theplot method was found to be equal to
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3.1.2. Total acid site concentration
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In agreement with previous work47,18], four hydroxyl
bands appeared in the IR spectrum of the sanfgilg (). The  Fig. 2. Transformation ofn-xylene on MCM-22 as a function of time-
main band at 3620 ¢, with a shoulder at 3580 cnd, corre-  on-stream (TOS) in presence and absence of 2,4-DMQ (a), and decrease in
Sponds to brldged hydrOXyI groups (AI—OH—Sl) A small bandm-xylene conversion4 X) as a function of the amount of 2,4-DM@] (b).
at 3668 cm! can be related to hydroxyl groups linked to extra-

framework Al species (EFAL) probably formed during the cal- 350°C [6]. The procedure for this, originally developed to es-
cination procedure. Finally, two bands at 3730 and 3745%m (imate the concentration of the external active sites (which are
can be attributed to internal and external silanols groups, réyrotonic sites), was applied to our HMCM-22 samiég( 2).
spectively{17]. o _ The effect of time-on-stream (TOS) was compared for the trans-
‘Adsorption of pyridine followed by evacuation at 130 formation ofm-xylene pure and added with 2,4-DMQ. In both
(Fig. 1) shows that the quasitotality of the bridged OH groupscases, an initial decrease in conversion followed by a quasi-
interacts with pyridine with<2% of the surface of the corre- p|ateau for TOS> 20 min can be Observed; of course, the de-
sponding band remaining apparent. The intensities of the ban@$ease was more significant in the presence of the 2,4-DMQ
at 3668 and 3730 cnt were also affected, but the band at poison Fig. 2a). The difference between-xylene conversion
3745 cnt! (external silanols groups) was not. The concentraip the absence and in presence of 2,4-DM&X(), which cor-
tions of Bronsted and Lewis acid siteSg andCy, were esti-  responds to the poisoning effect of 2,4-DMQ, was plotted as a
mated from the intensities of the bands at 1545 and 145T)lcm function of TOS and of the amount of 2,4_DMQ that passed on
corresponding to pyridinium ions (Py-hiand to pyridine co-  the zeolite Fig. 2b). The maximum value oA X (4.1%) cor-
ordinated to Lewis sites (Py-L), respectively, using the extincresponded to the conversion fxylene on the protonic sites
tion coefficients determined previous|g4]. The values ob-  of the external cups. Comparing this value with the conversion
tained after pyridine desorption at 130 are reported ifa-  of m-xylene over fresh HMCM-22 (11.1%) shows that 37%

ble 1 of the activity of the HMCM-22 originated from the protonic
sites of the external cups. Moreover, by admitting that at short
3.1.3. Concentration of protonic sites in the external cups TOS values, all of the 2,4-DMQ molecules passing on the ze-

The concentration of protonic sites in the external hemicageslite have a poisoning effect, the amount of 2,4-DMQ needed
was first determined by 2,4-DMQ adsorption followed by IR for complete deactivation of the external sites (and hence the
spectroscopyl5]. Indeed, this molecule is too bulky to diffuse concentration of these sites) will be given by tflevalue of
through the narrow apertures of supercages and of sinusoidabint A (Fig. 2b). The value obtained (90 umotg 16% of
channels, and hence can be protonated only on the protonibe total sites) was very close to that estimated by 2,4-DMQ
sites of the external cups. Therefore, the concentration of thesaisorption followed by IR spectroscopy (80—100 umdig
latter sites can be considered as equivalent to that of the 2,4+hus these sites are more active than the internal sites: 37% of
dimethylquinolinium ions (80—100 umotg in our sample). them-xylene transformation for 16% of the sites (only), owing
This concentration can also be estimated through poisoning exe diffusion control of the reaction within the inner microp-
periments with 2,4-DMQ duringr-xylene transformation at ores.
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Fig. 3. IR spectra of the MCM-22 sample in the OH stretching region: (a) fresh b
sample; (b) after transformation ef-xylene for 24 h. 80
7=0.0288 h
Py ' —
. L . 60 0.0192 h
3.1.4. Concentration of protonic sitesin the supercagesand in 0.0096 h
sinusoidal channels 9
The concentration of the protonic sites in the inner mi- :) 40 0.0048 h
cropores can be estimated simply by the difference between g '

the total concentration of protonic sites in the zeolite mea- 20
sured by adsorption of pyridine at 150 (Table 7 and the
concentration of these sites within the external cups. Approx-
imately 460 pmol g* will be located within the inner microp-
ores.

The difference spectra (before minus after pyridine adsorp-
tion) obtained for a desorption temperature of 160can be  Fig. 4. Transformation of a /2 toluene—propene mixture at 200 over a
used to specify the distribution of the bridged hydroxyl groupsMCM-22 zeolite. Effect of time-on-stream (TOS) on propene conversipn
in the three locations proposed by Onida et[&8]. The fol- (a) and toluene conversioX )¢ (b) for several contact times
lowing values, similar to those found with other MCM-22 sam- . : i :
ples[17], were obtained~60% in the supercages, 22—24% 3.% Transformation of the propene-toluene mixture: reaction
in the sinusoidal channels, and 16-18% linked to the frame> o C

work of the hexagonal prisms between two supercages. There- The transformation of the /2 molar mixture of propene
fore, approximately 280 umold of protonic sites would be  and toluene was carried out at four different contact times of
located within the supercages, 105 pmotguithin the sinu-  toluene, r (taken as the reverse of the weight hourly space
soidal channels, and 75 umotylinked to the framework of  velocity): 0.0048, 0.0096, 0.0192, and 0.0288b@e Urgiene
the hexagonal prisms between two supercages. These latter sifesr the higher values of, there was a decrease with TOS in
may be accessible from both supercages and sinusoidal chgmopene conversionx(p) followed by a plateauRig. 4a). How-
nels[17]. ever, for the lowest value af (0.0048 h), an initial increase of
The concentration of protonic sites of the supercages or ackp can be observed. The change with TOS of the corrected
cessible through these supercages can be estimated by compegnversion of tolueneXt)c (taken as the ratio between the
ing the intensities of the bridged OH band at 3620 ¢hefore  measured and the maximum values of toluene conversion ob-
and aftern-xylene transformation for 24 liF{g. 3), that is, after ~ tained in the case of a totally selective monoisopropylation) is
complete deactivation of the supercage sidsA significant ~ Shown inFig. 4b. Curiously, regardless af, there was an ini-
decrease of the band-5%) can be observed, correspond-tialincrease inXr)c followed by a plateau for TOS 45 min.
ing to the interaction of the supercage protonic sites with thé'\n €xplanation of this induction period is proposed in Sec-
coke molecules. This means tha?5% of the inner sites (i.e., tion3.2.2
345 umol gl ) would be located or accessible via the SU-321. Reaction products
percages, with the other sites (i.e., 115 pmgig,) located or The reaction products can be classified into six categories:
accessible via the sinusoidal channels. Comparing these values
with those obtained by deconvolution suggests that most pro-1. The desired products, that is, cymenes, ¢z-, and p-
tonic sites of the hexagonal prisms between two supercages are isomers), resulting from the isopropylation of toluene by
likely accessible through the supercages. propene.

0+ T T T T T T T ]

0 30 60 90 120 150 180 210 240
TOS (min)
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14 2 4 and 15 for deposits of 6.4 and 9.9 wt% C, respectively. This

12 * significant effect of coke on micropore volume indicates that
coke was essentially formed and deposited within the inner
o 10 micropores (supercages and sinusoidal channels) of the MCM-
S 22 zeolite. However, the percentage of transformation of the
= propene—toluene mixture into coke was not very high; thus,

6 even during the first 3 min of reaction, the deposit of coke cor-
responded tea<3 wt% of the feed.

4
2 3.2.2. Effect of TOSon theyield in the products
The product distribution and the yields in the products
04 e formed forr = 0.0288 h and TOS= 2 and 240 min are given
30 60 90 120 150 180 210 240 as an example iffable 2 On the fresh zeolite, 1 and 4 prod-
TOS (min) ucts were largely predominant, whereas at longer TOS, 1 and 2
0204 b (essentially @3) were the main products.

The conversion of propen&p, was always greater than the
corrected value of toluene conversioi;1{)c (the ratio between
the measured and the maximum values of toluene conversion
by monoisopropylation). This indicates that the consumption
of propene for forming secondary products (other than the de-
0.10 sired cymenes), polyalkylated toluenes formed within the su-
percages and trapped because of their narrow apertures (hence
considered coke) and4€Cs was more significant than that
0.05 4 of toluene. However, the difference betwe&p and (XT)c,
which was very significant at TOS 2 min, became weak for
TOS> 45 min (Figs. @G and b). This observation can be related

0.15 1

Micropore volume (¢cm?.g™)

0.00 1T 17— wt%C to the significant decrease in the-@s yield from propene
0 2 4 6 & 10 12 14 (Fig. 7a), most likely due to the deposition of coke. The yields
r . ; — TOS (min) in the benzene—xylene products of toluene disproportionation
0 3 15 60 240 (B + X), which were formed in low amounts, also decreased

with increasing TOSKig. 7). This decrease and that in the

Fig. 5. Influence of time-on-stream (TOS) on coke formation (wt% C) (a) and ;
— iel h rbon mpoun ke) ar
effect of coke and TOS on the micropore volume accessible to nitrogen adsog—:4 G yie d suggest that ca bonaceous co pou ds (CO e) are

bate (b). deposited in the pore systems in which both the oligomeriza-
tion cracking of propene and the disproportionation of toluene
2. Ci3 and Gg hydrocarbons produced by dialkylation and °€¢U"

Curiously, the yields in both the desired alkylation prod-
ucts [cymenesKig. 7c)] and the nondesired onesj£and Ge
?Fig. 7d)] increased with increasing TOS. This induction period
was similar to that observed in ethylbenzene disproportiona-
O . tion over large-pore zeoliteR1] and over H-MCM-22[22]

merization cracking of propene. . and can be explained by the buildup of polyalkylated products.
5. Cyo (other than cymenes),1¢; and G hydrocarbons with ¢, buildup of polyalkylated toluene within the supercages of

one aromatic ring. (&, formed in very low amounts, are \;c\_22 can explain part of the induction period observed in
composed oh-prqpyltoluenes, which are known to result our experiments; an additional explanation would be the greater
from transalkylation between cymenes and tolu@®; 5y 4lability of propene for alkylation reactions because of the

C11 and G2 result mainly from alkylation of toluene with  |oer transformation of this reactant inta-&Cg and carbona-
butenes and pentenes; a very small part of theg@d G2 ceous products.

hydrocarbons can also result from alkylation of xylenes by

propene and butenes.) 3.2.3. Reaction scheme
6. Nondesorbed products (i.e., coke). The yields in the main products are plottedfiy. 7 as a
function of the contact time. The slopes of the tangent to
Regardless of the and TOS, only small amounts of 3and 5 all of the curves at = 0 were positive, meaning that all of
products were formed. the reaction products were formed directly (these are apparent
Fig. 5shows that forr = 0.0288 h, there was a rapid depo- primary products). They resulted from the transformation ei-
sition of coke followed by a plateau; this “coke” caused a sig-ther of only one reactant (e.g.48Cs) from propene, benzene
nificant blockage of the access of nitrogen adsorbate and hengéus xylenes from toluene, or of both reactants (cymenes and
of the reactant molecules to the micropor¥s; is divided by  Cy3 and Gg). This direct formation could be expected for all

trialkylation of toluene with propene.

3. Benzene and xylenes produced by toluene disproportion
tion.

4. C4—Cg hydrocarbons (mostly alkenes) resulting from oligo-
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Table 2
Transformation of a 21 toluene—propene mixture on the MCM-22 zeolite at 20For a contact time = 0.0288 h. Effect of time-on-stream (TOS)
Distribution (wt%) Yields (%) with respect to toluene/T ogT/P
TOS (min) 2 240 2 240 2-240
C3™ 2.24 412 - - -
C4—Cg 3.79 029 P 2356 157 +21.99
Benzene as 0 IT Q18 Q +0.15
Toluene 6359 5491 - - -
Xylene Q31 01 IT 0.32 01 +0.25
Cymenes 262 3617 IT 202 3022 -10.02
P 4795 6358 —1563
C10-C12 1.23 016 IT 091 012 +0.79
Ci3 3.68 420 IT 23 267 —-0.37
Cis 0.41 007 IT 02 0.03 +0.17
Conversion
Xp 86.1 76.86
(XT)c 48.35 663

Xp, propene conversionX(T)c, corrected value of toluene conversion (see text).

100 1 TOS (e.g., Gz/cymene molar ratio of 12—15) can be related
to the activation of the aromatic ring by the isopropyl group,
which makes the second alkylation step faster than the first step
(k2 > k1)

+X +X
LUK e ) e

However, above two and especially three isopropyl groups, the
alkylation becomes sterically limited, because of steric con-
straints in the zeolite pores and also between the isopropyl
substituents in the aromatic ring.

Conversion (%)

0.00 0.01 0.02 0.03 Thg electrophilic isopropylation of tqluene should lead pref—
t(h) erentially toortho- and para-isomers.Fig. 8 shows that this
was the case at low conversion; at 10% conversion, the com-
100 b position of the cymene mixture was 33%4ra, 37%ortho, and

30% meta, compared with 28.3%ara, 14.7%ortho, and 57%

%0 - meta at their thermodynamic equilibriurf23]. Unexpectedly,

X whereas steric constraints between methyl and isopropyl groups
o e T . . : i
< should limit formation of theortho isomer, in fact this iso-
= 6071 G o mer was preferentially produced. This preferential formation of
E D o Xpe the ortho isomer, found for all thertho-dialkylbenzene$24],
: | seems to be particular to the MCM-22 zeolite. Furthermore, as
3 40 4 would be expected from a secondary reaction of isomerization,

there was a significant increase with toluene conversion in the
20 m-cymene percentage, essentially at the expensecgfnene;
the percentage gf-cymene, which at low conversion is close to
the thermodynamic value, remained practically constant. More-
over,Fig. 8indicates that cymene distribution did not depend on
TOS and hence also not on the degree of zeolite deactivation.
The main reactions involved in the transformation of the
Fig. 6. Transformation of a /A toluene—propene mixture over fresh Propene—toluene mixture are reportedsicheme 1
[TOS= 2 min (a)] and stabilized [TOS: 45 min (b)] MCM-22 samples. Con- Experiments with pure toluene or pure propene were car-
version of propeneX p) and toluene X T)c) as a function of contact time. ried out to specify the effect of the second reactant on the
reactions involving toluene only (i.e., disproportionation into
of the products excepti@ and Gg, which result from succes- benzene and xylenes) or propene only (i.e., oligomerization
sive alkylation steps [reactigfd)]. This apparent direct forma- cracking). Propene had only a small effect on toluene dispro-
tion and in a ratio practically independent on conversion angbortionation on fresh MCM-22, with an increase in the initial

1
0.00 0.01 0.02 0.03
(h)
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Fig. 7. Transformation of a/A toluene—propene mixture over fresh (2 min reaction, plain line) and stabilized (45 min reaction, doted line) MCM-22 sample. Yields
in the various products as a function of contact time

production of benzene and especially of xylenes, but faster dgsrotonic sites of the external cups and with practically no deac-
activation. In contrast, the effect of toluene on propene transfortivation, and that on fresh zeolite the transformations occurred
mation through oligomerization cracking over fresh MCM-22 not only within the external cups, but also within the inner mi-
was very pronounced, with production of-&s in the presence  cropores, with formation of desorbed products and nondesorbed
of toluene and also of £and even gin its absence, along with products (i.e., coke).

a significant decrease in the yield of aliphatic products (e.g.,

for TOS= 1 min, 85% from pure propene to 33% from the 3.3.1. Reactions within the external cups

propene-toluene mixture). This decrease can be ascribed to the Furthermore, because coke formation within the external
trapping by toluene of isopropylcarbenium ions resulting fromcups is unlikely (no possible trapping of molecules), deactiva-
propene adsorption over protonic sites with cymene produdtion of the protonic sites located in these cups can be neglected.
tion, along with the competition between toluene and propendherefore, the significance of the reactions occurring on these
for adsorption on the protonic sites, resulting in a decrease ifites could be established by extrapolating the product distribu-
the concentration of isopropylcarbenium ions and hence alson and yields at long TOS. Two main types of products can be
in the rate of oligomerization-cracking reactions. Furthermorepbserved for high TOS values: cymenes ang-G alkenes.
toluene had practically no effect on the deactivation associated@hereas a plateau in the yield of cymenes with respect to

with the oligomerization-cracking process. toluene was found for TOS 30 min (~30% forr = 0.0288 h)
(Fig. o), the yield in G—Cgs alkenes with respect to propene de-
3.3. Location of the reactions creased rapidly (from 20-33% to 8% with an increase in TOS

from 1 to 15 min), then more slowly: from 8% at 15 min to 2.2%
Information on the location of the various reactions can beat 60 min, 1.3% at 120 min, and 0.6% at 240 mifig( od).
drawn from the effect of TOS (and hence of coke) on their rateThis continuous decrease suggests that most likely this reac-
An important remark is that although there was, at least fotion could disappear completely at very long TOS. Whatever
7 = 0.0288 h, a quasicomplete blockage of the access to ththe reason, toluene alkylation occurred within the external cups
micropores for TOS> 15 min (Fig. 5), high values ofXp and  with a very high selectivity. Furthermore, even at long TOS,
(XT)c can be observed. This indicates that at the plateau of cora very slow and stable production of xylene (yield with re-
version, the reactant transformation occurred essentially on th&pect to toluene of 0.1%) can be observed, curiously without
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Reaction scheme.
0 T T T 1
0 20 40 60 80 (Figs. @ and b) as well as on the yields in the main prod-
Xpe ucts, cymenesHig. &) and G—Cs alkenes Fig. 9d). Colli-
dine caused a significant decrease in both propene and toluene
o-Cymene conversion Figs. @ and b), as well as in cymen€&ig. )

40 and other alkylate (€, Cig) production. The ratio between
diisopropyltoluenes and cymenes was not affected by poison-
ing. In contrast, poisoning with collidine caused a change in
cymene distribution, with an increase in the percentage-of
cymene at the expense mfcymene. This means that collidine
caused not only a poisoning of cymene production, but also
10 a more pronounced poisoning of the subsequent isomeriza-
tion.
: : | The effect of collidine was more complicated og-Csg pro-
0 20 40 60 80 duction than on alkylate production, with an initial increase
Xp)e followed by a decrease. After 20-30 min (i.e., after injection
_ _ ' of 370-560 pmol of collidineg ), no reaction products can
s Bt e v 3 oot o o € Oiservet. This mesrs it alof the reactons were sup-
version X 1)c. Empty symbols, time on stream (TOS) of 2 min; filled symbols, pre§sed because_ of poisoning Wlth collidine or deactivation by
other TOS values. coking. The quasitotal suppression ofCs products suggests
that a very small part of these products (1.6%fet 0.0288 h;
the corresponding formation of benzene expected from tolueni€-, 40 times less than cymenes) could be formed in the exter-
disproportionationTable 2. nal cups. Furthermore, the initial increase i-Cgs production
The role of the protonic acid sites of the external cups in the€aused by collidine poisoning can be explained by the poi-
production of alkylates (mono- and diisopropyltoluenes) can b&oning of toluene alkylation; the propene molecules that do
confirmed by poisoning selectively these sites by a bulky basigot participate in alkylation can be transformed through the
molecule. 2,4-DMQ, which was previously shoy} to selec-  oligomerization-cracking process.
tively poison the acidic sites of the external surface cups active To show quantitatively the effect of collidine on the pro-
in m-xylene transformation at 35, is not sufficiently volatile  duction of cymenes, the difference in yields in absence and
(bp;gp = 265°C) for use as a poison in the low-temperaturein presence of collidine was determined and plotted as a func-
toluene alkylation. Thus we substituted a more volatile bulkytion of TOS Fig. 10. The amount of poison molecules pass-
basic moleculey-collidine (bp,go= 171°C), which cannoten- ing through the catalyst bed) is also indicated in abscissa.
ter the inner micropores of MCM-22 or cause any limitation inBy supposing that at short TOS values, all of the collidine
access to the inner acidic sit5]. molecules have a poisoning effect, the values of TOS @nd
Fig. 9shows the effect of the presence of collidine (18.6 umolsed to obtain the maximum deactivation are given by point A
min—1 gz‘elolite) on the conversion of the reactarks and (X1)c in Fig. 10 The Q value of 80-90 umolg! of zeolite was

30 7

%

20 7




J. Rigoreau et al. / Journal of Catalysis 236 (2005) 45-54 53

b
80
M * * *
_~ 60}
S % al
* Without collidine s \
230 A 0 With collidine & 40 1
~ » '
~ 20 1 .0, \
2K I
ha 201 N
10 %
NN \H~-_
0 = === a= — — 0 R = — 0
0 20 40 60 0 20 40 60
TOS (min) TOS (min)
35 - ¢
£ 30 _
& 25 ¢ s
&
2 20
= -l
2 15- <
- Q
O 10 A lfﬂT']\
B
O Y
0 e T 3 —1 | —LF *
0 20 40 60 40 60
TOS (min) TOS (min)

Fig. 9. Transformation of a/A toluene—propene mixture over a H-MCM-22 zeolite. Effect of collidine poisoning. Conversion of tolkighe (a), of propeneX p
(b) and yields in cymenes (c) angE&Cg hydrocarbons (d) as a function of time-on-stream (TOS).

A/ . 3.3.2. Reactions within the inner micropores
30 1 The yields in the products formed on the protonic sites of
the inner micropores can be estimated by simple difference be-

~ 20 - tween the yields measured at very short and very long TOS
NS A . . .

°; ; values.Table 2shows that the sites of the inner micropores
ST | were the active sites for the formation of-& alkenes through

oligomerization cracking of propene (yield 6f15% with re-
spect to propene fot = 0.0288 h) and for the slow toluene
TOS (min) disproportionation (yield of 0.4%). Most likely, this latter reac-
tion, which involves bulky methyldiphenylmethane intermedi-
ate, could not occur in the narrow sinusoidal channels and hence
would be catalyzed by the protonic sites of the large supercages
Fig. 10. Decrease in cymene yield X) as a function of ime-on-stream (TOS) Only. The positive effect of propene on the initial rate of toluene
and of the amount of collidine adde@] during the gas phase transformation disproportionation and the initial molar xylefteenzene ratio
of a 2/1 toluene—propene mixture at 260 over a H-MCM-22 zeolite. much higher than 1 suggest a complex reaction scheme. These
products (and also part of they&Cg alkenes) could result from
very close to the concentration of protonic sites in the extermany successive reactions in a “hydrocarbon pool” trapped
nal cups estimated by 2,4-DMQ adsorption and to that of sitewithin the large supercages because of their small apertures.
active inm-xylene transformation estimated by 2,4-DMQ poi- This idea was previously advanced to explain the distribution
soning. of the products ofn-xylene transformation within the MCM-
The average activity in cymene production of each pro-22 supercagef8]. However, part of the &-Cg products could
tonic site in the external hemicages (i.e., the turnover frequencglso be formed within the narrow sinusoidal channels through a
[TOF]) was estimated by dividing the activities of the zeo- simple oligomerization cracking of propene. Indeed, this latter
lite catalyst by the concentration of active protonic sites. Theeaction involves only nonbulky molecules and carbenium ions
activity of the zeolite catalyst for cymene production drawnas intermediates, and these can be easily accommodated within
from Fig. 7c (i.e., slope of the initial tangent to the curve for the sinusoidal channel pore system. In this case, deactivation of
TOS = 45 min) was found to be equal to 360 mmoftty~!,  the oligomerization-cracking process could be due to the for-
with a TOF of 4200 ht. mation and the trapping in the sinusoidal channels of molecules
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too bulky to desorb from the sinusoidal channels and very stable3. Poisoning by collidine confirms that toluene alkylation oc-

because of their nature or their location far from the acidic sites.  curs essentially on the protonic sites of the external cups.
Indeed, even after treatment of the deactivated MCM-22 sam- It can be therefore considered that after aging, H-MCM-22
ple for 1 h under nitrogen flow at the reaction temperature, no  samples with large external surface or even better delami-
increase in the production 0f4€Cgs alkenes can be observed. nated ITQ-2 zeolites will be very active, stable, and selec-

To estimate the participation of the protonic sites in the pro-  tive catalysts for the alkylation of aromatics with propene.
duction of G—Cg alkenes within the sinusoidal channels, the 4. Comparing the transformation of the toluene—propene mix-
transformation of the toluene—propene mixture was investigated ture over fresh and overn-xylene-deactivated MCM-22
over a MCM-22 sample deactivated for 24 h durinexylene samples suggests that oligomerization cracking of propene
transformation at 350C. Indeed we previously showed that ~ occurs mainly within the sinusoidal channels.
with this zeolite, all of the active sites of the supercages were
deactivated by coke deposjg]. Therefore, the g-Cs alkenes ~ References
observed should be produced within the sinusoidal channels.
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