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Abstract

The catalytic transformation of methylcyclohexane (mcha), as representative of the reactions taking place during catalytic cracking, was carried
out on a H-EU-1 zeolite under the following conditions: 623 K, atmospheric pressure, pN,/Pmcha Tatio equal to 9, contact time (taken as the
reciprocal of the weight hourly space velocity) between 0.016 and 0.3 h. Whatever the contact time and time-on-stream, cracking was the main
reaction, like on other 10-MR zeolites, but significant amounts of isomers and aromatics were produced. Moreover, cracking led predominantly
to branched products, in contradiction with the shape selectivity expected from the narrow pore openings of this 10-MR zeolite. All this could be
explained by a very important catalytic contribution of the protonic sites located at the pore mouths. Additional experiments using bulky basic
compounds (y-collidine) confirmed this hypothesis and allowed estimation of the selectivity of these acid sites.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Fluid catalytic cracking (FCC) is an important process in re-
fining, both in terms of feedstock and catalyst amounts [1-3].
This process consists in a fragmentation of the heavy oil cuts
(boiling point >523 K) into smaller hydrocarbons, using a solid
acid catalyst, at a temperature close to 773 K and atmospheric
pressure. The typical feedstock used in the FCC unit is vac-
uum gas oil (VGO), whose transformation gives a wide range
of products, ranging from light gases (H, and C;—C4 hydrocar-
bons) to heavy products (high cycle oil and slurry).

Vacuum gas oil is mainly composed of naphthenes, aro-
matics and alkanes. Whereas transformations of alkanes and
aromatics have been studied extensively, only a few publica-
tions have been devoted to naphthene’s transformation. Even
so, this transformation, and in particular methylcyclohexane
transformation, involves all of the reactions taking place dur-
ing VGO conversion: isomerization, cracking, hydrogen trans-
fer (aromatization), and coking [4—6]. Therefore, although the
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methylcyclohexane transformation is complex, it can be used as
a model reaction to evaluate catalyst performance and to char-
acterize both acidity and porosity of zeolites. The following
observations can be drawn from the few publications devoted
to this reaction. First, global activity is largely dependent on
the reaction temperature, but also depends on the acid strength
of the active sites; the higher the concentration in strong pro-
tonic sites (and the temperature), the higher the activity (and
the deactivation) [4,6].

Second, the distribution of products is largely dependent
on the pore architecture. Thus, the combination of large pore
openings and large cages of H-FAU zeolites leads to an im-
portant formation of isomers [6—8], whereas this formation is
lower in the tridimensional channel system of H-BEA zeolites,
likely due to a longer residence time of these isomers inside the
H-BEA pores, which leads to their substantial cracking [7,9].
Moreover, in the medium-pore size H-MFI zeolite, isomers are
formed in a very low amount, cracking being the main reaction
[6,10].

Finally, coke formation during methylcyclohexane transfor-
mation at 723 K depends largely on the nature of the zeolite.
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Fig. 1. Schematic representation of the EUO zeolite pore system.

It is faster and more significant in large-pore zeolites (H-FAU,
H-BEA) [8,9,11] than in medium-pore zeolites (H-MFI) [10].

In this paper, the methylcyclohexane transformation at
723 K is used to investigate the catalytic properties of H-EU-1
zeolite [12], a relatively recent medium-pore zeolite, which
belongs to the EUO framework type [13]. The pore architec-
ture of this zeolite is formed by a monodimensional system of
10-membered ring (10-MR) channels (0.58 x 0.41 nm), along
which wide 12-MR pockets (cross-section of 0.68 x 0.58 nm;
0.8 nm depth) are alternatively disposed [14]. A schematic rep-
resentation of EUO zeolite framework structure is shown in
Fig. 1. The coexistence of narrow channels and wide pock-
ets imparts very interesting catalytic properties to EUO-type
zeolites, which are intermediate between those of large-pore
zeolites and medium-pore size zeolites [15-18].

The most interesting results concern the isomerization of the
Cg-aromatic cut [19-21]. Thus, during ethylbenzene transfor-
mation on Pt/Al,O3-H-EU-1 catalysts, the initial selectivity is
that of a 10-MR zeolite (ZSM-5; low selectivity toward isomer-
ization) whereas at long time on stream, the selectivity is similar
to that of a 12-MR zeolite (MOR, highly selective for isomer-
ization) [22]. This change in selectivity is accompanied by a
strong deactivation of the catalyst, due to a complete block-
age of the access to the 10-MR channels (and side pockets)
by coke molecules. Therefore, the remaining catalytic activity
should be ascribed to the acid sites of side pockets located on
the external surface of the EUO crystallites [13], which would
be very selective toward isomerization. Due to the small depth
of these pockets (0.8 nm), these acid sites would be very close
to the pore mouths, and thus the catalytic behavior of the EUO
zeolite can be considered as a new example of “pore mouth
catalysis.” Martens et al. [23,24] first introduced this concept to
explain the particular behavior of ZSM-22 zeolites during the
hydrocracking of long-chain n-alkanes. The determination of
the location of the active sites and of the potential contribution
of the “external” acid sites during methylcyclohexane transfor-
mation on EUO-type zeolites is one objective of the present
investigation.

2. Experimental
2.1. Materials

The EU-1 zeolite (total Si/Al ratio of 15) used in this
work was provided by IFP. Its synthesis procedure was de-
rived from Ref. [12] (example 1), using 1,6-N,N,N,N’,N',N’-
hexamethylhexamethylene diammonium dibromide (hexa-
methonium bromide) as a template. First, 60 g of colloidal silica
(Ludox AS40, Dupont, 40 wt% SiO;) were added to a mixture
of 257 g of water and 47.1 g of template (Fluka, >95%). Subse-
quently, 6.12 g of sodium hydroxide (Prolabo, 99%) and 2.22 g
of sodium aluminate (Prolabo, 46 wt% Al;03, 33 wt% Na;0)
were dissolved in 35 g of water and combined with the silica—
template mixture. The resulting slurry was then reacted in a
stainless steel autoclave under stirring at 300 rpm for 5 days
at 453 K under autogeneous pressure. After cooling at room
temperature, the solid product was filtered and washed with
300 mL of demineralized water and then dried in a ventilated
oven at 393 K.

To remove the template, the as-synthesized zeolite was cal-
cined in air flow (1 Lh~! g~1) using the following temperature
program: 1 h at 423, 523, 623, 723 and 823 K (heating rates
of 1 Kmin™!). The resulting material (Na,H-EU-1) was then
thrice exchanged with a 1 M ammonium nitrate solution, in re-
flux, under vigorous stirring for 4 h. Each exchange step was
followed by filtration, washing with demineralized water, and
drying at 373 K for 12 h. The protonic form of the zeolite
(H-EU-1) was then obtained by calcination of the exchanged
zeolite under air flow at 823 K for 4 h.

2.2. Nitrogen adsorption

The porosity characteristics of the zeolite samples were de-
termined by nitrogen adsorption at 77 K, using a Micromeritics
ASAP 2000 apparatus. Before adsorption, the zeolite samples
were degassed in vacuum at 363 K for 1 h and then 623 K for
12 h (fresh samples) or 473 K for 1 h (coked samples). The
total pore volume (Viota1) Was calculated from the adsorbed vol-
ume of nitrogen for a relative pressure P/ Py of 0.97, whereas
the ultramicropore volume (Vyjya, micropores with a diame-
ter <0.8 nm), and the external surface area were determined
by using the ¢-plot method [25,26]. The supermicropore vol-
ume (Viuper, micropores with diameters of 0.8-2.0 nm) was
determined by difference between the total micropore volume
estimated from the Dubinin—Raduskevitch equation (Vpgr) [25]
and Vi and the mesopore volume was given by the difference
Viotal — VDR.

2.3. IR experiments

The acidic properties of the zeolite samples were charac-
terized by adsorption of two basic probe molecules (pyridine
and 2,4-dimethylquinoline), followed by infrared (IR) spec-
troscopy. IR spectra were recorded with a Nicolet NEXUS
FTIR spectrometer, in a quartz IR cell connected to a vacuum
line. Before measurements, thin self-supported wafers of the
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zeolite (8—15 mg) were activated in the IR cell at 723 K for
12 h under air flow (60 mL min~') and then at 473 K for 1 h
under vacuum (10_3 Pa). The IR spectrum of the “fresh” sam-
ple was recorded at room temperature after this pretreatment.
For “coked” samples, activation involved only evacuation un-
der vacuum at 423 K for 1 h.

Pyridine vapor was introduced in excess (2-3 mbar) in
the IR cell at 423 K and adsorbed onto the activated zeolite.
After outgassing at the same temperature (1073 Pa, 1 h) to
eliminate the physisorbed molecules, a spectrum was recorded,
and the total concentrations of Bronsted and Lewis acid sites
were calculated from the area of the bands at 1545 (pyri-
dinium ions) and 1455 cm~! (pyridine coordinated to Lewis
sites), respectively, using the extinction coefficients determined
previously [27]. To evaluate the strength of the zeolite acid
sites, desorption of pyridine was performed in vacuum over
four consecutive 1-h periods of heating at 523, 623, 723, and
773 K, each followed by an IR measurement at room tempera-
ture.

Because 2,4-dimethylquinoline (2,4-DMQ) is not suffi-
ciently volatile for introduction in the gas phase, 2,4-DMQ
(Aldrich, >97%) was solubilized in methylene chloride (20—
40 pmol per 1 mL of solvent), and the solution was deposited
homogeneously on the surface of the pretreated zeolite wafer.
Then the solvent was evacuated in vacuum (393 K), and IR
spectra of adsorbed 2,4-DMQ were recorded. The tempera-
ture was then increased without evacuation (closed cell). After
20 min at 473 K (and then 573 K), the sample was evacuated in
vacuum, and IR spectra were recorded. The concentrations of
quinolinium ions were calculated from the area of the band at
1648 cm™!, using the extinction coefficients determined previ-
ously [28].

2.4. Methylcyclohexane transformation

The transformation of methylcyclohexane (Aldrich, >99%)
was performed in a fixed-bed reactor at 623 K and under
atmospheric pressure, with nitrogen as a carrier gas (pn,/
Pmcha = 9). Different values of the contact time t (taken as the
reciprocal of the weight hourly space velocity) were obtained
by varying the mass of the catalyst (30-300 mg) and/or the re-
actant flow (1.33-6 mLh™"). For the catalytic tests, the zeolite
was used in the form of pellets, sieved at 0.2-0.4 mm. Before
reaction, the zeolite was activated in situ at 723 K overnight
under air flow (60 mL min~!), and then cooled to the reaction
temperature under nitrogen. The reaction products were ana-
lyzed online by FID gas chromatography using a 50-m plot
Al>,O3/KCl fused silica capillary column.

The poisoning experiments were performed by adding
15 pL of y-collidine (2,4,6-trimethylpyridine, Fluka, >99%)
in 10 mL of methylcyclohexane. Under the operating condi-
tions (100 mg of zeolite and 4 mL h™! of methylcyclohexane),
this corresponds to the addition of 450 pmol g, of collidine
after 60 min of reaction, that is, approximately 80% of the total
concentration of protonic sites.

Table 1

Textural characteristics of the H-EU-1 sample

Viotal Vultramicro Vsupermicro Vimeso Sext
em*g7h  (emdgTh em3g~h em’gh  m?gh
0.268 0.139 0.018 0.111 50.6

Note. Vit = total pore volume (at P/ Py = 0.97); Vyltramicro = ultramicro-
pore volume; Vsypermicro = supermicropore volume; Vmeso = mesopore vol-
ume.

2.5. Coke analysis

After reaction, the carbon content of the coked zeolites was
determined by total burning at 1293 K under helium and oxy-
gen in a Thermoquest NA2100 analyzer. The coke components
were identified using the method developed in our laboratory
[29,30]. The zeolite was dissolved in a hydrofluoric acid so-
lution (40%), after which the soluble part of the carbonaceous
compounds was recovered with a methylene chloride/n-pentane
mixture (1/1) and analyzed with a GC/MS spectrometer (Au-
tomass Multi Thermoelectron).

3. Results and discussion
3.1. Characterization of the H-EU-1 sample

The textural characteristics of the H-EU-1 sample are sum-
marized in Table 1. Scanning electron microscopy photographs
of the sample and nitrogen adsorption isotherm (at 77 K) can be
found in Ref. [22]. The sample exhibited the usual “rice grain”
shape of EU-1 zeolites and was formed by agglomerates of very
small crystallites (ca. 50 nm). The nitrogen adsorption isotherm
exhibited the characteristics of a type I-b isotherm in the [UPAC
classification [31]. Due to the very small size of the zeolite crys-
tallites, the mesopores and supermicropores most likely were
interparticular.

The IR spectra of the H-EU-1 sample before and after pyri-
dine adsorption at 423 K followed by evacuation at increasing
temperature are shown in Fig. 2. The IR spectrum of the fresh
sample, in the hydroxyl stretching region (Fig. 2A, spectrum a),
exhibited the following bands:

e An intense band at 3745 cm™! with a shoulder at ca.
3730 cm ™!, respectively attributed to external and internal
silanol groups.

e A broad band at 3660 cm™! of low intensity, corresponding
to hydroxyl groups linked to extra-framework aluminum
species (EFAl), likely formed during calcination or cationic
exchange.

e Anintense band centered at 3605 cm™!, attributed to bridg-
ing hydroxyl groups Si(OH)AL.

The addition of pyridine at 423 K followed by its evacuation
in vacuum at the same temperature led to the quasi-complete
disappearance of the band at 3605 cm™! and a slight reduction
in the intensity of the other OH bands (Fig. 2A, spectrum b). At
the same time, the bands characteristic of pyridine adsorbed on
Bronsted or Lewis acidic species were observed in the 1400-
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Fig. 2. IR spectra of the H-EU-1 sample before (a) and after pyridine adsorption at 423 K followed by desorption in vacuum at 423 K (b), 523 K (c¢), 623 K (d),
723 K (e) and 773 K (f). (A) Spectra obtained in the v(OH) region. (B) Difference spectra (spectrum obtained after pyridine evacuation at a given tempera-
ture—spectrum obtained before pyridine adsorption) in the v(CC) and v(CN) region.

Table 2
Acid sites concentrations (in umol g_]) calculated from adsorption/desorption
of various probe molecules followed by infrared spectroscopy

Theo? Pyridine (Bronsted/Lewis sites)? 2,4-DMQ P
423 K 723 K
950 553/118 9/74 56

4 Theoretical acid sites concentration (Theo) was estimated from the sample
cell formula.

b Pyridine was adsorbed at 423 K and then evacuated at 423 or 723 K;
2,4-dimethylquinoline (2,4-DMQ) was adsorbed at room temperature and then
evacuated at 473 K.

1700 cm™~! region (Fig. 2B, spectrum b). The bands at 1490,
1545, and 1636 cm™! are related to the pyridinium ion (pyridine
adsorbed on Bronsted acid site), whereas those at 1455, 1490,
and 1621 cm™! are characteristic of pyridine coordinated to
Lewis acid sites [32,33]. Consequently, the total concentrations
of Bronsted (protonic) and Lewis acid sites can be estimated,
using the area of the bands at 1545 and 1455 cm™', respec-
tively, and the extinction coefficients determined previously in
our laboratory [27]. The values thus obtained are reported in
Table 2.

The total concentration of acid sites obtained by pyridine
adsorption (Bronsted 4+ Lewis) was low (671 umol g~ ') com-
pared with that calculated from the zeolite cell formula (Theo,
950 umol g~ 1). This difference can be explained in part by the
fact that pyridine adsorption did not lead to a complete dis-
appearance of the bands at 3660 and 3605 cm™!, attributed
to hydroxyl groups linked to EFAI species and bridging hy-

droxyl groups, respectively (spectrum b in Fig. 2A). This could
have resulted from either the very low acidity of these hydroxyl
groups (which were insufficiently acidic to retain pyridine ad-
sorbed even at 423 K) or the inaccessibility to a small fraction
of these hydroxyl groups, due to pore blockage by EFAI An-
other possible cause could be the extraction of aluminum from
the zeolite framework, leading to the formation of EFAI, as
demonstrated by the presence of Lewis acid sites as well as by
the appearance of the band at 3660 cm™!, related to hydroxyl
groups linked to EFAL. This band was slightly affected by pyri-
dine adsorption, indicating that most of these hydroxyl groups
were probably not acidic. Moreover, the small decrease in the
bands at 3745 and 3730 cm™! (attributed to silanol groups) sug-
gests that a small part of these species interacted with pyridine,
most likely through hydrogen bonding.

It is generally admitted that the temperature required to des-
orb pyridine from a given acid site can be correlated to the acid
strength of this site; the higher the temperature, the stronger
the site. The IR spectra obtained after pyridine adsorption at
423 K, followed by evacuation at 423, 523, 623, 723 and 773 K,
are given in Figs. 2A and 2B (spectra b, c, d, e and f, respec-
tively). As expected, the increase in evacuation temperature
from 423 to 773 K is followed by a progressive reconstruc-
tion of the bands in the 3500-3800 cm~! region (Fig. 2A)
and a progressive disappearance of the bands corresponding
to adsorbed pyridine in the 1400-1700 cm™~! region (Fig. 2B).
Three observations are made. First, when the evacuation tem-
perature was raised, pyridine desorption was not accompanied
by a total reconstruction of the hydroxyl bands, even at 773 K
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Fig. 3. Evolution of the bands corresponding to the hydroxyl groups interacting
with pyridine, for different values of the evacuation temperature. The spectra
presented in this figure where obtained by difference between spectrum a and
spectra b, ¢, d, e or f in Fig. 2A.

(Fig. 2A, spectrum f), whereas the bands attributed to pyri-
dinium ions were completely suppressed when the temperature
reached 773 K (Fig. 2B, spectrum f). This is confirmed by the
difference spectra shown in Fig. 3, which were obtained by the
difference between the spectrum of the fresh zeolite (Fig. 2A,
spectrum a) and the spectra obtained after pyridine adsorption
and evacuation at different temperatures (Fig. 2A, spectra b, c,
d, e and f). Thus, they correspond to the OH groups still inter-
acting with pyridine after evacuation at a given temperature. It
is generally accepted that the acid sites able to retain pyridine at
a temperature higher than 623 K can be considered strong acid
sites. But in this case, a small part of the silanol groups and
of the OH groups linked to EFAL as well as a significant frac-
tion of the bridging hydroxyl groups, would be strong acid sites.
This is quite surprising in the case of the silanol groups, which
are usually considered as very weak acid sites. In fact, compar-
ing Figs. 2A and 3 suggests that the fraction of external silanol
groups (3745 cm™!) interacting with pyridine is very small,
whereas the fraction of internal silanol groups (3730 cm™!)
interacting with pyridine seems to be very significant. It is gen-
erally known that these silanol groups are located at defects
created by dealumination of the zeolite framework and thus
probably close to Lewis acid sites. Therefore, if their interac-
tion with pyridine occurs with a pyridine molecule adsorbed on
a Lewis acid site, then the persistence of this interaction at high
temperature could be explained by the strength of the Lewis
acid sites; most of them (63%, according to the area of the band
at 1455 cm~!) were able to retain pyridine at 723 K.

Second, the increase of pyridine evacuation temperature
leads to the appearance of a new band at 1462 cm™! (Fig. 2B).
This band can be attributed to the formation of iminium ions
[34,35]. According to Chiche et al. [35], these iminium ions
would be formed at high temperature by interaction of a pyrid-

inum ion with a Lewis acid site. This interaction may explain
why some of the hydroxyl groups, particularly the bridging hy-
droxyl groups, are not recovered after pyridine evacuation at
723 and 773 K. The areas of the bands at 1545 and 1455 cm™!
in the spectrum obtained after pyridine evacuation at 723 K
(Fig. 2B, spectrum e), were used to estimate the respective con-
centrations of strong Bronsted (protonic) and Lewis acid sites.
The values obtained, given in Table 2, demonstrate that the H-
EU-1 sample contains only a small fraction of strong protonic
sites (9 umol g~ !, corresponding to <2% of the total concen-
tration).

Third, Fig. 3 shows that the maximum of the band at around
3605 cm™! (corresponding to the bridging hydroxyl groups in-
teracting with pyridine) progressively shifted to higher frequen-
cies with increasing evacuation temperature increases. This
suggests that the band centered at 3605 cm ™! was composed of
several components. According to other authors who examined
the IR spectra of mordenite [36,37], two bands should exist:
one at high wavenumber, corresponding to bridging hydroxyl
groups located in the 12-MR side pockets, and a second at
lower wavenumber, corresponding to bridging hydroxyl groups
located in the 10-MR channels. The shift in the maximum of the
band with increasing evacuation temperature indicates that the
bridging hydroxyl groups able to retain pyridine at high tem-
perature (hence those with the strongest acidity) were located
mainly inside the 12-MR side pockets.

The concentration of external protonic sites was estimated
by 2,4-dimethylquinoline (2,4-DMQ) adsorption. This com-
pound was demonstrated to be too bulky to enter the pores of
medium-pore size zeolites, such as MFI [38] or MWW [28],
and thus would adsorb only on protonic sites located on the
external surface of zeolite crystallites. The IR spectra of the H-
EU-1 zeolite before and after adsorption of 2,4-DMQ at room
temperature followed by evacuation at 473 and 573 K are given
in Fig. 4. This figure shows that adsorption of 2,4-DMQ led to a
partial decrease in the bands at 3745 and 3605 cm ™!, along with
appearance of a band at 3733 cm™!. When the evacuation tem-
perature of 2,4-DMQ was raised from 473 to 573 K, the band
at 3745 cm~! was partially rebuilt, and the band at 3733 cm™!
was diminished. Based on, this last band can be plausibly at-
tributed to silanol groups interacting weakly with 2,4-DMQ,
probably through hydrogen bonding [22]. On the other hand,
the evacuation temperature had no effect on the decrease of the
Si(OH)Al band, at 3605 cm ™!, suggesting a stronger interaction
of these sites with 2,4-DMQ molecules. Therefore, the presence
of a band at 1649 cm~! in both spectra recorded after 2,4-DMQ
adsorption (not shown here) indicates the formation of proto-
nated 2,4-DMQ molecules (quinolinium ions) [28,38]. Like the
band at 3605 cm™!, this band was not affected by the increase
in evacuation temperature, suggesting a relationship between
the decrease in Si(OH)AIl and the formation of quinolinium
ions. Moreover, the quinolinium ion concentration, estimated
using the extinction coefficient previously published [28], was
56 mmol g~! (Table 2), representing 10% of the total protonic
site concentration estimated from pyridine adsorption. This per-
centage is close to that obtained from the decrease of the band
at 3605 cm™! (12%), suggesting that the quinolinium ions are
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Fig. 4. Adsorption of 2,4-dimethylquinoline (2,4-DMQ). IR spectra obtained on
the activated EU-1 sample (a) and after 2,4-DMQ adsorption at 473 K followed
by evacuation in vacuum at 473 K (b) or 573 K (¢).

(mostly) formed on bridging hydroxyl groups, probably located
at the pore mouths, not on the external surface of the zeolite
crystallites. Indeed, previous studies on MWW family mate-
rials have shown that acidic OH groups located on the external
surface of zeolite crystallites do not give rise to a detectable IR
band, and that their interaction with 2,4-DMQ molecules does
not lead to a significant decrease in the IR band associated with
bridging hydroxyl groups [28,39].

3.2. Methylcyclohexane transformation on H-EU-1 zeolite

3.2.1. Transformation on fresh zeolite
The products obtained during methylcyclohexane transfor-
mation were those typically reported in the literature [4—11]:

e Methane, formed through protolytic cracking of methylcy-
clohexane.

e C»—C7 alkenes, resulting from methylcylohexane cracking;

e Dimethylcyclopentanes, formed through methylcyclohex-
ane isomerization.

e Benzene and higher aromatics (xylenes, trimethylben-
zenes), resulting from methylcyclohexane aromatization
and toluene secondary transformations.

e (C,—C7 alkanes, formed by hydrogen transfer reactions be-
tween alkenes and methylcyclohexane (to produce tolu-
ene) [6].

Whatever the contact time value, cracking is the main reac-
tion, as expected on a medium-pore size zeolite [6,10]. Nev-
ertheless, isomers are formed in significant amounts, together
with aromatics (Fig. 5).
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Fig. 5. Transformation of methylcyclohexane at 623 K on fresh H-EU-1 zeolite
(2 min reaction). Methylcyclohexane conversion (M) and yields in cracking
products (OJ), isomers (x ) and aromatics (A) as a function of contact time 7.

Table 3
Molar distribution of cracking products obtained on fresh H-EU-1 zeolite
(2 min reaction)

Methylcyclohexane conversion (%) 20.0 60.0

Cracking yield (%) 14.8 44.9

Cy 0.23 0.17
Cy 0.09 0.09
5 3.50 2.81
C3 17.08 19.71
3 4.49 1.70
iCy 35.90 40.01
nCy 6.74 7.82
iCy 0.55 0.21
nCy 0.56 0.22
iCs 13.72 15.11
nCs 1.10 1.23
(& 0.52 0.22
Ce 11.04 9.04
Cy 0.72 0.43
C7 2.98 1.05
(& 1.01 0.17

Table 3 shows the distribution of cracking products obtained
on fresh zeolite (2 min reaction) at two different methylcyclo-
hexane conversions. C3z and C4 hydrocarbons were the main
components, but the ratio of C3 to C4 (=0.5 at 20% con-
version) was much lower than unity (as expected from the
cracking of a C; hydrocarbon such as methylcyclohexane).
This also was the case for the C,/Cs (=0.23) and C;/Cg ra-
tios (0.02). This suggests either that a large part of the lighter
compounds was not desorbed (because they were consumed in
alkylation reactions involving aromatics) or that secondary for-
mation of C4—Cg hydrocarbons occurred through oligomeriza-
tion/cracking of ethene and propene. Regarding the C1/Cg ratio,
other authors have also proposed that C¢ hydrocarbons can be
formed through methylcyclohexane disproportionation [5]. On
the other hand, the low fraction of C7 hydrocarbons obtained
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(4%) demonstrates, as reported previously [6,10], that desorp-
tion of these compounds was much slower than their cracking
in Cy + Cs or C3 + Cy4.

Moreover, the proportion of branched isomers in C4 and Cs
products was very high; the i/n ratio for these products was
equal to 6. This high value is in agreement with the higher sta-
bility of the branched carbenium ions compared with the linear
ones. On the other hand, in medium-pore size zeolites, such
as MFI [6,10], the shape selectivity favors diffusion, hence the
desorption, of the linear isomers. Consequently, the value of the
i /n ratio obtained on these zeolites is generally low (close to 1),
which should also be the case on H-EU-1, which has slightly
narrower pore openings than those of MFI. Therefore, the high
value of the i /n ratio obtained on this zeolite could be related
to the small size of this zeolite’s crystallites; in this case, shape
selectivity is not efficient, and the differences in diffusion rates
do not play a significant role [40]. In addition, previous work
on EU-1 zeolites in our laboratory has demonstrated that during
ethylbenzene isomerization, the catalytic activity is due mainly
to the acid sites located near or at the pore mouth [22,41], with
the acid sites located inside the pores rapidly deactivated by
coke. In our case, a very important contribution of the acid
sites located at the pore mouth (which would be in high con-
centration when the crystal size is small) also could explain the
non-shape-selective distribution of the cracking products. This
hypothesis has also been invoked to explain the low value of the
refined constraint index found for EUO zeolites [18,42,43].

Table 3 also shows that alkanes were formed in much higher
amounts than alkenes; the proportion of alkanes in the desorbed
cracking products was 88.4% at 20% conversion and 94.2% at
60% conversion. This suggests an important role of hydrogen-
transfer reactions in global methylcyclohexane transformation.
But this is in contradiction to the very low yields in aromat-
ics obtained during the transformation, which may be explained
by the retention of most of the aromatics formed in the zeolite
pores. This retention could be due to a transformation of toluene
(obtained from methylcyclohexane aromatization) into larger
compounds (“coke”) through alkylation (by alkenes, which also
could contribute to the high value of the alkane/alkene ratio),
followed by cyclization and/or condensation reactions. More-
over, alkenes also could be responsible for the formation of
bulky aromatic compounds through oligomerization and cy-
clization reactions.

3.2.2. Effect of time on stream: Deactivation

The evolution of methylcyclohexane conversion on the
H-EU-1 sample, as a function of time on stream (TOS) and
for different values of contact time 7 (taken as the reciprocal of
the weight hourly space velocity [WHSV]) is shown in Fig. 6a.
Whatever the contact time, relatively fast and strong deacti-
vation occurs during the first 20 min of reaction, followed by
a quasi-plateau in activity. As is usually observed with zeo-
lites, this deactivation can be related to the formation of bulky
aromatic compounds (coke), which remain trapped inside the
zeolite pores, leading to deactivation of the zeolite acid sites ei-
ther by poisoning or by blocking the access to these sites [44].

60 -

Methycyclohexane conversion (%)

Time-on-stream (min)
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Carbon content (wt%)

0= T T 1
0 20 40 60

Time-on-stream (min)
(b)

Fig. 6. Transformation of methylcyclohexane at 623 K on H-EU-1 zeolite.
(a) Evolution of methylcyclohexane conversion as a function of time-on-stream,
for different values of the contact time 7 (taken as the reverse of the weight
hourly space velocity): (H) 0.3 h; (x) 0.1 h; () 0.032 h; (A) 0.016 h. (b)
Evolution of the carbon content as a function of time-on-stream for 7 = 0.3 h.

Table 4

Methylcyclohexane transformation at 623 K on H-EU-1 zeolite. Total activ-
ity and activities in the formation of cracking products, isomers and aromatics
obtained after 2 and 60 min of reaction

Activity (mmol g~ 1 h~1) 2 min 60 min
Total 33.4 21.1
Cracking products 20.6 12.2
Isomers 10.7 7.9
Aromatics 2.1 1.0

Fig. 6b shows the increased carbon content of the zeolite as a
function of TOS for a contact time of t = 0.3 h.

Table 4 gives the total activity in methylcyclohexane trans-
formation (estimated at T = 0, considering a first-order reaction
in a differential reactor), along with the activities for the for-
mation of cracking products (alkenes + alkanes), isomers and
aromatics, obtained after 2 and 60 min of reaction. Deactivation
(and thus coke formation) affected all reactions, and the dis-
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Fig. 7. Selectivity of H-EU-1 zeolite for methylcyclohexane transformation at 623 K after 2 min (fresh catalyst) and 60 min reaction (deactivated catalyst). (a) Crack-

ing; (b) isomerization; (c) aromatization.

tribution of reactions changed slightly; the selectivity toward
isomerization increased, whereas cracking and aromatization
decreased, with increasing TOS (Fig. 7). This may be related to
the faster deactivation (by coke formation) of the strongest acid
sites, which are involved in cracking and aromatization reac-
tions [44,45]. Differences in the locations of the reactions also
could explain this change in selectivity. Cracking and aroma-
tization, which are strongly affected by coke formation, occur
inside the zeolite micropores, whereas isomerization, being less
affected by coke formation, occurs either at the pore mouths or
on the external surface.

Fig. 8 compares the effect of coke deposition on pore vol-
umes and catalytic activity in the case of methylcyclohexane
transformation with a contact time of T = 0.3 h. The figure
shows that coke deposition had a strong effect on micropores
but a limited effect on mesopores. This indicates that coke was
formed almost entirely inside the zeolite microporosity.

On the other hand, until it reached 3 wt%, coke deposition
was much more detrimental to accessible micropore volume
than to catalytic activity. For example, at a coke content of
2 wt%, only 20% of the micropore volume was still accessible

o
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©
~
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o

Residual pore volume or activity

0 1 2 3
Carbon content (wt %)

Fig. 8. Effect of coke formation (carbon content) on the activity in methyl-
cyclohexane transformation (r = 0.3 h) and pore volumes of H-EU-1 zeolite.
() Mesopore + supermicropore volume; () micropore volume; (4p) catalytic
activity. Residual values correspond to the ratio of the pore volume (or activity)
for a given value of carbon content to the value at carbon content = 0.

to nitrogen at 77 K, whereas the activity had decreased by only
10% (Fig. 8). This finding is similar to that seen during ethyl-
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Table 5
Composition of the “soluble coke” obtained, after different values of time-on-
stream (TOS), during methylcyclohexane transformation at 623 K on H-EU-1
zeolite

TOS (min) 2 5 60 240
Carbon content (wt%) 210 270 280 295

Coke composition (Wt%)

n=34 100 74 78 75.5

(CH3),

(CH3)n n=1-6 0 26 22 24.5

(CH3),

&

benzene transformation on EU-1 zeolites [22] and thus could be
due to the same phenomenon: coke formation occurring inside
the pores, with most of the desorbed products formed on acid
sites located at the pore mouths, that is, almost unaffected by
coke formation at low coke content (<3 wt% in our case). Nev-
ertheless, the possibility of an important contribution of acid
sites localized on the external surface of the zeolite crystallites
cannot be excluded, although it seems unlikely that successive
reactions, such as cracking and aromatization, could occur on
these sites.

At 3 wt% of carbon, the situation changed; the effects of
coke deposition on micropore volume and activity became sim-
ilar (relative residual activity and accessible micropore volume
of about 10%). This suggests that, at this stage, almost all of the
sites located in the zeolite porosity, including those at the pore
mouths, were deactivated by coke. Moreover, it also implies a
very low (maybe even nil) contribution of external acid sites.
Thus, the formation of coke can be represented in two steps:
very fast formation of coke molecules on the inner acid sites
(beginning with the strongest ones) during the first minutes of
reaction (2 wt% of carbon after 2 min), followed by slower fill-
ing of the remaining pore volume (affecting the pore mouths).

The nature of the molecules constituting coke was deter-
mined using the method developed in our laboratory involving
mineralization of the “coked” zeolite in HF solution (40%), fol-
lowed by extraction of the organic compounds with a methylene
chloride-n-pentane mixture [29,30]. This method can distin-
guish two kinds of coke components: one that is soluble in the
organic solvent (“soluble coke”) and another that is insoluble in
the organic solvent (“insoluble coke”). The composition of the
former can be easily established (and quantified) by GC-MS,
whereas that of the latter (which contains bulky polyaromatic
hydrocarbons) can be only quantified (when found in signifi-
cant quantity). In our case, only soluble coke was recovered on
the low-coke content samples (<2 wt%), whereas a very small
quantity of insoluble coke was found in the samples containing
more than 3 wt% of carbon.

Table 5 gives the composition of the soluble coke formed
during methylcyclohexane transformation at 623 K with t =
0.3 h, for different TOS values (and thus coke content). What-

V(C=C aro) V(C-H) cps
1615 \ 1592 01

Absorbance

) T T T

1700 1600 1500 1400
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Fig. 9. IR spectra of the coked H-EU-1 samples. (a) 5 min reaction; (b) 240 min
reaction. These spectra are obtained by difference between the spectrum of the
coked sample and the spectrum of the “fresh” sample.

ever the TOS, methylnaphtalenes were the main products, fol-
lowed by methylanthracenes. A very small amount of phenyl-
methylnaphthalenes also was found at TOS >60 min. The main
observation is that coke composition did not change signifi-
cantly with TOS, even if the IR spectra suggest the formation
of small amounts of heavier polyaromatics (insoluble coke) at
long TOS, that is, the appearance of bands at 1600-1590 cm™!
and a decrease in the band at 1510 cm™! [46] in the IR spectrum
of the sample “coked” for 240 min (Fig. 9).

The stability of the soluble coke composition with TOS indi-
cates that the location of soluble coke molecules did not change
significantly with TOS (and thus with the coke content). Thus,
the strong deactivation of the zeolite observed at a carbon con-
tent >2 wt% must be due to the filling of the pore extremities
by coke and deactivation of the pore mouth acid sites, as sug-
gested earlier. In this case, the strong deactivation observed at
a carbon content >2 wt% suggests that these latter sites play a
very important role.

3.3. Role of the acid sites located at the pore mouths

To verify the role of the pore mouth acid sites, poison-
ing experiments were conducted adding a small amount of y-
collidine in the reactant (450 pmol h~! gz_ei)me, corresponding to
0.3 mol% in the mixture). Fig. 10 illustrates the effect of this ad-
dition on methylcyclohexane conversion for two different EU-1
samples: the H-EU-1 sample used previously and the same ze-
olite before protonic exchange (i.e., NaH-EU-1). This sample,
obtained by simple calcination of the as-synthesized zeolite,
was only partially protonic (35% of sodium, 398 umolg~! of
protonic sites).

Fig. 10 shows that the addition of collidine led to a com-
plete deactivation of the H-EU-1 sample, suggesting that col-
lidine not only poisoned the acid sites located on the external
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Fig. 10. Effect of collidine addition on methylcyclohexane conversion
(r =0.032 h) on H-EU-1 (a) and NaH-EU-1 (b) zeolites. (ll) Methylcyclo-
hexane alone; (A) methylcyclohexane + collidine (0.3 mol%).

surface of the zeolite crystallites, but also blocked access to
the zeolite porosity, probably by poisoning the acid sites lo-
cated at the pore mouths. Previous work with collidine (or
2,4-dimethylquinoline) has shown that the amount of poison
needed to obtain the maximum deactivating effect can be es-
timated based on the poisoning experiments, considering that
during the first minutes of reaction, all of the poison molecules
added are adsorbing on an acid site [47,48].

Consequently, the amount of collidine needed to obtain the
maximum deactivation of the H-EU-1 sample can be estimated
as 63 umol g !, which is not very different from the quantity of
“external sites” estimated by 2,4-dimethylquinoline adsorption
followed by IR spectroscopy (Table 2). Thus, it appears here
that poisoning with collidine did not allow estimation of the
catalytic contribution of the acid sites at the pore mouths.

On the other hand, collidine addition did not lead to com-
plete deactivation of the NaH-EU-1 sample, even after 60 min
of reaction (Fig. 10b). The amount of collidine required to ob-
tain the maximum level of deactivation was less than that of
the protonic sample (50 umol g~ 1), suggesting that part of the

AlQ, tetrahedrons located at the pore mouths have Na™ ions
as charge-compensating cations. This observation may explain
the residual activity in the case of the NaH-EU-1 poisoning; if
collidine was not interacting with Na™ cations, then collidine
molecules would not block some of the pore mouths, and some
methylcyclohexane molecules would be able to enter the zeolite
pores and react on the inner acid sites. Consequently, the resid-
ual activity, measured after 60 min of reaction, would indicate
the selectivity of the inner sites: no isomer, 58% of cracking
products, and 42% of aromatics.

Based on these findings, it can be suggested that all the iso-
mers found in the reaction products were formed on the acid
sites located at the pore mouths, whereas cracking products and
aromatics could be formed on all of the acid sites (i.e., pore
mouths and pores). This implies different selectivities for the
acid sites located at the pore mouths and those located inside
the pores. Moreover, the very small changes in global selectiv-
ity observed on the deactivated zeolite (Fig. 7), even with most
of the micropores blocked (Fig. 8), supports the hypothesis that
the catalytic contribution of the inner acid sites is very low,
and thus the contribution of the acid sites located at the pore
mouths is very important to methylcyclohexane transformation.
This finding is in perfect agreement with earlier findings during
ethylbenzene transformation on EU-1 zeolites [22], as well as
with the refined constraint index of this zeolite (2.2); this value
is equal to that of ZSM-12, a monodimensional 12-MR zeo-
lite [18].

4. Conclusion

In this work, methylcyclohexane transformation at 623 K
was used as a model reaction to study the catalytic proper-
ties of the H-EU-1 zeolite. All of the reactions involved in
methylcyclohexane transformation (i.e., cracking, isomeriza-
tion, aromatization, and coking) occurred on this zeolite. As on
other medium-size zeolites (MFI), cracking was the main re-
action. Nevertheless, the cracking product distribution was not
what was expected; branched compounds were in large excess
compared with linear compounds, in contradiction to the shape-
selectivity effect typically observed in medium-pore zeolites.
Moreover, significant amounts of isomers were obtained, which
is a common characteristic of large-pore zeolites. An impor-
tant contribution of the acid sites located near the pore openings
(i.e., at the pore mouths) could explain these findings.

This hypothesis is confirmed by the effect of TOS on the
catalytic behavior of the H-EU-1 zeolite. Thus, although the
micropores were rapidly blocked by coke, the catalytic activ-
ity remained very high until the coke content reached 3 wt%,
while the selectivity remained unchanged. All of this suggests
that much of the catalytic activity was due to those acid sites
unaffected by coke formation, which were not located in the
pores, but rather probably at the pore mouths.

Finally, the poisoning experiments with collidine confirmed
the role of the acid sites located at the pore mouths. It also al-
lowed us to distinguish the selectivity of the inner acid sites (on
which only cracking products and aromatics were formed) from
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that of the acid sites located at the pore mouth (on which all of
the reactions occurred).
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