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C MAS NMR mechanistic study of benzene alkylation with
propane over Ga-modified H-ZSM-5 catalyst
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Abstract

*C MAS NMR has been performed in situ to investigate the mechanism of benzene alkylation with propane over
Ga/H-ZSM-5 catalyst. Propane 2-'>C was used as a labelled reactant. In order to clarify the main reaction pathways,
conversions of the individual starting materials and some of the reaction intermediates such as cumene and n-propylbenzene
were also studied under similar conditions.

Benzene alkylation with propane begins at 573 K, toluene and ethylbenzene being the major primary products. The
reaction is preceded by the induction period caused by stronger adsorption of benzene that prevents propane activation. The
main reaction pathway includes bifunctional propane activation on Brgnsted and Ga sites which leads to protonated
pseudocyclopropane (PPCP) intermediate, which in turn decomposes preferentally to CH, and C,HJ, or C,H, and CH7.
The reaction of C,H{ or CHJ carbenium ions with benzene leads to toluene or ethylbenzene, respectively. The less
favourable reaction routes give propenium and cycloproponium ions upon PPCP decomposition, and result in observation of
the traces of cumene and n-propylbenzene. These routes are reversible, the equilibrium being shifted towards reactants at
573 K.
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1. Introduction in detail by Olah et al. in superacidic media [2].

Benzene alkylation with propane was found to

The possibility of the catalytic synthesis of
alkylaromatics from alkanes and benzene was
disclosed by Schmerling and Vesely [1] for the
Friedel-Crafts catalyst systems and then studied
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occur over anhydrous fluoroantimonic acid even
at 298 K. The major reaction product was
cumene, although small amounts of n-pro-
pylbenzene and ethylbenzene were also formed.
Two competitive mechanisms were suggested to
account for cumene formation from benzene
and propane [2]. The first one includes protoly-
sis of the secondary C-H bond of propane
leading to the formation of a two-electron,
three-center bonded proponium ion transition
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state. Formation of the proponium ion is fol-
lowed by cleavage of the three-center bond
giving isopropenium ion and hydrogen molecule.
Isopropenium ion in its turn reacts with benzene
to yield cumene. The alternative mechanism
includes benzene protonation which leads to
benzenium ion, which in turn reacts with
propane via an alkylation—cleavage mechanism
to give cumene and hydrogen molecule.

These mechanisms however cannot readily
be extended to benzene alkylation with alkanes
over zeolite catalysts, since reaction products
were found to be different in presence of zeo-
lites [3—5]. Thus, in the case of benzene alkyla-
tion with propane over modified and non-mod-
ified H-ZSM-5 catalysts, the main reaction
products were toluene, xylenes and condensed
aromatics [5]. Cumene was not observed in the
course of this reaction. It should be mentioned
that alkylation with propane on zeolites requires
much higher reaction temperatures (723-873 K)
than in superacidic media and a set of side
reactions such as conversion of individual
propane [6-8] and benzene [9] and cumene
fragmentation [10] can lead to the observed
products under similar reaction conditions. The
reaction pathway leading to alkylaromatics in
presence of zeolites is therefore much more
complicated and may include several parallel
routes.

This paper aims to clarify the mechanism of
benzene alkylation with propane over Ga-mod-
ified H-ZSM-5 catalyst. An in situ “C MAS
NMR technique is used to investigate the main
reaction steps: adsorption, induction period, ac-

Table 1
Sample preparation

tivation, and primary and secondary reactions.
Transformations of propane alone, benzene in
presence of hydrogen, and cumene in presence
of benzene are studied independently for better
understanding the reaction mechanism.

2. Experimental
2.1. Materials

ZSM-5 zeolite (Si/Al = 35) was prepared as
described elsewhere [11]. Gallium was intro-
duced in the H-form of the catalyst by aqueous
impregnation with Ga(NO,),-9H,0 (99.9%
from Alfa), followed by drying for 16 h at 393
K and caicination at 823 K for 4 h in air. The
catalyst obtained contained 0.95 wt% of gal-
lium.

The labelled reactants (propane-2'3C
(99.9%-enriched), propene 2-*C (99%-en-
riched) and benzene (5%-enriched)) were ob-
tained from ICON Services Inc. Cumene with
BCin a-position of the alkyl chain was synthe-
sized directly in the NMR cell over H-ZSM-5
by benzene alkylation with propene 2-'*C. De-
tails of this synthesis are described elsewhere
[12,13].

2.2. Controlled atmosphere B¢ MAS NMR mea-
Surements

The powdered catalysts samples (0.09 + 0.01
g) were packed into the NMR tubes (Wilmad,
5.6 mm o.d. with constrictions), evacuated to a

Experiment Catalyst Loaded reactants (molecules /u.c.)
Propane 2-*C Benzene H, Cumene a-'3C
A Ga/H-ZSM-5 - 9 3 -
B Ga/H-ZSM-5 3 - - -
C Ga/H-ZSM-5 3 9 - -
D Ga/H-ZSM-5 1 9 - -
E H-ZSM-5 - 6 - 3
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Table 2
Assignments of the resonances in experiments A, B, C and D

Assignment 2 Experimental 3 (ppm) b
A B C; D

Reactants ;

-\ (13.7) - 16.9 17;17

(128.5¢) 127.8 - 128.8; 128.6

Products :

Cydloalkenes :

Q (124.15) - - 124.4; -

O (124.8s)

@‘ (21.35) 21 21 20.9; 21.3

@'(137,8s) 138 - 137.6; 138

©r 2075 ; ; 28.8;29.2

Q2416 ; - 23.5:23.8 (II-\,Q)
@(34.45) - - 34;34

o (13.9s) - - 14; 14 («e°~)

@. 7 (25s) - - 24.9;25 (- )

@)‘ (19.6 - 21.3s) 19.5-21 19-21 19.7 -21; 198 - 21.3
(137,65) 138 - 137.6; 138
f(125.5-130) 129132 126 - 130 126 - 130; 126 -130

Alkanes :

o~ (13,2) - 13.4 - -

- (24.9) - 26.0 --

J\ (24,65) - 24.1 --

|

-\ (23.34) - - -

™ (16,15; 15.4g) - 15.8 overlaps; 15.8

CHyCH; (655,329 6.2 6.1 6.5,7.2

CHy (234 . -11p) -7.4, -11 -7.4, -11 -6, -11; -5.8, -10.9

* Chemical shifts reported in literature are given in brackets: (s) solution data [19], (g) gas phase data [21].
® Less probable assignments of the corresponding lines are given in brackets.
® Indicates ">C labelled carbon atoms.
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final pressure of 6 X 10~ ° Torr after heating for
8 h at 573 K, and cooled down to 298 K before
adsorption. In different experiments, the cata-
lysts samples were loaded with propane 2-'°C,
mixtures of benzene and hydrogen or benzene
and propane 2-'>C or cumene a-'>C and ben-
zene. Gaseous reactants were dosed volumetri-
cally, while liquids were dosed gravimetrically.
After reactants loading, the NMR cells, main-
tained at 77 K to ensure a quantitative adsorp-
tion were carefully sealed to achieve proper
rotor balance and high spinning rates in the
MAS NMR probe. The list of samples prepared
is reported in Table 1.

Controlled-atmosphere ’C MAS NMR mea-
surements were carried out using an MSL-400
Bruker spectrometer operating at 100.6 MHz for
e Quantitative conditions were achieved us-
ing high-power gated proton-decoupling with
suppressed NOE effect (90° pulse, recycling
delay = 4 s). The experiments with cross-polari-
zation were performed to distinguish between
species of different mobilities. Spinning rates
were within 3-3.8 kHz.

In typical NMR experiments, sealed NMR
cells were rapidly heated to a selected tempera-
ture and maintained at this temperature for 5
min. MAS NMR spectra were recorded at 293
K after quenching of sample cells. After collec-
tion of the NMR data, NMR cells were returned
to reaction conditions and heated for progres-
sively longer periods of time. The following Bc
spectra were recorded over the time course of
the reaction always after quenching of sample
cells. In the other set of experiments the temper-
ature was increased stepwise and spectra were
recorded as a function of temperature.

The conversion of propane (X,) at a time ¢
was calculated as follows:

X, = (1—1/1,) X 100(%)

where I, corresponds to the integrated intensity
of the resonance lines of propane after heating
the NMR cell for t min; [, corresponds to the
integrated intensity of the resonance lines of
propane at initial time.

3. Results and discussion
3.1. Adsorption

Fig. 1 shows in situ C MAS NMR spectra
observed immediately after adsorption of ben-
zene in the presence of hydrogen (sample A),
propane 2-'*C (sample B), and benzene-pro-
pane 2-'*C mixtures (samples B and C) over
Ga/H-ZSM-5 catalyst. The resonance line cor-
responding to benzene adsorbed on Ga/H-
ZSM-5 is shifted significantly to higher field
with respect to solution data (Table 2, Sample
A) pointing to the high benzene distortion upon
adsorption. This is in good agreement with IR
results [14,15], indicating that OH groups of
protonic zeolites interact with the 7 electrons of
benzene through H-bonding, causing significant
disturbance of the molecule.

Co-adsorption of propane results in a shift of
benzene resonance to the lower field (Fig. 1 and
Table 2, Samples C and D). The presence of
benzene, in turn, affects the resonance corre-
sponding to the labelled methylene group of
propane (Fig. 1, Sample C and D), leading to
two resonance lines, a narrow and a broad one,
both centered at ca. 17 ppm. The narrow line,
observed also in the case of neat propane ad-
sorption (sample B), is attributed to mobile
species, while the broad component corresponds
to more rigid species as evidenced by experi-
ments with cross polarization. The restricted

17.0
128.6
128.8
D
C \/I\\m
B re127.8 B
1 L e I} L e, 1 i }
140 130 120 36 20 )
PPM PPM

Fig. 1. 3C MAS NMR spectra observed over samples A, B, C
and D immediately after adsorption of reactants at 298 K. Samples
A, B, C and D are characterized in Table 1.
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propane mobility in the presence of benzene
could be either due to the less space available
within zeolite channels after benzene adsorption
or most likely due to the chemical interaction of
propane methylene group with adsorbed ben-
zene.

Our NMR results may be further discussed
using the following model. Benzene which is
obviously stronger adsorbed than propane occu-
pies zeolite active sites upon adsorption. Note
that 9 molecules of benzene per unit cell loaded
in our experiments (Table 1) is sufficient to
engage both protonic and Ga sites of the cata-
lyst. Upon adsorption, benzene is supposed to
be H-bonded to the surface acidic OH groups
and /or electron bonded to Ga sites. As a result,
positive charge can be partially transferred to
benzene molecule leading in fact to formation
of a weak acid. This weak acid can in its turn
interact with propane, which is considered to be
a weak base, and cause significant disturbance
of propane methylene group.

3.2. Induction period

Reaction of propane with benzene begins at
573 K similarly as observed for neat propane on
Ga/H-ZSM-5 catalyst [16,17]. However, the
initial kinetics of propane consumption is differ-
ent (Fig. 2). The major difference is a long
induction period (40-160 min) observed in
presence of benzene. The duration of induction
periods is determined by benzene/propane mo-
lar ratio. The higher propane concentration in
the reactants, the shorter is the induction period.

The aliphatic regions of the C MAS NMR
spectra, observed for sample C during the in-
duction period, are shown in Fig. 3. Upon heat-
ing the sample at 573 K for the first 5-30 min,
the broad resonance line at ca. 17 ppm, corre-
sponding to a rigid propane species, shifts to
lower field and becomes more pronounced. Fur-
ther heating for 40 min leads to the formation of
the first reaction products and simultaneous dis-
appearance of the broad resonance correspond-
ing to the rigid propane species, which suggests

100
— 801
®
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QU 40_‘
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1 10 100 1000 10000

time (min)
Fig. 2. Variation of propane conversion as a function of reaction
time in experiments B, C and D at 573 K.

that these species may be responsible for the
induction period.

These observations allow for the conclusion
that the stronger adsorption of benzene with
respect to propane over Ga/H-ZSM-5 zeolite
and/or strong interaction between adsorbed
benzene and propane methylene group prevent
direct contact of propane molecules with the
active sites of the zeolite and induce the induc-
tion period preceding propane activation.

SAMPLE C

&

40 min
29 24
20 min
* /__\
10 min
/ \\

5 min

0 min \

i

<

PPM

Fig. 3. Aliphatic regions of the 'C MAS NMR spectra observed
before and after heating the sample C at 573 K during the
induction period. (*) indicates spinning side bands.
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Fig. 4. Possible mechanisms of propane activation in the presence
of benzene over Ga-containing H-ZSM-5 catalyst.

3.3. Activation step

Benzene alkylation with propane can be initi-
ated in two different ways, requiring prelimi-
nary activation of either propane or benzene [2]:

(1) Benzene activation on H-ZSM-5 was re-
ported to occur by benzene protonation on strong
acid sites, and the formation of benzenium ion
[18]. Benzenium ion can initiate reaction with
the nearest propane molecule by hydride ab-
straction, which leads to isopropenium ion, as
shown in Fig. 4 (1). The latter can further
alkylate benzene to give cumene which can be
converted to toluene and ethylbenzene via sec-
ondary reactions [10,12].

(2) Propane activation over Ga/H-ZSM-5
occurs by a bifunctional mechanism involving
pseudo-protonated cyclopropane (PPCP) inter-
mediate [16,17). The PPCP intermediate can
decompose in various ways resulting in the
formation of CH,, C,H,, H, and methyl, ethyl
and propyl carbenium ions (Fig. 4 (2-5)). These
carbenium ions can lead to the corresponding
alkylbenzenes: toluene, ethylbenzene, cumene
and n-propylbenzene, if the reaction is carried
out in presence of benzene.

Our NMR results indicate that both activation
pathways may operate under our reaction condi-
tions:

« The appearance of the small but distinct
NMR line at ca 1244 ppm at the very
beginning of the reaction (Fig. 5) and its
disappearance at longer reaction times indi-
cates intermediate formation of cyclohexadi-
enes since the chemical shift of this reso-
nance line is close to those reported for CH

SAMPLE C

| 4 L.

140 120

Fig. 5. Aromatic regions of the *C MAS NMR spectra observed
on sample C, suggesting intermediate formation of cyclohexadi-
enes in the course of benzene alkylation with propane over
Ga/H-ZSM-5 catalyst at 573 K.

groups of 1,4-cyclohexadiene (124.1 ppm) or
1,3-cyclohexadiene (126.1 and 124.8 ppm)
in solution [19]. Moreover, weak resonances
at ca. 23.5 and 34 ppm observed in the early
stages of the reaction point to the formation
of small amounts of cumene labelled in the
B and « positions of the alkyl chain, respec-
tively [12,13]. These observations favour the
activation pathway (1).

+ The monotonous shift of the resonance line
at 17 ppm, corresponding to initially labelled
methylene group of propane, to the higher
field in course of reaction (Fig. 6) indicates
that the resonance corresponding to propane

100
17,1
~ 80 -
: "
g o] 16,6 &
g % 2
£
g ° z
g H
16,1 8
£
o g
0 Sy v vy 15,6
1 10 100 1000 10000

time (min)
Fig. 6. Variation of propane conversion and the chemical shift of

the NMR line corresponding to propane as a function of reaction
time over the sample C at 573 K.
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methyl group may appear at ca. 16 ppm and
contribute to the resonance line as reported
for the reaction of neat propane over the
same catalyst [16,17]. The resonances of
methyl and methylene groups of propane are
not resolved in the presence of benzene be-
cause of significant line broadening. Scram-
bling of the ">C label in propane in the early

stages of propane conversion suggests a

PPCP-type intermediate, and points to the

second activation route.

Although evidence for both activation path-
ways was obtained, the induction period preced-
ing reaction on Ga/H-ZSM-5 (Section 3.2) sug-
gests that preliminary activation of propane is
the major activation pathway.

3.4. Reaction
3.4.1. Reaction products

The "C MAS NMR spectra observed after
the induction period over the samples C and D

*
2560 min *
L S

SAMPLE C

163

are presented in Fig. 7. The reaction products
identified and the corresponding chemical shifts
are listed in Table 2 together with those ob-
served in reactions of individual reactants (sam-
ples A and B).

In the initial stages of the reaction major
resonances corresponding to toluene (21 ppm),
ethylbenzene (29 ppm), ethane (7 ppm) and
methane ( —6 and — 11 ppm) are observed along
with weak resonances assigned to cyclohexadi-
enes (124.4 ppm), cumene (23.5 and 34 ppm)
and n-propylbenzene (14 and 25 ppm). After
heating for 300 min the lines corresponding to
cyclohexadiene and cumene disappear and the
xylene lines at ca. 1921 ppm appear. Toluene
and methane become the major reaction prod-
ucts. Further increase of the reaction time causes
ethylbenzene and n-propylbenzene to disappear
and a continuous increase of the lines corre-
sponding to toluene, xylenes, ethane and
methane. Finally, toluene and xylenes are con-
verted into condensed aromatics, evidenced by

SAMPLE D

1280 min *

.

e

640 min , 137.6 *

128
320 min * ’\

160 min

80 min

40 min

20 min

320

160

40

I

25
W
29 2

wr il

!

150

Il
100 50
PPM

Fig. 7. *C MAS NMR spectra observed in course of benzene alkylation with propane over sample C and D at 573 K. The inset shows
enlarged spectra of sample C in the region of 40-22 ppm. () indicates spinning side bands.
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the observation of the spinning sidebands in the
aromatic part of the spectra, the enhancement of
cracking towards ethane and methane and the
decrease of the total integrated intensity of the
resonance lines.

Special attention was paid to the identifica-
tion of the weak NMR lines in the 23-26 ppm
and 13-14 ppm regions of the spectra, since
their assignments are not straightforward be-
cause they can arise from various reaction prod-
ucts. The first NMR line which shows up in
these regions at 23.5-23.8 ppm was attributed
to cumene B-'>C (24.1 ppm in solution) be-
cause it appears and disappears simultaneously
with the line at 34 ppm corresponding to cumene
a-'3C [12,13]. Note, however that the same line
might be assigned to isobutane 2-'*C (23.3 ppm
in solution) or methylene group of 1,3-
cyclohexadiene (22.6 ppm in solution) (Table
2). The latter assignments are less probable for
the following reasons: (1) The line correspond-
ing to isobutane on Ga/H-ZSM-5 is usually
observed at a higher chemical shift (Table 2)
[16,17]. Moreover, in the course of conversion
of neat propane over this catalyst, i-butane lines
appear simultaneously with those corresponding

SAMPLE A

723 K, 60 min
-7.%

M
* * 723 K, 5 min

125-132

to n-butane (13.4 and 26 ppm), which are not
observed in our case. (2) The line at 124.4 ppm
which is assigned to CH groups of cyclohexadi-
enes disappears earlier than the one at 23.5 ppm
as follows from the comparison of Fig. 5 and
inset of Fig. 7.

Upon disappearance of the lines at 23.5 and
34 ppm, the resonances at ca. 24.9 ppm and 14
ppm appear (Fig. 7); the latter is overlapping
with the broad resonance corresponding to
propane. These NMR lines can arise from both
n-butane methylene and methyl groups (24.9
and 13.2 ppm in solution) or n-propylbenzene
B- and +y-carbons (25 and 13.9 ppm in solution),
respectively (Table 2). Note that the line corre-
sponding to n-propylbenzene a-'C may not be
observed because of its significant broadening
upon adsorption of propylbenzene on pentasil
type zeolites [12,13]. By their chemical shifts,
the lines are closer to those reported for n-pro-
pylbenzene adsorbed on zeolites (25 and 14
ppm) [12,13] than to those of n-butane on
Ga/H-ZSM-5 (26 and 13.4 ppm) {16,17]. The
formation of butanes in the course of benzene
alkylation with propane is thus rather improba-
ble.

SAMPLE B

e 5wl AN |
673 5 min ]

==

17}6
I 6
/ \ * * 623 K, 5 min ™™™ Anneap 262% [7-5
,4{ "
i
/ * * 573 K, 170 min
g L ™ ; l I\
127.8
J * * 573 K, 5 min
\... — o~
[ SO RS P Ly P NP DU HUNE WS SRS SR S N S SR SR S S S
100 30 0 100 50 0

EOM

PEM

Fig. 8. C MAS NMR spectra observed in course of benzene (sample A) and propane (sample B) reactions over Ga/H-ZSM-5 catalyst as a
function of reaction time and temperature. (*) indicates spinning side bands.
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The spectra observed on samples C and D
with different starting ratios of propane and
benzene (Table 1) do not show significant dif-
ferences except that the induction period is
longer on sample D.

In conclusion the major reaction products
observed in course of benzene alkylation with
propane are toluene, ethylbenzene, xylenes,
ethane and methane. Small amounts of cumene,
n-propylbenzene and cyclohexadiene possessing
intermediate behavior are also identified. These
observations support the activation model pre-
sented in Fig. 4 and suggest that the five differ-
ent alkylation routes may operate simultane-
ously.

Note that the direct formation of alkylaromat-
ics from individual reactants cannot be com-
pletely excluded at this step.

3.4.2. Comparison with reactions of individual
reactants

Since each starting material is known to un-
dergo reactions over H-ZSM-5 the individual
reactants were tested independently over Ga /H-
ZSM-5. Benzene was loaded on the catalyst
together with H, (sample A, Table 1) in order
to make reaction conditions closer to those of
alkylation with propane.

At 573 K benzene is inert as indicated by (e
MAS NMR spectra presented in Fig. 8 (sample
A). The reaction begins only after heating at
723 K. The major products are toluene, xylenes,
methane and ethane (Table 2). Although the
main products are similar to those observed in
course of alkylation, conversion of individual
benzene cannot account for them at 573 K.

By contrast neat propane is very reactive at
573 K (Fig. 8, sample B). The main products
are propane 1-'*C, ethane, methane and butanes
(Table 2, sample B). Observation of significant
amounts of butanes when starting with neat
propane and their absence when reaction is
performed in the presence of benzene indicates
that benzene acts as a trap for the active species
leading to butane. These active species are most
probably CH} carbenium ions which may alky-

late propane or benzene to give butanes or
toluene, respectively. As 7r-aromatic substrates
undergo alkylation much more readily than o
donor alkanes, the latter reaction is obviously
more favorable. These results support a previ-
ous hypothesis on the mechanism of the forma-
tion of butanes at high propane partial pressures
over Ga/H-ZSM-5 [16,17].

The formation of alkylaromatics from neat
propane is not observed at 573 K (Fig. 8). Small
amounts of benzene, toluene and xylenes appear
only at 673 K, evidenced by a set of weak
resonances in the 126—130 ppm range of the
spectra. The lines belonging to alkyl chains of
alkylaromatics could also be identified in the
range of 19-21 ppm (Table 2, sample B).

In conclusion, whereas alkylation of benzene
with propane to give alkylaromatics already oc-
curs at 573 K, formation of alkylaromatics from
individual benzene and propane requires much
higher temperatures. Consequently. alkylation is

SAMPLE E 19
16

640 min
,/\‘ ' 3?‘0 min s 19 -21
”/\ 80 min
J\‘4O min

+
20 min 16 T

7 min \
4

Fig. 9. "“C MAS NMR spectra observed before and after treat-
ment of the sample E at 573 K for various lengths of time.
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the only pathway leading to alkylaromatics at
573 K.

3.4.3. Reaction pathways leading to toluene and
ethylbenzene

The formation of large amounts of toluene
and ethylbenzene with respect to n-propylben-
zene and cumene in the very early stages of
alkylation (Fig. 7) suggests that the reaction
pathway involves mainly routes (4) and (5)

(Fig. 4). However it should be noted that cumene
and n-propylbenzene may easily be converted to
toluene and ethylbenzene by fragmentation over
acidic zeolite [10,12,13]. In order to check
whether toluene and ethylbenzene are a result of
a direct alkylation or are a consequence of
cumene and/or n-propylbenzene transforma-
tions, cumene conversion was carried out in the
presence of benzene under the similar reaction
conditions (Table 1, sample E).

1
U

?
1
4
’
4
ll
JH

B

<.:-:>~»/
IR
K”/

©> h
0«0

non observed intermediates
and transition states

[ rase amounts |

major products

@ C3Hg
\

< {PPcP]

CH, | + | CoHs'

i
AW

CHe | + CH;'

le

Polymethylsubstituted
aromatics, condenced
aromatics

Fig. 10. Proposed mechanism for benzene alkylation with propane over Ga/H-ZSM-5 catalyst.



L1 Ivanova et al. / Journal of Molecular Catalvsis A: Chemical 109 (1996) 157168 167

After 1 min at 573 K cumene is predomi-
nantly converted to n-propylbenzene as evi-
denced by the C MAS NMR spectra presented
in Fig. 9. The main resonances at 14, 24.8, and
38 ppm are assigned to n-propylbenzene y-, 3-
and a-'*C, respectively, and those at 23.8 and
34.5 ppm to cumene B- and o-'>C. Small
amounts of toluene (21 ppm) and ethylbenzene
(16 and 29 ppm) are also observed. A detailed
description of the line assignments is given
elsewhere [12,13].

Further heating at 573 K causes disappear-
ance of the lines corresponding to cumene and
n-propylbenzene, meanwhile the line at 16 ppm
begins to grow. This resonance line may corre-
spond as to ethylbenzene B-'*C so as to propane
methyl or methylene groups. The former assign-
ment is however less probable as it is not
evidenced by the growing resonance line at 29
ppm, corresponding to ethylbenzene a-'°C. In
contrast, ethylbenzene «-'*C disappears rapidly
with increasing reaction time. Consequently, the
main reaction pathway observed for cumene and
n-propylbenzene conversion at 573 K is dealky-
lation. Note that propylene is not observed due
to its rapid self-hydrogenation or oligomeriza-
tion in batch conditions [16,17,20]. Propane fur-
ther reacts with benzene or other alkylaromatics
to form various methyl-substituted aromatic
compounds. This is evidenced by disappearance
of the propane line and appearance of the reso-
nance centered at 19.4 ppm also observed in the
course of benzene alkylation with propane.

The above observations, schematized in the
left-hand part of Fig. 9, indicate that the forma-
tion of methyl-substituted aromatics from
cumene and n-propylbenzene requires propane
as an intermediate; only a small portion of the
toluene and ethylbenzene can be formed directly
from cumene and n-propylbenzene. Conse-
quently, toluene and ethylbenzene are obtained
by direct alkylation.

In conclusion the reaction pathways (1-3)
are less probable than pathways (4-5). The
trace amounts of cumene and n-propylbenzene
which are formed via pathways (1-3) are con-

verted back to benzene and propane at longer
reaction times, as the reverse reaction is more
favorable at 573 K.

3.5. Mechanism proposal

We have demonstrated that the main reaction
pathway of benzene alkylation with propane
include the following reaction steps (Fig. 10):

+ Propane adsorption on a bifunctional active
site including Brgnsted acidic center and
neighboring Ga site. This step is preceded by
induction period because of concurrent
stronger adsorption of benzene on the same
type of centers, and strong interaction of
adsorbed benzene with propane.

- Propane activation on a bifunctional active
site leading to PPCP intermediate evidenced
by scrambling of the C label in propane.

+ Evolution of PPCP intermediate into CH,
and C,H{ or C,Hq and CHY or H, and
C;H7 species.

Reaction of CH7, C,H{ and C;HJ carbe-

nium ions with benzene to give toluene,

ethylbenzene, cumene and n-propylbenzene.

- Reverse reaction of unstable cumene and
n-propylbenzene to propane and benzene fol-
lowed by alkylation leading to more stable
toluene and ethylbenzene.

- Conversion of toluene and ethylbenzene into
xylenes and further into other methyl-sub-
stituted aromatics.

- Conversion of alkylaromatics to condensed
aromatics.

Although the direct propane activation on
bifunctional site seems to be more probable,
participation of benzene in initial propane acti-
vation (route 1) cannot be completely excluded.

4. Conclusions

1. Co-adsorption of benzene and propane 2-'>C
on Ga/H-ZSM-5 leads to strongly adsorbed
benzene species and two types of propane
2-13C species of different mobility.
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2. Induction period observed in the course of
alkylation is due to stronger benzene adsorp-
tion and interaction of adsorbed benzene with
propane methylene groups, which prevent
direct contact of propane molecules with ac-
tive sites of zeolites.

3. The reaction mechanism includes formation
of protonated cyclopropane intermediate, its
evolution towards CH3, C,H; and C,HJ
carbenium ions and their reaction with ben-
zene to give toluene, ethylbenzene, cumene
and n-propylbenzene, respectively. The ma-
jor reaction pathways lead to toluene and
ethylbenzene. Cumene and n-propylbenzene
are not stable at 573 K and undergo the
reverse reaction.
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