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The influence of carrier gases (N2, H2, He, and CO2) on the cata-
lytic activity, stability, and coke formation in zeolite beta during
cumene disproportionation reaction is discussed. The reaction inter-
mediates as well as the carbonaceous residues were characterized by
13C NMR spectroscopy under proton cross-polarization and magic-
angle spinning and by thermogravimetric method. The effects of
carrier gas dilution on coke formation, catalyst deactivation, and
product shape selectivity have also been examined by varying car-
rier gas (N2) to reactant molar ratios (0.2–20). The amount of total
coke decreases linearly with increasing N2/cumene ratios above a
value near 2. It is also found that the coke induced shape selectivity
is notable only at extreme dilution. In the presence of various car-
rier gases, a notable decrease in catalytic activity has been found
to obey the order N2>H2>He>CO2, whereas a reverse order was
observed for the catalytic stability. Moreover, the amount of coke
deposit is found to decrease linearly with the kinetic diameter of
the carrier gases. Hence, the incorporation of carrier gases resulted
in a decrease in the amount of coke deposition which is mainly
due to the transport of coke precursors and less bulky carbona-
ceous compounds (soft coke). Similarly, as proposed by the tran-
sition complex solvation model, the carrier gas molecules stabilize
the biphenyl alkane reaction intermediates by van der Walls inter-
actions and prevent them from further dissociation into product
molecules. With the exception of H2, the combination of the carrier
gas transport effect and transition complex solvation model is used
to describe the observed trends in the activity and stability of the
catalyst. c© 1996 Academic Press, Inc.

INTRODUCTION

Although the study of diluent gas effect (DGE) during
catalytic reaction was initiated over half a century ago, the
subject has received little attention. In the early 1950s, some
models for the DGE in heterogeneous catalytic systems
were proposed. The major DGEs then considered were the
variations in the activity of the reactants, product interme-
diates, or unstable complexes; the microscopic heat transfer

1 To whom correspondence should be addressed.

effect; and transport of intermediate species in the catalyst
phase (1–3), etc. Among them, models which attributed the
DGE to either specific (2) or nonspecific (3) van der Waals
interactions between the diluent gas and the activated com-
plex states at the surfaces of the catalyst were found to be
in good agreement with the experimental results.

In addition, the development of synthetic zeolites in cata-
lytic cracking processes also led to a great advancement in
catalyst design since 1950. However, deactivation of the
catalyst by deposition of carbonaceous residues (coke) is
inevitable during cracking reactions over zeolites (4–7).
Hence, the control of coke formed during cracking reac-
tions or retained during catalyst regeneration processes
remains an important task. A practical way of easing the
transport of the reactants and products through the zeolite
catalyst and prolonging catalyst activity was to incorporate
suitable diluent gases (or carrier gases) during the reac-
tion. The carrier gas serves as a diluting medium to enhance
the diffusivity and conductivity of the reactant and product
molecules through zeolite intracrystalline pores or inter-
crystalline voids. The reactants, products, and reaction in-
termediates, if retained within the zeolite pores or channels,
can affect the size/shape selectivity of the catalyst and hence
are equally likely to enhance coke formation (8). Hence,
the reaction chemistry of hydrocarbons in zeolite catalysts
cannot be understood by monitoring the products alone.

Disproportionation of monoalkylbenzenes over zeolitic
catalysts is one of the important reactions that possesses
both academic and industrial interests. For the latter, the
shape-selectivity characteristic of the zeolitic catalyst is
also crucial in preparing valuable industrial raw materials
such as p-dialkylbenzene isomers. The influences of carrier
gases on catalytic activity and stability of zeolites during
monoalkylbenzene disproportionation have been the sub-
jects of several studies (9–15) in which hydrogen (H2) and
nitrogen (N2) were the two most popular candidates for
the study of DGE. For example, the effect of H2 carrier
gas on catalytic activity has been reported by Gnep and
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Guisnet (11) for toluene conversion on mordenite zeolite
and by Karge et al. (13) for ethylbenzene disproportiona-
tion on 0.2 wt% Pt/LaNaX zeolite. The decrease in catalytic
activity is ascribed either due to the decrease in the concen-
tration of intermediate benzylic carbocations (11, 12) or the
decrease in Brønsted acidity (13, 14); both interpretations
require the activation of molecular H2.

Schulz-Ekloff et al. (15) investigated the variations of
the catalyst conversion rate in the presence of different
carrier gases. The authors disclosed that, under elevated
pressures (>0.1 MPa), the degree of conversion during
toluene disproportionation on H-ZSM-5 follows the order
H2<He<N2<Ar. It was also concluded that the activity
decreases with decreasing diameter of the carrier gas, ex-
cept for N2. The most severe deceleration of reaction rate
was found in presence of H2 and that hydrogen transfer
activity which will also affect coke deposition can be pro-
moted by O2. The deceleration of the transalkylation rate
was referred to the interactions between the carrier gas
molecules with the hidden Lewis sites. The authors pro-
posed that the carrier gas molecules may be polarized by
the Lewis sites and consequently decrease the strength of
neighboring Bønsted sites. On the other hand, in the case
of inert carrier gas such as Ar or He, a direct shielding of
catalytically active sites by the carrier gas molecules was
proposed. However, both of the above interpretations re-
quire further support from experimental evidences.

Cumene disproportionation reaction is known as one
of the potential routes for manufacturing m- and
p-diisopropylbenzene (DIPB) isomers, two important in-
termediates for polymer industries. The same reaction has
also been widely used as a probe for the structure (16)
and acidity (17, 18) of zeolites. However, it is well known
that the reaction mechanism and the catalytic activity are
both strongly dependent on the morphology of zeolite (19).
Owing to its highly siliceous nature and large (12-member
rings) pores (20–24), zeolite beta has been shown to exhibit
excellent activity, selectivity, and stability in monoalkyl-
benzene disproportionation (16, 25, 26) and therefore has
practical potential in the production of DIPB. Some other
potential applications of zeolite beta have been demon-
strated, for example, in aromatic transalkylation (27–29),
aliphatic hydrodewaxing (30, 31) and hydroisomerization
(32), and cracking (33–35). However, besides its structural
and thermal stability problems (36–38), zeolite beta catalyst
is also vulnerable to deactivation by coking, especially dur-
ing monoalkylbenzene disproportionation reactions (16,
26). A further understanding of the nature and mode of
coke formation in zeolite beta during monoalkylbenzene
disproportionation is therefore a demanding task.

In recent years, 13C NMR in conjunction with proton
cross-polarization (CP) and magic-angle spinning (MAS)
has emerged as a powerful tool for studying the nature of
the coke formed during hydrocarbon conversions over ze-

olite catalysts (39–41). Valuable information such as the
state and mobility of the adsorbates and details of the re-
lated guest/host interactions can be obtained (42–48). In
the present work, the nature and distribution of the coke
formed in H-beta zeolite during cumene disproportiona-
tion reactions are investigated by 13C CP-MAS NMR spec-
troscopy in conjunction with thermogravimetric analysis.
The reaction was carried out under mild conditions (see
below) to avoid unwanted cracking reactions. Two aspects
of the DGE, namely (a) the nature of carrier gases and (b)
the effects of dilution by nitrogen were selected to study
the influence on activity and deactivation of zeolite beta
during cumene disproportionation. The influences of var-
ious carrier gases, viz. N2, H2, He, and CO2, were investi-
gated at atmospheric pressure, while effects of N2 dilution
were carried out at high pressure (30 kg/cm2) by varying the
N2/cumene molar ratio from 0.2 to 20. The coke-induced
effects on shape selectivity are monitored by the ratio of
m- to p-DIPB product isomers.

EXPERIMENTAL

Powdered, binderless zeolite beta (SiO2/Al2O3 = 25)
was obtained from Advchem Laboratory. Cumene solvent
(A. R. Grade, Merck) was stored over activated 13X molec-
ular sieves and was used without further purification. A
stainless steel, continuous flow microreactor (15 mm i.d.)
with a fixed bed of pressed and pelletized zeolite cata-
lyst (10–20 mesh; ca. 4 g) was used for all reactions. The
effects of various carrier gases were studied under the
following conditions: temperature, 130◦C; space velocity
(WHSV)= 3.5 h−1; carrier gas to cumene molar ratio, 2;
pressure, 1 atm (0.101325 MPa). The effects of carrier gas
dilution were studied with varied N2/cumene ratios ranging
from 0.2 to 20 under the following conditions: tempera-
ture, 135◦C, WHSV= 3.5 h−1, pressure, 30 kg/cm2. These
conditions were adopted such that the selectivity to dispro-
portionation reaction can be kept more than 0.95 mol/mol
and the initial conversion (time-on-stream (TOS)= 1 h) can
be maintained at ca. 8–12 wt%. In a typical experiment,
pressed and palletized zeolite beta catalyst was first acti-
vated in air at 450◦C for 8 h; the system was then exposed
to the desired carrier gas while bringing the temperature
down to the reaction temperature. Upon completion of the
experiment (TOS= 8 h), the system was purged with the
carrier gas under the same experimental conditions for ca.
1 h before it was cooled down to room temperature (25◦C).
The detailed experimental and sampling procedures re-
semble those reported elsewhere (19). The compositions
of the reactor effluents were analyzed by gas chromatogra-
phy (Shimadzu Model GC-4A) using a packed column (5%
SP-1200+ 1.75% Bentone 34 on 100/120 Supelcoport, 6 ft).

Thermogravimetric analysis (TGA) was conducted on a
ULVAC TGD-7000 RH thermogravimeter. About 50 mg
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sample was used for the study and thermograms were
recorded in presence of air with heating rate of 10◦C min−1

from 30 to 800◦C. The flow rate of air was maintained
at 60 ml h−1. Prior to the study, all fouled samples were
stored over saturated NaCl solution in a dessicator to en-
sure complete hydration of each sample. Diffuse reflectance
infrared (IR) spectra of selected samples were recorded
with a Bomem Michelson spectrometer. Before recording
the spectra, sample was dehydrated at 200◦C for over 3 h.

The room temperature 13C CP-MAS NMR spectra
were obtained with proton decoupling on a Bruker
MSL-500P spectrometer operating at resonance frequency
125.77 MHz. Typically, 5000–40,000 free induction decay
(FID) signals were accumulated (depending on the amount
of coke present in the sample) with a recycle delay of 1.0 s.
The 13C NMR chemical shifts were measured relative to
tetramethylsilane (TMS).

In order to confirm the composition of the carbonaceous
compounds formed during the reaction, selected samples
were subjected to high temperature evacuation treatment.
In a typical procedure, sample tube containing fouled sam-
ple was connected to a vacuum manifold and the sample
temperature was raised slowly (1◦C min−1) to 210 or 270◦C
and then maintained at the respective temperature for at
least 12 h under vacuum (<10−5 Torr; 1 Torr= 133.3 Nm−2).
These temperatures were selected keeping in view of the
boiling point of the major product, m-DIPB (204◦C), and
one of the possible components in the carbonaceous com-
pounds, isopropylnaphthalene (267◦C). After the evacu-
ation treatment, the sample was then transferred to a 4-
mm NMR rotor under nitrogen atmosphere before the
13C CP-MAS NMR experiment.

The reproducibility of all catalytic and analytical exper-
iments has been thoroughly checked. The possible experi-
mental errors are reported in appropriate places.

RESULTS

Catalytic Activity

The catalytic data obtained from cumene disproportion-
ation over zeolite beta, in the presence of various carrier
gases, are summarized in Table 1 together with the phys-
ical properties of the carrier gases. The catalytic activities
(presented in term of cumene conversions) against TOS of
the reaction are shown in Fig. 1 for various carrier gases.
The results indicate that, regardless of the type of carrier
gas used, the activities of the catalyst decrease rapidly dur-
ing the early stage (TOS≤ 3 h) of the reaction and then
gradually level off after TOS≥ 6 h. The major products
of the reaction are benzene and diisopropylbenzene iso-
mers, as expected (16). According to our GC data, a trace-
able amount of ethylbenzene and n-propylbenzene were
also found during the early stage (TOS< 2 h) of the reac-
tion. It was found that, in the presence of various carrier

TABLE 1

Physical Characteristics of Carrier Gases and Catalytic Data Obt-
ained during Disproportionation of Cumene over Zeolite Beta

Carrier gases N2 H2 He CO2

Physical characteristicsa

Electric dipole polarizability 1.740 0.804 0.205 2.911
(× 10−24 cm2)
Kinetic diameter (nm) 0.364 0.289 0.260 0.330

Catalytic data

Rate at the steady state 2.73 2.57 2.50 2.27
(× 10−3 mol h−1 g−1)
Conversion of cumeneb (wt%) 10.5 10.2 9.3 8.1
m-/p-DIPBb 2.12 2.12 2.10 2.07
Total cokec (± 0.2 wt%) 8.6 9.7 9.5 8.4

a Ref. 61.
b Obtained at time-on-stream 1 h.
c Obtained after time-on-stream 8 h.

gases, both the catalytic activities and the rates of dispro-
portionation reaction at the steady state (Table 1) follow
the order N2>H2>He>CO2. The catalytic stability, on
the other hand, was observed to follow the reverse order.
The above observation is in variance with that reported
by Schultz-Ekloff et al. (15). The authors observed a trend
for toluene conversion during disproportionation reaction
over H-ZSM-5 zeolite as Ar>N2>He>H2. It should be
pointed out that, in comparison, their reaction was done at
much more severe conditions: temperature (300–320◦C),
WHSV (0.87 h−1), and total pressure (0.1–1 MPa). More-
over, their reaction was carried out with different reactant
and over a medium pore ZSM-5 zeolite.

FIG. 1. The conversion of cumene against time-on-stream during dis-
proportionation reaction over zeolite beta in the presence of various car-
rier gases; Reaction conditions: temperature, 130◦C; N2/carrier gas ratio,
2 mol/mol; WHSV, 3.5 h−1; and pressure, 1 atm.
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The effect of carrier gas dilution was studied by varying
the N2 carrier gas to reactant molar ratios. The experiments
were carried out at a relatively higher pressure (30 kg/cm2)
and temperature (135◦C) by which the reactant is in the
liquid state and always saturates the surface of the catalyst.
Under varied N2/cumene ratios, the typical cumene conver-
sion level was found to decrease from the initial value of
ca. 13–15 wt% (TOS= 1 h) to ca. 5–7 wt% when reaching
a TOS of 8 h. It is also found that variation in the flow rate
of the carrier gas has no significant effect on the catalytic
activity.

The distribution of DIPB isomers (the major products of
the cumene disproportionation reaction), is highly shape-
selective on zeolite catalysts (16, 49); a greater m- to
p-DIPB product ratio is expected for zeolites with larger
pore/channel openings. Besides the dependence on operat-
ing conditions, the observed m-/p-DIPB ratio should also
depend on conversion level and nature and amount of to-
tal coke presenting in the catalyst. The ratio which nor-
mally increases with conversion level should eventually
reach a thermodynamic equilibrium maximum of ca. 2.0.
Moreover, at the same conversion level, the value of the
m-/p-DIPB ratio can be used to monitor the coke-induced
shape selectivity during the reaction (16, 49). As shown
in Table 1, the m-/p-DIPB ratio obtained in the presence
of various carrier gases are close to the equilibrium value
of 2.0. Hence, no appreciable changes in the coke induced
shape selectivity was found in the presence of different car-
rier gases. Figure 2 shows the variations of m-/p-DIPB ratio
during cumene disproportionation reaction at various N2

dilution levels. It is found that, at low N2/cumene ratios, the
m-/p-DIPB ratios decrease sharply with the level of cumene

FIG. 2. Effects of cumene conversion on m- to p-DIPB ratio pre-
sented in the products at various N2/cumene ratios during disproportion-
ation reaction. Reaction condition: temperature, 135◦C, WHSV, 3.5 h−1;
and pressure 30 kg/cm2.

FIG. 3. Thermograms of the deactivated zeolite beta catalyst obtained
in presence of various carrier gases.

conversion (or degree of catalyst deactivation). However,
the m-/p-DIPB ratio remains practically constant with re-
spect to catalyst deactivation at higher N2/cumene ratio.
The results indicate that coke induced shape selectivity is
significant only under extreme carrier gas dilution.

Thermogravimetric Analysis

The thermograms of the deactivated catalysts under var-
ious carrier gases and N2/cumene ratios (TOS = 8 h) are
presented in Figs. 3 and 4, respectively. It appears that the
observed thermogram can be roughly divided into three dif-
ferent temperature regions. The exact temperature range
for each region varies slightly (ca. ±10◦C) with the nature
of different samples. Nonetheless, region I (T< 180± 10◦C)
can be ascribed to the loss of water and volatile organic
reactants, whereas regions II and III can be ascribed to
the desorption of cokes (48). Normally, the less bulky (and
hence more mobile) carbonaceous residues or physisorbed

FIG. 4. Thermograms of the deactivated zeolite beta catalysts ob-
tained under various N2 dilutions.
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products or side-products (hereafter termed as “soft
cokes”) should desorb at lower temperature (region II),
whereas the more bulky carbonaceous compounds (termed
as “hard cokes”) will contribute to the weight loss at higher
temperature (region III). However, it should also be noted
that the “exact” amount of soft cokes (or hard cokes) can-
not be readily determined from the weight loss in region
II (or region III); some of the retained soft cokes (e.g.,
through oxidization processes) may eventually contribute
to the weight loss in region III. Nevertheless, the above sim-
plified differentiation provides us some crude information
about the relative distribution of the soft cokes and hard
cokes. The diverse nature of the thermograms indicates that
the nature and dilution of carrier gases have significant in-
fluence on the composition and the concentration of coke
residues.

13C CP-MAS NMR Spectroscopy

The nature of the coke residues formed during the reac-
tion in the presence of carrier gas was investigated by 13C
CP-MAS NMR spectroscopy. The 13C NMR spectra ob-
tained from the incorporation of various carrier gases and
form various N2 dilutions are presented in Figs. 5 and 6, re-
spectively. All 13C NMR spectra of the coked catalysts ex-
hibit two distinct groups of resonance lines. The resonance
lines located in the chemical shift ranges 0–50 and 110–
150 ppm are assigned to aliphatics and aromatics, respec-

FIG. 5. The 13C CP-MAS NMR spectra of the coked zeolite beta cata-
lysts obtained after cumene disproportionation reactions in presence of
various carrier gases. All spectra were subjected to 30-Hz line-broadening.

FIG. 6. The 13C CP-MAS NMR spectra of the coked zeolite beta
(a)–(d), at various N2 dilutions; (e) and (f), the same samples originally
prepared under respective N2/cumene ratio of 0.2 and 20 were subjected
to evacuation at 270◦C for 12 h. All spectra were subjected to 30-Hz line-
broadening.

tively (50–52). The lines of aliphatic species correspond to
terminal methyl carbon (23 ppm) and penultimate methy-
lene carbon (33 ppm) of the isopropyl group, while the lines
of aromatic species correspond to substituted aromatic car-
bon (145–148 ppm) and nonsubstituted aromatic carbon
(123–128 ppm).

In order to identify the major constituent of the car-
bonaceous compounds, we performed separate 13C NMR
experiments in which the reactant (cumene) and the major
product (m-DIPB) was individually introduced onto zeo-
lite beta by means of physical mixing. When cumene was
physically adsorbed on the surface of the zeolite crystallite,
the 13C NMR spectrum exhibits three distinct resonance
lines at 147.3, 127.8, and 125.9 ppm and a small shoulder
at 125.7 ppm in the aromatic region as shown in Fig. 7a,
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FIG. 7. The 13C CP-MAS NMR spectra of (a) cumene, (c) m-DIPB physically adsorbed on zeolite beta; (b) and (d), after the respective samples
(a) and (c) were heat treated at 200◦C for 12 h. All spectra were subjected to 30-Hz line-broadening except for the blow-up regions.

whereas four distinct types of aromatic carbons (147.8,
127.6, 123.7, and 123.0 ppm) were observed in the case of
m-DIPB (Fig. 7c). Spectra in Figs. 7b and 7d were obtained
after the respective samples in Figs. 7a and 7c were heated
at 200◦C under vacuum to ensure a homogeneous intracrys-
talline adsorption (53, 54). The line broadening observed in
Figs. 7b and 7d clearly indicate the decrease in adsorbate
mobility as compared to the cases in Figs. 7a and 7c.

A detailed analysis of the 13C NMR chemical shift and
linewidth of the deactivated samples in presence of various
carrier gases (Fig. 5) can be made by comparing with the
results presented in Fig. 7. It is found that, in the presence of
various carrier gases, the major constituents of the carbona-
ceous deposits are DIPB isomers, which are either trapped

or physically adsorbed within the zeolite cages. A relatively
small amount of tri-isopropylbenzene and/or alkylpolyaro-
matic species may also be present in the samples.

In the case of samples deactivated at various N2 dilu-
tions (Figs. 6a–6d), no appreciable changes in the chemi-
cal shift of the resonance peaks were observed, but the 13C
linewidths are found to increase with increasing N2/cumene
ratio. On comparing the spectra in Fig. 7d with those in
Fig. 6a, it can be concluded that at low N2/cumene ratio
(0.2), the major constituent of the carbonaceous deposits
formed over zeolite beta is DIPB isomers and there is nearly
no trace of unreacted cumene. Moreover, based on the vari-
ations of spectral linewidth and relative line intensity in
Figs. 6b–6d and 7d, it is indicative that, besides the DIPB
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isomers, more condensed carbonaceous compounds such
as tri-isopropylbenzene and/or alkyl-polyaromatic species
may also be formed and hence resulted in broad aromatic
line at greater N2 dilutions.

Removal of Soft Cokes in the Deactivated Zeolite
Beta Catalysts

In order to gain further insight into the nature of cokes
formed during the disproportionation reaction, the sam-
ple prepared with the two extreme N2/cumene ratios (0.2
and 20) were dehydrated under vacuum at 270◦C for 12 h;
the respective 13C CP-MAS NMR spectra are displayed
in Figs. 6e and 6f. The purpose of the high temperature
sample evacuation is to remove the retained DIPB isomers
and volatile soft cokes while sustaining the high temper-
ature reaction intermediates and hard cokes. In an ear-
lier study, we demonstrated that such sample treatment
does not change the nature of the condensed carbonaceous
residues (48). After the treatment, samples were trans-
ferred into an air-tight NMR rotor under nitrogen atmo-
sphere followed by 13C CP-MAS NMR measurements. As
evidenced by the broadening of the 13C resonance (Figs. 6e
and 6f), the carbonaceous species remaining in the catalyst
are mostly bulky (less volatile) polyaromatics. The absence
of the any additional features before and after the evac-
uation treatment indicates that there is no change or rear-
rangement in the nature of the carbonaceous compounds. It
is noted that Magnoux et al. (52) have observed the forma-
tion of alkyl polyaromatics compounds having up to three
aromatic rings at low temperature (120◦C) during toluene
disproportionation reaction.

The evacuation treatment of the deactivated catalysts ob-
tained in the presence of various carrier gases were carried
out at 210◦C for 12 h. The resultant 13C NMR spectra of
fouled zeolite beta samples are presented in Fig. 8. That the
spectra have poor sensitivity and much broader linewidths
(compare to those before the treatment; cf. Fig. 5) indicates
that most of the light aliphatic and soft cokes have been re-
moved. It is notable that all spectra reveal the presence of a
strong resonance peak at 126 ppm and a week shoulder peak
at 145 ppm. Again, the broad peak at 126 ppm is assigned
to nonsubstituted aromatics, whereas the peak at 145 ppm
that has much weaker intensity and broader linewidth is
ascribed as substituted aromatics. Moreover, for the deac-
tivated samples originally obtained from reactions in pre-
sence of CO2, N2, and He, the 13C spectra exhibit resonance
lines at ca. 56, 33, and 23 ppm in the aliphatic region. Again,
the lines at 33 and 23 ppm arise from penultimate methylene
carbons and terminal methyl carbons, respectively (50–52).
It is noted that, after the evacuation treatment, the enhance-
ment of the line at 56 ppm (see Fig. 8) is accompanied by
the suppression of the lines at 33 and 22 ppm (except for the
case of H2 carrier gas where the 56 ppm peak is practically
invisible). The line at 56 ppm is a priori assigned to bridg-

FIG. 8. The 13C CP-MAS NMR spectra of the coked zeolite beta cata-
lysts. In this context the samples in Fig. 3 were subjected to evacuation at
210◦C for 12 h. All spectra were subjected to 80-Hz line-broadening. The
peaks denoted by an asterisk represent spinning side-bands.

ing carbon attaches to two phenyl and two methyl groups
of the biphenyl reaction intermediate formed during the
disproportionation reaction.

The 13C NMR spectrum of the evacuated sample origi-
nally prepared in the present of H2 carrier gas is rather dif-
ferent; it shows only a signal line (16 ppm) in the aliphatic
region (Fig. 8). The line at 16 ppm is assigned to alkyl carbon
of the partially hydrogenated polyaromatic species (50–52).
This indicates that the mechanism of coke formation in the
presence of H2 carrier gas is markedly different from that
under other carrier gases. The effects of H2 on dispropor-
tionation reactions over zeolites have been reported (11–
15). Schulz-Ekloff et al. (15) disclosed that the strongest
deceleration of the toluene conversion over H-ZSM-5 ze-
olite is found in presence of H2 carrier gas. The decrease
in catalytic activity in presence of H2 carrier gas has been
ascribed due to the decrease in Brønsted acidity (13, 14)
or the decrease in the concentration of intermediate ben-
zylic carbocations (11, 12). Guisnet and co-worker further
proposed that the interactions between the presenting H2

molecule and the carbonium ion (reaction intermediates)
will affect the equilibrium of carbonium ion formation and
hence resulted in the decrease in toluene disproportiona-
tion rate over a mordenite catalyst (11, 12). Our 13C NMR
results also reveal that H2 molecule may hydrogenate some
of the reaction intermediates and/or coke compounds to
form partially hydrogenated polyaromatic compounds.
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IR Measurements

In pursuit of the reaction mechanism of cumene dis-
propotionation over zeolite beta in presence of various car-
rier gases, we continue our search for possible reaction in-
termediates. First, it has been found (55) that the formation
of oxidized species is unlikely to occur during coking over
zeolite catalyst because coke deposition normally involves
reduction of hydrocarbon intermediates. If such species do
exist, the 13C resonance arises from the alkoxy functional
group should appear at ca. 60 ppm (the exact chemical shift
values vary with the number of presenting carbon atoms)
on the observed NMR spectra (50–52). However, within
the available signal-to-noise of our 13C NMR spectra, no
such resonance lines were observed from all the deacti-
vated catalysts examined. Further confirmation of the re-
action intermediates using diffuse reflectance IR technique
has also been made. The absence of absorption peak (55, 56)
at 1220–1250 cm−1 (correspond to C–O–C stretching band),
1720 cm−1 (C==O stretching), and 1460 and 1580 cm−1 (car-
boxylate species) in our IR spectra (not shown) indicate the
absence of the corresponding species in the coke residues
or reaction intermediates. Therefore, the only possible ex-
planation for the 13C resonance line at 56 ppm is due to the
presence of biphenyl alkane intermediate; one of the com-
ponents of the condensed coke or “hard coke.” It is noted
that biphenyl methane intermediates have been found in
the coke residues formed during toluene disproportiona-
tion reaction over USY zeolite by Magnoux et al. using GC
and MS techniques (52). Furthermore, the peak intensity
for 13C resonance at 56 ppm follows the trend for the cor-
responding carrier gas: CO2>N2>He (see Fig. 8). This is
in accordance with the transition complex solvation model
to be described in the next section.

DISCUSSION

Interaction Mechanisms and Transition Complex
Solvation Model

Two possible mechanisms which describe the interac-
tions between the carrier gas molecules and the product
molecules, reaction intermediates, or coke precursors can
be envisaged, namely (a) carrier gas transport effect and
(b) van der Waals interactions.

(a) Carrier gas transport effect. The formation of coke
during hydrocarbon reactions over highly siliceous zeolite
catalysts is the major source of catalyst deactivation. The
carbonaceous residues mainly arise from product and/or
side-product molecules which on retention within the zeo-
lite channels or intracrystalline voids during reaction and
hence may act as coke precursors (8). The coke precur-
sor molecules may in turn decrease the catalytic activity
by competitive poisoning of the acid sites or blocking the
access of the reactant and product molecules to the acid

FIG. 9. Dependence of coke on various N2 dilutions during cumene
disproportionation reaction.

sites (4–7). The effects of coking and deactivation in zeolite
catalysts are also related to the guest/host interactions, e.g.,
mass transfer and diffusion limitations.

On the basis of the TGA data presented in Fig. 4, the
variation of total coke content (calculated by the sum of
weight loss in regions II and III of the thermograms) with
the extent of N2 dilutions is depicted in Fig. 9. Evidently
the measured total coke content decreases linearly with in-
creasing N2/cumene ratio, except at very low N2 dilution
(i.e., N2/cumene ratio= 0.2). The results therefore indicate
that the incorporation of carrier gas has strong effect on
formation and composition of cokes. A closer examination
of the relative weight losses in the regions II and III of the
thermograms (Fig. 4) reveal that while the amount of soft
cokes desorbed in region II also decreases with increasing
N2/cumene ratio, the amounts of hard cokes remain practi-
cally unchanged. In comparison, the product DIPB isomers
are more likely to be retained within the pore of zeolite
beta at low N2/cumene ratio than that at high N2 dilutions.
The retention of guest molecules within the pore of zeolite
(host) hence resulted in the rapid catalyst deactivation and
coke-induced shape selectivity observed in Fig. 2. In the ex-
treme of N2 dilution (N2/cumene= 0.2), when the product
molecules or coke precursors formed on the acid sites can-
not be effectively removed from the zeolite intracrystalline
voids, it is more likely to form soft cokes than the bulky
polyaromatics hard cokes. In this context, the amount of
total coke content is also low. On the other hand, a pro-
gressive increase in carrier gas concentration may prevent
coke precursors from shielding of the active sites and thus
sustaining the catalytic activity. However, the results ob-
tained from the present study is in variance with that by
Schultz-Ekloff et al. (15) who proposed shielding of active
sites by carrier gas molecules.
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FIG. 10. Dependence of coke on the kinetic diameter of various car-
rier gases during cumene disproportionation reaction. The carrier gas to
cumene ratios were kept constant (2.0).

The dependence of the coke content on the size of the
carrier gases is shown in Fig. 10. It is found that, while the
carrier gas to cumene molar ratios was remain constant
(2.0), the amounts of total cokes present in the deactivated
catalysts decreases linearly with increasing kinetic diameter
of the carrier gas molecules. A careful analysis of the TGA
data (Fig. 3) further reveals that the desorption of soft cokes
is mainly responsible for the weight loss in regions II and
III. The amounts of hard cokes deposited in the catalyst
remain practically unchanged in the presence of various
carrier gases. Hence, the transport ability of the carrier gas
molecules therefore is nearly proportional to the kinetic
diameter of the molecules.

However, though the removal of soft coke or coke pre-
cursors can be correlated to the decrease in catalytic activ-
ity (vide supra) in the order of carrier gases, N2>H2>He,
it fails to explain the low catalytic activity in the case of
CO2 which has a moderate molecular dimension. Thus, the
interaction mechanism between the carrier gas molecules
with the product molecules, reaction intermediates, and/or
coke precursors cannot be interpreted by the physical effect
alone.

(b) van der Waals interactions. In an earlier study, Tsai
et al. (16) proposed that the zeolite beta catalyzes bi-
molecular (SN2) reaction mechanism during disproportion-
ation of cumene. The authors suggested that, cumene first
forms a carbonium ion, then, a isopropyphenylcumene ion,
and finally cracks into benzene and diisopropylbenzene
molecules. To incorporate the influences of carrier gases
on a reaction mechanism, an extended transition complex
solvation model is proposed for cumene disproportiona-
tion reaction over zeolite beta, as depicted in Fig. 11. As

proposed by Tsai et al. (16), cumene first forms a carbo-
nium ion (Step 1) and then isopropylphenylcumene cation
(Step 2), which was formed by bonding isopropylbenzene
to isopropylbenzene carbonium ion. This carbonium ion
then gets stabilized by resonance structures formed by Steps
4 and 5 and finally gets dissociated into benzene in Step
6 and diisopropylbenzene in Step 7. As these interme-
diates are highly reactive, formation of isopropylphenyl-
cumene molecule from isopropylphenylcumene cation in
Step 3 is not appreciable under normal circumstances. It
may be noted that biphenyl methane type cations have
been detected in zeolites mordenite, H-Y, and H-ZSM-5
by EPR and UV reflectance spectroscopy upon the sorp-
tion of toluene and biphenyl methane (57).

Recently, Xiong et al. (58) proposed a model for bi-
molecular mechanism in toluene disproportionation over
H-ZSM-5 zeolite. Based on their results obtained from
deuterium labeled compound, the authors concluded that
the primary mechanism for the toluene disporportionation
reaction involves the formation of biphenylmethane car-
bonium ion. When a small amount of diphenylemethane
(which has been identified as precursor of benzylium chain
transfer agents) was added to the reaction mixture, an ac-
celeration in the reaction rate was observed. It was found
that more than 98% of the added diphenylmethane was
consumed during the reaction. Presumably, cumene should
be a better reactant than toluene in studying the reaction
mechanism for disproportionation reaction due to its rela-
tive ease in forming carbonium ion.

The transition complex solvation model is proposed ac-
cording to the experimental results obtained from out 13C
NMR, IR, and TGA measurements. The model assumes
that the carrier gas molecules may interact with biphenyl-
alkane intermediates by van der Waals interactions and
hence stabilize the carbonium ions. This ion–dipole type in-
teraction should depend on the electric dipole polarizability
of the carrier gas molecules. It is known (59) that the typ-
ical energy of such interaction is about 15 kJ mol−1, which
is lower than that of hydrogen bonding (ca. 20 kJ mol−1).
Quantum chemical calculations (60) also suggested that,
during ion–dipole type interaction, stabilization of ions may
take place by charge transfer from neutral atom/molecule
to ions. Such charge transfer may occur during ion–atom or
ion–molecule collisions.

Stabilization of carbonium ions slows down further disso-
ciation of the biphenylalkane intermediates and ultimately
resulted in a decrease in catalytic activity. A portion of iso-
propylphenylcumene cations may be stabilized by form-
ing isopropylphenylcumene molecules during the process.
Since such interaction depends upon electric dipole polar-
izability of the carrier gas molecules, the formation and
presence of such reaction intermediates in the carbona-
ceous matter are appreciable only in the carrier gases that
have higher electric dipole polarizability. As can be seen in
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FIG. 11. Transition complex solvation model for cumene disproportionation reaction over zeolite beta in the presence of carrier gas (denoted by×).

Table 1, while a CO2 molecule possesses a moderate molec-
ular size, its electric dipole polarizability is much higher than
those of the other carrier gases included in this study. Thus,
based on this transition complex solvation model, the cata-
lytic activity should follow the trend of presented carrier
gases, He>N2>CO2, in accordance with the observed re-
sults. Thus, we conclude that the effects of carrier gases on
catalytic activity can be interpreted only by the combina-
tion of physical (carrier gas transport effect) and van der
Waals interactions.

CONCLUSIONS

In conclusion, a combination of physical and van der
Waals interactions of carrier gas molecules with reaction
intermediates and product molecules are used to explain
the catalytic activity and stability of zeolite beta during
the disproportionation of cumene in the presence of var-
ious carrier gases, viz. N2, H2, He, and CO2. The ability of

carrier gas molecules to remove carbonaceous matter and
coke precursors from the zeolite cages (carrier gas trans-
port effect) may be used to explain the trends in catalytic
activity and stability of the catalyst in presence of various
carrier gases except for CO2. According to the transition
complex solvation model, carrier gas molecule may stabi-
lize the biphenyl alkane reaction intermediates by van der
Waals interactions and prevents them from further dissocia-
tion into product molecules. The catalytic activity predicted
by the model agrees with the experimental results. In the
presence of H2 carrier gas, the equilibrium for carbonium
ion formation may be shifted by the H2 molecules which
may hydrogenate the reaction intermediates and/or coke
compounds to from partially hydrogenated polyaromatic
compounds.

The effects of carrier gas dilution have been studied with
N2 carrier gas by varying N2/cumene molar ratios. It is found
that the extent of carrier gas dilution has a strong influence
on the formation of less bulky carbonaceous residues (soft
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cokes) but has little or no effect on the formation of bulky
carbonaceous residues (hard cokes) except for system with
very small N2/cumene ratio. Moreover, the coke-induced
selectivity is more notable for a system with greater N2

dilution.
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