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Abstract

Reaction kinetics data were collected for the conversion of isobutane over H-mordenijtezantite, under conditions where reaction
was initiated primarily by addition of isobutylene to the feed and where stable catalyst performance was achieved. We successfully extende
our kinetic model, previously developed to describe the conversion of isobutane over USY, to describe the reaction kinetics data of the
present study. Catalyst performance for isobutane conversion is controlled primarily by composite activation energies, defined in terms
of the energies of transition states relative to gas-phase reactants. The composite activation energies of monomolecular activation stej
are lower by about 20-25 kJ mot over H-mordenite ang-zeolite compared to USY. In addition, the composite activation energies for
hydride transfer and oligomerizatipf-scission steps are lower by about 20-30 kJMhabver H-mordenite ang-zeolite compared to
USY. This result suggests that the same zeolitic interactions responsible for stabilizing the transition states for monomolecular activation
are also important for stabilizing the transition states for hydride transfer and oligomerigagoission reactions. Our results also suggest
that the heats of adsorption of olefins are more exothermic on H-mordenitg-aedlite compared to USY, again implying that the same
interactions responsible for stabilizing the transition states for monomolecular and bimolecular reactions are also important in stabilizing
adsorbed reaction intermediates.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction ited number of kinetic parameters and used reaction steps
from various families of reactions involved in the crack-
Studies of reactivity trends exhibited by hydrocarbons on ing process: adsorptigdesorption of olefins and paraffins,
solid acid catalysts have contributed significantly to under- oligomerization -scission, isomerization, hydride transfer,
standing factors that control catalytic activity and selectiv- and monomolecular activation or initiation reactions. The
ity during catalytic cracking [1-24]. Among the different model allowed us to obtain composite activation barriers for
probe reactions that have been studied, the conversion ofkinetically significant steps and to perform sensitivity analy-
isobutane is particularly useful because the product distri- ses to probe the degree of rate control for all steps in the
bution provides information about the relative contributions model [29]. In the present paper, we report reaction kinet-
of monomolecular and bimolecular reaction pathways ob- jcs data for the conversion of isobutane over H-mordenite
served during the cracking of light paraffins [25-28]. Re- and g-zeolite. While these zeolites are not used commer-
cently, we developed a kinetic model to describe the reac- cjally for catalytic cracking, various studies in the litera-
tion kinetics of isobutane conversion over a USY catalyst re have compared the catalytic properties of these zeolites
for a wide range of reaction conditions [29]. This model de- yith USY for monomolecular cracking, with the aim of elu-
scribed a complex product distribution in terms of a lim- jgating the factors that control catalyst performance. Ac-
cordingly, we have conducted our study of isobutane con-
~* Corresponding author. version over H-mordenite ang-zeolite to determine how
E-mail address: dumesic@engr.wisc.edu (J.A. Dumesic). the rates of monomolecular activation, oligomerization
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B-scission, and hydride transfer reactions over these zeolitesUnit (Engelhard) followed by a bed of molecular sieve at
compare to those over USY. 77 K, helium was purified by an activated molecular sieve
Various researchers [18,20,24,30] have studied monomo-bed at 77 K, while isobutane, with a total hydrocarbon
lecular activation of light alkanes at elevated temperaturesimpurity level below 20 ppm, was used without further
over USY, H-mordenite, and-zeolite and have shown that purification. The total flow rate of feed to the reactor was
catalytic activity may be related to the nature of the pore 60 cn(NTP)/min. We adjusted the temperature of the first
and its size [20,22,31]. In the present study, we have carriedreactor, loaded with 1.0 g of a Pt-8nzeolite catalyst,
out isobutane conversion at temperatuges73 K, where between 473 and 573 K to vary the dehydrogenation—
the reaction is initiated primarily by the addition of isobu- hydrogenation equilibrium of the isobutafté, gas mixture,
tylene to the alkane feed. Accordingly, these data provide and thus control the isobutylene concentration of the feed
information about the rates of oligomerizatjgiscission to the second reactor. The second reactor was loaded with
and hydride transfer, thereby permitting us to determine the 0.023 g of H-mordenite or 0.022 g gfzeolite. We diluted
extent to which pore size and type, that are known to control both catalysts with 0.057 g of pelleted fumed silica to
monomolecular activation, affect the rates of bimolecular avoid reactor channeling and, before collecting kinetic data,
reactions. As before [29,32], we also conduct sensitivity calcined the catalysts at 773 K for 4 h in drg @t a flow of
analyses with respect to rate constants for monomolecular200 cr?(NTP)/min.
and bimolecular reactions to show the degree to which  We conducted kinetics measurements over H-mordenite
certain relationships control catalyst performance under at 523 and 573 K. Feed compositions consisted of 10%
different reaction conditions. hydrogen with 20, 40, or 80% isobutane in helium; we
used isobutylene feed levels nominally equal to 50, 100,
and 150 ppm. We studied-zeolite over the temperature
2. Experimental range of 473-573 K, using feed compositions of 10%
hydrogen with 20 or 80% isobutane in helium, and with
Table 1 shows the properties of the H-mordenite and isobutylene feed levels nominally equal to 20, 35, 50, 70,
B-zeolite catalysts used in this study. The Brgnsted and and 100 ppm. We analyzed all products in the effluent gas
Lewis acidity were determined by Fourier transform infrared stream with a gas chromatograph (Hewlett-Packard 5890),
spectroscopy with pyridine as the probe molecule. The FTIR equipped with a flame ionization detector and a 13-foot
experiments were carried out with a Perkin-Elmer 1750 Alltech column packed with 800 mesh 0.19% picric acid
spectrometer operating in the diffuse reflectance mode, usingon Graphpac-GC.
a Spectra Tech controlled-environment cell, as described
elsewhere [33]. The numbers of Brgnsted acid sitessfor
zeolite and H-mordenite are similar and are lower than those 3. Results
for the USY sample used in our earlier study [29]. The
number of Lewis acid sites fop-zeolite is significantly 3.1. Effect of temperature on monomolecular activation
higher than that of the USY catalyst, whereas no Lewis acid
sites were detected for H-mordenite. We first evaluated the effects of temperature on the rate of
We carried out our experiments using a combination isobutane conversion over H-mordenite ghaeolite with
of two quartz flow reactors connected in series, according the temperature of the first reactor maintained at 300 K,
to the procedure described in our study with USY [29]. where the equilibrium for isobutane dehydrogenation is
The feed to the first reactor consisted of different fractions unfavorable. No isobutylene was detected in the product
of isobutane (AGA, research grade, 99.99%) hydrogen stream exiting the first reactor, and the feed to the second
(Praxair, 99% purity), and helium (Praxair, 99% purity) at a reactor consisted of only 10%;Hvith 20 or 80% isobutane
total pressure of 1 atm. Hydrogen was purified via a Deoxo in helium. We monitored the formation of reaction products
from the second reactor while increasing the temperature

Table 1 from 373 K in 25 K intervals.
Physical properties of the zeolite catalysts Over H-mordenite we observed no detectable catalytic
Properties Catalyst activity in the absence of feed olefins at temperatures below

473 K. Activation of isobutane initially detected at 473 K

USY2  H-Mordenitd  B-Zeolited® ) . ) i
with 80% isobutane in the feed led to the formation of

i C
:égl/gff:se area (g1 66‘;‘5 421(; 52653 methane, ?sobutylenez-butane, propane, .and isopentane.
Unit cell size (A) 24549 _ _ For experiments conducted with 20% isobutane in the
Bronsted acid sites (umofd) 662 403 377 feed, we obtained measurable rates of formation of these
Lewis acid sites (umolgl) 105 0 498 products at 573 K. Oveg-zeolite we detected products at
a Ref. [29]. temperatures above 498 K for isobutane feed concentrations
b Zeolist International. of 20 and 80%. Our results for H-mordenite agree with those

¢ Si/Alframework= 48 reported by Fogash et al. [34], who did not detect activity
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for isobutane conversion in the absence of feed olefinstane production oveg-zeolite. More importantly, the rate
on H-mordenite at 473 K. These results in the absenceof alkane formation over H-mordenite aritzeolite was
of feed olefins show that isobutane activation becomes markedly higher than the rate of alkane production pre-

measurable at lower temperatures over H-mordeniteand

viously observed over USY under similar reaction condi-

zeolite compared to over USY where temperatures abovetions [29]. As an example, Figs. 1a and 1b show the rate
of n-butane production over USY argi}zeolite at 523 and

573 K, respectively. We report all rates as turnover frequen-
cies (TOF), where we assume the number of active sites to

600 K are required [29].

3.2. Product distributions

The main products observed for the conversion of isobu-
tane over H-mordenite and-zeolite were propane;-bu-
tane, and isopentane. We obtained small amounts-of
butenes (mostiytrans-2-butene) under all reaction con-
ditions, and detected only trace amounts of propylene
(ca. 5 ppm) for both catalysts. F@-zeolite, we detected
propylene only at higher temperatures (523-573 K) and
20% isobutane feed concentration. Additionally, the total
amount of heavier hydrocarbons (i.e., species heavier tha
pentane), when observed, was usually less than 50 ppm fo
H-mordenite and 10 ppm fg-zeolite. We detected methane
over H-mordenite ang-zeolite at 573 K, but did not note

be equal to the number of Brgnsted acid sites (Table 1). For
experiments conducted with 80% isobutane feed concentra-
tion, the rates over H-mordenite apdzeolite were about

20 to 45 times higher than the rates over USY. As shown in
Figs. 1a and 1b, the difference for the ratewelbutane pro-
duction betweerg-zeolite and USY became even larger for
experiments with 20% isobutane feed concentration.

In line with high rates of paraffin production, we found
nthe paraffinolefin (P/O) ratio to be significantly higher
for H-mordenite ands-zeolite compared to that of USY.
Figs. 1c and 1d show the/P ratio for USY andg-zeolite
under various reaction conditions. In general, tH®Patios

any formation of ethane or aromatics under the conditions for f-zeolite were larger than those of USY by about 25
and 10 times, for experiments conducted at 523 and 573 K,

of this study.

The rate of alkane production over H-mordenite ghd

respectively. In addition, H-mordenite exhibited a slightly

zeolite was similar under the same reaction conditions. No larger PO ratio thang-zeolite for experiments with 20%
significant effect of isobutane feed concentration was ob- isobutane in the feed. Our results agree with those reported
served for the rate of production of propane and isopen- by others for the conversion of isobutane over H-mordenite

tane; however, a slight effect was found for the rate-dmiu-
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Fig. 1.n-Butane TOF and paraffiimlefin ratio as a function of initial isobutylene concentration for USY (squaresparablite (triangles). Kinetic experiments
were conducted with a feed composition of 20% (open symbols) or 80% (full symbols) isobutane y18%eHHe as balance.
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3.3. Reaction conditionsfor stable catalytic performance of isobutylene in the effluent was equal to about 30—-40% of
the isobutylene feed concentration. The extent of isobutylene
Hydrocarbon reactions over solid acid catalysts are typ- consumption decreased at higher temperature (573 K), and it
ically accompanied by catalyst deactivation over time. We was practically not affected by isobutane feed concentration.
have therefore tried to carry out experiments under condi- In addition, the extent of isobutylene consumption over H-
tions where there is little or no observed deactivation. In mordenite at low temperature (523 K) and low isobutylene
agreement with our previous kinetic study on USY cata- feed level (below 100 ppm) was higher than that previously
lyst [29], and others [39,42], low fractional conversions of observed for USY under similar reaction conditions [29].
isobutane favor stable performance. In the present study we Fig. 3 shows, as an example, the ratenelbutane pro-
maintained the fractional isobutane conversion below 1%. duction as a function of time on stream oygizeolite. At
Fig. 2 shows the rates of paraffin production, as evidencedhigh temperatures (573 KB-zeolite showed negligible de-
by the formation ofn-butane, as a function of time on activation even with 20% isobutane in the feed, irrespective
stream over H-mordenite. Typically, the outlet concentration of isobutylene feed concentration. Fig. 3a illustrates the fact
of isobutylene in the effluent gas and the rates of paraffin that lower temperatures (523 K and below) required an in-
production reached steady state after 30 min, and catalystduction time to reach steady activity for all isobutylene feed
performance remained stable thereafter for at least 150 min.concentrations. In this case, a high concentration of isobu-
Fig. 2a shows that at low temperature (523 K) and low isobu- tane in the feed (80%) favored more stable production of
tane feed concentration (20%), a higher isobutylene concen-rn-butane. As with H-mordenite, we noted significant con-
tration led to a more significant decrease in the catalytic ac- sumption of isobutylene under most reaction conditions on
tivity of H-mordenite with time on stream. However, Fig. 2b  g-zeolite.
shows that this initial decrease in activity was less pro- In summary, we identified conditions where isobutane
nounced at higher isobutane feed concentrations. We believeconversion over H-mordenite and-zeolite is initiated
that the stabilizing effect of isobutane is due to the increase primarily by feed olefins and where steady-state data may be
in the rate of hydride transfer reactions over oligomerization collected in the absence of deactivation. For H-mordenite,
reactions, and consequently a decrease in the surface covewe collected steady-state data at 523 and 573 K, with
age of precursor coke species. For most of the reaction con-isobutane feed concentrations of 20, 40, and 80%, and for
ditions used for H-mordenite, the steady-state concentrationisobutylene feed concentrations from 50 to 150 ppm.Ag~or
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Fig. 2.n-Butane TOF as a function of time on stream for kinetic studies conducted over H-mordenite. (a) Feed includ¢diG0 @), or 150 @) ppm of
isobutylene; (b) feed included: 2@}, 40 (J), or 80% () isobutane. In all experiments, 10% o$ Was added and He was used as balance in the feed.
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Fig. 3.n-Butane TOF as a function of time on stream for kinetic studies conductedgexeolite with a feed consisting of 20% isobutane, 10% hydrogen,
and isobutylene feed concentration of 20)(35 (), 50 (O), 70 () and 100 ppm%). He was used as balance.
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zeolite, we collected steady-state data with 20% isobutane4.1. The reaction scheme
feed concentration at 473-573 K, and with 80% isobutane
feed concentration at 473-523 K. In each case, we varied The kinetic model includes steps for monomolecular ac-

the isobutylene feed concentration from 20 to 100 ppm. tivation or initiation (we use the terms interchangeably) of
isobutane to produce hydrogen or methane and the corre-
3.4. Seady-state rates of formation of alkanes sponding alkoxy species [43]. The reaction scheme consists

of oligomerization 8-scission, isomerization processes, hy-

Over H-mordenite at 523 and 573 K. an increase in dride transfer steps which form paraffins, and desorp-
isobutylene feed concentration increased the rates of alkand!On Of adsorbed alkoxy species to form olefins. Olefin
formation for all isobutane feed concentrations (20, 40, and @dsorptioridesorption steps are reversible, with adsorp-
80%). This effect was more prominent at the higher temper- tion steps initiating reactions and desorption steps termi-
ature. For example, at 523 K and 40% isobutane feed con-hating surface reactions. The reaction scheme for isobu-
centration, the rate of-butane production increased from (@n€ conversion over H-mordenite ajazeolite consists
5.9 to 8.6 Ir! when the isobutylene feed level was raised ©f 2 activation steps, 106 oligomerizatigrscission steps,
from 50 to 150 ppm. At the same isobutane and isobuty- 78 |somer|zat|on s_teps, 88 hydride trgnsfer steps,. and 93
lene feed concentrations but 573 K, the corresponding rates®dsorptioridesorption steps. The reaction scheme includes
of n-butane production increased from 7 to 23:5 hin ad- a total of 190 species, with 93 olefins, 89 surface species,
dition, for a given isobutylene feed level, the rates of alkane 6 paraffins (with all paraﬁlns having 6 or more carbon atoms
formation were essentially independent of the isobutanefeed_gr‘mpe_Ol as one specie), and hydrogen. We have; descnped
concentration. As an example, the raterebutane produc- in detail elsewhere the procedure to generate this reaction
tion at 573 K and 100 ppm of isobutylene feed concentration scheme [29].
changed from 18.1 to 16.6 1, when the isobutane feed con- h ) .
centration increased from 20 to 80%, respectively. We noted 4.2. Thermodynamic properties

similar trends for the rates of propane and isopentane pro- ) ) )
duction. We obtained absolute entropies and enthalpies of forma-

tion for gaseous olefins and paraffins in their standard states
(i.e., at 1 atm and the reactor temperature) from handbooks
for hydrocarbons with fewer than 7 carbon atoms and for

but had a negligible effect on the rate of isopentane forma- €avier hydrocarbons estimated them using Benson's group
tion. For example, at 498 K and 100 ppm of isobutylene contribution methods [44-47]. The thermodynamic prop-

feed concentration, the rateofbutane productionincreased erties of all surface species are calculated based on stan-
from 4.5 to 11.6 ! when the isobutane feed level increased dard entropy changes and enthalpy changes of adsorption for

from to 20 to 80%. Conversely, for the same reaction condi- gaseous (_)Ieflns. . .
tions, the rates of isopentane production varied only from 3 We de_flne the enthalpy of formation for a surface SPecies,
to 3.5 hrL. Increasing isobutylene feed concentration led to Hsurface In terms of the enthalpy of formation of the
higher rates of-butane, propane, and isopentane production corresponding gaseous olefiioiefin, by

for experiments with 80% of isobutane feed concentration HE,rtoce= Hjetin+ AHS + ap(Ne — 3), (1)

for the whole temperature set used in this study. However,

for experiments with 20% of isobutane in the feed, the rates Where Hg .. and Hgq, are the enthalpies of formation

of production of all alkanes were markedly increased by the ©f the surface species and the corresponding olefin, respec-
isobutylene feed concentration only at 573 K. At 523 K and tively, AH3 is the enthalpy change of adsorption for pro-
below, the rates of-butane production were almost constant PYlene, N¢ is the number of carbon atoms in the surface

for experiments with more than 40 ppm of isobutylene in the SPeCies, and is the slope of the linear variation of the
feed. adsorption heat with carbon number. We determindy;

from the analysis of the reaction kinetics data. We egt
equal to—0.54 kJmot?, the value we used in the USY
model [29], because a similar variation of the adsorption heat
with carbon number is expected for H-mordengezeolite,
and USY [48,49].

The entropy of formation for a surface species is defined

Over B-zeolite, increasing isobutane feed concentration
increased the rates of propane andutane production con-
siderably (for isobutylene feed levels higher than 40 ppm),

4. Formulation of the kinetic model

To compare the catalytic properties of H-mordenite and
B-zeolite with those of USY, we have analyzed the experi-
mental data obtained in the present study for isobutane con- on

. . . . . . surface
version over H-mordenlte and-zeolite using the klngtlc Ssurface= Floc{(SSaS— StransSD) + Rln( )
model that we previously used to describe the kinetics of Osurface
isobutane conversion over USY [29]. We outline the essen- 2'gas
. S R . —RIn , (2)
tial aspects of the kinetic model in this section.

Ogas
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where Sgas is the absolute entropy of the corresponding tivation are not very different [29]. Consequently, we con-
gaseous species under the standard state condifiaszp strain both activation energies to the same value.

is the gaseous translational entropy under these conditions, We parameterize oligomerizatipf-scission steps in
andn ando refer to the number of chiral centers and the terms of thes-scission rate constant and set the preexpo-
symmetry numbers of “surface” and “gas” species, respec- nential factor equal to a typical value of #0s~1, which
tively. The parameteiFioc scales the symmetry-corrected corresponds to the entropy of the activated complex being
value obtained from the corresponding gas-phase speciesgqual to that of the adsorbed reactant species. The activa-
and because the adsorbed species involved in the reactiofion energy of 8-scission, Eg, depends on the nature of
scheme are the same for all catalysts, we set it equal to 1.17the -scission process. We consider three differEptval-

the value obtained from the USY study [29]. ues: Eg ss the activation energy fop-scission of a sec-
ondary species to form another secondary spedigss,
4.3. Rate constants corresponding to thg-scission of a secondary species to

form a tertiary species g8-scission of a tertiary species to

We use the aforementioned thermodynamic values to form a secondary species; afg,i, corresponding to thg-
obtain equilibrium constants for all reactions. Since the Scission of a tertiary species to form another tertiary species.
equilibrium constant for an elementary step is equal to the With USY [29], we found the following trend of s values:
ratio of the forward to the reverse rate constants for the £p.ss= Ep.st> Eg it
step, we can parameterize the model in terms of either VW& found in our previous study with USY [29] under
rate constant. Table 2 summarizes the rate constants for thé@action conditions similar to those used here that non-
various reactions included in the model and indicates the Pranching and branching isomerization steps were quasi-
direction of parameterization. equilibrated. Accordingly, we set the values of the activa-

The adsorptiofidesorption steps are parameterized in the Fion energies fgr these kinetipally insignificant, nonbranch-
adsorption direction. In our previous study over USY, we N9 and branching isomerization steps equal to the values we
found that the activation energy for adsorptidfgs Was used for USY, 80 and 110 kJ md, respectively, for both H-
kinetically insignificant. Therefore, we use a 30 kol ~ Mordenite ang-zeolite. _ o
value from DFT calculations [50-52] for H-mordenite and We pa.ramet'en;e hydride transfer steps in the.d|rect|on of
B-zeolite so that these steps remain quasiequilibrated. the_ reqctlon with |sobutan.e. The rate constant includes the

We calculate the rate constants for the monomolecular activation energy for hydride transfefy, and an entropy

activation or initiation stepskinit, using collision theory in chaTnge relatetho the formation of the activated complex,
the forward direction. Monomolecular activation of isobu- 2 Shydride If AShyarige IS €qual to zero, then the expression

tane produces hydrogen or methane and the Correspondfortherate constant i§giyen bythe collision ratg_of isobutane
ing alkoxy species. Accordingly, we consider two activa- mol.ef:ules on the acid S|tes't|m'es the probablll.ty that these
tion energiesEinit+, and Einit.ch,. Experimental data for collisions surmount the activation energy barr.|er..|n view
the steady-state concentration of methane, measured for bottef the narrow temperature range used in the kinetic studies
catalysts under different reaction conditions, allow the eval- for H-mordenite ang-zeolite, we setA S/, 414, €qual to
uation of Einit.ch, (Since methane can only be produced via —24.3 JmottK—1, the value obtained from our study with
activation of isobutane). Results of our study with USY show USY [29].

that the activation energies for the two steps of isobutane ac- In summary, based on our previous studies of isobutane
conversion over USY, we described the reaction kinetics
over H-mordenite angB-zeolite using only 6 parameters

Table 2 L Lo

Definition of the different rate constants for the kinetic model that are kinetically significant, namelyxHs, Eg, Ec;, Ec,,

Step Parameterization Rate equation Ecg, and Ec_.. We assumed that the reactor qper_ated as

direction a plug-flow reactor and determined the fitted kinetic para-
Adsorption/ oxp(_ Zact) meters along with the corresponding 95% confidence inter-
. _ exp(—Zads) ) ) .

desorption Adsorption kads= 7o ioT Asite val by using Athgna Vls'ual Workpench [53]. Accqrdmgly,

Monomolecular Reaction with O exp( Ly » we solved 100 differential equations, Cprrespondmg to the
activation(initiation)  site proton it = kg T | St gaseous molecular flow rates of paraffins (6), olefins (93),

Oligomerizatiory 4-Scission ks = 108 exp(— 5—5 ) and hydroge;n versus reactor Iength.. We combined t.hese
p-scission . b equations with 89 steady-state equations for the fractional

Isomerization Any kiso = 10" exp(— 75°) surface coverage by adsorbed species, and 1 site-balance

i ast_Ey i
Hydride transfer Reaction _exp(8-2) equation.

o ky = Asgj
with isobutane "N T /ZumakgT  SHE

k, rate constantE, activation energy, kJ mol; S, entropy, kJmot1K—1;
R, gas constant?, temperaturekg, Boltzmann’s constanina, mass of . B . . . )
reactant gas-phase molecule; area occupied per site, 18° cm? site~1 Sensitivity analyses facilitate the identification of kinet-

(typical molecular cross-sectional area). ically significant steps in a complex multipathway process

4.4. Sengitivity analyses
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such as the conversion of isobutane over zeolite catalysts,Table 3

and thus heIp determine which reactions control the overall Values of the kinetic parameters for isobutane conversion over various
. - . . zeolites

process. In addition, these analyses indicate how the kinetic

significance of one step with respect to another changes ag’arameter usy H-MOR B
a function of reaction conditions. A useful tool to assess ki- aH —0.54 —-0.54% -0.542
netically significant steps is Campbell’s degree of rate con- foc 117+0.01 1179 117
trol [54], Xrc,i, which for step is defined as ggin lS;iof 05 _12&2‘?0‘9 _135;0'5
ar ki for ar ki rev Einit,CH, 1543+ 0.5 134.5% 129.%
Xre,i = (E)k > — = <ak» ) —. (3) Ept 1022458 1201407 1192+ 0.4
ifor/ Keqix; " i.reV/ Keqik; Eg st 1151457 1201407 1192+ 0.4
where each par_tial derivative represent; the change in thegg’js 16145; ff '47 1727341 ff’ '22 171;52 fg ;54
overall rate,r, with respect to a change in the forward or Ec, 765+ 1.4 828+ 0.7 847+ 0.3
the reverse rate constant for stef; for Or ki rev, keeping Ecy 622+17 70.¢ 750+ 1.0
the equilibrium constant for steip Keq;, and all other rate Ec_. 622414 721+21 715+ 0.6
constantsk; constant. In the above expression, the overall ASff,ydride —243£22 —2432 —2432

rater is given by the consumption of isobutane. Importantly, , . . . 1

. Activation energies andvy are given in kJmot+, entropy changes
the S';Jm of the valges QYRCJ for all of the stepg IS equal in Jmor1K~1, and Fio is dimensionless. 95% confidence interval is
to unity for a reaction scheme that leads to a single overall indicated next to the parameter value.

reaction [55]: * Values from Ref. [29].
@ Value constrained to that for USY.
Z Xrci =1 (4) b Value constrained to that @in,cH, -
i

¢ Value constrained to match methane concentration in effluent.

. Not kinetically significant.
In general, a sum oKrc; greater than unity indicates the v si9

existence of multiple reaction pathways for consumption of
the reactant [32]. We note that as conversion approacheghe most abundant surface species over H-mordenite is the
100%, the rate of consumption of the reactant is controlled n-butyl species for 20% isobutane feed concentration, and
by the flow rate to the reactor, rather than by values of the isobutyl species for 80% isobutane. Other species with
the rate constants, therefore, the sum of valuexgf; significant surface concentration at both isobutane feed lev-
approaches zero at 100% conversion. els are propyl and isopentyl species. In addition, the fraction
of H-mordenite surface covered by heavier adsorbed species
is negligible (below 103). Results ong-zeolite are simi-
lar, with slightly higher adsorbed species fractions than H-
5.1. Predictions from the kinetic model mordenite at 523 K.
Table 3 shows that the activation energies for monomo-

Table 3 summarizes values of the kinetic parameters lecular activation of isobutane are equal to 129.5 kJthol
used to describe the reaction kinetics data with H-mordenite for g-zeolite and 134.5 kJ mot for H-mordenite; and these
and g-zeolite, including 95% confidence intervals for the values are lower that those for USY [29]. Monomolecular
kinetically significant parameters and compares them with activation of isobutane becomes relevant at a lower temper-
those found previously with USY [29]. Importantly, we ature forg-zeolite (498 K for 20 and 80% isobutane in the
find only six parameters to be kinetically significant for H- feed), and H-mordenite (473 K for 20% or 573 K for 80%
mordenite ang-zeolite, and the other kinetic parameters are isobutane), as compared to US¥ 600 K for both isobu-

5. Discussion

therefore fixed at constant values. tane feed concentrations).

Values of A H3 for H-mordenite ang3-zeolite are simi- The values ofEg ss Eg st and Egy are similar for H-
lar, indicating that the heat of adsorption of alkenes on both mordenite andg-zeolite, and are higher than those for
catalysts is nearly the sama;H3 for H-mordenite andB- USY. However, the values ofg for USY are linked

zeolite is more exothermic by 31.2 and 32 kJ molrespec- to the kinetically insignificant values ok H3. Therefore,
tively, compared to that for USY. Since surface coverage on comparison of the values dfg will be discussed later in

USY was very low under all reaction conditions (%), terms of composite activation energies, where we include the
A Hj for this catalyst was kinetically insignificant and was value of A Hs.
fixed at a reasonable value 90 kJmot™, as explained The trends in the various activation energies for hydride

in Ref. [29], with the remaining kinetic parameters adjusted transfer steps over H-mordenite afiezeolite are similar to
to fit the data. However, the kinetic model predicts higher those for USY;Ec, in each case is the highest. We found the
surface coverages by hydrocarbon species on H-mordenitevalue of Ec, over H-mordenite to be kinetically insignificant
(5 to 52%) angB-zeolite (9 to 63%) under the same reaction and fixed it at 70 kJmot, the value at which it becomes
conditions used for USY. Therefore, the value/oflz may kinetically significant (that is, the value above which it
be estimated from the reaction kinetics data. At 523-573 K, affects the prediction of the kinetic model). Activation
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Fig. 4. Paraffin TOFs and isobutylene outlet concentration over H-mordenite as a function of isobutylene feed concentration.n(@atsth®) (c and d)

propane, (e and f) isopentane, and (g and h) isobutylene. Predictions of the kinetic model are given by solid lines for the full model and dottédelines fo
simplified model.

energies for hydride transfer ov@r-zeolite are closer to  tane, and isopentane, as well as the outlet concentration of
those for H-mordenite, and in both cases are larger thanisobutylene, over H-mordenite for various reaction condi-
those for USY by more than ca. 10 kJ mbl tions. In general, the kinetic model describes the experimen-
The solid lines in Fig. 4 show the predictions of the ki- tal trends for all the paraffins. The kinetic model begins to
netic model for the rates of formation of propamebu- underpredict the rates of paraffin production at lower isobu-
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Fig. 5. Paraffin TOFs and isobutylene outlet concentration @gveeolite as a function of isobutylene feed concentration. (a and-B)tane, (c and d)

propane, (e and f) isopentane, and (g and h) isobutylene. The experiments were conducted with a feed composition of 20% (open symbols) or 80% (ful
symbols) isobutane, 10%21and He as balance. Predictions of the kinetic model are given by solid lines for the full model and dotted lines for the simplified
model.

tane feed concentrations (i.e., below 40%) and high isobuty-  The predictions of the kinetic model for isobutane conver-
lene feed levels (i.e., above 100 ppm), particularly at low sion overg-zeolite are shown as solid lines in Fig. 5 for the
temperature (i.e., 523 K and below). These conditions lead torates of formation of propane;butane, and isopentane, as
high surface coverages by adsorbed species, and these dataell as the outlet concentration of isobutylene, under various
are not shown in Fig. 4. reaction conditions. The kinetic model describes the exper-
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imental trends for all the paraffins and isobutylene for most isobutane are already defined with respect to the gas phase,
of the reaction conditions. We find deviations from experi- no further adjustment is required for these barriers.

mental data only at low temperature and high isobutane and  Table 4 shows that the activation energies for monomole-
isobutylene feed concentrations. For instance, at 473 K andcular activation of isobutane over H-mordenite are lower
100 ppm of isobutylene in the feed a difference of about than those over USY by about 20 kJmbl This result
40% between the observed and the predietdaitane TOF agrees with previous findings in the literature. For example,
is found for experiments conducted with 80% isobutane in Babitz et al. [20] reported a difference of 20 kJ mbbe-

the feed. Predictions of the model at this low temperature tween the composite activation energies for monomolecular
indicate that the surface ¢f-zeolite is highly covered by  activation ofn-hexane over H-mordenite and H-USY cata-
adsorbed species. We suggest that the kinetic model may belysts. Activation energies for monomolecular activation of

come unreliable at these high coverages(0%). isobutane ovep-zeolite are lower than those of USY by
about 26 kJmal®. This result agrees with previous find-
5.2. Comparison of H-mordenite and S-zeolite with USY ings of Kotrel et al. [30], who reported a difference of about

21 kJmot! between the apparent activation energies for

Various groups have compared activation energies for Monomolecular activation of hexane overgand H-Y ze-

monomolecular activation of light alkanes over acidic zeolite °lit€ catalysts.
catalysts [3,30,31]. These comparisons use the composite 1229 et al. [3] and Narbeshuber et al. [31] have sug-
activation energy Ecomp), Which is the sum of the heat of gested that differences in the composite activation energies

adsorption of the alkane\(Hagd and the intrinsic activation for monomolecular activation over zeolites are related to dif-
energy Einy), as initially suggested by Haag [3]: ferences in the heats afalkane adsorption. In concert with

this idea, when we compare H-mordenite ghdeolite to
Ecomp= AHags+ Eintr. (5) U'SY, we find that diﬁerencgs qf com.posite activatign ener-

gies for monomolecular activation of isobutane are in agree-
Accordingly, the value of the composite activation energy ment with differences in the heats of alkane adsorption for
represents the energy of the transition state for monomole-these zeolites. For example, Denayer et al. [49] reported that
cular activation relative to the gaseous alkane reactant. Wethe adsorption of:-pentane was stronger by 19 kJ mbl
recently used this approach to elucidate the differences infor H-mordenite compared to Y-zeolite, and the heatof
activity and selectivity of USY catalysts during the conver- hexane adsorption was stronger by 23 kJThoBimilarly,
sion of isobutane and 2-methylhexane [29,32]. We now fol- Kotrel et al. [30] reported that the heatwfhexane adsorp-
low a similar approach to compare the catalytic performance tion was stronger by 20 kJ mo} over g-zeolite compared
of H-mordenite angB-zeolite with that of USY. to Y-zeolite.

Table 4 shows composite activation energies for the  Fig. 6 further illustrates the comparison of the compos-
three catalysts. We obtain the composite barriers for theite energies for monomolecular activation and propagation
oligomerizatiorf 8-scission steps and the hydride transfer steps (i.e., hydride transfer or oligomerizatigascission)
steps by adjusting the actual barriers/hyfs, in accord with shown in Table 4. As an example, Fig. 6 shows schematic
Eqg. (5). These composite activation energies represent therepresentations of the composite barriers for monomolecu-
energies of the transition statestative to gaseousreactants. lar activation of isobutane and the hydride transfer reaction
Since activation barriers for monomolecular activation of between propyl species and gas-phase isobutane for both,
USY (solid lines) and H-mordenite (dotted lines). Fig. 6a
shows that the composite energy for monomolecular activa-

Table 4 .

Values of compositle activation energies. All composite activation energies :L?n OtfhiStOb:‘JtheYO\é?r T'Torg_enitgb's ;9'8 ktiwfotlf?wer

are given in kJ mot an that o . olmilarly, Fig. sSnows tha e com-
Composite Catalyst pqsite energy (i.e., .With respect to gas phase) for the hy-
energy USE HM  § A(USY.H-M) AUSYS) A(HM.5) dride transfer reaction over .H-mor.denlte is 18.2 kJmhol
ot AHa o2 11 30 32 e P lower than that of USY, as indicated |n.colum_|QU$Y,H—M) _
Est+ AHs 251 —11 —30 26.2 281 o of Table 4. In general, the composite activation energies
Ess+AH3 251 19 —30 23.2 28.1 o for oligomerization 8-scission (neglectingyt) and hydride
Ecy+AHz —257 —439-437 18.2 18.0 -01 transfer steps over H-mordenite are generally lower by ca.
Ec,+AH3 —135-384-375 24.9 24.0 —-09 20 kImol ! compared to those over USY (Table 4). For
Egs ++A5213 :S;g s :gg? e 12%‘; - B-zeolite, the I/alges are generally lower by a range of ca.
Em;sz 1565 1345 1295 220 270 D 20-28 kJmot+ with respect to those for USY. Thus, the

Einit.ci 1543 1345 1295  19.8 24.8 D differences of the composite activation energies found for
5 4 3 ) ) . . . .
Last three columns indicate the difference between the composite activation"?-smsspn and hyd.”de transfer ar.e Slm”.ar '[.O the afor.emen-
energy values for USY and H-mordenita(USY,H-M): USY andg-zeo- tioned differences in the composite activation energies for
lite, A(USY,); and H-mordenite angd-zeolite, A(H-M, B). monomolecular activation steps. Importantys result sug-

& From Ref. [29]. gests that the same interactions responsible for stabilizing
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Fig. 6. Schematic diagram for comparison of composite activation energies for USY (full line) and H-mordenite (dotted line): (a) initiatioh rstdpdé
transfer of isobutane ands& species. Enthalpy of adsorption and all energies values are given in k3 mol

the transition states for monomolecular activation over zeo-
litesare also important in stabilizing the transition states for
B-scission and hydride transfer. These interactions are most

likely caused by van der Waals and electrostatic forces be-
tween the hydrocarbon moieties and the micropore walls of

the zeolite.
As noted earlier, the value @ H3 is kinetically insignifi-

Importantly, no further adjustment of the kinetic parameters
was required after the sensitivity analysis. Thus, the same set
of kinetic parameters was employed for the extended and the
simplified kinetic models.

Fig. 8 shows the sum of the absolute values of Camp-
bell's degree of rate contro} | Xrc,i|, for monomolecu-
lar activation, hydride transfer, argdscission, as a function

cant for USY, because surface coverage by adsorbed speciesf isobutylene feed concentration at two different tempera-

is low under all reaction conditions. In contrast, the value

of AHsz can be estimated from reaction kinetics measure-

ments over H-mordenite ang-zeolite because these cat-

tures, 473 and 573 K, and isobutane feed concentrations, 20
and 80%. We conducted these simulations using the same
site velocity for all three catalysts (i.e., the same flow rate of

alysts operate at higher surface coverages. Adsorption ofisobutane per acid site); therefore, since the composite acti-

olefins (related ta\ H3) is more exothermic on H-mordenite
and B-zeolite compared to USYrThis result suggests that
the same interactions responsible for stabilizing the tran-
sition states for monomolecular activation, 8-scission, and
hydride transfer are also important in stabiliziing the ad-
sorbed surface alkoxy reaction intermediates.

5.3. Senditivity analyses

Using Eq. (3), we calculated Campbell’s degree of rate
control, Xrc,;, for each step in the reaction scheme for H-
mordenite angs-zeolite, identified the kinetically significant
steps, and thus built a smaller kinetic model by combining
these steps with a limited number of quasiequilibrated

vation energies for USY are higher, the conversion of isobu-
tane is lower for USY compared to that for H-mordenite and
B-zeolite. We also give in Fig. 9 the corresponding steady-
state net rates calculated at the exit of the plug flow re-
actor for monomolecular activation, hydride transfer, and
B-scission steps. Results of the sensitivity analysisgor
zeolite at 573 K and 80% isobutane were calculated by ex-
trapolation of the reaction conditions used for the kinetic
analysis.

Since trends op_ | Xrc,;| for all three reaction families
for H-mordenite are the same as f@rzeolite, we will
compare only the latter to results over USY. Fig. 8 shows
that trends for each reaction family vary as a function
of reaction conditions differently for USY and-zeolite.

steps to interconnect quasiequilibrated intermediates. OurFor USY, ) |Xrc,i| for monomolecular activation steps
results show that the same steps are kinetically significantis negligible at 473 K, and becomes noticeable only at

over both H-mordenite an@-zeolite, although the degree
of significance of each step is slightly different for each

573 K and isobutylene feed concentration below 100 ppm.
For hydride transfer ang-scission on USY,> | Xrc,|

catalyst. The simplified reaction scheme over H-mordenite depends on isobutane feed concentration. For 20% isobutane

and B-zeolite shown in Fig. 7 is similar to the simplified
scheme developed for USY [29]. The predictions of this

concentration) _ | Xrc,;| for hydride transfer steps is higher
than for B-scission steps over the whole range of reaction

simplified model for each catalyst are indicated by dashed temperatures and isobutylene feed concentrations. For 80%

lines in Fig. 4 for H-mordenite and in Fig. 5 fg@-zeolite,
and agree with the predictions of the full kinetic model.

isobutane feed concentration and isobutylene levels between
150 and 200 ppm, the higher degree of rate control shifts
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Fig. 7. Simplified reaction scheme for isobutane conversion over H-mordenitg-aedlite catalysts.

from B-scission to hydride transfer. Fig. 9 shows that the this difference narrows significantly; below 50 ppm of
net rates ofB-scission and hydride transfer are similar to isobutylene in the feed, the rate of monomolecular activation
becomes only 1 order of magnitude smaller than the rates of
to USY for all reaction conditions. At 473 K, the rate of g-scission and hydride transfer.

monomolecular activation over USY is smaller by as much

each other, and they are higher owizeolite compared

as 5 orders of magnitude than the ratesBe$cission and

Fig. 8 shows thad | Xrc,;| for the monomolecular ac-

tivation steps ovepB-zeolite are negligible at 473, partic-
hydride transfer. However, at 573 K, and 80% of isobutane, ularly at 20% isobutane feed concentrations. However, at
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573 K, Y_|Xrc.i| for monomolecular activation becomes where(x) is the concentration of active sites. The turnover
significant for a feed containing less than 100 and 200 ppm frequencyrc,, in the limit of low coverage is therefore
of isobutylene, for isobutane feed concentrations of 20 and

80%, respectively. For hydride transfer afigcission steps " = ki Kegn Pic, Pz - ©)
over B-zeolite, temperature plays an important role. At The partial pressure of the product paraffif,, may be
473 K, > | Xrc,i| for hydride transfer is higher than fg- calculated from the rate of formation of the paraffin by the
scission over the whole range of isobutylene and isobutaneexpression

feed concentrations. As we increase the reaction tempera- Pe

ture to 573 K in experiments with 20% isobutae| Xrc,;| re, = Ptot”ell Fiotal, (10)

for monomolecular activation angl-scission steps become . ,
equally dominant for feeds containing less than 50 ppm of Where Potal is the total pressure (1 atmioral is the total
isobutylene, and th&™ | Xrc| for hydride transfer is dom- gasieous flow rate expresged as molecules per site per second
inant for higher isobutylene feed concentrations. For ex- (S ). and the rate,c,, is a turnover frequency. From
periments with 80% isobutane in the feed, the dominant Eds- (9) and (10), the paraffiolefin ratio is given by
>_|Xrc.i| is also a function of isobutylene feed concentra- Pc,  kpKeqn Pic,

tion. As this concentration increasés,| Xrc,i| for hydride Pe— =T o ..
transfer steps become progressively dominant. Fig. 9 indi- ™
cates that, similar to USY8-scission oveiB-zeolite shows
the highest sum of net rates under all reaction conditions
used. At 473 K, the net rate of monomolecular activation
is smaller than the rates of other processes by ca. 4 orders K,

of magnitude. This difference decreases to about 1 order ofiC4 + C,x = HTT, (12)
magnitude at 573 K, 80% of isobutane, and below 50 ppm
of isobutylene in the feed. Importantly, the higher rate for

ﬂ-SCiSSiO¥I ovels-zeolite and Hp-morde)r/ﬂte, andg to a lesser equal to the produ(;t OK:' and a frequency factoy", and
extent over USY, suggests the existence of more than oneEd- (11) may be written as

11
Fiotal ( )

According to transition state theoy may be expressed as
a quasiequilibrium between the reactants of the step (7) and
the transition state for hydride transfer, H&s given by

with an equilibrium constanK:,. The rate constanty is

ﬂ-scissiqn Cyclle per cyple of the other steps. _ Pc, UTK:| Keqn Pic,
Our simulations indicate that the relative dominance of 5= =——p— — (13)
> |Xrc.i| for hydride transfer oveg-scission is higher for " o

B-zeolite and H-mordenite than for USY. In addition, the Thus, the paraffirolefin ratio is controlled by the gas flow
differences between the net ratesfcission and hydride  rate per acid sitefiota, and the value oK} Keqn. For the
transfer steps g#-zeolite and H-mordenite are always larger more active8-zeolite and H-mordeniteiiotal Will be higher
than for USY. These differences in the relative net rates of than for USY to obtain the same conversion. Hencefor
hydride transfer ang-scission steps account for differences zeolite and H-mordenite, the highéfota Will make the
observed in catalyst selectivity. One important difference we ratio in Eq. (13) lower. However, this effect is more than
observe is that H-mordenite adzeolite give much higher  compensated by the terKﬂ Keq, Which corresponds to an
paraffiryolefin ratios than USY. We discuss this in detail equilibrium constant for the following combined step:
below. K Kea

Consider, for exar_nple, th_e formation of a paraffm .C iCs+Co + % zq HTT (14)
from the corresponding olefin, ;C The gaseous olefin is
in quasiequilibrium with the corresponding adsorbed alkoxy Importantly, the temperature dependence of the tnc

species, Gk, Keqn is controlled by the energy of the transition state rel-
© ative to the reactants in the gas phase, i.e., the compos-
C= 4« g” C, (6) ite activation energy barrier as defined earlier. The high
n ’

, . paraffiryolefin ratios observed over H-mordenite agd
whereKeq, is the equilibrium constant. The adsorbeghC  ;¢4jite are thus primarily due to the lower values of the

species undergoes hydride transfer with isobutane to give thego mposite activation energy barriers for hydride transfer (by
corresponding paraffin plus an adsorbed isobutyl species, g6yt 20-30 kJ mott) over these zeolites compared to USY.

iCa+Cpx 8 C, +iCys, )

whereky is the rate constant. This step is shown as being & €oncluding remarks
irreversible because the pressure of the paraffini€
much lower than that of isobutane under our experimental
conditions. The rate of formation of the paraffifs,, is
therefore equal to

We have successfully extended our kinetic model previ-
ously developed for the conversion of isobutane over USY
to describe reaction kinetics data over H-mordenite gnd
zeolite under conditions where the reaction is initiated pri-
rc, = knKeqn Pic, Pcz (%), (8) marily by the addition of isobutylene to the feed, though
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