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Abstract

Reaction kinetic studies of propane conversion to aromatics were conducted on an HZSM-5 zeolite at a pressure of 1 atm, temperatures
in the range 793-823 K, and different space times (0chghgmol). The rates of production of methane, ethane, ethene, propene, propane,
butane, butene, benzene, toluene, and xylene are reported. A kinetic model has been postulated that considers surface species as neutr
alkoxides, reactions of these alkoxide species by carbenium ion-like transition states, and alkane activation by carbonium ion-like transition
states. The associated elementary steps, categorized within the reaction types adsorption, desorption, unimolecular protolytic cracking and
dehydrogenationg-scission, oligomerization, hydride transfer, alkylation, dealkylation, and cyclization, were parsed into reaction families
based on an equal reactivity assumption. A total of 311 reaction steps were grouped into 37 reaction families, and the number of unknown
parameters was reduced to 25 using adsorption parametensal@anes and relative rates f@rscission and hydride transfer from the
literature. It is proposed that this kinetic model describes the reaction behavior over an HZSM-5 catalyst in terms of relevant rate and
equilibrium constants and activation energies.
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1. Introduction space timegW/F = 0-12 g;h/mol) under nondeactivat-

ing conditions. We postulate an elementary step-based re-

The activation and selective conversion of lighti{C  action mechanism for propane aromatization based on the

Cq) alkanes to aromatics and dihydrogen represent majorfoliowing reaction types: adsorption and desorption, pro-
challenges of catalytic chemistry. The complexity of arom- (o\ytic disproportionation and dehydrogenation of paraf-
atlzatlon_ chemistry makes |_t difficult to unravel reaction fins, hydride transfer-scission-oligomerization, alkyla-
mephamsms, hence poqclu§|ons are d_raw_n Igrgely from ?X'tion, dealkylation, cyclization, and aromatization reactions.
perimental product distributions and kinetics interpreted in We group the elementary steps into various reaction families
the context of carbocation chemistry. From a fundamen- .

that are assumed to have equal reactivity. We further reduce

tal standpoint, elucidating the kinetics of this complicated o
system in terms of an elementary step mechanism parame-the number of parameters (bounded by transition state theory

terized in terms of rate and equilibrium constants would for pre-exponential factors and literature values for relative
improve the understanding of the interactions of hydro- €nergies), use experimental data to estimate the values for
carbons with solid acids. In this article we report kinetic these parameters using a hybrid GA-based optimization pro-
studies of propane conversion over an HZSM-5 catalyst cedur€[1,2], and present sensitivity analyses with respect to
at temperatures ranging from 793 to 823 K at varying the rate constants to show the degree to which the various

parameters influence catalyst performance. This work is set
" Corresponding author. Fax: +1-765-494-0805. in the context of the literature in the next section, which de-
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1.1. Background compartments. Coarsely compartmental models often can-
not be used to interpret the effects of catalyst properties
1.1.1. Paraffin activation on the phenomenological aspects of catalytic chemistry, be-

Significant methane, ethane, and hydrogen production oncause fundamental catalytic reaction mechanisms are not in-
crackingn-hexane or 3-methylpentane over HZSM-5 that corporated into the kinetic scheme. In addition, the actual
could not be explained by the classical carbenium ion mech- composition of these compartments in terms of molecular
anism led Haag and Dess§g] to postulate a monomole- components may alter the system kinetics. Quann and Jaffe
cular cracking mechanism involving carbonium ions, in [33] developed a method to describe the chemistry of com-
analogy to superacid chemistry. The hypothesis was sup-plex hydrocarbon mixtures wherein individual hydrocarbon
ported by the product distribution observed, with protonation molecules are represented as a vector of incremental struc-
occurring at the most highly substituted carbon atom for tural features. This vector representation, called structure-
3-methylpentane (3-MP). The penta-coordinated carboniumoriented lumping, provides a framework for constructing
ion species was assumed to collapse into three pairs ofarbitrarily large and complex reaction networks and includ-
products, each pair consisting of an alkane or dihydrogening molecular-based property correlations. This formalism
and an adsorbed carbenium ion. When extrapolated to zercenables composition-based modeling of very complex re-
conversion, the product distribution observed for 3-MP in- finery processes; however, such complexity typically is not
cluded nearly equimolar amounts of dihydrogen, methane, encountered for the light paraffin aromatization system, and
and ethane, explaining the observed product distribution for hence most modeling studies have incorporated the catalyst
3-MP cracking. structure into the kinetics in view of the simpler product dis-

Following the work of Haag and Dessau, a humber of tribution. Fromen{34] described the generation of reaction
researchers confirmed the essential correctness of the pronetworks using a computer algorithm in which each elemen-
tolytic cracking mechanisif#—13] It is favored only at low tary step is calculated as the product of single events and
alkene concentrations and low conversion. Because alkeneshe so-called “single event rate” coefficient. This approach
are better proton acceptors, higher olefin concentrations re-has the advantage that the single event rate coefficient is
sult in secondary reactions and predominance of carbeniumindependent of feedstock. Froment et al. successfully an-
ion chemistry at higher conversion rates. But recent quan- alyzed the catalytic cracking of-paraffins using this ap-
tum chemical studies have proposed the existence of differ- proach[35,36]
ent transition states for H/D exchange, dehydrogenation, and  Microkinetic analysis, a paradigm in heterogeneous catal-
cracking[14—20]and have suggested that the idea of a single ysis popularized by Dumesic et §.7], aims “to consolidate

carbonium ion transition state is perhaps oversimplified. in a quantitative fashion available experimental data, the-
oretical principles, and appropriate correlations relevant to
1.1.2. Alkoxide intermediates the catalytic process.” The fundamental starting point in mi-

13C magic angle spinning nuclear magnetic resonance crokinetic analysis is the formulation of elementary reaction
(MAS NMR) experimental studiej21,22], as well as theo-  steps that capture the essential surface chemistry involved
retical computational catalysis studi@8—28] have shown in the catalytic reaction in terms of physical and chemical
that the transformation of hydrocarbons in zeolites proceedsparameters that can be measured independently or that can
through the interaction of carbenium-ion-like species with be estimated by theoretical means. Dumesic, Madon, et al.
basic lattice oxygen atoms resulting in covalently bonded [38—-41]consolidated these concepts and presented sophisti-
surface alkoxy groups with only partially polarized carbonyl cated microkinetic studies for USY arglzeolites used as
bonds rather than ion pairs. The short C—-O bond length, FCC catalysts under varying conditions.
tetrahedral H-O—C and C—C-C angles, and relatively low In work directly related to the work presented here,
charge on the alkyl fragment computed by density func- Lukyanov and Shtra[42] described a simplified kinetic
tional theory (DFT) calculations also support the formation model for light olefin aromatization reaction over HZSM-
of alkoxide specief24,27-32] Theoretical calculations also 5 zeolites with different aluminum content and pretreatment
suggest that the transition states involve a polarization of the conditions. Lukyanov et aJ43] then extended the proposed
C-0 bond and that the top of the potential barrier corre- kinetic scheme to describe ethene and propene aromatiza-
sponds to carbenium ion-like species with significant ionic tion over HZSM-5, and also included additional kinetic steps

character. for Ga/HZSM-5-based catalysts. Equal reactivity assump-
tions that considered several related reactions to have the
1.1.3. Modeling approaches same rate constant and lump all isomeric species were used

Various approaches have been taken in developing kineticto reduce the number of parameters. The gallium sites were
models of hydrocarbon conversion processes over solid aciddistinguished from the protonic sites of the zeolite. Based on
catalysts. One approach is to use pseudocomponent moda comparison of the model and the data, these authors con-
els in which species are compartmentalized based on similarcluded that the gallium ion-exchanged species did not partic-
physical and chemical properties, with the reaction network ipate in the initial steps of ethene and propene transformation
then defined in terms of chemical interaction between theseand also did not affect the acidic sites of the parent zeo-
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lite. Lukyanov et al[44] extended the foregoing proposed chemistry considerations, we further reduced the number of

formulation to describe propane aromatization over HZSM- unknown parameters that must be estimated from experi-

5 and Ga/HZSM-5. The extension was achieved by adding mental data; a detailed description of the parameterization

new reaction steps corresponding to alkane adsorption andscheme is given in Sectidh2

paraffin activation on acid and gallium catalytic sites. Paraf-  Our model assumes that neutral surface alkoxy species

fin activation was identified as the rate-determining step.  react through carbenium ion-like transition states, whereas
The model proposed by Lukyanov et f43—46] repre- initiation reactions occur through carbonium ion-like tran-

sents a valuable starting point in the kinetic modeling of sition states; thereby explaining why selectivity patterns are

paraffin aromatization; however, it provides only relative controlled by the relative stabilities of tertiary, secondary,

rate parameters. Because our philosophy for optimal cata-and primary carbenium ions.

lyst formulation[47] relies extensively on the validity of the

kinetic model, we have developed a detailed microkinetic 1.2. Parameterization scheme

model for paraffin aromatization. Rate constant and activa-

tion energy values are estimated for each of these reaction The parameterization of the various reaction types pre-

families, and experimental data are used to determine thesented herein represents just one of the many ways in which

significance of these parameters. In contrast to most of thethis reaction network could be parsed. Alternative parame-

approaches outlined earlier, we place significant emphasisterization schemes are a subject of ongoing research, but

on determining the appropriate grouping rules, as well as comparison of these schemes is not very intuitive, because

assigning the relative rates to various reaction families. Al- they involve different numbers of parameters.

though our grouping scheme is not unique, it does develop  Each of the reaction families is initially parameterized

a clear strategy for grouping reactions that should be widely in terms of a typical unimolecular or bimolecular pre-

applicable to a number of other hydrocarbon reaction sys- exponential factor and an activation barrier. In a well-

tems. documented approach to obtaining better estimates for the
kinetic parameters involveld 9], after a fit was obtained for
1.1.4. Kinetic model development the activation barrier and the pre-exponential factor as shown

The mechanism and kinetics of paraffin aromatization in Eq.(1), each parameter described below was reparameter-
closely resonate with the mechanism of paraffin cracking on ized in terms of a rate constant at a reference temperature of
solid acid catalysts. An excellent review of kinetics of cat- 803 K and an activation barrier, as shown(®). The initial
alytic cracking was presented by Wojciechowpi]. The estimates obtained for parametergihwere used to obtain
model developed herein incorporates significant details from narrow bounds on thé.s values in(2). The rate constants
the catalytic cracking literature as well as features of mi- for temperatures other than the reference temperature were

crokinetic modeling as suggested by Dumesic et al. determined as shown {2):
The elementary step-based mechanism developed here E
involves adsorption, desorption, unimolecular protolytic ; — Aexp(__ad) (1)
cracking and dehydrogenatiofi;scission, oligomerization, RT
hydride transfer, alkylation, dealkylation, cyclization, and Eact( 1 1
. . . . . kT = kref exp — e — . (2)
aromatization reactions. The reaction mechanism lumps all R \T Tt

isomers together, to reduce the number of reacting species;

hence it does not consider hydride and methyl shifts, and it 1.2.1. Adsorption—desorption of alkanes

restricts the carbon number of the reaction species to nine, Calorimetric, gravimetric, and infrared studies have
because products larger thagi@ any significant concentra-  shown that alkanes preferentially physisorb onto Brgnsted
tions are not observed experimentally. The proposed schemeacid sites in HZSM-527,50-53] Significant nonbonding
comprises 33 gas phase species and 35 surface species ifinteractions also exist between the adsorbed alkane mole-
teracting in 311 reaction steps. These elementary steps areules and the zeolit§54-58] These interactions depend
translated to a set of differential and algebraic equations primarily on the pore diameter and fit of the alkane mole-
using the reaction modeling suifé,47]. Appendix A de- cule in the pore volume and have been found to be relatively
scribes the procedure for generating the elementary stepsndependent of the composition of the molecular si@8:-
used in this reaction scheme. To reduce the number of para-61]. The Nest effectthe ability of the physisorbed molecule
meters, the equal reactivity assumption is used; reactions argo optimize its configuration with respect to the molecular
categorized into various families, and all reactions in a par- sieve, was first postulated by Derouane et[a4,55,62]
ticular family are assumed to have the same rate constantCoverage-dependent effects at high loadings, as well as dif-
The model contains 37 such reaction families, each of which ferences between- and iso-alkanes in the context of the

is parameterized in terms of either a forward rate constantnest effect, have been observed but were not considered in
or a thermodynamic equilibrium constant that relates the our model development, because we do not distinguish be-
forward and reverse rate constants for an elementary steptween structural isomers at the present stage. This is one
Using relative numbers from the literature and theoretical of the many limitations of our model made for simplicity.



38 A. Bhan et al. / Journal of Catalysis 235 (2005) 35-51

The heat of adsorption for-alkanes has been observed to unimolecular reaction and an activation energy with upper
increase linearly with carbon numbggrl,53] this increase  and lower bounds taken from the literature. Product distrib-
has been attributed to the enhanced physical interactions ofution data suggest that protolytic cleavage resulting in for-
the additional alkyl groups with the zeolite lattice. Accord- mation of a methoxy species is slow compared with other
ingly, we consider the heat of adsorption of alkanes to be protolytic steps (see Sectid?). Hence a second reaction
comprised of physical van der Waals interactions, which in- family comprising seven reactions that result in the collapse
crease linearly with carbon number, and specific interactionsof a carbonium ion-like transition state to an alkane and
of the paraffin molecule with the Brgnsted acid site, which a methoxy species was postulated. One additional parame-
are independent of carbon number. ter accounting for the higher relative activation energy for
In addition, acompensation effeeta linear increase in  protolysis reactions involving the methoxy species was con-
the heat of adsorption with increasing adsorption entropy— sidered.
has been observed foralkane adsorptiof53]. The adsorp-
tion—desorption charact_e_ris_tics of paraffin _adsorption are o3 Protolytic dehydrogenation
represented by an equilibrium constant. Literature values

f%r. thﬁ adsorption ent:alpy and the corr?fsponding relation- 5 tion that, like protolysis, proceeds through a carbonium
ship that determines the compensation effect were ¥d jon-like transition state and results in an adsorbed alkoxide

Hence, given a carbon number, the adsorption enthalpy, anqntermediate and an Hmolecule. But experimental studies

hence the _qulhb_rlum consta_nt, are exp_I|C|t|y determmed_, show that unlike in protolysis, in dehydrogenation the true
the uncertainties in these estimates are ignored, and no fit-

: . activation energy is a function of carbon numijg}. The
ting parameters are involved. The calculated values for the 9y te}.

ilibri tant t that the ad i h true activation energy for dehydrogenation increases with
equitibrium constants suggest that the adsorption phenom-c, ,,, humper, and the increase in observed rate for dehy-
ena are relatively independent of carbon number, becaus

the | in the heat of ad tion i ied b edrogenation with increasing carbon number can be attributed
€ mcreazg In the heat o 3 Sor?. lon 'St accompanied by &, yhe elevated sorption constants with increasing carbon
corresponding increase in adsorption entropy. number. The dehydrogenation steps have been parameter-
ized in terms of three parameters: a typical unimolecular
o7 : S . pre-exponential factor, an activation energy bounded by lit-
Protolysis is a unimolecular reaction in which an ad- . .
erature values for a particular carbon numbejHgfor this

sorbed paraffinic species is activated via a carbonium ion- study), and the linear increase in true activation energy with
like transition state and collapses into an adsorbed alkoxide; Y), 9y

. N . increasing carbon number.

species and an alkane. Ab initio quantum chemical calcu- . . . .
lations confirm this mechanism and suggest that the neg- Exp_enmental evaluation of protolytic mechanisms "?‘t

: ! : o short times on stream suggests that the rate of cracking
atively charged lattice oxygen species greatly stabilize the . . .
positively charged transition state relative to the adsorbed exceed; the rate 9f dehydrogenafuon fgp(_:e with an in-
intermediates, and hence a significant effect of cluster size®reasen the relatlye rate of crack_lng W'th. Increasing cark_)on
(i.e., the number of lattice T atoms used for these computa—numbe'[‘r’]' Accordingly, a confstramt requiring thatthe ratio
tional studies) has been evaluated for these calculajad)s of the rate qonstant of protol_ytlc cracking to the rate _co_nstant
Narbeshuber et a[5] investigated the protolytic cracking for protolytic dehydrogenatlon (for £and ,C‘) be' within
of C3—Cs hydrocarbons on HZSM-5 and found that selec- 1.5-4 gt 8Q3 K was imposed as a constraint durllng parame-
tivity for protolysis of GHi2 is temperature-independent. ter estimation, to ensure that _the parameter estimates were
The apparent activation energy was found to decrease lin-CONnSistent with known results in the literature.
early with carbon number; however, after consideration of
the enhanced heat of adsorption with increasing carbon num-1.2.4. Alkene adsorption—desorption
ber, the true activation energy was determined to be inde- For olefinic molecules, interaction with Brgnsted acid
pendent of carbon number. Babitz et f7] investigated sites often results in oligomerization, and hence experimen-
the monomolecular cracking af-hexane on Y, MOR, and  tal measurements for adsorption energies represent a chal-
ZSM-5 zeolites, and, within experimental error, attributed lenge. In situ NMR and infrared spectroscopic studies, along
the differences in apparent activation energies to differenceswith quantum chemical studies, have demonstrated that car-
in heats ofn-hexane adsorption, such that the intrinsic acti- benium ions exist only as transition states, and that protona-
vation energies are identical. Thus the intrinsic rate for pro- tion of alcohols and alkenes results in alkoxide intermedi-
tolytic cracking appears to be independent of carbon numberates. Only some alkyl-substituted carbenium ions in which
and zeolite type, and the observed differences in apparentthe positive charge is delocalized and sterically inaccessible
rates arise primarily due to different adsorption behavior.  to framework oxygens have been detedig8-67] Alkene

In our model, the 28 C—C bond cleavage reactions not re- adsorption involves a physisorbed state wherein the olefin
sulting in the formation of a methoxide species were grouped double bond interacts with the Brgnsted acid proton, fol-
under one reaction family parameterized in terms of two pa- lowed by a chemisorption step that involves, in a concerted
rameters: a pre-exponential factor with typical values for a manner, proton transfer from the Brgnsted site to a carbon

Protolytic dehydrogenation refers to a unimolecular re-

1.2.2. Protolytic cracking
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atom of the olefin double bond and simultaneous C—O bond ilies were estimated from experimental data generated by
formation at the adjacent lattice oxyggt6,27,68,69] Buchanan et al[72]. Because these rates were determined
Alkene physisorption does not involve an activation bar- at 783 K, the relative rates were translated to relative activa-
rier, and the specific interaction energy is significantly tion energies assuming identical pre-exponential factors, and
stronger than that for the corresponding paraffinic mole- these relative activation energy values were subsequently
cules. Whether or not the nest effect is preserved in olefinsused to determine the temperature dependence of the rate
as a consequence of this strong interaction remains an operconstants (sedppendix Bfor details).
question. The transition from the physisorbed state to the Oligomerization represents the reverse reactiogf-s€is-
chemisorbed state is an activated process and occurs throughkion. A family of oligomerization reactions corresponds to
a carbenium ion-like transition state. each of the seven reaction families féxscission. The for-
Chemisorbed alkoxide intermediates figure in each of the ward and reverse rate constants are related by an equilib-
311 elementary steps in the proposed mechanism, whereasium constant, and because the rate constantg-fgission
physisorbed olefin molecules are not explicitly accounted for were already estimated, the oligomerization reaction fam-
because they are first transformed to alkoxide species befordalies were parameterized in terms of equilibrium relations.
reaction. Formation of the chemisorbed alkoxide species hasThe A H values were calculated based on the standard tabu-
been described as a bimolecular step occurring between thdated values of heats of formation of 1-alkenes (when more
gas phase olefin molecule and the Brgnsted acid site. Thethan one isomeric structure could be postulated) and taking
adsorption mechanism is taken to be independent of carboninto consideration the heat of adsorption of the alkene. The
number and is parameterized in terms of two parameters: AS value was considered a parameter for these families of
a bimolecular pre-exponential factor and an activation en- reactions, because the model predictions were found to be
ergy. The activation energy for the desorption reaction is very sensitive to this value. This parameter was bounded by
constrained to be the activation energy of adsorption plus the free gas phase entropy.
the heat of adsorption. The value of the energy of olefin ad-
sorption is also considered an unknown parameter, boundedl.2.6. Hydride transfer

by values available from theoretical calculatig@5—27,69, Kazansky et al. computationally investigated the mecha-

70]. nism of hydride transfer on 1T and 3T zeolite cluster models
incorporating one and three tetrahedral Si or Al atoms, re-

1.2.5. g-scission—oligomerization spectively[73,74] Accordingly, the mechanism for hydride

The activation energy foB-scission reactions changes ion transfer starts with the alkane attacking the C—O alkoxy
significantly depending on the relative stability of the car- bond of the adsorbed intermediate, resulting in a consider-
benium ion-like transition state. In treating the isomeriza- able increase in the C-O bond distance and in the charge
tion and hydrocracking of §-Cy6 paraffins over Pt/ZSM-5,  separation of the adsorbed alkoxide species and the surface.
Weitkamp et al[71] introduced terminology that is useful Enhanced substitution at the central carbon atom increases
in organizing the various types of carbenium igscission the stability of the carbenium ion-like fragments formed on
reactions. Buchanan et §if.2] further extended this nomen- charge separation and decreases the energy of activation.
clature and studied the relative rates of the various types of The short-lived intermediate, as postulated by Kazansky
B-scission for G—Cg olefins over ZSM-5 at 783 K under et al., closely resembles the nonclassical penta-coordinated
low hydrocarbon partial pressure and high silica/alumina ra- carbonium ion. The 59 hydride transfer steps in the proposed
tios to minimize the effects of bimolecular reactions. For the mechanism have been categorized into 12 reaction families
model developed here, in cases where the reaction could bébased on the relative stabilities of the postulated transition
categorized in more than one reaction family had isomers state complexes and the reactants and productsA\(seen-
been accounted for, the structure and reaction family whosedix B for details).
contribution was expected to give the maximum rate were  Kazansky et al. also computed five examples of hydride
chosen. For example, & 3> 2° cleavage of an adsorbed transfer[73,74] These consist of two examples of primary
C7H14 species was considered to givgHg and an adsorbed  to primary (methoxy and methane, ethoxy and ethane) and
C3Hg species; this reaction also could have been consideredone example each of secondary to secondary (propoxy and
under 2 — 1° B-scission. Buchanan et 4l2] experimen- propane), tertiary to tertiary (iso-butoxy and iso-butane),
tally observed that the product distribution was independent and tertiary to secondary (iso-butoxy and propane). Be-
of the hexene or heptene isomer that was fed, indicating thatcause these small clusters introduce termination effects and
double-bond and skeletal isomerization were facile and pre- also neglect the influence of long-range electrostatic effects
ceded significant cracking. caused by the Madelung potential, the absolute numbers

These seven reaction families were characterized by twobased on these computations cannot be considered; how-
parameters: a unimolecular pre-exponential factor and an ac-ever, we assume that the relative numbers have relevance.
tivation energy for thes-scission of a 2 adsorbed alkoxide  In addition, because the relative numbers for all 12 reac-
to a I* adsorbed alkoxide and an alkene (gg@pendix B). tion families are not available, based on the carbon number
The relative rates between the various other reaction fam-of the two reactant species and the nature (primary, sec-
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ondary, or tertiary) of the chemisorbed intermediate, the 12 Alkylation of aromatic molecules by adsorbed—C3
reaction families were grouped in terms of the 4 reaction alkoxy intermediates to result in larger aromatic molecules
families for which the relative rate numbers were available (smaller than @) and regenerate the Brgnsted acid site
from the work of Kazansky et al. Three of the reaction fami- was also considered within the aforementioned two reac-
lies include hydride transfer with olefins as reactants. To our tion families. We note that alkylation reactions of aromatic
knowledge, these hydrogen transfer steps have yet not beemolecules are perhaps more facile than that of alkanes, be-
studied in the quantum chemical literature; however, these cause alkylation of aromatics involves the interaction of the
successive hydrogen transfer steps are required for converalkoxide species with a-acceptor, whereas alkylation of
sion of an olefin such as 1-hexene to an aromatic moleculealkanes involves the interaction of the alkoxide species with
such as benzene. These 12 reaction families were paramea sigma-donor alkane molecule. For the purposes of our cur-
terized in terms of two independent parameters: a typical rent model, however, in an effort to reduce the number of
bimolecular pre-exponential factor and an activation energy parameters involved, we have chosen not to acknowledge
for a particular reaction family, with relative activation en- this description.

ergies considered from the work of Kazansky et al. We note  The acid-catalyzed disproportionation of alkylbenzenes,
that parsing the 12 reaction families down to 4 is done on particularly the selective toluene disproportionation to para-
the basis of the nature of the alkoxide species formed, asxylene exploiting the shape-selective characteristics of
well as in consideration of the volume of the intermediate ZSM-5, has been extensively investigated in the literature.
involved; for example, tertiary to tertiary was considered in- A review of the extensive literature is beyond the scope of
hibited due to steric factors. However, this particular parsing this work, and the reader is referred to two review publica-
scheme may need to be refined in future improvements oftions [77,78] for a broader discussion of this topic. Based

the model. on kinetic studie§79], H/D isotopic experimentf80], and
DFT studieq81,82] three different mechanisms for toluene
1.2.7. Alkylation—dealkylation disproportionation have been proposed; it has been postu-

Corma et al[75,76] used quantum chemistry to investi- lated that more than one mechanism may operate under
gate the mechanism of hydrocarbon transformation involv- different reaction conditions. For our model, we consider
ing the formation and rearrangement of carbocationic inter- the C—C bond cleavage of alkylbenzenes resulting in surface
mediates. Theoretical studies of bimolecular reactions be-alkoxides as the mechanism of dealkylation. The aforemen-
tween carbenium ions and paraffins in the absence of thetioned alkylation reactions of aromatic molecules coupled
zeolite cluster by Boronat et 4/5,76]suggest the existence  with these dealkylation reactions represent the dispropor-
of a common intermediate for hydride transfer, dispropor- tionation reactions of alkylaromatics.
tionation, dehydrogenation, and alkylation. This intermedi-  Experimentally observed product distributions show a
ate species closely resembles a nonclassical carbonium iorhigher production of toluene compared with xylene. Hence
species, and different intramolecular rearrangements of thisdealkylation of toluene was considered to have a higher acti-
common intermediate have been postulated to explain thevation barrier with respect togaand G alkylaromatics (see
mechanism of the aforementioned acid-catalyzed hydrocar-Section3). The dealkylation of alkylbenzenes was grouped
bon reactions. These calculations were extended to studyunder a single reaction family parameterized in terms of
hydrocarbon reactions in presence of the zeolite clusterthree parameters: a unimolecular pre-exponential factor, an
by investigating the different processes that theH&-H- activation energy for gand G alkylaromatics, and a rela-
CzHs)™ carbonium ion interacting with a 3T cluster could tive activation barrier accounting for the slower dealkylation
undergo using the ab initio correlated MP2 and the density of toluene.
functional B3PW91 methodg6]. The (GHs—H-GHs)™
cation, formed from adsorbed ethene and ethane, is eval-1.2.8. Cyclization and aromatization
uated to decompose into anbutane molecule and to re- Dehydrocyclization, the conversion of light olefins to aro-
generate the Brgnsted acid site, the global process beingmatics is often carried out over bifunctional catalysts con-
a paraffin—olefin alkylation reaction. Accordingly, an alky- taining acidic and dehydrogenation components. However,
lation step was added to the reaction network, and the 33cyclization and aromatization reactions are also known to
reactions were grouped into two reaction families. Similar occur on purely acidic zeolites. It is postulated that the cy-
to the protolysis reactions described earlier, alkylation reac- clization reaction involves an equilibrium between 5- and
tions involving a surface methoxy species were assumed to6-membered ring specif®3,84] The existence of persistent
have higher activation barriers. These two reaction families cyclopentenyl and benzenium cations for MTG chemistry
were parameterized in terms of three parameters: a typi-over HZSM-5 was clearly shown by Haw et §#4,66,85,
cal bimolecular pre-exponential factor, an activation energy, 86]. However, 5-membered ring species were not observed
and a relative activation energy for reactions involving the in any significant concentration in the product distribution.
methoxy species. For the alkylation reaction type, we choseIn addition, the product distribution indicated that benzene,
to include only those reactions for which the sum of carbon toluene, and xylenes (B/T/X) accounted f890% of the
numbers of the two reactant species wd. aromatic products formed, and hence, for the model devel-
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oped herein, we assumed that five aromatic species—B/T/X,information in the literature and the experimental difficulties
ethylbenzene, anddEl;>—were the only aromatic products intrying to generate sets of data in which the various control-
formed, an additional limitation of our model. Cyclization ling parameters dominated and could be estimated in isola-
was modeled as an elementary step wherein a protonatedion from other competing species. This experimental limita-
diene (carbon number6) was considered to go from an tion forced us to resort to an ad hoc procedure using genetic
acyclic species to a cyclic adsorbed species (see Sefjtion algorithms that do not guarantee a good starting guess but
Based on recent theoretical calculations by Joshi 8@k do explore large expanses of the 25-dimensional parameter
89], Cs cyclization was considered to have a 30/rkdl space in a search for good starting guesses. Once these can-
higher activation barrier than;Cand G cyclization. The didate 25-dimensional vectors of initial guesses were found,
cyclization reaction is parameterized in terms of a unimole- a classical Levenberg—Marquardt indirect search algorithm
cular pre-exponential factor and an activation energy for C was used to generate the best nonlinear least squares para-
and higher carbon numbers. Desorption of the cyclized pre- meter estimates in this region of parameter space. Such a
cursor is considered to give a cyclic monoene that is then procedure resulted in several sets of statistically equivalent
assumed to undergo hydride transfer in a sequential mannesets of parameter estimates. These were tested by simulat-
in a reaction known as aromatization. The adsorbed aromaticing behavior in the ranges: temperature 723-823 K, propane
species can subsequently desorb to give aromatic productspressure 0—1 atm, ari#f/ F 0-100 ga:h/mol, and 15 solu-

and no further cracking of the adsorbed aromatic species hadions yielded surface concentratiop® and sums of squares
been considered. The aromatization reaction has been parawithin 10% of the optimal solution. Most of these solutions
meterized in terms of two parameters: a typical bimolecular gave closely spaced parameter estimates that were reason-

pre-exponential factor and an activation energy. able physiochemically. We present the minima that resulted
in the lowest sum of the squares fit. Additional modeling and
1.3. Parameter estimation experimental strategies to distinguish between these various
minima are currently under investigation in our group.
Ascertaining the validity of a complex model, as de- The selection of a statistically meaningful fitting criterion

scribed earlier, is based on the quality of the experimental is essential before parameter estimation can be initiated. This
data generated during the course of this investigation and theselection must reflect the type and location of uncertainty in
credibility of the many literature sources referenced herein. the experimental data. For example, it is reasonable that con-
The uncertainty in the parameter estimates generated fromcentration measurements with lower variability have greater
these literature sources was not included in subsequent daténformation content than concentration measurements with
analysis and could result in biased results. Accommodating higher variability, and hence the former should be “weight-
this uncertainty is left as an exercise for future modeling ed” more heavily in estimating the model parameters. Much
efforts. The physicochemical and mathematical complexity like a chemistry model is postulated to describe the reac-
of the postulated model, which includes 25 unknown and tion kinetics, a probabilistic model is needed to describe
highly correlated parameters, made estimation of these pa-the uncertainty in the experimental data. The parameters of
rameters from experimental data difficult. For parameter es- this probabilistic model of the data can be estimated from
timation, we used the reaction modeling suite (RMS), a suite replicate experiments (i.e., two or more runs performed un-
of systems, optimization, and artificial intelligence tools de- der exactly the same experimental conditions) and used to
veloped for generating kinetic models and estimating para- weight the data properly. Such data have been included in
meters[1,90]. Given the chemistry rules and a set of exper- the experimental data set.
imental data, RMS generates the elementary reactions and Assuming that the errors in the concentration measure-
the corresponding differential and algebraic equations, fits ments of componerit C;, at space time are independently
the parameters, and evaluates parameter sensitivity for the’:md normally distributed with mean 0 and known variance
model. Unfortunately, RMS does not yet suggest additional o2, the best least squares parameter estimateare ob-
experiments through which the quality of the parameter es- tained by minimizing the least squares function
timates could be improved. A oa 2

Estimating pararﬁeters in a model consisting of a com- Z((C” - C”(k))/"”) ’
plex differential algebraic equation (DAE) system entails the ‘*
problem of generating false parameter estimates when leastvhere C;, (k) is the concentration of componentcorre-
squares or likelihood criteria are used to fit the model to sponding to space time predicted by the kinetic model us-
experimental data. The only way to ensure convergence ofing parameters. In this formulation each residuaj, (k) =
these iterative nonlinear parameter estimation procedures toC;; — C;z (k) (i.e., the difference between the experimentally
the correct set of parameter estimates is to supply the pro-observed and mathematically calculated values) is weighted
gram with physicochemically meaningful parameter initial by the experimental standard deviation, which can be de-
guesses that are reasonably close to the true estimates. Daermined from the replicate measurements. To simplify the
ing this proved a formidable challenge. It was not possible to analysis and permit graphical interpretation of the data, we
generate such a set of good guesses because of the paucity ¢doked at two limiting cases:
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(1) Sum of squared errors: A small confidence interval indicates that either the model
A 2 is inadequate to describe the particular feature characterized
SEk) = Z (Ci =G (k)) ’ by the parameter or the parameter estimate is well defined
i or highly correlated with another parameter. The degree of
where the weights or standard deviations are the samerate control as defined by Campb[gB] can be used to de-
for all concentrations and for all space times. termine the rate-limiting step in the reaction network.
(2) Sum of squared relative errors:
Co— 0\ 2 1.3.2. Lack-of-fit test
i — C(k); . . L .
SKke(k) = Z <7> , The lack-of-fit test is a standard statistical techniffig
i Ci for determining the adequacy of the regression model. It as-
where the weights are proportional to the magnitude Sumes normality, independence, and constant variance of the

of the measurements or, stated alternatively, where theresiduals. The hypotheses for the test are as follows:

percent error in the measurements is constant. This of ) ]

ues.

The traditional statistical treatment of testing the null hy-
Because a constant percent error more closely resembles oupOthesis () is the F-test, which involves partitioning the
experimental setup, we usedg®k) for our modeling stud-  €rror or residual sum of squares S$to two components,
ies. This ensures that species with lower concentrations argPure error (Sgg) and lack of fit (Sgor):
treated the same as species with high concentration provided moon
that the assumption of constant percent error is true. It will gq,. — Z Z(yij — 52 (6)
be an exercise for future work to relax this assumption and io1 =1
weight the data by the standard deviations obtained from :

- - - . S =S&-S 7
replicate experiments. Another study will focus on estimat- SoF = PE, (7)
ing the parameters in various probability distributions and wheren; is the number of replicates of tlith operating con-
relating them to the kinetic model parameters. dition, x; = (T, Co andW/F);, m is the number of different

o ] levels ofx;, andy,-j =In Cijv Vi = % 27:1“'1 Cij- The test

1.3.1. Sensitivity analysis procedure is as follows:

A variety of techniques have been developed to investi-
gate the sensitivity of complex kinetic systeif®d,92] In

this work we use 95% confidence intervals and the degree of

1. Calculate the test statistie:

rate control as defined by CampbjgB]. Fo= MSior _ SSor/(m — p)’ 8)
Assuming no interaction or synergism between the pa- MSpe  SSg/(n —m)

rameters the confidence interval for eachpoparameters wherep is the number of parameters.

k1, ko, ..., k, defined for a linear model is defined [@¢}] 2. 1 Fo> fum—pnm (faun—pn—m is the f-distribution),

. 7 . . then we can conclude that the lack of fit is statisti-

kj —taj2.n-pSk;) < kj < kj + tajz,n-pSelk;), 3)

whereN is the number of data pointg,is the number of pa-
rameters, and, ;2> y—p is the upper10Qx/2)% point of the
studentt distribution with(N — p) degrees of freedom. The

cally significant and the model is not appropriateis

the significance level before the test is performed, usu-
ally chosen as 0.01 or 0.05, and the confidence level is
100(1 — a)%.

confidence limits for nonlinear models can be determined 3. P value is the value ok obtained by solving
exactly only using Monte Carlo methof85,96] In this pa-

per we have chosen to follow conventional but approximate
nonlinear parameter estimation techniques and calculate as-
ymptotic standard error fdB) by the following equation:

Fo= fa,m—p,n—m7 (9)

using the actual fit between the model and the experi-
mental data. Thi? value can be used to calculate the

sek;j)=6+/Tjj, 4) confidence level 10Q — P) at which one can reject the
null hypothesis and there is significant lack of fit.
where
. va—l(m Ci —InG;)? In our case, the calculate®l value is<0.001 (se€lable 3,
6= — N ) which means the probability that the model describes the
g p data is<1/1000. We conclude that the lack of fit is statis-
an

tically significant, and therefore the null hypothesis is re-
jected. Hence the model does not capture all the features of
the system.

-1 ae; A
F=(JTJ) , Jij:<akl_>, e, =C; —Ci.
J
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2. Experimental (even though, as discussed by Haag et al., the diffusivities
in microporous materials often exceed those expected within
HZSM-5 samples (SAl = 16 as measured by atomic the Knudsen regime), and a crystallite radius of 200 nm, the
absorption and ICP-AES) were obtained from ExxonMobil. Thiele modulus was calculated to b®.01. Hence, in agree-
X-ray diffraction (XRD) patterns obtained for the fresh cat- ment with Haag et al., we considered this reaction system
alyst confirmed the crystal structure of the material. Trans- to be kinetically controlled. The original conditions were re-
mission electron microscopy (TEM) measurements aver- stored at the end of each experimental run, and no significant
aged over several crystallites gave a crystallite diameter of deactivation effects or time-on-stream behaviors were ob-
3754+ 125 nm. Surface area and pore volume measurementsserved. Repeat experiments for the entire data set at 803 and
on a Micromiretics ASAP 2000C apparatus gave a BET sur- 813 K were conducted on fresh samples to confirm the repro-
face area of 323 + 5.9 m?/g and a micropore volume of  ducibility of the data, and these data were also used for pa-
0.134 cni/g. Although the BET formalism is not strictly  rameter estimation and lack-of-fit testing. All products were
valid for microporous materials, these measurements con-analyzed with an Agilent 6890A series gas chromatograph,
firm the porosity of the materiab’Al MAS NMR spectra with a 30 m, 0.53-mm o.d. J&W Scientific GS-Alumina
referenced to the signal of a hydrated®Alcation in an (115-3532) capillary column connected to a thermal conduc-
octahedral environment (Al#D)s)3" showed the absence tivity detector (TCD) and a flame ionization detector (FID)
of extra-framework aluminum species. The zeolitic sam- in series.
ples were first hydrated over saturated /0 solution in a
dessicator at 80% relative humidity for 1 week, which was
necessary to observe well-developed NMR sigf@#$. Al- 3. Resultsand discussion
though the existence of aluminum species that reversibly
convert from octahedral to tetrahedral symmetry on treat-  All 10 products (CH, C;Hg, CoHg4, C3Hg, C3Hg, C4Hs,
ment with mild bases has been propofe®], we note that C4H10, B, T and X) quantified in the experimental measure-
Maller et al.[100], in their comparative study of dealumina- ments were used for parameter estimation. Data at all four
tion of various zeolite types, did not observe any extraction temperatures and each of the fi#e' F values for each tem-
of aluminum from the framework for HZSM-5 on calcina- perature were fitted simultaneously to estimate the 25 model
tion at 823 K. Because we do not observe any characteristicsparameters while the other parameter values were held con-
of extra-framework aluminum species in our ex situ char- stant at their literature estimated valuEgys. 1-4show the
acterization and do not subject the material to temperaturesmodel predictions for data at 793, 803, 813, and 823 K.
above 823 K, we consider the catalyst to contain only Brgn- Table 1lists the parameters involved in termskafs and ac-
sted acid sites. We also note that Ivanova efldl1] did not tivation barriers, the optimal fitted parameters, and the 95%
observe any correlation betwe&tC scrambling in labeled  confidence interval for the parameters involved. These are
propane and the concentration of Lewis acid sites, suggestthe parameters that passed the viability test discussed earlier.
ing that Brgnsted acid sites may play a dominant role in this Because we use (k) as actual fitting parameters because
system. of the scale of the parameters, the confidence intervals of
Kinetic measurements were carried out in a continuous ket Values are not symmetric. It is seen that the energy pa-
flow reactor at atmospheric pressure. The zeolite was sievedrameters have tight confidence intervals, whereas the rate
to 50—70 mesh and packed into a ¥%-inch o.d. quartz tube re-constant values at the reference temperature of 803 K have
actor placed in a vertically mounted Lindberg Blue furnace. relatively large confidence intervals, particularly for bimole-
A sheathed K-type thermocouple was placed in the reactorcular reactions. We ascribe this large variance to correlation
bed and sealed from the surrounding atmosphere by a Cabetween the reference rate constant value and the activation
jun™ adapter. The reactor was fed through Brooks 5850 energy parameter, as well as to the uncertainty associated
mass flow controllers, and the reactor manifold was set up with considering a single value for the pre-exponential factor
to send flow to either the reactor or the vent. Flows were cal- for entire bimolecular reaction families in the current para-
ibrated with a bubble meter in the vent stream. The different meterization schemé&igs. 1-4show that the model captures
space-time values were obtained by changing the amount ofmost of the behavior of the system; however, thesalue
catalyst and feeding a constant flow rate of propane. Blank calculated for our modelT@ble 3 suggests that the model
reactor studies confirmed the absence of homogeneous gadoes not capture all of the characteristic features of the data.
phase reactions. Five different catalyst weights (0.2, 0.4, 0.6, Current efforts toward model refinement are aimed at incor-
0.8, and 1.0 g) were used, and data were generated for eaclporating lowW/F and different partial pressure data.
amount at four different temperatures (793, 803, 813, and According to the kinetic model, the surface of HZSM-5
823 K). Based on rate constant values for protolytic cracking is composed mostly of vacant acid sites under reaction con-
and dehydrogenation obtained from parameter estimationditions for propane conversion; that is98.5% of the acid
(kprotolysis= 3.0 (1/s) andkpenhydrogenatior= 1.91 (1/s); see sites are unoccupied under all reaction conditions. A similar
Section3), a one-dimensional plate geometry as proposed observation was reported by Sanchez-Castillo g¢8l. for
by Haag et al[102], a typical diffusivity of 104 cn?/s isobutane conversion over USY zeolite.
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Table 1
Optimal kinetic parameter values and 95% confidence limits at the reference temperature 8f 803 K
Reaction type Parameter Optimal parameter value 95% confidence limit
Protolysis Kyef 3.0(2.1x 1014 2.6 35
Eact 212.7 212.6 212.8
AEact 12.0 9.7 14.4
Dehydrogenation kref 1.91(3.7 x 1019) 1.50 2.44
Eact 158.2 158.0 158.3
AEact 08 07 09
Beta-scission kref 516.4(6.6 x 100 157.4 1694.5
Eact 124.6 124.0 125.2
Dealkylation Kyet 8.0x 1073 40x 1074 1.63x 1071
Eact 172.1(1.25x 10% 171.0 173.3
AEact 30.1 27.9 323
Alkene chemisorption kref 9.83x 1077 (1.3) 843x 1077 1.15x 1076
Eact 94.0 93.8 94.2
Alkene desorption kref 2.65(3.6 x 1010) 1.78 3.94
AH 61.8 61.5 62.2
Alkylation kref 1.2x 1075 (1.6 x 10%) 5.3 x 1076 2.8x 1073
Eact 109.3 107.5 110.9
AEgact 2.6 0.9 4.3
Aromatization kref 4.63(4.3x 10%) 0.009 2419.2
Eact 30.3 28.0 32.6
Hydride transfer kref 3.87x 1075 (1.6 x 10%) 4.95% 1077 3.03x 1073
Eact 86.2 85.3 87.2
Oligomerization AS/R 15.6 14.0 17.2
Cyclization Kyef 9.7 x 107 (1.2 x 1019 9.7 x 10° 9.7 x 108
Eact 323 32.0 325

@ Unimolecular rate constants (protolysis, dehydrogenation, beta-scission, dealkylation, alkene desorption, cyclization)syréimglecular rate con-
stants (alkene chemisorption, alkylation, hydride transfer) are/(PéLs)), activation energy and enthalpy values are ipinfla)) and the entropy parameter
has been normalized by the universal gas consta(m@l K)). The following unit conversion for unimolecular steps was employed for the above rate para-
meters: Ratémols/geath) = kref (1/9) - 0 (moleculegsite) - (siteggeat) - (Mols/moleculg - (s/h). A similar expression can be written for bimolecular steps.
The value in the parentheses lists the pre-exponential factoy &) ¢t (1/(Pas)) for eaclk,ef value at 803 K.

A significant emphasis of this work has been developing lite chemistry, however, alkoxide intermediates exist that do
a systematic rationale for grouping reactions that is particu- not follow the relative ordering observed in carbenium ion
larly relevant for understanding the kinetics of hydrocarbon species in solutionf27,68,87,103] In addition,3C MAS
systems comprising numerous reactions. Our rationale forNMR has demonstrated the existence of methoxy{GH)
parsing the reaction network is that similar reactants go to species bonded to the zeolite lattjd®1,104,105] Ethane
similar products through similar transition states and hence has also been shown to be a primary product in several ki-
similar rate constants. This methodology is evident when netic studies of propane aromatization. A protolysis step that
examining the grouping oB-scission and hydride transfer considers the breakup of an adsorbed propane species to
reactions (seédppendix B). ethane and a methoxy species would account for these ex-

We note that for protolytic cracking and alkylation re- perimental observations. Isotopic tracer studies of propane
actions, we have postulated separate reaction families forreactions on HZSM-$106] have found that the ethane iso-
reactions involving methoxy species, because reactions in-topic distribution closely resembles that of ethene. Those
volving the methoxy (CHO™) species constitute a special authors suggested that ethane is produced by the hydrogena-
case. Carbenium ion mechanisms of acid catalyzed hydro-tion of ethylene; however, hydrogenation is not a reaction
carbon reactions originally formulated and developed for known to be facile on H-based zeolite catalysts, except un-
homogeneous catalysis strongly discriminate against the for-der very high hydrogen partial pressures. We believe that
mation of primary carbenium ions, because of their relative this experimental observation could also be accounted for by
instability with respect to secondary and tertiary carboca- considering the protolysis step described earlier combined
tions. For this reason, it has been generally postulated inwith the fast H/D isotope scrambling. Model predictions
the literature that a C§t species does not exist. In zeo- were observed to improve once a higher activation barrier for
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reactions involving methoxy species was included. Although greater than that for alkylation in the reference hydride trans-
it is evident that these reactions proceed through a primaryfer reaction family considered. A similar conclusion was
carbocationic transition state, it also may be speculated thatreported by Corma et a[76] based on a DFT computa-
the methoxy species have a different local electronic config- tional study. We note, however, that the activation barriers
uration, because no C-C bonds are involved. predicted differ considerably~20-25 kcalmol from our
Table 1shows that the activation barriers calculated for study vs.~40 kcal/mol predicted by DFT studies), and as-
protolytic cracking and dehydrogenation agree very well cribe these differences to the small size of the cluster (3T)
with those reported by Narbeshuber et[8]. for n-alkane used for the DFT studies. A carbocationic transition state
activation over HZSM-5. The pre-exponential factor accord- such as the one postulated for alkylation and hydride trans-

ing to the transition state theory is specified as fer reactions is expected to be stabilized by lattice oxygen
ot atoms, as was shown by Zygmunt e{a0] for ethane crack-
kT AS .
A=— exp(—). (10) ing on HZSM-5.
h R Our results suggest that cyclization is a rapid process and

Based onkres values obtained for protolytic cracking and is not the rate-limiting step for aromatization. Our calculated
protolytic dehydrogenation, we calculated the pre-exponen- activation barrier for cyclization agrees well with embedded-
tial factor and hence the change in entropy from the adsorbedcluster DFT results for £and G cyclization studies in
precursor state to the transition state. We calculated the pre-HZSM-5 [88,89] and our mechanism for cyclization is in

exponential factor for cracking as12x 10 (1/s), corre- agreement with that proposed by Meriaudeau and Naccache
sponding to a small entropy gain, and the pre-exponential on metal free zeolitic systenj84]. We note that although
factor for dehydrogenation as?x 100 (1/s), with a corre- stable cyclopentenyl and benzenium carbenium ions have

sponding entropy loss of 50.8(@nol K). Based on transition ~ been shown to exist in MTG chemistry over HZSM-5, there
state structures for unimolecular cracking and dehydrogena-is also evidence for cyclopentenyl cations with diverse sub-
tion postulated by Lercher et §1.07], we ascribe the greater  stitution patterng64,66,86] In addition, theoretical studies
entropy loss for dehydrogenation to a much closer resem-for gas phase speci¢®6,87] have also predicted a high en-
blance of the transition state structure to the alkoxide prod- ergy barrier for cyclization through a tertiary carbenium ion
uct state structure. Relative to the weakly held physisorbed species. Although the formation of hexatriene and thermal
alkane, the alkoxide is held much more strongly, and hencecyclization has been noted for noble metal catalysts, we seek
the entropy loss can be attributed to a loss in translational to distinguish the mechanism for cyclization over acidic zeo-
freedom (50 J(molK) per degree of translational free- lites from bifunctional noble metal catalysts that have a high
dom). On the other hand, the transition state structure for propensity to form metallocycloalkane intermediates and are
protolytic cracking does not resemble that for the stable efficient for aromatization. Although the possibility of cy-
alkoxide species and hence results in a small entropy gain.clization through a protonated triene species exists, we note

Our results also agree with those of Narbeshuber ¢6hl. that because cyclization is very facile, a protonated diene is
who also postulated a significantly greater entropy loss for more likely to cyclize than to further dehydrogenate to form
dehydrogenation than for protolytic cracking. a triene. Although the recent work of Joshi and Thomson
The activation barrier regressed f@scission(2° — 1°) [88,89]did not investigate cyclization through a protonated
when converted to a°2—» 2° B-scission reaction (se&p- triene, we surmise that additional conformational rigidity
pendix Bfor details) is calculated as 104.6/kdol, which would be involved for ring closure inside the zeolite cavity
compares favorably with the value of 115t 5.7 kJ/mol with the presence of an additional double bond. The ques-

reported by Sanchez-Castillo et[d0,41]for isobutane con-  tion that then arises is whether an acyclic diene is easier to
version over USY, MOR, and zeolie But our rate-constant ~ dehydrogenate than a cyclic monoene. We conjecture that
value for theB-scission reaction is lower than that reported the cyclic monoene may be easier to dehydrogenate, be-
by Dumesic et al., suggesting that entropy loss is greater forcause secondary carbocations are formed. Considering the
the B-scission reaction in the smaller pores of HZSM-5 com- foregoing observations, we note that the aromatization step
pared with USY, MOR, and zeolitg. in our mechanism is simply a hydride transfer of—-Cy

The activation barrier calculated for 3> 2° hydride species with dienic or higher unsaturation with an alkox-
transfer, when converted to° 2> 3° hydride transfer, is  ide species. If cyclization within the zeolite were to occur
69.6 kJmol. This also compares favorably with the.3 1 through a triene species, then the aromatization step would
0.6 kJ/mol computed by Dumesic et al. for hydride transfer still have to incorporate the dehydrogenation of the diene by
of C.5 species on zeolitg [40,41] Hydride transfer reac-  successive hydride transfer steps to form a triene, as well as
tions between 3— 3° as well as those involving £and subsequent dehydrogenation steps of the cyclized diene. No
larger olefins forming adsorbed allylic species have been in- significant alteration of the aromatization step would be re-
hibited by using a higher activation energy to account for the quired, whereas the cyclization step would need to shift from
additional steric hindrance encountered by such species. Wea dienic species to a protonated triene.
find the alkylation and hydride transfer processes to be kinet-  We note that the model predicts the B/T/X ratio in close
ically competitive, with the rate constant for hydride transfer agreement with experimental observations. The lower pro-
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Table 2
> i |Xrc,i| calculated for different reaction types&t= 793 and 823 K at two differeri¥’/ F values
Reaction type T=793K T =823 K

W/F =5.42 g.5¢h/mol W/F =27.12 g5¢h/mol W/F =5.63 g.5¢h/mol W/F = 2814 g.5¢h/mol
Protolysis 066 063 063 061
Beta-scission 3 009 012 024
Hydride transfer ®6 056 053 053
Olefin adsorption 23 006 018 002
Aromatization - - - -
Dehydrogenation Q3 022 025 025
Alkylation 0.04 005 002 006
Dealkylation - - - -
Cyclization - - - -

duction of benzene is adequately explained by the 3kl Table 3
higher activation energy fordXxyclization and is consistent  Analysis of variance for the lack-of-fit test

with experimental observations of toluene and xylene as Degree of Sumof  Mean Fo P-value

the initial aromatic products with subsequent production freedom squares  square

of benzene on dealkylation. Because Gclization and Residual 922 384

Cg cyclization have similar activation barriers, the lower Pureerror 748 38 00048 4239 <0.001
Lack of fit 174 3536 02031

production of xylene could be accounted for by the faster
dealkylation of g and G alkylaromatics compared with,C
alkylaromatics. Based on the foregoing chemical reasoning

and subsequent parameterization, we calculate a 38d&J lyst. In addition, if hydrogen recombinative desorption were
higher activation energy for £dealkylation, which ade-  rate-limiting, then the observed reaction order for propane
quately accounts for the greater production of toluene. would be zero, but most experimental studies observe first-

Table 2lists the absolute values of the degree of rate con- order kinetics. We note that H-D scrambling, taken to be
trol for the various reaction typed_; | Xrc;|) at 793 and  representative of H-H and C-H bond activation, does not
823 K at two different values of space time. The most signif- represent the rate of the dehydrogenation reaction, as dis-
icant kinetic steps are those involving the initial activation of cussed below.
propane (protolysis and dehydrogenation) and hydride trans- Recent experimental and theoretical work has sought to
fer steps, particularly the reaction family involving propane reconcile hydrogen—deuterium isotope exchange, protolytic
as the paraffinic reactant. No significant differences are ob- dehydrogenation, and protolytic cracking occurring through
served in the narrow temperature range. Reactions such apenta-coordinated carbonium ion-like transition states and
dealkylation and cyclization are determined to not be kinet- with widely different activation barriers and reaction rates
ically significant under the conditions studied. Because the by proposing different carbonium ion-like transition states
overall rate for calculating the degree of rate control is con- for these reactionfl07]. The H/D isotope exchange exper-
sidered to be the rate of propane consumption, we believeiments of Narbeshuber et gl110,111]confirmed that the
that the low degree of rate control of the secondary reactionsrate of H/D exchange is about an order of magnitude faster
may stem from the fact that these reactions are not directly than the rate of protolytic dehydrogenation or cracking. The-
involved in propane consumption or formation. In a com- oretical studies by Blaszkowski and van Sartef118,112]
plex series—parallel reaction network like the one described and Esteves et a]113] illustrated the very different nature
here, how to probe the degree of rate control of these sec-of the transition state for H/D exchange and dehydrogena-
ondary reactions is not intuitively obvious to us. tion. Although we agree with the aforementioned isotopic

Based on our modeling results, alkane activation is the studies that adding a metallic component increases the re-
slowest mechanistic step. Based on isotopic labeling studiesversibility of the dehydrogenation reaction, we propose that
of C3Hg/C3Dg and GHg/D2> mixtures, however, the recom- the experimental observations for the isotopic labeling stud-
binative desorption of H-adatoms has also been suggested ages on HZSM-5 are a result of facile H/D exchange of the
the rate-limiting stefp106,108] The appearance of D-atoms reactant and product species with the zeolite.
in the reaction products is considered to represent C-D and Model predictions illustrated ifrigs. 1-4show that as
H-D bond activation, with B dissociation constituting the  temperature increases, the production of ;CHcreases,
microscopic reverse of recombinative hydrogen desorption. indicating that the protolytic cracking has a high activa-
The calculated virtual pressure of hydrogen was 216 kPa,tion barrier consistent with our model predictions. In addi-
whereas the gas phase pressure whgPa[109]. However, tion, production of light alkenes like 81, and GHe lines
these studies do not provide evidence for the nature of theout, consistent with the rapid conversion of these alkenes
adsorbed hydrogen species on the surface of the acidic catato higher-carbon-number products by oligomerization reac-
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tions, as our model predicts. Our model also predicts that aromatization by hydride abstraction reactions. Model para-

aromatics are secondary products (reflected in the initial meter estimates for protolytic alkane activatigascission,

slope of the curve), again consistent with experimental ob- hydride transfer, and cyclization agree with literature values,

servations. We note that the greatest discrepancy between thand narrow confidence intervals are obtained for all ener-

model predictions and the experimental data are observedgetic parameters in the model. Based on sensitivity analysis,

for butane, which the model does not capture adequately,we conclude that ring-closure and subsequent hydride trans-

and propane, which the model underpredicts. In an effort fer reactions to yield aromatic species are facile, whereas

to understand why the model underpredicts the conversionalkane activation steps are rate-controlling.

of propane, we calculated the contribution of each species

t[O the sum _of squgred Iogarithmic errors, our chosen ob- Acknowledgments

jective function. This partial sum of squares error (PSSE)
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the model does not attempt to fit the propane data better.this study.

As discussed earlier, an objective function weighted by the

error of each experimental data point based on replicate mea- ) ) )

surements could address this scenario. Our attempts to im/\PPendix A. Generation of thereaction scheme

prove the butane fit to significantly reduce the SSE have not

been successful. We note, however, that butane productionH

was overestimated by the model at short space-time condi-

tions. An attempt to reduce the initial production of butane

was another reason to slow the alkylation reaction involving

methoxy species as reactants, because alkylation of propan

by a methoxy species generates butane. Our current efforts

are focused on changing the relative rates of alkylation and

hydride transfer reactions resulting in the overprediction of CiH2pi2 + HS < cyhgiy3s (3<n<9).

butane at smallw/ F) values. 2. Protolytic cleavage of paraffin molecules (2 reaction
In summary, although statistical evidence suggests scope  families):

for model refinement and treatment of error, the good agree-

ment between experimental results and model predictions

over a wide range of space time, and hence conversions,

along with the good agreement between the kinetic parame- 3- Protolytic dehydrogenation of alkanes (1 reaction fam-

ters obtained and those published in the literature for similar ~ilY):

hydrocarbon systems, suggest that we have developed a mi- ¢, hy,,35 — C,hp, 415+ Ho  (3<n <9).

crokinetic model for this system that can describe the activ-

ity of Brgnsted acid sites in HZSM-5.

The kinetic model for light paraffin aromatization on
ZSM-5 has been derived on the basis of the following re-
action steps. In the scheme below HS represents a Brgnsted
acid site, surface species are represented, lagscand gas
é‘)hase species are represented g4,

1. Adsorption/desorption of paraffins (1 reaction family):

Cnh2n-§—3S — Cm H2m+2 + C(nfm) h2(nfm)+lS
B<n<9and 1< m < n).

4. Olefin adsorption including dienes and aromatics (1 re-
action family):
C.Hz, + HS — c,hp, 118 (2< n < 9; stoichiometry

4. Conclusions shown only for alkenes).

5. Olefin desorption including dienes and aromatics (1 re-

An elementary step-based kinetic model that assumes ; S
action family):

neutral surface alkoxide species reacting through carbenium o
ion-like transition states and considers alkane activation by ~ CaN2.+18 = C,Ha, + HS  (2< n < 9; stoichiometry
carbonium ion-like transition states has been postulated for ~ Shown only for alkenes).

propane aromatization on HZSM-5. This model acknowl- 6. g-scission (7 reaction families):

edges the carbo_n number dgpendence of alk_ane adsorption Coh20115 = CnMom41S + ClamHotn—m)

energetics, considers the existence and reaction of methoxy (3<n<9and 1< m <n).

species, proposes a methodology for grouping reactions
based on the nature¥12°, or 3°) and size of the reaction in-
termediate fop-scission and hydride transfer reactions, and Cmhom+1S + Cir—myH2(1—m) = Cuh2n418
postulates elementary steps for cyclization and subsequent (B<n<9and 1< m < n).

7. Oligomerization (7 reaction families):



50

. Hydride transfer (12 reaction families):

Cm h2m+ls+ CnH2n+2 e CmH2m+2 + Cnh2n+ls
(A<n,m<9andm +n <12),

th2m+ls+ C.Ho, — CmH2m+2 + Cnth—lS
A<m<94<n<9and (n +n) < 12).
. Alkylation (2 reaction families):

C,Hout2 + cph2pns18 = CoprmyHop4m+1) + HS
@2<n<7;1<m<<7and @ +m)<9),

A+ cnh2n+1s—> A-C,Hy, + HS
(A=BI/T/IX;1<n<3).
Dealkylation of alkylbenzenes (1 reaction family):

B_Cn h2n+1s_) B_Cm H2m + C(n—m)hZ(n—m)+ls
O<m<n;1<n<3).

10.

11.
transfer process (2 reaction families):

C,hoy—1S— ¢,hp,—1S ¢ (6< n < 9; cyclization),
¢.h2,_1s_c— C,H2,_2 + HS (Olefin desorption),
Cnh2mi18+ CyH2—2 = CHopy2 + G2, 38

6<n<91l<m<4and @ +m)<12)
(Aromatization reation).

Appendix B. Interrelationshipsused to reduce number
of parameters

Interrelationships between various reaction families for
B-scission/oligomerization and hydride transfer are speci-
fied below.

B.1. B-scission/oligomerization

k (2° — 1°) = reference: estimated by optimization;
k(1°— 1°) =k (2° — 1°) x exp(—4.6 x 10%/(RT));
k(1°— 2°) =k (2° — 1°);

k(20— 2°) =k (2° — 1°) x exp(20.0 x 103/(RT));

k (2°— 3°) =k (2° — 1°) x exp(27.4 x 10%/(RT));

k(3 —2°) =k (2° — 1°) x exp(27.4 x 103/(RT));
k(3° —3) =k (2° — 1°) x exp27.4 x 10°/(RT)).

B.2. Hydride transfer

k (1° — 2°) = reference: estimated by optimization;
k(1°— 1°) =k (1° — 2°) x exp(—37.2 x 103/(RT));
k(1°— 3°) =k (1° - 2°) x exp(16.7 x 103/(RT));

k (2° — 1°) =k (1° — 2°) x exp(—37.2 x 103/(RT));

k (2°— 2°) =k (1° — 2°);

k(20— 3°) =k (1° > 2°) x exp(16.7 x 103/(RT));
k(3 —1°) =k (1° — 2°) x exp(—37.2 x 103/(RT));
k(3° = 2°) =k (1° — 2°);

k(3= 3°) =k (1° - 2°) x exp(—3.75 x 103/(RT));

k (1° — Allylic) =k (1° — 2°) x exp(16.7 x 10°/(RT));
k (2° — Allylic) =k (1° — 2°) x exp(16.7 x 103/(RT));
k (3° — Allylic) =k (1° — 2°) x exp(—3.75x 103/(RT)).
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