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Abstract 
 

Effects of Zeolite Structure and Si/Al Ratio on Adsorption Thermodynamics 

and Intrinsic Kinetics of Monomolecular Cracking and Dehydrogenation of 

Alkanes over Brønsted Acid Sites 
 

By 

Amber Leigh Janda 

Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 

Professor Alexis T. Bell, Chair 

 

It is well known that the efficacy of acidic zeolite catalysts for the cracking of 

hydrocarbons originates from the shape and size of the zeolite pores. However, the mechanisms 

by which changes in pore structure influence cracking kinetics are not well understood or 

exploited. The aim of this dissertation is to use experiments and simulations to shed light on the 

ways by which zeolite structure and acid site location affect the apparent and intrinsic kinetics of 

n-alkane monomolecular cracking and dehydrogenation. In the rate-determining step of these 

processes, C-C or C-H bonds are cleaved catalytically by Brønsted protons. Thus, the kinetics of 

monomolecular activation reactions are useful for characterizing the influence of active site 

structural environment on catalysis. 

In Chapter 2, the effects of active site distribution on n-butane monomolecular activation 

kinetics are investigated for commercial samples of H-MFI having a range of the Si/Al ratio. 

Based on UV-visible spectroscopic analyses of (Co,Na)-MFI, it is inferred that, with increasing 

Al concentration, the fraction of Co—and, by extension, Brønsted protons in H-MFI—located at 

channel intersections increases relative to the fraction located at channels. Concurrently, the first-

order rate coefficients (kapp) for cracking and dehydrogenation, the selectivity to terminal 

cracking versus central cracking, and the selectivity to dehydrogenation versus cracking increase. 

The stronger dependence of the selectivity to dehydrogenation on Al content is attributed to a 

product-like transition state, the stability of which is more sensitive to confinement than the 

stabilities of cracking transition states, which occur earlier along the reaction coordinate. For 

terminal cracking and dehydrogenation, the intrinsic activation entropy (∆Sint
‡

) increases with Al 

content, consistent with the larger dimensions of intersections relative to channels. Surprisingly, 

the rate of dehydrogenation is inhibited by butene products. Theoretical calculations suggest that 

this effect originates from the adsorption of isobutene at channel intersections, indicating that 

dehydrogenation occurs with stronger preference for these locations than does cracking. 

 In order to analyze the effects of zeolite structure on monomolecular alkane activation 

reactions, it is necessary to separate the contributions of the adsorption and reaction steps to 

observed kinetics. A method is developed in Chapter 3 for obtaining the enthalpy and entropy 

changes for adsorption of n-alkanes from the gas phase onto Brønsted protons (ΔHads‑H+ and 

ΔSads‑H+) using configurational-bias Monte Carlo (CBMC) simulations. Simulated values of 

ΔHads‑H+ and ΔSads‑H+ for H-MFI are in good agreement with those determined from 

experimental measurements at 300-400 K. However, the simulations account correctly for the 

redistribution of alkanes to protons at less confining parts of the zeolite with increasing 

temperature. Values of ∆Hint
‡

 and ∆Sint
‡

 for the cracking of n-alkanes, determined using 

previously reported kinetic data and simulated values of ΔHads‑H+ and ΔSads‑H+, both 
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corresponding to 773 K, agree well with values obtained independently from quantum 

mechanics/molecular mechanics calculations. It is found that the observed increase in kapp with 

increasing chain length is caused by a decrease in ∆Hint
‡

 and that ∆Sint
‡

 is insensitive to chain 

length. These results contrast those reported by other authors, who used values of ΔHads‑H+ and 

ΔSads‑H+ measured at 323 K to extract ∆Hint
‡

 and ∆Sint
‡

 from the same measured kinetic data and 

concluded that the increase in kapp with alkane size is caused by an increase in ∆Sint
‡

. 

In Chapter 4 the effects of zeolite structural confinement on n-butane cracking and 

dehydrogenation are characterized for zeolites that differ predominately in the size and 

abundance of cavities. Values of ∆Hads-H+ and ∆Sads-H+ are obtained from CBMC simulations and 

used to extract intrinsic rates and activation parameters. As ∆Sads-H+ (a proxy for confinement) 

becomes more negative, ΔHint
‡

 and ΔSint
‡

 decrease for terminal cracking and dehydrogenation 

when the channel topology (e.g., straight, sinusoidal) is fixed. This observation, as well as 

positive values for ΔSint
‡

, indicate that the transition states for these reactions resemble the 

products. For central cracking (an early transition state), ΔHint
‡

 remains similar while ΔSint
‡

 

increases with confinement because less entropy is lost upon transfer of a proton to an adsorbed 

n-butane molecule. For zeolites having straight channels, the increase in ΔSint
‡

 is large enough to 

cause kint to also increase. For terminal cracking and dehydrogenation, concurrent decreases in 

ΔHint
‡

 and ΔSint
‡

 cause kint to increase less strongly, and selectivities to these reactions decrease 

with increasing confinement. Depending on channel topology, changes in kapp are driven by 

changes in kint or by changes in the adsorption equilibrium constant (Kads-H+), which is not, in 

general, dominated by either ∆Hads-H+ or ∆Sads-H+. These findings differ from earlier reports that 

ΔHint
‡

 and ΔSint
‡

 are structure-insensitive, and that Kads-H+ is dominated by the value of ∆Hads-H+.  

 Finally, in Chapter 5 the influence of channel and cage topology on n-alkane adsorption 

are characterized for zeolites and zeotypes with one-dimensional pore systems. When cages are 

not present, ∆Hads-H+ and ∆Sads-H+ at fixed pore-limiting diameter (PLD; the diameter of the 

largest sphere that can traverse the pores) decrease in magnitude as the ratio of the smallest to 

largest channel diameter decreases and the pore become less circular. The higher entropy of 

alkanes in non-circular pores is attributed to greater freedom of movement and can cause the free 

energy to be lower in these environments relative to circular pores. The addition of cages to 

straight channels at fixed PLD generally decreases confinement and the magnitudes of ∆Hads-H+ 

and ∆Sads-H+. Replacing straight channels with cages of the same diameter does not change 

∆Sads-H+ significantly when the channel PLD exceeds the length of the alkane, but lowers 

∆Hads-H+ and the free energy due to the greater surface area and curvature of cages relative to 

channels. In zeolites that lack cages, the selectivity to adsorption via a central C-C bond vs. a 

terminal bond exhibits a minimum at PLDs near the length of the alkane. When cages are 

present, the selectivity to adsorption via a central bond exhibits a minimum with respect to cage 

size, occurring at a diameter larger than that observed in the absence of cages. This result is 

attributed to a greater ability of cages to stabilize configurations in which the alkane backbone is 

oriented perpendicular to the cage wall. 
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Chapter 1  
 

Introduction 
 

 

1.1 Overview of Zeolites and Their Use in Catalytic Cracking 
 

The efficiency of the refining processes used to produce fuels and chemicals from crude 

oil is of great importance given the projected growth in world energy demand, the short-term 

inability of alternative sources of fuel and energy to replace petroleum sources, and the world’s 

limited oil reserves. For several decades, zeolite catalysts have been employed for their shape-

selective behavior to improve yields and selectivities of desired products and to reduce energy 

consumption in petrochemical processes.1-9 Zeolites are crystalline oxides consisting of corner-

sharing SiO4 and AlO4
- tetrahedra that form pores and cavities of diameter ~0.2-2 nm. In the 

acidic form, the negative charges associated with Al atoms are balanced formally by Brønsted 

protons that are the seat of catalytic activity.10 The dimensions of the pores that house these 

active sites are similar in size to molecules and give rise to the shape-selective properties that 

make zeolites useful to industrial catalysis and separations processes.11 

The highest volume use of zeolites in the petroleum industry is in the fluid catalytic 

cracking (FCC)3,12 of heavy fractions of crude oil to produce fuels and their precursors, and 

much research activity has centered on elucidating the mechanisms of cracking13-15 and the 

influence of the zeolite structure on reaction rates and selectivities. Yet, industrial applications 

and even fundamental research16-18 into the influence of zeolite pore topology on cracking 

kinetics are limited to a handful of the ~200 known synthetic and naturally occurring structures. 

Moreover, as demonstrated in Chapters 3-4 (pp 35-79), the practical difficulties associated with 

measuring hydrocarbon adsorption at Brønsted protons at temperatures at which cracking occurs 

(> 623 K) has prevented the accurate characterization of intrinsic kinetics even for zeolites that 

are commonly used. 

An understanding of how structural characteristics such as void topology and active site 

location cracking kinetics would facilitate the rational selection of materials for a given 

application and candidates for synthesis from the millions of hypothetical frameworks19 that have 

been identified using computations. To identify probe reactions for such a study, it is useful to 

understand the mechanisms for alkane cracking catalysis. The two main routes by which 

cracking occurs, monomolecular and bimolecular, are discussed in Section 1.2. 

 

1.2 Mechanisms of Alkane Cracking 
 

Alkane cracking is defined as the net conversion of an alkane molecule into a smaller 

alkane and an alkene and occurs with the stoichiometry: CnH2n+2 → Cn-mH2(n-m)+2 + CmH2m. 

Because of the high thermodynamic strength of C-C bonds (~370 kJ mol-1),20 cracking is carried 

out using zeolite catalysts that reduce the activation energy21,22 relative to thermal cracking. The 

mechanism by which cracking occurs differs depending on the hydrocarbon species that are 

present at zeolite active sites, which in turn depends on the conditions of the experiment or 

process. In industrial settings, catalytic cracking takes place at high conversions and high partial 
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pressures of reactants and in the absence of an inert diluent. Under such conditions, cracking 

occurs via a bimolecular chain-propagation mechanism depicted in Figure 1.2-1 (right).  

During bimolecular cracking, a significant fraction of the zeolite Brønsted acid sites are 

occupied by the product alkenes, which propagate the chain reaction. The adsorbed alkenes are 

chemically similar to carbocations and can abstract hydride ions from alkanes to release another 

alkane in the rate-determining step (Figure 1.2-1, top right), or may oligomerize by attacking an 

alkene double bond and then subsequently crack into smaller alkenes (Figure 1.2-1, bottom 

right). The adsorbed carbocation-like species undergo rapid isomerization and can also desorb as 

products.13,14 Because of the complex reaction network, the high conversions involved, and the 

prevalence of mass transfer limitations, bimolecular cracking kinetics are not characterized easily 

and interpretations of the influence of the zeolite structure on product distributions are largely 

empirical. Rate parameters are extracted from hypothesized rate equations23,24 and cannot be 

unequivocally assigned to a given elementary process. It is, therefore, difficult to interpret the 

physical meaning of these parameters and to compare measured values to those determined from 

theoretical calculations. For the above reasons, cracking kinetics are often characterized at low 

conversions at which a simpler mechanism prevails. 

 

 
Figure 1.2-1. Mechanisms for alkane cracking occuring over acidic zeolites at low (left) and high conversion (right). 

 

In the limit of very low conversion, product alkenes are scarce and alkane molecules 

adsorbed near active sites encounter Brønsted protons instead of carbocation species (Figure 

1.2-1, left). Alkane molecules adsorbed near the protons can be cleaved directly by the proton at 

a C-C or C-H bond. When a C-H bond is cleaved, dehydrogenation occurs 

(CnH2n+2 → CnH2n + H2). The apparent kinetics of this process, called monomolecular or 

protolytic cracking and dehydrogenation, are first-order in alkane partial pressure.13-15,17,18,25 

Monomolecular cracking and dehydrogenation of small alkanes are useful probes for 

characterizing the activity and selectivity of different zeolites. Diffusional limitations are usually 

absent for small reactant molecules26-28 and activation parameters can be readily obtained. For 

these reasons monomolecular alkane activation reactions are ideal candidates for theoretical 

modeling.17 Experimental measurements of the rate coefficient (kapp), apparent enthalpies and 

entropies of activation (ΔHapp and ∆Sapp) and thermodynamic enthalpy and entropy of adsorption 
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for monomolecular cracking and dehydrogenation can be used to characterize the effects of 

zeolite structure on apparent and intrinsic kinetics, as discussed below. 

 

1.3 Elementary Steps of Monomolecular Alkane Activation by Zeolites 
 

 The elementary steps and the relative enthalpies of reactants and transition states 

involved in monomolecular cracking and dehydrogenation are illustrated in Figure 1.3-1.29 Gas 

phase molecules are adsorbed into the zeolite pores. A subset of the adsorbed molecules 

associate with Brønsted acid sites through a C-C or C-H bond and are, therefore, in a reactant 

state. The difference in enthalpy between molecules in this state and molecules in the gas phase 

is the enthalpy of adsorption to the reactant state, ΔHads-H+, where the subscript -H+ indicates that 

the molecules are adsorbed at protons. Molecules adsorbed within the zeolite are assumed to be 

in quasi-equilibrium with the gas phase. In the rate determining step, molecules in a reactant 

state interact with Brønsted protons to form a transition state (TS‡) reminiscent of a 

pentacoordinated carbonium ion17,18 that decomposes into products of cracking or 

dehydrogenation. The activation energy associated with the reaction step is Eint
‡

. 

 

 
Figure 1.3-1. Diagram of the relative enthalpy of alkane reactants and transition states for the steps involved in 

monomolecular cracking and dehydrogenation. An example of how different zeolite structures might influence the 

enthalpy of adsorbed species is illustrated for STF (purple arrows) and TON (yellow arrows). Framework images were 

generated using the ZEOMICS web tool.30 

 

 The changes in enthalpy (and entropy) that take place upon adsorption and reaction 

during monomolecular cracking and dehydrogenation determine the measured and intrinsic rates 

and selectivities of these processes. It will be shown in this work (Section 3.3; pp 36-41) that the 

measured first-order rate coefficient (kapp) is given by  

 

( 1.3-1 )      kapp ≡ 
vH+

h
exp (-

∆Hads-H+ + RT + ∆Hint
‡

 - T(∆Sads-H+ + ∆Sint
‡

)

RT
) , 

 

where ∆Hint
‡

 and ∆Sint
‡

 are the intrinsic activation enthalpy and entropy, and ΔHads-H+ and ΔSads-H+ 

are the enthalpy and entropy of adsorption to the reactant state. The volume that defines the 

space surrounding a zeolite active site, within which an alkane is in a reactant state, is given by 

vH+. The intrinsic rate coefficient is given by absolute rate theory as:  

TS‡

En
th

al
p
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( 1.3-2 )      kint = 
kBT

h
exp (-

∆Hint
‡

 - T∆Sint
‡

RT
) 

 

Expressions for the apparent enthalpy and entropy of activation can be determined from an 

Arrhenius plot of kapp using the following two equations: 

 

( 1.3-3 )      ∆Happ = ∆Hads-H+ + ∆Hint
‡

 = -R [
∂lnkapp

∂(1 T⁄ )
]  - RT 

 

( 1.3-4 )      ∆Sapp = ∆Sads-H+ + ∆Sint
‡

 = R [lnkapp,T→∞ - ln
vH+

h
] 

 

Thus, values of ∆Hint
‡

 and ∆Sint
‡

 can be obtained by subtracting ΔHads-H+ and ΔSads-H+ from ΔHapp 

and ΔSapp, respectively, provided that the adsorption thermodynamic parameters correspond to 

the same temperatures as ΔHapp and ΔSapp. Equations 1.3-3 and 1.3-4 show that the apparent or 

measured kinetics are influenced by the zeolite in two ways; first, by the favorability of the 

adsorption equilibrium, and also by the effect of the zeolite structure on the stability of the 

transition state. The state of the art regarding the influence of the zeolite pore topology on each is 

reviewed next. 

 

1.4 Influence of Zeolite Structure on Adsorption of Alkanes 
 

The concentration of alkane located at Brønsted protons during monomolecular activation 

catalysis is proportional to the Henry constant for the subset of molecules that are in a reactant 

state. The Henry constant is in turn exponentially dependent on the Helmholtz energy of 

adsorption (equal to ΔHads-H+ - TΔSads-H+ + RT). The values of ΔHads-H+ and ΔSads-H+ largely 

reflect dispersion interactions between alkane molecules and the zeolite O atoms, and a smaller 

contribution arises from an induced dipole interaction between the molecules and Brønsted 

protons.31 Therefore, ΔHads-H+ and ΔSads-H+ are sensitive to the shapes and sizes of zeolite 

channels and cavities. Yet, attempts to correlate these quantities with descriptors of topology 

have met limited success due to the complexity of the zeolite pore systems. 

Many researchers have measured31-33 or computed34-37 thermodynamic adsorption 

parameters and Henry constants for alkanes adsorbed in zeolites and have interpreted the results 

based on a qualitative description of confinement. Higher (i.e., more negative) enthalpies and 

entropies of adsorption are generally associated with more confining features such as smaller 

pore diameters (e.g. TON, shown in Figure 1.3-1), and lower enthalpies and entropies of 

adsorption are associated with larger channels or cages (e.g., STF, also shown in Figure 1.3-1). 

Other studies have attempted to correlate pore size with the adsorption enthalpy or 

entropy. Bates et al.38 observed that the heat of adsorption (equal to -ΔHads-H+) for n-alkanes, 

determined using configurational-bias Monte Carlo (CBMC) simulations, decreases with an 

increase in the mean pore diameter for several zeolites. However, these authors found that for 

small-pore zeolites having cages, alkanes are located primarily in the cages and that, therefore, 

the cage diameter is a better descriptor of the pore size. Eder and Lercher39 have reported that the 

measured heat of adsorption generally decreases with an increase in the average diameter of the 

pores, and similar findings have been reported by Savitz et al.40 and by Gribov et al.41 It is noted 

that in the above studies a significant amount of variation observed in thermodynamic adsorption 
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parameters among zeolites could not be explained simply by changes in pore diameter; thus, the 

introduction of other descriptors to explain observed phenomena followed. 

 Later studies have been aimed at investigating independent effects of cage and channel 

dimensions on adsorption. Several authors42-44 have used CBMC simulations to simulate alkane 

adsorption within zeolites at ~600 K and have reported that when the diameter of the channels 

(termed “windows”) between cages is commensurate with the kinetic diameter of an n-alkane 

(~4.3 Å),45 alkanes that are short enough to fit within a single cage adsorb preferentially. 

Adsorption of longer alkanes is disfavored because repulsive interactions with the windows 

prevent the partial adsorption of the alkane within a cage. Denayer et al.46,47 have found that 

when an n-alkane having a given number of C atoms cannot fit within a cage, adsorption is 

disfavored relative to branched isomers that can fit within the cage. These observations were 

attributed to the higher rotational entropy possible for alkanes fully contained within cages, and 

to optimal enthalpic interactions because of the complementary shapes of the alkane and cage. 

Gounaris et al.48,49 have calculated “molecular footprints” for molecules and found that the shape 

of the footprint relative to those of zeolite pore openings could predict the admittance of the 

molecules to the pores with better accuracy than the averaged diameters for the molecule and 

pores. These studies show that the sizes of different topological features (e.g., channels, cages) 

have different effects on adsorption, and that the shape of zeolite pores also impacts adsorption. 

From the studies reviewed above it can be seen that the use of quantifiable descriptors of 

pore topology to predict adsorption behavior is promising, but limited in scope, possibly because 

it is difficult to define simple and easily calculable descriptors and to control the value of a single 

descriptor in isolation. A semi-quantitative basis for predicting the effects of pore topology on 

adsorption thermodynamics would facilitate the design of zeolites for a given use. It is also noted 

that most of the studies mentioned above have investigated the non-specific adsorption of alkane 

anywhere within the zeolite pores rather than at active sites, and all of the experimentally 

measured values correspond to temperatures well below those at which monomolecular 

activation kinetics are measured (> 673 K). Thermodynamic data for the adsorption of alkanes at 

protons and at the temperatures used for rate measurements is necessary to extract intrinsic 

activation barriers from measured values, as noted in Section 1.3. 

 

1.5 Influence of Zeolite Structure on Kinetics of Monomolecular Cracking 

and Dehydrogenation of Alkanes 
 

The effects of zeolite structure on the kinetics of monomolecular cracking and 

dehydrogenation can be investigated in terms of the effects of active site location within different 

parts of a heterogeneous framework (e.g., channels vs. cages), or in terms of the aggregate 

effects of changing the framework entirely (e.g., moving from TON to STF in Figure 1.3-1). It is 

important in each case to rule out or account for the influence of Al atom density and proximity, 

which can affect the activity of Brønsted protons,50-56 on kinetics. When investigating the effects 

of a change in zeolite structure, it is important that comparisons among frameworks are made 

using rate data that are representative of all parts of the framework and, therefore, of active sites 

located at a variety of crystallographic locations. Literature regarding the variation of 

monomolecular activation kinetics within and between zeolite framework types and as a function 

of Al content (acid site density) is summarized. 
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1.5.1 Effects of Active Site Location 

In order to characterize the influence of active site location on reaction kinetics within a 

given zeolite, it is necessary to discern the locations of such sites. It is generally not possible to 

determine the crystallographic locations of individual protons or Al atoms experimentally. 

However, it has been demonstrated using 27Al MAS NMR spectroscopy and theoretical 

calculations that the Al distribution is far from random despite the similar thermodynamic 

stability for substitution of Si with Al at different T-sites.57-59 The locations of Co(II) (exchanged 

at NaAlO4 units close enough to compensate a formal 2+ charge in Na-MFI) in (Co,Na)-MFI 

have been inferred using UV-visible spectroscopy and theoretical calculations.60,61 Three 

locations for Co have been identified and are depicted in Figure 1.5.1-1. The sites correspond to 

straight channels (α), sinusoidal channels (γ), and their intersections (β). The locations of Co 

among these locations are reported to vary systematically with Si/Al ratio for MFI synthesized 

under similar conditions. Changes in the distribution of Co with respect to Al concentration 

should qualitatively reflect changes in the overall distribution of Al unless the distribution of 

isolated NaAlO4 sites (those that do not exchange Co) is sufficiently anti-correlated with the 

distribution of sites that exchange Co. 

 

 
Figure 1.5.1-1. Illustration of the MFI framework with labels for sinusoidal channels (γ), straight channels (α), and 

intersections (β). Framework image generated using the ZEOMICS30 web tool.  

 

Consequences of the variation in Al distribution on monomolecular alkane cracking and 

dehydrogenation are expected to be observable from changes in rates and selectivities with Al 

content if the spatial environment of the active sites is consequential to reactivity. However, 

where kinetics have been characterized over a range of Al content, contrasting results have been 

reported. Haag and Dessau62-64 reported that the activity per Al atom for n-hexane 

monomolecular consumption over H-MFI did not vary systematically with Al content over 

several orders of magnitude of Al concentration. This result suggests an invariant proton 

distribution, the insensitivity of n-hexane monomolecular catalysis to proton environment within 

MFI, or a distribution of Al that changed randomly with respect to Al content (the turnover 

frequency varied by a factor of ~2 among samples,16 but irregularly with respect to Al content). 

Gounder and Iglesia65 reported larger ranges for the rate coefficients and selectivities (Haag and 

Dessau62-64 did not report selectivity) of monomolecular reactions of propane over H-MFI 

samples differing in the Si/Al ratio. These observations suggest that the proton distribution 

differed among the zeolites evaluated,65 but no systematic trends in catalytic behavior were 

observed over the narrow range of Al content investigated. Neither set of authors attempted to 

characterize even qualitatively the relative distributions of Al within the MFI samples employed.  

For MOR, the distribution of Brønsted protons among 8-membered ring (8-MR) side 

pockets and 12-MR main channels has been inferred using in situ infrared spectroscopy of 

adsorbed alkanes.66 Gounder and Iglesia65 have attributed differences in rates and selectivity to 

dehydrogenation versus cracking of propane and n-butane among 8-MR and 12-MR channel 

α

β

γ
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environments to location-specific differences in activation entropy and to the relative stabilities 

of different transition states within the two environments. The authors have also reported that Eint
‡

 

is essentially insensitive to zeolite structure or active site location and that kapp is dominated by 

ΔSapp, the entropy of the transition state relative to the gas phase, through the influence of 

ΔSads-H+ on ΔSapp (see Equation 1.3-4). These conclusions differ from those based on the results 

of Haag and Dessau62-64 that active sites associated with Al atoms at different parts of the zeolite 

behave equivalently in catalysis. 

 

1.5.2 Effects of Al Atom Proximity 

Based on the observations of Haag and Dessau62-64 that the rate of monomolecular 

n-hexane consumption per Al atom over H-MFI is similar over a wide range of Al concentration, 

it can be anticipated that the interaction of acid sites in close proximity does not significantly 

impact their catalytic activity for Al concentrations within this range (Si/Al ratio > 10). A 

decrease in the activity of acid sites is, however, anticipated for zeolites with higher Al contents 

(depending on the density of the framework),52,67 for which an increasing proportion of Al atoms 

that are separated from a nearby Al atom by only one O-T-O sequence is expected. Pairs of Al 

atoms that are connected by such a sequence are commonly referred to as next-nearest neighbors 

(NNNs) and protons associated with such Al can be less acidic than protons associated with 

isolated Al sites, especially when these Al atoms share a 4-MR.50-53 Thus, in studying the effects 

of active site distribution and zeolite framework type on cracking and dehydrogenation kinetics, 

zeolites that are anticipated to have such Al pairs should be avoided unless the effects of their 

presence can be rigorously taken into account. 

Al NNN sequences, and the consequences on activity of close Al proximity in general, 

are not expected for highly siliceous zeolites (Si/Al > 5.8-10.5, depending on the framework 

density).52 Such sequences are encountered in zeolites that have inherently high Al content, such 

as FAU and LTA, and only for Si/Al ratios lower than ~5.67 In FAU, pairs of Al atoms can 

occupy NNN sites in a 4-MR structure, and theoretical studies predict that the deprotonation 

energy of such sites is lower than for isolated Al atoms.53 Experimental evidence exists that 

suggests these less acidic sites are not present in significant amounts for Si/Al ratios above 4.5.67 

For instance, Beaumont and Barthomeuf54,55 have used n-butylamine as a titrant to show that a 

single type of acid site exists in FAU for Si/Al ratios over 4.5, while FAU having a higher Al 

content exhibited the presence of sites less able protonate the adsorbate. Consistent with this 

finding, Sohn et al.68 have reported that the rate of n-hexane cracking per gram of dealuminated 

H-FAU increased linearly with respect to the concentration of framework Al for Si/Al ratios 

between 4.7 and 255. These results suggest that the acidity of Brønsted protons is constant in this 

range of the Si/Al ratio. In summary, the acidity and catalytic activity of protons is expected to 

be ~independent of Al site density as long as the Si/Al ratio is sufficiently high.  

 

1.5.3 Effects of Zeolite Framework Type 

Investigations of the influence of zeolite framework structure on monomolecular cracking 

and dehydrogenation kinetics are limited to only a handful of zeolites,16-18,69-76 and, in some 

cases, the results of these studies contradict interpretations of the effects of proton location on 

kinetics discussed in Section 1.5.1. Several authors have reported that the measured rate 

coefficient (kapp) for monomolecular cracking of n-hexane70,77,78 and propane75 increases and that 

the measured activation energy (Eapp) decreases with decreasing pore size for FAU, MOR, BEA 

and MFI. Each set of authors has reported that Eint
‡

, calculated by subtracting the enthalpy of non-
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specific adsorption (ΔHads; the subscript “ads” indicates adsorption anywhere within the zeolite 

and not just at Brønsted sites) measured at temperatures well below the temperatures of the rate 

measurements from Eapp, is similar among zeolites and has concluded that larger values of kapp 

are caused by larger magnitudes of ΔHads. Ramachandran et al.,79 have reported that the slope of 

a plot of ΔSads vs. ΔHads for n-hexane adsorption within several zeolites is similar to that of a plot 

of ln(kapp) vs. Eapp
70 and, therefore, have concluded that variation in measured activation 

parameters among zeolites is caused by the variation in ΔHads and ΔSads, while Eint
‡

 and ∆Sint
‡

 are 

constant. By contrast, Kotrel et al.76 have used the same methodology to calculate Eint
‡

 for 

n-hexane monomolecular cracking and have reported that Eint
‡

 is larger for MFI relative to BEA 

and FAU. 

Gounder and Iglesia80 have reported the relative values of measured activation energies 

and activation entropies (ΔSapp) corresponding to different monomolecular reaction pathways 

(e.g., dehydrogenation vs. cracking) of a given alkane occurring on the same zeolite (FER, MFI, 

MOR or FAU). These authors have concluded that differences in Eapp and ΔSapp between reaction 

pathways are equal to differences in the protonation enthalpy or entropy of gas phase reactant 

molecules at different C-C or C-H bonds.16,80 Based on this generalization, no influence of 

zeolite structure on selectivities would be expected. However, the authors’ conclusion that the 

relative values of Eapp and ΔSapp for different reactions are structure-insensitive contrast their 

previous reports for MOR, in which differences in selectivities were attributed to “location-

specific” differences between the activation entropies of different reaction pathways. 

It can be seen from the above discussion that many researchers have accepted that 

apparent activation parameters vary among zeolites because of changes in adsorption 

thermodynamic parameters, while Eint
‡

 and ∆Sint
‡

, and differences in Eint
‡

 and ∆Sint
‡

 between 

different reactions, are constant or at least do not change systematically with changes in 

structural parameters. However, these conclusions contradict theoretical81 and experimental65 

studies that suggest that Eint
‡ 81 and ∆Sint

‡ 65 can differ among locations within a given zeolite, as 

well as one study76 that found Eint
‡

 to differ among zeolite frameworks. It is also noted that values 

of Eint
‡

 and ∆Sint
‡

 determined previously have been extracted from measured barriers using values 

of ∆Hads and ∆Sads corresponding to non-specific adsorption or to adsorption taking place at 

ambient temperatures, and that the accuracy of the intrinsic barriers is, therefore, questionable. 

 

1.6 Outline 
 

The aim of this dissertation is to systematically characterize the influence of zeolite 

structural parameters and active site distribution on the apparent and intrinsic kinetics of 

n-alkane monomolecular cracking and dehydrogenation and on adsorption thermodynamics for 

highly siliceous zeolites (Si/Al > 8). The reactant n-butane is used to obtain rate data because it is 

the simplest alkane that possesses distinguishable carbon-carbon bonds and is not prone to 

undergo rapid secondary reactions. The reaction pathways that are possible for n-butane are 

shown in Figure 1.2-1; they are terminal and central C-C cracking, and dehydrogenation, which 

occurs by attack at methyl and methylene C-H bonds. 

In Chapter 2, evidence is presented that demonstrates the importance of Al atom location 

to catalytic activity for H-MFI. Differences in the measured reaction rates, selectivities and 

activation parameters observed with changes in Si/Al ratio are consistent with concurrent 

changes in the distribution of protons, inferred from UV-visible spectroscopy of separately-

prepared (Co,Na)-MFI, and the consequences of these changes on the confinement of transition 
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states. The results suggest that n-butane activation within H-MFI occurs preferentially at active 

sites located in channel intersections. For terminal cracking and dehydrogenation, the lower 

confinement of transition states at these locations relative to the channels leads to larger values 

for ΔSint
‡

 and, consequently, kapp. Dehydrogenation appears to exhibit the strongest preference to 

occur at the intersections because the transition state most strongly resembles the products. 

Unexpectedly, butene is found to inhibit the rate of dehydrogenation. A theoretical analysis of 

adsorption suggests that this effect is caused by adsorption of isobutene at channel intersections 

and supports the conclusion that dehydrogenation exhibits a strong preference to occur at these 

locations. These interpretations differ from previous observations that suggest kapp is independent 

of the Al concentration.62-64  

In Chapter 3, an approach is developed for determining ΔHads‑H+ and ΔSads‑H+, the 

enthalpy and entropy changes for alkane molecules moving from the gas phase to zeolitic 

Brønsted-acid sites, using CBMC simulations. The effects of temperature and Al location are 

characterized for the adsorption of n-alkanes propane through n-hexane within MFI. Boltzmann-

averaged values of ΔHads‑H+ and ΔSads‑H+ over all T-site locations, obtained from simulations, are 

in good agreement with experiment at the temperatures at which adsorption data were collected. 

At higher temperatures, the newly developed approach properly captures the effects of the 

redistribution of alkane to less confining parts of the pores, an effect that is strongest for zeolites 

with Al atoms distributed bimodally between the most (T4) and least (T9) confined T-sites. 

Simulated values of ΔHads‑H+ and ΔSads‑H+ are used to extract ∆Hint
‡

 and ∆Sint
‡

 from ΔHapp and 

ΔSapp, determined from experimental data reported elsewhere73 for the cracking of propane 

through n-hexane. Values of ∆Hint
‡

 and ∆Sint
‡

 so obtained are consistent with those determined 

independently from quantum chemical calculations. The increase in kapp for cracking with 

increasing chain length observed experimentally73 is found to be due to a decrease in ∆Hint
‡

, and 

that ∆Sint
‡

 varies little with chain length. These findings differ from the original conclusions of 

Narbeshuber et al.,73 that kapp is controlled by the value of ΔHads‑H+, and from the findings of a 

subsequent analysis82 that concluded increases in ∆Sint
‡

 cause kapp to increase with chain length. 

The computational methodology developed in Chapter 3 is improved in Chapter 4 and 

values of ΔHads‑H+ and ΔSads‑H+ so obtained are used to extract intrinsic activation barriers for 

n-butane cracking and dehydrogenation over several zeolites that differ mainly in the size and 

abundance of cavities. As the magnitude of ∆Sads-H+ (a proxy for confinement) increases for a 

fixed channel topology, ∆Hint
‡

 and ∆Sint
‡

 decrease for terminal cracking and dehydrogenation. 

This observation, as well as positive values for ∆Sint
‡

, indicate that the transition states for these 

reactions are late and resemble products. For central cracking (an earlier transition state) less 

entropy is lost upon protonation of the alkane with increasing confinement, causing ∆Sint
‡

 and kint 

to increase, while ∆Hint
‡

 remains similar. Concurrent decreases in ∆Hint
‡

 and ∆Sint
‡

 cause kint for 

terminal cracking and dehydrogenation to increase less strongly, and the selectivities to these 

reactions decrease with increasing confinement. The adsorption equilibrium constant (Kads-H+) for 

this set of zeolites is found to be dominated by the value of ∆Sads-H+. Kinetic data for n-hexane 

monomolecular consumption over MFI, FAU and MOR reported elsewhere70 are analyzed using 

the above approach, and ∆Hint
‡

 and ∆Sint
‡

 are found to correlate with ∆Sads-H+ in a way 

qualitatively similar that observed for n-butane dehydrogenation and terminal cracking. These 

results differ from earlier reports indicating that ∆Hint
‡

 and ∆Sint
‡

 are constant, that kapp depends 

only on Kads-H+, and that Kads-H+ is dominated by ∆Hads-H+ among different zeolites.16,75,79  

In Chapter 5, the influence of zeolite structure on adsorption thermodynamics for alkanes 

in a reactant state is explored in-depth. The effects of channel diameter, channel axis shape 
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(circular vs. oval), and cage diameter are investigated for linear alkanes propane through 

n-hexane adsorbed in one-dimensional zeolites. These structural descriptors are quantified using 

various databases30 and the effects of changes in each descriptor on enthalpy, entropy and free 

energy are examined individually. An influence of channel diameter and cage size on the 

probability of adsorption via a central or terminal C-C bond is identified, which affects the 

selectivity in monomolecular cracking.83 Because of correlation of changes in ΔHads‑H+ and 

ΔSads‑H+ on the free energy of adsorption (ΔAads‑H+) among homologous zeolites (zeolites that 

differ primarily in only one structural parameter),84 little variation in ΔAads‑H+ can be achieved by 

manipulating any single parameter. Such entropy-enthalpy compensation poses a problem for the 

rational design85 of zeolite frameworks based on topological descriptors. It is demonstrated that 

this problem can be circumvented by changing two descriptors at once in specific ways. 
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Chapter 2  
 

Effects of Si/Al Ratio on the Distribution of Framework Al and 

on the Rates of Alkane Monomolecular Cracking and 

Dehydrogenation in H-MFI 
 

Reprinted (adapted) with permission from J. Am. Chem. Soc., 2013, 135 (51), pp 19193-19207. 

Copyright © 2013, American Chemical Society. This work was originally coauthored with Alexis T. 

Bell, who has approved its inclusion in this dissertation. 

 

 

2.1 Abstract 
 

The aim of this study was to investigate the influence of Si/Al ratio on the locations of 

exchangeable cations in H-MFI and on the monomolecular cracking and dehydrogenation 

reactions of n-butane. On the basis of UV-visible spectroscopic analysis of Co(II) exchanged into 

Na-MFI, it was inferred that the fraction of Co(II) (and, by extension, Brønsted protons) located 

at channel intersections relative to straight and sinusoidal channels increases with increasing Al 

content. Concurrently, turnover frequencies for all monomolecular reactions, and the selectivities 

to dehydrogenation versus cracking and to terminal cracking versus central cracking, generally 

increased. The changes in selectivity with Al content are consistent with the finding that the 

transition-state geometry for dehydrogenation is bulky and resembles a product state, and should 

therefore exhibit a stronger preference to occur at channel intersections relative to cracking. 

Increases in turnover frequencies are attributed partly to increases in intrinsic activation entropies 

that compensate for concurrent increases in intrinsic activation energies, most strongly for 

dehydrogenation and terminal cracking, resulting in increased selectivity to these reactions at 

higher Al content. This interpretation contrasts with the view that intrinsic activation barriers are 

constant. It is also observed that isobutene inhibits the rate of n-butane dehydrogenation. 

Theoretical calculations indicate that this effect originates from adsorption of isobutene at the 

channel intersections. Because cracking rates are not affected by the presence of isobutene, this 

result suggests that the preference for dehydrogenation to occur at channel intersections is much 

stronger than the preference for cracking to occur at these locations. 

 

2.2 Introduction 
 

Zeolites are used extensively in the petrochemical industry for the catalytic cracking of 

alkanes into lower molecular weight products.1,4,6 The channels and cavities that surround 

catalytically active Brønsted acid centers are similar in dimensions to reactant and product 

molecules and transition states, imparting shape-selective properties5 that facilitate the control of 

product distributions. At high temperatures and at sufficiently low conversions and partial 

pressures, alkanes react primarily via a monomolecular mechanism in which the alkanes interact 

directly with Brønsted protons.17,25 These interactions lead to charged transition states that 

ultimately produce lower molecular weight alkanes, alkenes, and H2. The intracrystalline 

diffusion of reactant molecules does not limit reaction rates for small alkanes and zeolite 
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crystallites of typical dimensions (0.1-1.0 μm),26-28 allowing experimental activation barriers to 

be compared directly to values predicted from theory. 

Although the specific locations of Brønsted protons and framework Al atoms cannot be 

easily characterized for most zeolites, FTIR spectroscopy, UV-visible spectroscopy of Co(II)-

exchanged zeolites, and 27Al MAS NMR techniques, together with theoretical work, have 

provided strong evidence that the Al and proton distributions within MFI and other frameworks 

are nonrandom and depend on the Si/Al ratio and synthesis parameters.57-61,67,86-94 This raises the 

issue of whether changes in the distribution of Al among nonequivalent sites within a zeolite 

framework resulting from changes in the Si/Al ratio can affect the turnover frequencies for 

cracking and dehydrogenation. Differing answers to this question can be inferred from the 

literature. For example, Haag and Dessau have synthesized H-MFI samples spanning three 

orders of magnitude in Al concentration and have reported that the activity per tetrahedral Al for 

n-hexane monomolecular conversion is similar over the compositional range (later analysis of 

these data by Gounder and Iglesia16 revealed that the turnover frequencies spanned a factor of 

~2). This observation is consistent with either an invariant proton distribution or the insensitivity 

of n-hexane cracking to proton location within the samples studied.62-64 

By contrast, Gounder and Iglesia65 have reported that turnover frequencies of propane 

cracking and dehydrogenation differed by up to a factor of 5 on H-MFI samples with different 

Si/Al ratios, but no systematic trends were discernible over the narrow range of Al content 

investigated. For (H,Na)-MOR, Gounder and Iglesia65 have observed that cracking and 

dehydrogenation of propane and n-butane occur at higher rates in the 8-MR side pockets than in 

the 12-MR channels. The authors conclude that transition states are contained only partially in 

the shallow 8-MR pores, resulting in greater apparent activation entropies and lower Gibbs free 

energies relative to those in the channels. These observations suggest that the original 

observation by Haag and co-workers of similar activity per tetrahedral Al cannot be generalized 

to other alkanes and zeolites or to MFI of different synthetic origin. Moreover, it appears that 

monomolecular reactions of propane and n-butane are reliable indicators of variances in proton 

environments among zeolites of the same structure, and that a study of the behavior of these 

reactions over a sufficiently wide range in Al content should provide insight into the specifics of 

the trends in Al and proton locations.57-61,67,86-94 MFI is a good candidate for such a study because 

it can be synthesized readily over a wide range of Al concentration (10 < Si/Al < ∞) and the 

strengths of the acid sites over this range are similar, based on small variations in the measured 

heats of adsorption for ammonia95,96 and on similar strengths of interaction of H2 with zeolitic 

protons at low temperature.97 Moreover, computational studies have shown that O-H bond 

enthalpies differ by no more than 11 kJ mol-1 among Brønsted acid sites associated with Al at 

each of the 12 crystallographic T-sites.98,99 

We present evidence here that supports the existence of systematic trends in Brønsted 

proton location as a function of Al concentration in H-MFI samples obtained from a single 

commercial source. Differences in the measured reaction rates, selectivities, and activation 

parameters observed with changes in Si/Al ratio are consistent with concurrent changes in the 

distribution of protons and the consequences of these changes on the confinement of transition 

states for elementary processes involved in n-butane cracking and dehydrogenation. Evidence for 

changes in the locations of active sites with Al concentration was deduced from an analysis of 

UV-visible spectra of Co(II)-exchanged MFI using the procedures described by Wichterlová, 

Dědeček, and co-workers.60,61,86-88 Our work suggests that reactions of n-butane via 

monomolecular activation in H-MFI occur preferentially at Brønsted acid sites located in the 
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channel intersections. We propose that this preference originates from the lower confinement of 

transition states at the intersections relative to the channels, leading to larger apparent and 

intrinsic activation entropies that offset correspondingly larger apparent and intrinsic activation 

energies. Notably, this finding contrasts with the view that the intrinsic activation energy is 

constant for a given bond cleavage reaction, and that differences in activation energies are 

reducible to differences in the gas phase proton affinities of alkanes protonated at various C-C or 

C-H bonds.65,80 Dehydrogenation appears to exhibit the strongest preference to occur at the 

intersections because the transition state for this reaction most strongly resembles a product state. 

Positive values of the intrinsic activation entropy observed for dehydrogenation are consistent 

with this conclusion and can be rationalized using statistical mechanics. The preference for 

reaction at the intersections is least apparent for central cracking, which proceeds via an earlier 

and more constrained transition state. Unexpectedly, isobutene is found to have an inhibitory 

effect on the rates of n-butane dehydrogenation and secondary hydride transfer. Analysis of the 

thermodynamics of isobutene adsorption on Brønsted acid protons shows that the inhibition most 

likely results from adsorption at channel intersections and lends further support to the conclusion 

that dehydrogenation exhibits a strong preference to occur at these locations. 

 

2.3 Methods 
 

2.3.1 Catalyst Preparation and Textural Characterization 

MFI zeolites with nominal Si/Al ratios of 140, 40, 25, 15 and 11.5 (Table 2.4.1-1) were 

obtained from Zeolyst International in the NH4
+ form. Samples (~2 g) were placed in a quartz 

boat inside a quartz tube and heated at 2 K min-1 to 773 K in synthetic air (100 cm3 min-1, zero 

grade, Praxair). The zeolites were maintained at 773 K for 4 h to convert from the NH4
+ to the H+ 

form. A portion of H-MFI-15 was treated with ethylenediaminetetraacetic (EDTA; see Section 

2.3.5) in an attempt to remove extraframework Al (EFAl). The parent and treated forms of this 

zeolite are denoted MFI-15(P) and MFI-15(M), respectively. Samples of H-MFI (~100-115 mg) 

were evacuated (< 50 mTorr) in test tubes at 393 K overnight before measurement of N2 

adsorption isotherms, which were measured at 77 K using a Micromeritics Gemini VII 

apparatus. Micropore volumes were calculated using the t-plot method of Lippens and de Boer 

and the Harkins-Jura equation for nonporous Al2O3 to model the statistical thickness.100,101 

To estimate the amount of framework Al associated with Brønsted protons, the Na+ form 

of each zeolite was prepared by treating 1-2 g of the H+ form with 100 cm3 of 1 M aqueous 

NaNO3 at 353 K with magnetic stirring. After 6 h the mixture was vacuum-filtered and washed 

with deionized water. This procedure was repeated twice for a total of three treatments. The dry 

filtrate was then placed in the quartz boat and tube apparatus described above and heated to 393 

K at 1 K min-1 in synthetic air (100 cm3 min-1, zero grade, Praxair), held for 2 h, heated at 2 

K min-1 to 773 K and held for 4 h before cooling at 2 K min-1 to ambient temperature. 

(Co,Na)-MFI samples were prepared from each of the Na-MFI zeolites using a procedure 

that has been shown to produce (Co,Na)-MFI exchanged to the maximum degree and devoid of 

free and bridging cobalt oxides.61,86 Zeolites (1-2 g) in the Na+ form were added to 0.05 M 

Co(NO3)2 (50 cm3 g-1) prepared from Co(NO3)2·6(H2O) (99%, Aldrich). The mixtures were 

stirred for 24 h in round-bottom flasks at room temperature and were then isolated by vacuum 

filtration. This procedure was performed three times for each sample. The samples were then 

washed with deionized water and filtered three times. Portions of filtrate were evacuated (< 50 

mTorr) in test tubes overnight at 393 K before measurement of UV-visible spectra. 
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2.3.2 Quantification of Si, Al, and Brønsted Proton Contents 

Total Si and Al contents were determined for all zeolites, and Na and Co contents were 

measured for Na-MFI and (Co,Na)-MFI zeolites, by Galbraith Laboratories using inductively 

coupled plasma optical emission spectroscopy (ICP-OES). The Na/Al ratios (Table 2.4.1-1) were 

~1 within experimental uncertainty for all zeolites except for MFI-15(P) and MFI-15(M), which 

exhibited Na/Al ratios of 0.84. This result was assumed to indicate the presence of Al in 

nonexchangeable extraframework positions. Maximum exchange by Na+ was verified on the 

basis of the absence of a Brønsted O-H stretching peak observable at 3610 cm-1 in the infrared 

spectrum. 

Brønsted proton concentrations were measured by quantifying the decomposition 

products of dimethyl ether (DME) using online mass spectrometry.69,102,103 The titrations were 

performed using a stainless steel reactor (1.27 cm outer diameter) pinched in the middle to hold a 

quartz wool support. H-MFI samples (0.180 to 0.344 g) were placed on the quartz wool and a 

K-type thermocouple was inserted directly into the catalyst bed. Samples were heated at 5 

K min-1 in an electric furnace in synthetic air (100 cm3 min-1, zero grade, Praxair) using Omega 

controllers, held for 2 h at 773 K, and cooled to 438 K at 5 K min-1. DME (99.5%, Matheson) 

was then fed in pulses through a 0.65 cm3 sample loop into a helium stream (160 cm3 min-1, 

99.999%, Praxair) flowing over the catalyst. A mass spectrometer (MKS Spectra Minilab) was 

used to monitor the concentrations of DME (m/z 45, 46), water (m/z 18), and methanol (m/z 31, 

32) for 4-8 h after introduction of the first pulse. The amount of DME introduced was 

determined by calibrating the pulses in a separate bypass loop. The quantity of DME consumed 

was calculated on the basis of the difference between the amount injected and the amount 

detected in the effluent after breakthrough. Only H2O was detected above baseline levels; thus, 

the number of Brønsted protons titrated was assumed to be equal to twice the number of DME 

molecules reacted. 

 

2.3.3 Assessment of Relative Numbers of Brønsted and Lewis Acid Centers 

The relative concentrations of Brønsted and Lewis acid sites were inferred from infrared 

spectra of adsorbed pyridine at 473 K. Spectra were collected using a Nicolet 6700 FTIR 

spectrometer (Thermo Scientific) equipped with a Hg-Cd-Te (MCT) detector cooled by liquid 

nitrogen. Self-supporting zeolite wafers (40-75 mg) were suspended between CaF2 windows in a 

cylindrical cell similar to that described in ref 104. The sample was then heated to 773 K at 5 

K min-1 in synthetic air (100 cm3 min-1, zero grade, Praxair), held for 2 h, and cooled to 473 K at 

5 K min-1 prior to adsorption experiments. Pyridine (99.8%, Aldrich) was injected into the cell 

via a septum until IR peak intensities remained constant. The cell was left in flowing He for 1-2 

h to allow physisorbed pyridine to desorb. Spectra were then recorded and averaged over 32-128 

scans between 1250 and 4000 cm-1 with 0.5 cm-1 resolution. Peak areas corresponding to 

pyridine adsorbed at Brønsted (1545 cm-1) and Lewis (1450 cm-1) acid sites105 were normalized 

to the areas of framework combination and overtone bands appearing between 1750 and 2100 

cm-1 and then divided by their respective extinction coefficients,106 0.73 and 0.96 cm μmol-1. 

Infrared spectra of H-MFI without adsorbate were collected by following the above procedure, 

but cooling instead to ambient temperature in flowing He after calcination at 773 K. 

 

2.3.4 Assessment of the Distribution and Concentration of Co(II) 

UV-visible spectra were measured using an Evolution 300 UV-visible spectrophotometer 

(Thermo Scientific) equipped with an in situ flow cell (Harrick) and a Praying Mantis diffuse 
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reflectance accessory (Harrick). Spectra were collected between 200 and 700 nm with 2 nm 

resolution. (Co,Na)-MFI samples were heated using Watlow 988 controllers to 713 K at 5 

K min-1 in flowing He (100 cm3 min-1, 99.999%, Praxair), held for 3-4 h to drive off adsorbed 

water, and then cooled to 393 K for the collection of spectra. Absorption intensities were 

extracted from reflectance data using the Schuster-Kubelka-Munk equation. After baseline 

correction the spectra were deconvoluted into Gaussian bands using the peak positions reported 

previously.61,86,107 The measured peak areas and published absorption coefficients were used to 

assess the relative concentrations of Co(II) at α (straight channel), γ (sinusoidal channel) and β 

(intersection) positions. A detailed description of the locations of these sites within the MFI 

framework is provided in Appendix A.7 (p 123). 

 

2.3.5 Extraction of Extraframework Al 

H-MFI-15(P) was treated with EDTA with the intent of removing EFAl material. The 

concern was that the EFAl could alter the properties of nearby Brønsted protons and, 

consequently, their catalytic behavior.102,106,108,109 Therefore, MFI-15(P) was subjected to a 

procedure similar to that of Gola et al.,110 who reported a treatment in which EDTA extracts 

EFAl from FAU without removing framework Al or decreasing the crystallinity. The parent 

H-MFI-15(P) (774 mg, 0.74 mmol Al) and 0.45 g EDTA (1.54 mmol) were added to 50 cm3 of 

deionized water, heated to 348 K with magnetic stirring for 2 h, filtered over vacuum, and rinsed. 

The filtrate was then added to 50 cm3 of 1 M NH4NO3, stirred at 363 K for 6 h, filtered, and 

washed. The dried sample was placed in a quartz boat and tube apparatus, heated at 1 K min-1 in 

flowing synthetic air to 393 K, and held for 2 h. The temperature was then increased at 1 K min-1 

to 853 K and held for 6 h to burn off residual organics. A portion of the calcined sample 

(MFI-15(M) in Table 2.4.1-1) was exchanged three times in 1 M aqueous NaNO3, as described 

in Section 2.3.1, to produce Na-MFI-15(M). Samples of H-MFI-15(P) and EDTA-modified 

H-MFI-15(M) were characterized by X-ray diffraction (XRD) to assess any changes in the 

crystallinity caused by the treatment. Samples were immobilized on flat plates with petroleum 

jelly and analyzed using a Siemens D-5000 diffractometer with CuKα radiation and a 

scintillation counter detector. Data were recorded digitally at 2θ of 7-35° with a step size of 

0.015°. Diffractograms appeared similar and were consistent with a crystalline MFI structure. 

 

2.3.6 Catalytic Rate Measurements 

A tubular quartz reactor (6.5 mm outer diameter) was used for measurements of reaction 

rates. These data were acquired using 8-15 mg of catalyst, with the exception of MFI-140. A 

similar quartz reactor with a cylindrical bubble (12.7 mm outer diameter) was used for MFI-140 

samples (70-80 mg) because of their low concentration of active sites. In both reactors, catalyst 

beds were supported on fresh quartz wool held in place at a pinch. The reactor was heated by a 

three-zone furnace with K-type thermocouples in each zone controlled by Watlow 988 

controllers. An additional thermocouple was placed at the reactor wall next to the catalyst bed to 

verify that the temperature reading matched that of controlled zones. Pressure measurements 

were read from gauges placed at the inlet and exit of the reactor just outside the furnace. Pressure 

drops across the reactor were small (< 5%) for conditions used in this work. Catalyst samples 

were heated at 5 K min-1 to 773 K in flowing 10% O2 in He (30-100 cm3 min-1, Praxair) and held 

for 2 h prior to initiating reactions at 773 K. Helium (99.999%, Praxair) was then passed over the 

catalyst while the feed flow rates of n-butane and He were adjusted in a bypass loop. Feed and 

effluent streams were sent through heated tubing to a Varian CP-3800 gas chromatograph, 
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separated by a Varian CP-Al2O3/Na2SO4 capillary column (5 μm, 0.32 mm i.d. × 50 m) and 

analyzed by flame ionization detection. The amount of H2 in the products was too low to be 

quantified by thermal conductivity detection and was, therefore, estimated by performing a 

steady-state atom balance on C and H and constraining the H:C ratio to a value of 10:4 for 

butane (C4H10). 

Rate measurements were performed after an initial transient period during which the 

cracking rates remained nearly constant but dehydrogenation rates decayed with time on stream 

except for MFI-11.5, which, unexpectedly, activated with increasing time on stream. We suggest 

that a Lewis acid site is responsible for the initial dehydrogenation activity111 on MFI-140, 

MFI-40, MFI-25, and MFI-15 because the rates of cracking and the small but detectable rates of 

secondary hydride transfer—reactions that are catalyzed by Brønsted acid sites—do not 

deactivate concurrently (see Appendix A.1; p 117). An analysis of the relative rates of 

intracrystalline and intraparticle diffusion of reactant and of monomolecular activation reactions 

is presented in Appendix C.2 (p 154). The results of this analysis show that measured reaction 

rates are not influenced by the rate of n-butane diffusion.  

Rate measurements were performed under differential conditions (conversion < 1.5%) 

between 723 and 788 K. The rate of each monomolecular reaction was calculated on basis of the 

rate of appearance of the alkane (or H2) product because these products undergo virtually no 

secondary conversion under the conditions of the experiments. The selectivity to each reaction 

was defined as the ratio of the rate of formation of the alkane (or H2) product divided by the total 

rate of formation of these products. First-order rate coefficients were measured at fixed space 

times by varying the flow rate of n-butane (99.9%, Matheson) in He (99.999%, Praxair) at 

constant total flow rate. The rate coefficients so obtained were extrapolated to zero space time 

(see Appendix A.2; p 118) in order to obtain values corresponding to conditions of zero 

conversion. Product pair ratios (C2H6:C2H4, CH4:C3H6, H2:C4H8) varied only weakly with space 

time and extrapolated to ~1 at zero space time. Products containing more than four carbon atoms 

were not observed, but small amounts of propane and isobutane (< 3% of products) were 

produced by hydride transfer from n-butane to propene and isobutene, respectively. The rates of 

formation of these products approached zero in the limit of zero conversion. 

The effects of butene and propene concentrations on rates and selectivities were probed 

by co-feeding isobutene (99%, Aldrich) or propene (99%, Aldrich) with n-butane during rate 

measurements. A stream of ~0.25% alkene was created by dilution in He (220 cm3 min-1, 

99.999%, Praxair). A small portion of this stream (< 3 cm3 min-1) was introduced via a mass 

flow controller to the butane and He feed in order to achieve propene and butene partial 

pressures representative of conditions of the rate measurements (~10-4 atm).  

 

2.4 Results and Discussion 
 

2.4.1 Catalyst Characterization 

The results of zeolite characterization are presented in Tables 2.4.1-1 - 2.4.1-4. Nitrogen 

micropore volumes calculated using the t-plot method are given in Table 2.4.1-2. Zeolites with 

nominal Si/Al ratios of 40 and greater exhibited typical type I isotherms (not shown), while the 

isotherm for MFI-140 had two plateaus; a lower plateau below a relative pressure of ~0.15 and a 

second one above a relative pressure of ~0.2. This behavior is well documented for MFI with 

low Al content (Si/Al ratio > 45) and has been linked to the reordering of adsorbed N2 from a 

fluid-like to solid-like state.112-118 The micropore volume reported for MFI-140 was calculated 
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using data from the second plateau of the isotherm. There is no trend in micropore volume with 

respect to Si/Al ratio, and the micropore volumes in Table 2.4.1-2 are similar to values reported 

previously for MFI (~0.13 cm3 g-1).112-114 

The Si/Al ratios of the H+ and Na+ forms of each zeolite are given in Table 2.4.1-1 and 

are similar within experimental error, indicating that any cationic EFAl106,119-121 that may have 

been present in the H-MFI zeolites did not exchange to a significant extent with Na+ and that the 

Na/Al ratio is a reliable proxy for the fraction of Al associated with a proton. The Na/Al ratios 

(Table 2.4.1-1) were near unity within the estimated experimental uncertainties except for the 

values of 0.84 obtained for MFI-15(P) and MFI-15(M). Also, with the exception of MFI-15(P) 

and MFI-15(M), which had H+/Al ratios of ~0.8 (Table 2.4.1-3), the proton counts measured by 

DME titration are very similar to the total Al contents determined by ICP-OES. These results 

demonstrate that EFAl is present in low quantities relative to framework Al in MFI-140, MFI-40, 

MFI-25, and in MFI-11.5, but comprises 15-20% of the Al in MFI-15(P) and MFI-15(M). 

Therefore, at best a partial extraction of EFAl was achieved by treatment of MFI-15(P) with 

EDTA. However, because of the similarities in the Na/Al and H+/Al ratios of these two samples, 

it is difficult to assess the fraction of EDTA removed. Further analyses of MFI-15(M) and 

MFI-15(P) (see Appendix A.3; p 119) indicate that the EFAl is at least partly non-hydroxylated 

and that a redispersion or transformation of the material has occurred during EDTA treatment; 

such behavior has been suggested on the basis of spectroscopic studies.106,119,122-124 The ratio of 

Brønsted to Lewis acid sites, included in Table 2.4.1-2, changes irregularly with increasing Al 

concentration, consistent with the observation that the EFAl content—associated with Lewis 

acidity108,122,125,126—does not appear to vary systematically with Al content. 

 
Table 2.4.1-1. Si/Al ratios and Na/Al ratios of MFI zeolites 

  Si/Al ratioa  Na/Al ratioa 

zeolite product no. H-MFI Na-MFI  Na-MFI 
MFI-140 CBV-28014 142 ± 48 137 ± 31  0.88 ± 0.25 

MFI-40 CBV-8014 43.7 ± 6.5 44.8 ± 4.1  0.99 ± 0.08 

MFI-25 CBV-5524G 28.8 ± 4.4 29.1 ± 4.0  0.90 ± 0.06 

MFI-15(P) CBV-3024E 16.5 ± 2.6 16.4 ± 2.5  0.84 ± 0.04 

MFI-15(M) CBV-3024E 16.7 ± 2.5 18.5 ± 2.1  0.84 ± 0.05 

MFI-11.5 CBV-2314 12.1 ± 1.7 12.5 ± 1.8  0.99 ± 0.03 
aMeasured by Galbraith Laboratories using ICP-OES. Uncertainties are taken as twice the standard error calculated by 

propagation of the estimated uncertainties in Na, Si and Al contents for a 50 mg sample (Al, ± 0.03%; Na, ± 0.03%; Si, ± 2%). 

 
Table 2.4.1-2. N2 micropore volumes of MFI zeolites and infrared spectroscopic analyses of adsorbed pyridine 

 infrared peak areasa micropore volume 

zeolite Py-H+ Py-L Py-H+ / Py-L ratio (cm3 g-1) 

MFI-140 0.006 0.001 6.2 0.131 

MFI-40 0.033 0.004 8.0 0.130 

MFI-25 0.054 0.005 10.5 0.132 

MFI-15(P) 0.092 0.011 8.6 0.131 

MFI-15(M) 0.090 0.009 9.8 0.129 

MFI-11.5 0.180 0.011 16.7 0.138 
aIntegrated peak areas for pyridine adsorbed at Brønsted (Py-H+) and Lewis (Py-L) acid sites are normalized to areas 

corresponding to framework vibrations (1750-2100 cm-1) and divided by extinction coefficients taken from ref 106. 
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Table 2.4.1-3. Total Al and Brønsted proton (H+) concentrations for MFI zeolites 

zeolite H+ ions per unit cell Al atoms per unit cella H+ / Altot ratio 

MFI-140 0.62 0.67 0.93 

MFI-40 1.94 2.15 0.91 

MFI-25 3.19 3.23 0.99 

MFI-15(P) 4.33 5.49 0.80 

MFI-15(M) 4.35 5.41 0.79 

MFI-11.5 7.24 7.34 0.99 
aCalculated using Si/Al ratios of H-MFI, taken from Table 2.4.1-1, and the MFI unit cell formula: Al/u.c. = 96/(1 + Si/Al). 

 
Table 2.4.1-4. Co, Na and total Al (Altot) contents, and distribution of Co(II) in MFI zeolites 

 
(2Co + Na)/Ala 2Co/Altot

a 
 Co(II) distributionb 

zeolite  α β γ (α + γ)/β γ/α 
MFI-140 0.178 0.059  n.m.c n.m.c n.m.c n.m.c n.m.c 

MFI-40 0.627 0.322  0.38 0.58 0.04 0.72 0.11 

MFI-25 0.594 0.356  0.33 0.63 0.04 0.58 0.12 

MFI-15(P) 0.644 0.394  0.24 0.71 0.05 0.41 0.23 

MFI-11.5 0.871 0.556  0.23 0.69 0.08 0.44 0.34 
aMeasured by Galbraith Laboratories using ICP-OES.  bEstimated by using spectral deconvolution methods reported 

elsewhere.61,86,107  cNot measured because of low cobalt concentration and low UV-visible spectral intensities.  

 

Elemental analyses of (Co,Na)-MFI zeolites and the distribution of Co(II) among the 

channels and intersections of the zeolites are presented in Table 2.4.1-4. Values of the ratio 

(2Co + Na)/Al are expected to equal unity to satisfy charge neutrality. These values are less than 

unity for the present samples, despite Na/Al ratios that were close to 1 (Table 2.4.1-1) for the 

Na-MFI zeolites that were treated with Co(NO3)2. This result indicates that some exchange of 

Na+ with H+ occurred during the treatment, which has been reported previously.61,127,128 The 

lower values of this ratio for the current MFI samples compared to samples used in previous 

work, for which the ratio did not fall below 0.87, are likely a consequence of the shorter duration 

of the aqueous exchange reported for the latter work. 

The experimental UV-visible spectra (numerically smoothed and normalized to the 

largest spectral intensities) and an example of a deconvoluted spectrum are presented in Figures 

2.4.1-1a and 2.4.1-1b, respectively. The relative areas of the four components of the β feature are 

the same as those reported by Dědeček et al.86 for a number of zeolites, and a good fit of the 

experimental spectrum is obtained for all samples. The fraction of Co(II) located at straight 

channels (α), sinusoidal channels (γ), and intersections (β), the ratio of Co(II) in the channels to 

Co(II) in the intersections, and the ratio of Co(II) in the sinusoidal channels to that in the straight 

channels are plotted vs. the Al concentration in Figures 2.4.1-2a and 2.4.1-2b, respectively. The 

percentage of cobalt occupying the channel intersections increases with the Al content up to 5.4 

Al per unit cell (corresponding to MFI-15) and remains similar at the highest Al concentration. 

Concurrent with the overall increase in the fraction of Co(II) at the intersections, the distribution 

of Co(II) located in the channels shifts monotonically toward a greater fraction in the sinusoidal 

channels. These trends resemble those reported in ref 61 for sample set B. 
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a 

 

b 

 

Figure 2.4.1-1. Measured and deconvoluted UV-Visible spectra for (Co,Na)-MFI. (a) Experimental spectra for all 

samples, numerically smoothed for ease of visualization. (b) Normalized UV-visible spectrum of (Co,Na)-MFI-25. 

Experimental data are shown as points. Spectral components and the fitted sum of the components are indicated with lines. 

 
a 

 

b 

 
Figure 2.4.1-2. Co(II) distribution vs. Al content in (Co,Na)-MFI. (a) Distribution of Co(II) among straight and sinusoidal 

channels and intersections vs. Al atoms per unit cell. (b) Ratio of Co(II) in channels relative to intersections and ratio of 

Co(II) in sinusoidal channels relative to straight channels vs. Al atoms per unit cell. 

 

The observed trends in Co(II) siting show that Al-(O-Si-)2-Al sequences within 6-MR67 

vary in a systematic fashion with Al concentration. While this observation does not demonstrate 

conclusively that similar variations exist in the locations of protons, a statistical analysis of Al 

distributions in MFI reported by Rice et al.129 shows that the distributions of single Al atoms and 

next-nearest-neighbor (NNN) Al atoms (Al-O-Si-O-Al sequences) in MFI are qualitatively 

similar. By extension, trends in the distribution of Al-(O-Si-)2-Al sequences, determined from 

analysis of UV-visible spectra of Co(II), should approximate trends in the distribution of more 

isolated Al atoms. Even if this is not the case, the conclusions reached in this work require only 

that the overall distribution of Al varies in a similar way to that shown in Figure 2.4.1-2 for 

Co(II). Even if isolated Al atoms are distributed randomly, or if their distribution is weakly to 

moderately anti-correlated with that of paired Al, the overall distribution of Al should still 

change in a direction that is consistent with Figure 2.4.1-2 (see Appendix A.4; p 121). 
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2.4.2 Kinetics and Elementary Steps of Monomolecular Cracking and Dehydrogenation of 

Alkanes  

Prior to discussing the effects of Al concentration on the activity of H-MFI for n-butane 

cracking and dehydrogenation, it is useful to outline the mechanism by which these reactions 

occur and the rate law derived from this mechanism. The elementary steps involved in 

monomolecular reactions of alkanes are described by equations 1 and 2 of Scheme 2.4.2-1, and 

the relative enthalpies of reactants, transition states, and products are illustrated in Figure 2.4.2-1. 

Alkane molecules in the gas phase, Ag, are physisorbed into the zeolite pores and are stabilized 

enthalpically by the heat of adsorption, ΔHads. The adsorbed state, Az, and the value of ΔHads 

represent ensemble averages over all possible configurations of the alkane. In some 

configurations, represented by Az,react, the alkane is close enough to a Brønsted proton to initiate 

cracking or dehydrogenation. These configurations are referred to as the reactant state. 

 

1. Ag Az 

2. Az,react [TS] → Products 
Scheme 2.4.2-1. Steps involved in the monomolecular cracking and dehydrogenation of alkane molecules in acidic 

zeolites: (1) Adsorption of gas phase alkane (Ag) into the zeolite, and (2) cracking of alkane molecules located in a 

reactant state (Az,react) at zeolite protons. 

 

 
Figure 2.4.2-1. Enthalpy changes involved in the elementary steps of n-butane dehydrogenation over H-MFI. The 

standard enthalpy of reaction, ∆Hrxn
o , has been extrapolated to 773 K from standard enthalpies of formation of n-butane, H2 

and 1-butene at 1 bar and 298 K taken from ref 130. 

 

Swisher et al.83 define the reactant state as those configurations in which an alkane C-C 

bond is within 5 Å of an Al T-atom. The reactant state is slightly lower in energy (~7-10 kJ mol-1 

for MFI)31,34 relative to the ensemble average over all adsorbed molecules due to the specific 

interaction of the alkane with a proton, as shown in Figure 2.4.2-1. The gaseous and adsorbed 

alkane molecules are presumed to be in quasi-equilibrium according to equation 1. In the rate-

determining step (equation 2), a Brønsted proton attacks an alkane molecule to produce a 

transition-state structure that is in quasi-equilibrium with the reactant state. The measured rate of 

reaction per active site, i.e., the turnover frequency (TOF), is proportional to the concentration of 

reactant state, CAz,react, and the intrinsic rate coefficient, kint, according to 
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( 2.4.2-1 )       TOF = kint

CAz,react

CH+

     [=] mol (mol H+)-1 s-1 

 

where CH+ is the concentration of protons in mol (kg zeolite)-1. The intrinsic rate coefficient is 

given by absolute rate theory as 

 

( 2.4.2-2 )       kint = 
kBT

h
exp (-

∆Gint
‡

RT
)      [=] s-1 

 

where ∆Gint
‡

 is the Gibbs free energy of activation. At the high temperatures and low partial 

pressures used for the experiments in this work, the concentration of n-butane at Brønsted 

protons is very low (see Appendix A.5; p 122). Under such conditions the concentration of 

adsorbed alkane, CAz, is proportional to the gas-phase partial pressure, PA, and the Henry 

coefficient, KH. The reactant-state concentration can then be written as 

 

( 2.4.2-3 )       CAz,react
 = PreactKHPA     [=] mol (kg zeolite)-1      

 

where Preact is the (dimensionless) probability that the adsorbed alkane is localized at a proton. 

The concentration of alkane per active site83 is obtained by dividing Equation 2.4.2-3 by CH+: 

 

( 2.4.2-4 )       
CAz,react

CH+

 = p
react

KHPA     [=] dimensionless 

 

The probability Preact in Equation 2.4.2-3 is proportional to CH+; thus, the value of preact (lower 

case) in Equation 2.4.2-4 has units of (kg zeolite) mol-1. We define the Henry constant as: 

 

( 2.4.2-5 )       KH = 
fpore

ρ
f
RT

exp (-
ΔGads

RT
)      [=] mol (kg zeolite)-1 Pa-1 

 

where fpore is the fraction of the total volume that is accessible to adsorbed alkane. The value of 

fpore for a molecule of a specified characteristic dimension can be calculated according to 

computational methodology described by First et al.30 or can be approximated as the product of 

an experimentally measured micropore volume and the mass density of the zeolite framework, 

ρf. (It is noted that fpore is omitted from the equation for KH presented subsequently in Chapter 3. 

The value of fpore in Equation 2.4.2-5 influences only the reference state for ∆Gads. In addition, 

the value of KH is rigorously a function of the Helmholtz free energy, as noted in Section 3.3, p 

37. The consequences of using the Gibbs energy in Equation 2.4.2-5 are small and do not affect 

conclusions and interpretations presented in the present chapter.) 

We define the probability of an adsorbed alkane molecule being in a reactant state (Preact) 

in terms of the Gibbs free energy difference between all adsorbed states and the reactant state 

(ΔGreact) as: 

 

( 2.4.2-6 )       Preact = fH+exp (-
ΔGreact

RT
)      [=] dimensionless 

 



 

 

22  

 

where fH+ is the fraction of the accessible pore volume that is contained within a 5 Å radius of an 

Al atom. The free energy change ΔGreact is a function of the type of reactant state complex being 

formed (e.g. central or terminal cracking) and the Al T-atom location (see Appendix A.7; p 123). 

The fraction fH+ can be written as the product of the proton concentration CH+ and the volume 

contained in one mole of reactant state spheres of radius 5 Å, VH+ (m3 mol-1), divided by the 

accessible pore volume, Vpore (m
3 [kg zeolite]-1): 

 

( 2.4.2-7 )       fH+ = 
CH+VH+

Vpore

     [=] dimensionless  

 

By combining Equations 2.4.2-1 - 2.4.2-7, an expression for the TOF can be obtained:  

 

( 2.4.2-8 )      TOF = 
vH+

kBT
Kads-H+kintPA = 

vH+

h
exp (-

∆Gads-H+ + ∆Gint
‡

RT
) PA     [=] mol (mol H+)-1 s-1 

 

where Kads-H+ is the dimensionless thermodynamic equilibrium constant for adsorption from the 

gas phase to a reactant state, and ΔGads-H+ is the corresponding change in the free energy. The 

value of ΔGads-H+ is equal to the sum of the free energy of adsorption and the difference in free 

energy between all adsorbed states and the reactant state (ΔGreact): 

 

( 2.4.2-9 )     ∆Gads-H+ = ∆Gads + ∆Greact     [=] kJ mol-1 

 

The volume of reactant-state space surrounding a single Al atom, vH+, is equal to VH+ 

divided by Avogadro’s number. According to the definition given by Swisher et al.,83 this 

volume is a sphere with radius extending 5 Å from the Al atom. The apparent first-order rate 

coefficient, based on the expression for the TOF (Equation 2.4.2-8), is then given by 

 

( 2.4.2-10 )     kapp = 
vH+

h
exp (-

∆Gads-H+ + ∆Gint
‡

RT
)      [=] mol (mol H+)-1 s-1 Pa-1 

 

Using the relationship between the Gibbs free energy and the enthalpy and entropy 

(ΔG = ΔH - TΔS), the apparent entropy and energy of activation are obtained, respectively, from 

the intercept (lnkapp,T→∞) and slope (∂lnkapp/∂[1/T]) of an Arrhenius plot after normalizing kapp to 

the number of indistinguishable bonds for a given reaction pathway: 

 

( 2.4.2-11 )     ∆Sapp = ∆Sads-H+ + ∆Sint
‡

 = R [lnkapp,T→∞ - ln
vH+

h
]      [=] J mol-1 K-1 

 

( 2.4.2-12 )     Eapp ≈ ∆Hads-H+ + Eint
‡

 = -R [
∂lnkapp

∂(1/T)
]      [=] kJ mol-1 

 

It is noted that the derivation given above does not require the specification of standard 

states for gaseous or adsorbed species. The choice of standard state influences the magnitude and 

sign of the adsorption entropy131-134 and ∆Sapp. Therefore, before comparing values of ∆Sapp 
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obtained in this work to values taken from the literature, the literature values have first been re-

calculated according to equations presented in this section. 

 

2.4.3 Influence of Al Content on Apparent Rates, Selectivities and Activation Parameters  

Rate coefficients, selectivities, and ratios of selectivities measured at 773 K are given in 

Table 2.4.3-1 for n-butane cracking and dehydrogenation, and plots of these data versus the Al 

concentration are presented in Figures 2.4.3-1 and 2.4.3-2, respectively. As seen in Figure 

2.4.3-1, the rates of all three reactions increase with Al content up to 5.4 Al per unit cell 

(corresponding to MFI-15) and then decrease at the highest Al content of 7.3 Al per unit cell 

(corresponding to MFI-11.5). On the other hand, as shown in Figure 2.4.3-2, selectivities to 

dehydrogenation over cracking and to terminal cracking over central cracking increase nearly 

monotonically with the Al content when MFI-15(M) is chosen to represent the Al concentration 

of 5.4 Al per unit cell. The different catalytic behavior of MFI-15(M) compared to MFI-15(P) is 

hypothesized to be a consequence of the partial removal or disaggregation of EFAl within the 

pores and the consequent reduction of the influence of EFAl on the local environment of 

Brønsted acid sites in MFI-15(M) (see Appendix A.3; p 119). 

 
Table 2.4.3-1. Rate coefficients, selectivities and selectivity ratios of monomolecular n-butane cracking and 

dehydrogenation at 773 K 

  
 kapp 

(×103 mol (mol H+)-1 s-1 atm-1) 
 selectivities  

selectivity 
ratiose 

zeolite ref 
central 

cracking 
terminal 
cracking 

dehydro- 
genation 

 
central 

cracking 
terminal 
cracking 

dehydro-
genation 

 
CC/
TC 

CC/
D 

MFI-140  4.7 5.0 3.2  0.36 0.39 0.25  0.92 2.99 

MFI-40  6.5 7.0 7.6  0.31 0.33 0.36  0.93 1.78 

MFI-25  16.5 20.7 37.9  0.21 0.27 0.51  0.77 0.95 

MFI-15(P)  34.3 40.2 54.6  0.26 0.31 0.43  0.84 1.33 

MFI-15(M)  29.3 37.1 65.3  0.20 0.27 0.52  0.75 0.92 

MFI-11.5  12.9 16.6 27.6  0.21 0.28 0.51  0.75 0.98 

MFI-35 

 

 

71a 12.1 13.9 6.7  0.37 0.42 0.21  0.87 3.89 

72b 12.1 12.1 10.5  0.35 0.35 0.30  - 2.29 

73,74 8.7 8.9 6.8  0.36 0.37 0.28  0.98 2.60 

MOR 8-MR 65c 9.5 49.2 97.6  0.06 0.31 0.62  0.19 0.60 

MOR 

12-MR 
65c 3.7 n.d.d n.d.d  1.00 n.d.d n.d.d  - - 

aRate and selectivity data reported for 769 K have been extrapolated to 773 K using the reported activation energies.   
bCracking selectivities were estimated by dividing the reported overall selectivity to cracking by 2.  cRate and selectivity data 

reported for 769 K have been extrapolated to 773 K using the reported activation energies.  dNot detected.  eCC, central 

cracking; TC, terminal cracking; D, dehydrogenation. 

 

Included in Table 2.4.3-1 are rate and selectivity data taken from the literature for MFI 

and for MOR.65,71-74 In all work cited for MFI, the authors have indicated that the sample 

employed had a Si/Al ratio of 35 (2.67 Al per unit cell) and was obtained from Mobil. The rate 

coefficients for our H-MFI samples are similar in magnitude to those reported in the literature for 

H-MFI with similar Al content, but the selectivities to dehydrogenation reported in the literature 

are lower. The dissimilarities between our findings and those of other researchers are not 

surprising, given that the synthesis conditions were presumably different for the zeolites used in 

these studies, and it is known that the conditions of synthesis influence the siting of Al and 

Brønsted protons.58-61,67,86-93 However, the reaction conditions under which the rate 

measurements were taken (see below) may also influence the measured rates. 
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Figure 2.4.3-1. First-order rate coefficients of monomolecular cracking and dehydrogenation of n-butane versus Al atoms 

per unit cell in H-MFI. Data for MFI-15(M), which was treated with EDTA, are indicated with hollow symbols. 

 
a 

 

b 

 
Figure 2.4.3-2. Selectivities to n-butane monomolecular cracking and dehydrogenation vs. Al content in H-MFI. 

Selectivities to individual reactions are shown in (a) and ratios of cracking to dehydrogenation and of central cracking to 

terminal cracking are shown in (b). Data for MFI-15(M), which was treated with EDTA, are indicated with hollow points. 

 

It can be seen from Table 2.4.3-1 that the rate coefficients for a given reaction pathway 

differ by up to a factor of 5-6. According to Equation 2.4.2-4, the concentration of alkane per 

active site and, therefore, the rate coefficients, are proportional to the Henry constant (KH) and 

the normalized probability that an alkane is in a reactant state (preact). We believe that a 

difference of a factor of 6 among values of kapp in H-MFI is too large to be caused solely by 

changes in KH and preact that result from changes in the Si/Al ratio135 or the Al distribution (see 

Appendix A.7; p 123). Therefore, we conclude that changes in the intrinsic rate coefficients with 

Al content must influence the trends observed for kapp. As discussed below, these trends are 

proposed to be consequences of concurrent changes in the distribution of Al and Brønsted 

protons. Evidence for this proposal is suggested by the data presented in Figure 2.4.1-2, which 

shows that the fraction of Co(II) located within channel intersections (β-sites) rather than in the 

straight and sinusoidal channels (α- and γ-sites) increases with the content of Al in the zeolite 

framework. The question now is whether these changes are reflected in the rate and activation 

parameters for n-butane monomolecular cracking and dehydrogenation. To answer this question, 
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it is useful to summarize what is known about the effects of proton location on these reactions in 

other zeolites, and whether similar effects might be anticipated for MFI.  

Gounder and Iglesia have reported kinetic data for n-butane monomolecular cracking and 

dehydrogenation reactions at 8- and 12-MR locations in (H,Na)-MOR zeolites prepared from a 

single original sample.65 These authors have found that the selectivities to dehydrogenation 

versus cracking and to terminal cracking versus central cracking at 748 K increase with the 

percentage of protons located at 8-MR sites. The effects of increasing the Al content in H-MFI 

on the selectivities of n-butane monomolecular cracking and dehydrogenation are, therefore, 

similar to the effects of increasing the fraction of protons in the 8-MR pockets of MOR. Gounder 

and Iglesia65 have attributed these trends for MOR to the partial containment of transition states 

in the shallow 8-MR pockets, resulting in greater entropies and lower Gibbs free energies of 

activation relative to the 12-MR channels. Dehydrogenation was thought to be especially 

affected because of its late and loose transition-state geometry, inferred from available density 

functional calculations. Monte Carlo simulations show that within MFI,35 as in MOR,136 

n-butane is confined to different extents at different locations. An illustration of MFI, drawn in 

the plane of a sinusoidal channel, is presented in Figure 2.4.3-3. An n-butane molecule can orient 

along either channel or, as shown, at an intersection where the molecule is less confined.35 

 

 
Figure 2.4.3-3. Illustration of channel environments in MFI. A molecule of n-butane is shown at a channel intersection. 

 

As noted already, the selectivity trends for MFI and for MOR (with respect to Al content 

and proton location, respectively) are similar. Moreover, we observe an increase in the rate 

coefficients with Al content (with the exception of MFI-11.5), a trend that was also observed 

with increasing the fraction of protons in the 8-MR pockets of MOR. On the basis of these 

similarities, we propose that the effects of framework Al concentration on rates and selectivities 

in H-MFI are caused by changes in the distribution of Brønsted protons as the Al content 

increases, evidence for which was presented in Figure 2.4.1-2. 

It is, therefore, interesting that the rate coefficients for H-MFI increase with Al content up 

to 5.4 Al per unit cell and then decrease at the highest Al content. It seems unlikely that this 

decrease is caused by a reduction in the acidity of protons as a result of the presence of NNN Al 

sites.50-52 Such sites have never been reported for MFI with Si/Al > 12 and have only been found 

in MFI with Si/Al ratios of 8.3-9.0,67 consistent with the prediction by Barthomeuf that the Si/Al 

ratio required for Al NNN sites to exist in MFI is < 9.5.52 We also find it unlikely that a linear 

relationship would exist between n-hexane cracking activity and the Al concentration (for 

samples with Si/Al ratios ranging from 10 to several thousand), as reported by Haag and 

coworkers,63,64 if the acidity of Brønsted protons in H-MFI varies strongly with the Al content. 



 

 

26  

 

Based on the findings cited above, we propose that the downturn in the rate coefficient is related 

to differences in the concentration of the reactant state (CAz,react) that result from changes in the 

values of KH and preact and, therefore, Kads-H+ (see Equations 2.4.2-4 and 2.4.2-8). These 

parameters are functions of proton location and, therefore, likely contribute partly to the 

observed variation in the apparent rate coefficients (see Appendix A.7; p 123). This proposal is 

reasonable because, as seen in Figure 2.4.1-2, the distribution of Co(II) cations differs between 

MFI-15 and MFI-11.5 even though the fraction of Co(II) located at intersections is similar. 

Thus far, we have presented evidence that trends in the apparent rates and selectivities of 

n-butane cracking and dehydrogenation with respect to Al content in H-MFI are caused by 

underlying variation in the positions of Brønsted protons and are influenced by changes in the 

intrinsic rate coefficients. Information on the energetic and entropic driving forces behind these 

trends can be inferred from the experimental activation parameters and transition-state 

geometries and provides a basis for interpreting the relative kinetic preferences of cracking and 

dehydrogenation to occur at different structural environments. The apparent activation energies 

and entropies calculated using Equations 2.4.2-11 and 2.4.2-12 are given in Table 2.4.3-2 and are 

plotted vs. Al content in Figure 2.4.3-4. For comparison, values of the activation parameters 

reported in previous experimental studies65,71-74 are also given in Table 2.4.3-2. 

 
a 

 

b 

 

Figure 2.4.3-4. Apparent activation energies and entropies of n-butane monomolecular cracking and dehydrogenation vs. 

Al atoms per unit cell in MFI. Data for MFI-15(M), which was treated with EDTA, are indicated with hollow points. 

Errors in activation energies and entropies for cracking are, respectively, ± 5 kJ mol-1 and ± 10 J mol-1 K-1. Errors in 

activation energies and entropies for dehydrogenation are ± 10 kJ mol-1 and ± 15 J mol-1 K-1. 

 

The experimentally measured activation energies for central cracking and terminal 

cracking agree well with values reported previously for MFI. The activation energies for 

dehydrogenation agree with experimental values reported for n-butane dehydrogenation on MOR 

and propane dehydrogenation on MFI,65 and with theoretical values for n-butane 

dehydrogenation on MFI.81 However, our values for the apparent activation energies of n-butane 

dehydrogenation (189-208 kJ mol-1) are considerably higher than other experimental values for 

n-butane dehydrogenation on MFI (115-149 kJ mol-1). As discussed in Appendix A.6 (p 122), 

the activation barrier for dehydrogenation is sensitive to whether the rate coefficients used to 

construct the Arrhenius plot were measured at fixed space time or extrapolated to zero space 

time. For example, in the case of MFI-11.5, we obtained an activation energy of 198 kJ mol-1 

using rate coefficients that were extrapolated to zero space time, and a value of 149 kJ mol-1 

when fixing the space time at 0.39 [s (mol H+) (mol feed)-1]. The difference in the two values of 
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Eapp is attributable to the influence of inhibition by isobutene (see Section 2.4.5), which becomes 

more severe as the space time and, concomitantly, the isobutene partial pressure, increase. While 

a strong preference for methylene versus methyl C-H activation81 or strong Lewis acidity111 

could also cause the lower activation barriers reported in the literature, it is notable that the 

values of Eapp that we have obtained by measuring rates at fixed space time agree well with the 

previously reported values. 

 
Table 2.4.3-2. Apparent activation energies and entropies for n-butane monomolecular cracking and dehydrogenation over 

MFI and MOR zeolites 

  Eapp
a (kJ mol-1)  ∆Sapp

a,b (J mol-1 K-1) 

zeolite ref 
central 

cracking 
terminal 
cracking 

dehydro- 
genation 

 
central 

cracking 
terminal 
cracking 

dehydro- 
genation 

MFI-140  137 143 189  -76 -73 -31 

MFI-40  133 147 206  -78 -65 -2 

MFI-25  128 147 208  -77 -57 14 

MFI-15(P)  127 155 202  -73 -41 9 

MFI-15(M)  133 161 205  -67 -34 13 

MFI-11.5  133 156 198  -73 -47 -2 

MFI-35 71 134 142 149  -72 -66 -77 

 72 140c 140c 105  -64 -70 -130 

 73,74 135c 135c 115  -74 -79 -121 

MFI-25d 65 - 150 200  - -59 -6 

MOR 8-MR 65 159 163 215  -42 -29 31 

MOR 12-MR 65 134 - -  -82 - - 
aErrors in activation energies and entropies for cracking are, respectively, ± 5 kJ mol-1 and ± 10 J mol-1 K-1. Errors in 

activation energies and entropies for dehydrogenation are ± 10 kJ mol-1 and ± 15 J mol-1 K-1.  bEntropies of activation have 

been calculated from reported data using Equations 2.4.2-9 - 2.4.2-12.  cActivation parameters correspond to cracking overall 

and not to individual cracking pathways.  dPropane used as reactant with H-MFI having a nominal Si/Al ratio of 25.  

 

Figure 2.4.3-4 shows that Eapp and ∆Sapp for terminal cracking increase with the Al 

content up to 5.4 Al per unit cell and then decrease at the highest Al content of 7.3 Al per unit 

cell. The values of Eapp and ∆Sapp for this reaction span ranges of 18 kJ mol-1 and 39 J mol-1 K-1, 

respectively. These ranges are larger than the estimated maximum possible spread in the 

magnitudes of ΔHads-H+ (< 14 kJ mol-1)134 and ΔSads-H+ (< 14 J mol-1 K-1) for the adsorption of 

n-butane from the gas phase into different locations within MFI (see Appendix A.7; p 123). 

Based on Equations 2.4.2-11 and 2.4.2-12, this result suggests that the trends in Eapp and ∆Sapp 

with Al content for terminal cracking reflect trends in the intrinsic activation energy and entropy. 

This conclusion can also be reached for n-butane dehydrogenation because values of Eapp and 

ΔSapp differ, respectively, by up to 19 kJ mol-1 and 45 J mol-1 K-1. On the other hand, Eapp and 

ΔSapp for central cracking are similar within experimental error. The identification of trends in 

the activation parameters for this reaction is, therefore, not possible. 

From these results it appears that neither the intrinsic activation energies, nor the 

differences between intrinsic activation energies of different reactions, are constant. This might 

be anticipated from density functional calculations in which the intrinsic activation energy for a 

given activation reaction of n-butane was found to differ by up to 21 kJ mol-1 between sites T10 

and T12 in MFI.81 These findings differ from those reported previously in which it was 

concluded that the intrinsic activation energy is constant for a given bond cleavage reaction and 

that differences between activation energies are determined by differences in the proton affinities 

of gas phase reactant molecules protonated at specific C-C and C-H bonds.65,80 The proposal that 

intrinsic activation energies and entropies for dehydrogenation and terminal cracking increase 



 

 

28  

 

with Al content in MFI is consistent with the conclusion that trends in the apparent rate 

coefficients with Al content reflect changes in the intrinsic rate coefficients. As discussed below, 

these changes in rates are driven by changes in the entropies of activation.  

It can be seen by comparing Figures 2.4.3-1 and 2.4.3-4 that kapp for terminal cracking 

increases with Al concentration despite concurrent increases in Eapp. This result indicates that the 

change in ΔSapp for terminal cracking has a greater effect on the Gibbs free energy of activation 

than does the change in Eapp. The rate coefficient for dehydrogenation also increases with Al 

content despite similar or increasing values of the activation energy; Eapp increases between 1 

and 2 Al per unit cell and then remains similar for higher Al contents. This result signals that 

entropy effects are also dominant for dehydrogenation. As noted above, the trends observed in 

the activation parameters for dehydrogenation and terminal cracking are influenced by changes 

in the intrinsic activation energies and entropies. This then implies that increases in kapp originate 

at least partly from increases in ∆Sint
‡

 that offset concurrent increases in Eint
‡

. 

We propose that a larger fraction of protons located at channel intersections at higher Al 

content causes a decrease in the confinement of transition states and an increase in both the 

apparent and intrinsic activation entropies. This suggestion is consistent with the greater 

activation energies observed at higher Al concentrations for dehydrogenation and terminal 

cracking, because reactants and transition states that are less confined are also less stabilized 

enthalpically. It is, therefore, interesting that kapp for central cracking (Figure 2.4.3-1) appears to 

be correlated with both a decrease in Eapp and a slight increase in ∆Sapp (Figure 2.4.3-4), although 

as noted, the variations in these quantities are close in magnitude to their respective uncertainties. 

However, a decrease in the activation energy for central cracking with increasing Al content is 

not necessarily inconsistent with the proposal that the transition state is becoming less confined. 

Sharada et al.81 have calculated two distinct transition states for central cracking that have 

activation energies that differ by 27 kJ mol-1. A greater preference at higher Al content to 

populate the transition state that has the lower activation energy would cause the apparent 

activation energy to decrease even if the transition state were less confined. 

Concurrent changes in Eapp and ∆Sapp for a given elementary reaction in zeolites can be 

anticipated as a consequence of changes in the confinement of reactants and transition states. As 

the space surrounding the Brønsted acid sites decreases, the reactant and the transition state can 

be stabilized more by the O atoms of the zeolite. As seen in Figure 2.4.2-1, increasing the 

enthalpic stabilization of reactant and transition states causes the apparent activation energy to 

decrease. Furthermore, Table 2.4.3-2 shows that for the central cracking of n-butane on MOR, 

Eapp is 25 kJ mol-1 lower when protons are located in the 12-MR channels than in the 8-MR side 

pockets. On the other hand, increasing the confinement lowers the entropy of reactants and 

transition states, as illustrated in Figure 2.4.3-5. Thus, ∆Sapp at the 8-MR locations is 40 

J mol-1 K-1 higher than at the 12-MR locations. If changes in Eapp and ΔSapp that result from 

changes in the environment of Brønsted protons differ from the corresponding changes in 

ΔHads-H+ and ΔSads-H+, as we have suggested, then Eint
‡

 and ΔSint
‡

 must change with the 

confinement. The degree to which changes in transition-state confinement affect ΔSint
‡

 is likely to 

be influenced by whether the transition state is early or late along the reaction coordinate, 

because of the generation of translational and rotational modes as a result of the transformation 

of one molecule into two. By this reasoning, early transition states, which resemble the reactant 

state more closely than the product state, would be affected to a lesser degree by changes in 

confinement than late transition states, which resemble the product state more closely. 
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Figure 2.4.3-5. Entropy changes involved in the elementary steps of monomolecular dehydrogenation of n-butane over 

H-MFI. The standard entropy of the gas phase reaction at 1 bar, ∆Srxn
o , has been extrapolated to 773 K from standard 

entropies of formation of n-butane, H2 and 1-butene at 1 bar and 298 K taken from ref 130. 
 

The geometries of the transition states for n-butane dehydrogenation and cracking at 

Brønsted acid sites associated with Al at T10 at T12 have been reported recently by Sharada et 

al.81 The transition-state structure for n-butane dehydrogenation comprises a nearly free 

hydrogen molecule and a butyl cation fragment that is releasing a proton to a zeolite O atom. It 

is, therefore, reasonable to characterize the transition state for dehydrogenation as late. By 

contrast, the transition states for central and terminal cracking more closely resemble 

pentacoordinated carbonium ions. In central cracking, however, the transition state interacts 

more closely with the zeolite because even the methyl groups are close to the O atoms. Central 

cracking might, therefore, be expected to exhibit a lower intrinsic activation entropy and a lower 

preference for less confining locations as a consequence of the closer overall proximity of the 

transition state to the zeolite framework. The proposed classification of transition states for 

n-butane dehydrogenation and cracking are qualitatively consistent with the relative magnitudes 

of the activation entropies reported in Table 2.4.3-2 and the sensitivity of the value of ∆Sapp to Al 

concentration. For all three reactions, ∆Sapp becomes less negative as the Al concentration (and 

the fraction of Co(II) present at channel intersections) increases. This effect is strongest for late 

transition states (e.g. dehydrogenation) and is weaker for earlier transition states (e.g. cracking), 

especially for central tracking, where the transition state is more constrained to the framework. 

 

2.4.4 Analysis of Rotational and Translational Components of Intrinsic Activation Entropies 

An examination of intrinsic activation entropies, given below, provides further support 

for the proposal that transition states differ in their interactions with the zeolite and in their 

positions along the reaction coordinate. It is useful to begin by examining the entropy changes 

involved in n-butane dehydrogenation, as diagramed in Figure 2.4.3-5. The entropy of adsorption 

from the gas phase to the reactant state, ΔSads-H+ (~-70 J mol-1 K-1), is equal to the sum of ΔSads 

and ΔSreact. In order to calculate ΔSint
‡

 from Equation 2.4.2-11, the value of ΔSreact must be 

estimated. Using the equations outlined in Section 2.4.2, ΔSreact can be expressed as 
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(It is noted that values of ΔHads-H+, ΔSads-H+, and preact are calculated directly for the acidic form 

of MFI using a Monte Carlo simulation method developed in Chapter 3. The values so obtained 

are included in Table B.7-2 (p 141) and Table B.7-6 (p 143). Use of the values of ΔSads-H+ 

calculated as described in Chapter 3 in the analysis below does not impact the conclusions that 

are reached in the present chapter.) 

Simulations show that values of preact for silicalite are independent of temperature under 

the conditions of the experiments because ΔHreact is near zero.83 To be consistent with the 

conditions for which preact was calculated, ΔHreact in Equation 2.4.4-1 is set to zero in order to 

estimate ΔSreact even though the enthalpy change associated with the specific interaction with a 

proton is ~7-10 kJ mol-1.31,34 Values of preact for central and terminal C-C bonds were taken from 

ref 83. An average value of preact for dehydrogenation was estimated by assuming that methylene 

and methyl C-H bonds have the same values for preact as central and terminal C-C bonds, 

respectively. Values of ΔSint
‡

 were then calculated using values of ΔSapp along with Equations 

2.4.2-11 and 2.4.4-1, and are presented in Table 2.4.4-1. It can be seen that ΔSint
‡

 for 

dehydrogenation is always positive, whereas for central cracking ΔSint
‡

 is weakly negative, and 

values for terminal cracking span a range of small negative and positive values. The strongly 

positive activation entropies for dehydrogenation are consistent with the creation of rotational 

and translational entropy at the transition state, and the channel intersections are the most 

obvious environments within MFI that permit access to these modes. 

 
Table 2.4.4-1. Intrinsic activation entropies of monomolecular n-butane cracking and dehydrogenation reactions 

 ∆Sint
‡

 (J mol-1 K-1) 

Zeolite central cracking terminal cracking dehydrogenation 
MFI-140 -17 -16 27 

MFI-40 -19 -8 56 

MFI-25 -18 0 71 

MFI-15(P) -15 16 67 

MFI-15(M) -8 24 71 

MFI-11.5 -15 10 55 

 

In order to rationalize the magnitudes of ΔSint
‡

, the changes in rotational and translational 

entropy between the reactant state and the fully formed products of dehydrogenation (assuming 

1-butene for the product alkene) were calculated using methods of statistical mechanics 

described by previous authors80 (see Appendix A.8; p 126). The estimation of the translational 

entropy requires the specification of a length, area or volume over which translation occurs. We 

have used the diameter, largest cross sectional area, and volume of the largest included sphere 

calculated by Foster and coworkers137 for MFI, for 1D, 2D, and 3D translation, respectively. This 

sphere is situated at the channel intersection and values of its diameter, cross sectional area, and 

volume are included in Table 2.4.4-2. The rotational and translational entropy changes of 

dehydrogenation were then estimated for the case of 1D free rotation of H2 and differing degrees 

of rotation and translation of 1-butene. In all cases considered, 1D translation along a distance of 

6.30 Å and 1D free rotation were assumed for n-butane in the reactant state. 

Three different scenarios were considered in order to approximate the entropic effect of 

the stronger electrostatic interaction of a butyl cation-like fragment with the zeolite relative to the 

interaction of n-butane. First, rotational and translational contributions to the entropy of 1-butene 

were neglected. In a second treatment, 1-butene was considered to possess 1D free rotation, 

consistent with the assumption made for n-butane. It is presumed that 1D rotation could be 
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achieved without strongly influencing the electrostatic stabilization of the butyl fragment, 

provided that the distance of this fragment from the negatively charged O atom is unperturbed by 

the rotation. Finally, 1D translation of 1-butene is permitted in addition to 1D rotation, but the 

distance for the translation occurs is limited to 1 Å, considerably less than the distance of 6.30 Å 

permitted for neutral n-butane. The results of these calculations are summarized in Table 2.4.4-2. 

The intrinsic activation entropies extracted from experimental data in Table 2.4.4-1 fall within 

the ranges of values estimated using statistical mechanics for 1D, 2D, or 3D translation of H2, 

provided that the butyl fragment contributes some rotation and translation. The comparison 

indicates that free or frustratetd translations and rotations of product fragments contribute 

strongly to the entropy and free energy of the dehydrogenation transition state. 

 
Table 2.4.4-2. Changes in rotational and translational entropy (J mol-1 K-1) at 773 K for dehydrogenation of n-butane to 

produce H2 and 1-butene assuming 1D free rotation of H2.
a 

H2 translation  C4H8 rotation and translation 

Dimensionality Allowed spaceb  None 1D rotation 1D rotation and limitedc 1D translation 
1D 2R (6.3 Å)  -37 -1 33 

2D πR2 (31 Å2)  -13 24 57 

3D 4πR3/3 (131 Å3)  10 47 80 
aTranslation over a length of 6.3 Å and 1D free rotation are assumed for n-butane.  bSpaces available for 1D, 2D, or 3D 

translation are given in terms of the radius R of the largest sphere included within the channel intersection, 3.15 Å.137  
cLengths allowed for translation of 1-butene and n-butane are, respectively, 1.0 and 6.3 Å. 

 

2.4.5 Inhibitory Effects of Isobutene on Rates of n-Butane Reaction Rates 

Figure 2.4.5-1a shows the rates of product formation resulting from n-butane 

monomolecular cracking and dehydrogenation on MFI-11.5 at 773 K as functions of the butenes 

partial pressure. The partial pressure of butene in the effluent was varied by changing the partial 

pressure of n-butane at a fixed total flow rate. It can be seen that the rate of n-butane 

dehydrogenation (H2 and butenes) decreases noticeably as the partial pressure of butenes 

increases, suggesting that dehydrogenation is inhibited by the presence of butenes. As discussed 

below, the observed decrease in the dehydrogenation rate cannot be attributed to inhibition by 

propene or, by extension, ethene, since the addition of propene to the feed has no effect on 

reaction rates. Figure 2.4.5-1a also shows that the rates of formation of propane and isobutane, 

formed via bimolecular hydride transfer from n-butane to propene and isobutene,138-140 decrease 

with increasing partial pressure of butenes. The products produced by a given reaction pathway 

(e.g. C2H6 and C2H4 for central cracking) are formed at nearly equal rates, and hydrocarbons 

larger than C4 are not observed above trace levels. Therefore, decreases in the rates of 

appearance of these products cannot be attributed to secondary conversion. In addition, 

conversion level of ~0.57 % is far below the equilibrium conversion for dehydrogenation under 

the experimental conditions (49% for 1-butene as the alkene product). Therefore, an approach to 

equilibrium does not influence the measured rates, leaving product inhibition as the most 

plausible explanation for the reduction in reaction rates of n-butane. 

Further support for this hypothesis is presented in Figure 2.4.5-1b, which shows that the 

changes in the rates of dehydrogenation and hydride transfer seen in Figure 2.4.5-1a can be 

reproduced qualitatively by introducing isobutene to the feed at a fixed partial pressure of 

n-butane. Reaction rates return to their starting values after the co-feed is removed, consistent 

with a reversible adsorption process. Co-feeding propene has no detectable influence on the rates 

of any reactions (see Appendix A.11; p 131). We, therefore, surmise that the decreases in 

reaction rates seen in Figure 2.4.5-1 are caused by the adsorption of one or more butene isomers 
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at Brønsted protons. However, because these isomers equilibrate rapidly, the inhibition cannot be 

attributed to a specific species based solely on the data shown. As discussed in detail in 

Appendix A.9 (p 127), we have combined experimental estimates of the thermodynamic 

adsorption parameters for butene adsorption with density functional calculations in order to gain 

insight as to the identity of the inhibiting species. 

 
a 

 
b 

 
Figure 2.4.5-1. (a) Rates of monomolecular n-butane reactions (left axis) and secondary hydride transfer reactions (right 

axis) vs. butenes partial pressure for MFI-11.5 at 773 K and a space time of 0.09 [s (mol H+) (mol feed)-1]. Conversion is 

constant at 0.57 ± 0.02 %. (b) Rates of reactions as stated in (a), but with additional isobutene introduced as co-feed. 
 

The Gibbs free energy change for the adsorption of gas-phase butene onto Brønsted 

protons, ∆Gads‑H+
o

, was extracted from values of the Langmuir coefficient that were obtained 

from linearized fits of rate data taken at different levels of isobutene co-feed. The enthalpy of 

adsorption (∆Hads‑H+
o ) was then calculated theoretically for butene adsorption at the intersection 

and sine channel in MFI. The entropy of adsorption (∆Sads‑H+
o

) was estimated for these locations 

by using the results of theoretical work reported by De Moor et al.,141 who modeled the low-

energy vibrations of adsorbed molecules as rotations and translations in order to calculate 

∆Sads‑H+
o

. Feasible combinations of ∆Sads‑H+
o

 and ∆Hads‑H+
o  must then satisfy the constraint 

∆Gads‑H+
o

 = ∆Hads‑H+
o  - (773 K)(∆Sads‑H+

o
). Our analysis suggests that this constraint is met by the 

adsorption of isobutene in the intersections of H-MFI, but not by the adsorption of isobutene in 

the channels or by linear butenes in general. 
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Taken together with the high specificity of the product inhibition for dehydrogenation, 

these results support the proposal that dehydrogenation exhibits a greater preference than 

cracking to occur at intersections. This interpretation may initially appear to be inconsistent with 

the proposal that cracking reactions also occur preferentially at these locations, since cracking 

rates are essentially invariant in Figure 2.4.5-1. However, as demonstrated in Appendix A.12 (p 

132), the lack of an effect of butenes on cracking rates (within the range of butene partial 

pressures studied) suggests that the preference of dehydrogenation to occur at the intersections is 

significantly stronger than that of cracking, and that the fraction of protons located at the channel 

intersections is relatively small. 

The analysis given above has several implications. First, the reasonable agreement of the 

experimentally estimated and theoretically calculated adsorption parameters supports the 

hypothesis that alkene inhibition is possible even at the low conversions used for this work. For 

this reason, rate coefficients should be extrapolated to zero conversion or extracted from kinetic 

models that account for product readsorption. Obtaining rates at a fixed space time across 

different temperatures may result in an artificially low value of Eapp, as discussed above and in 

Appendix A.6 (p 122). It is also significant that the rates of dehydrogenation and hydride transfer 

are inhibited simultaneously. As originally proposed by Haag and Dessau25 and supported by 

subsequent experimental studies,142 the relatively bulky bimolecular transition state for the rate-

determining step in hydride transfer is formed more easily in larger pore environments. The 

simultaneous inhibition of both processes in H-MFI, therefore, implies that each reaction exhibits 

a strong kinetic preference for the channel intersections. 

 

2.5 Conclusions 
 

Rate coefficients, activation parameters, and selectivities for the monomolecular cracking 

and dehydrogenation of n-butane were obtained for MFI samples obtained from a single source, 

with Si/Al ratios ranging from 12 to 142 (0.7 to 7.3 Al atoms per unit cell). The rate of 

dehydrogenation relative to cracking and the rate of terminal cracking relative to central cracking 

increased with increasing Al concentration. The rates of all three reactions increased with 

increasing Al content up to 5.4 Al atoms per unit cell and then decreased at the highest Al 

content. The increase in rates occurred despite similar or increasing activation energies, and is 

caused partly by increases in the activation entropy. We suggest that these effects are 

consequences of an increased fraction of protons being located in less confining portions of the 

zeolite pores (e.g. channel intersections) as the Al content increases. Based on calculated 

transition-state geometries and values of the intrinsic activation entropies extracted from 

experimental data, the anticipated order of preference of the different reactions for less confining 

locations is dehydrogenation > terminal cracking > central cracking. The increased selectivities 

to terminal cracking and to dehydrogenation at higher Al content support the proposed trend in 

the distribution of Al. The suggested trends in Al distribution are also consistent with trends in 

the locations of Co(II) inferred from UV-visible spectra, which show that more Co(II) is located 

at the intersections as the Al concentration increases. Unexpectedly, butene was found to 

influence the measured activation energies for dehydrogenation if rates were not extrapolated to 

zero space time in order to achieve very low product partial pressures. Quantum 

mechanics/molecular mechanics calculations suggest that the inhibition is caused by isobutene 

adsorbed in the channel intersections. 
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In summary, we conclude from the analysis of reaction rate measurements and 

spectroscopic data that the fraction of Al in the intersections of H-MFI increases with increasing 

Al content. Terminal cracking and dehydrogenation of n-butane occur preferentially on Brønsted 

protons located at channel intersections because of the higher intrinsic entropies of activation and 

the consequently lower Gibbs free energies attainable at these sites. The higher intrinsic 

activation entropies appear to override the effects of higher intrinsic activation energies, most 

noticeably for terminal cracking and dehydrogenation. Therefore, the results of this study 

indicate that intrinsic activation energies are not constant, and that differences between activation 

barriers for various monomolecular reactions are a function of the location of active sites. The 

results also suggest that selectivities to different reaction pathways for n-butane can be controlled 

indirectly by varying the Al content of the zeolite framework. 
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Chapter 3  
 

Adsorption Thermodynamics and Intrinsic Activation 

Parameters for Monomolecular Cracking of n-Alkanes on 

Brønsted Acid Sites in Zeolites 
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3.1 Abstract 
 

Experimental measurements of the rate coefficient (kapp) and apparent enthalpies and 

entropies of activation (ΔHapp and ∆Sapp) for alkane cracking catalyzed by acidic zeolites can be 

used to characterize the effects of zeolite structure and alkane size on the intrinsic enthalpy and 

entropy of activation, ∆Hint
‡

 and ∆Sint
‡

. To determine ∆Hint
‡

 and ∆Sint
‡

, enthalpies and entropies of 

adsorption, ΔHads‑H+ and ΔSads‑H+, must be determined for alkane molecules moving from the gas 

phase to Brønsted acid sites at reaction temperatures (> 673 K). Experimental values of ΔHapp 

and ∆Sapp must also be properly defined in terms of ΔHads‑H+ and ΔSads‑H+. We report here a 

method for determining ΔHads‑H+ and ΔSads‑H+ in which the adsorption site is represented by a 

fixed volume that includes the proton. Values of ΔHads‑H+ and ΔSads‑H+ obtained from Monte 

Carlo simulations are in good agreement with values obtained from experimental data measured 

at 300-400 K. An important feature of the simulations, however, is their ability to account for the 

redistribution of alkane adsorbed at protons in different locations with increasing temperature. 

Values of ∆Hint
‡

 and ∆Sint
‡

 for the cracking of propane through n-hexane, determined from 

measured values of kapp and ΔHapp and simulated values of ΔHads‑H+ and ΔSads‑H+, agree well with 

values obtained independently from quantum mechanics/molecular mechanics calculations. 

Application of our method of analysis reveals that the observed increase in kapp with increasing 

n-alkane size is due primarily to a decrease in ∆Hint
‡

 with increasing chain length and that ∆Sint
‡

 is 

independent of chain length. 

 

3.2 Introduction 
 

The cracking of alkanes catalyzed by Brønsted acid centers in zeolites has been 

investigated extensively given the impact of this process on the conversion of petroleum to 

transportation fuels.1,6 Studies of alkane cracking kinetics have demonstrated that at high 

conversion cracking occurs via a bimolecular chain propagation mechanism, whereas at very low 

conversion and low partial pressure a monomolecular pathway dominates whereby alkane 

molecules are converted into products by direct interaction with Brønsted protons.17,25 The latter 

mechanism has been shown to be first order in alkane partial pressure and is not limited by the 

diffusion of reactant molecules to active sites for small alkanes and for crystal sizes typical of 

those used as cracking catalysts.26-28 For these reasons monomolecular alkane cracking can be 

used to probe the influences of zeolite structure (pore size and topology) on the intrinsic activity 
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and selectivity of Brønsted acid sites for the cracking of alkane C-C bonds. To make such an 

analysis, it is necessary to relate the intrinsic activation barriers to the experimentally measured 

values, which are influenced by the thermodynamics of alkane adsorption as well as by the 

intrinsic kinetics. In this study we propose a rigorous basis for relating the thermodynamics of 

alkane adsorption to the intrinsic activation enthalpy and entropy for cracking. 

We begin our presentation by developing an approach for determining ΔHads‑H+ and 

ΔSads‑H+, the enthalpy and entropy changes for alkane molecules moving from the gas phase to a 

Brønsted acid site (a reactant state) within a zeolite using Monte Carlo simulations. Values of 

ΔHads‑H+ and ΔSads‑H+ obtained from simulations are in good agreement with experiment at the 

temperatures of the adsorption measurements, and at higher temperatures our approach properly 

captures the effects of the redistribution of alkane to different parts of the zeolite. The values of 

ΔHads‑H+ and ΔSads‑H+ obtained from simulation are then used to extract the intrinsic enthalpy and 

entropy of activation, ∆Hint
‡

 and ∆Sint
‡

, from the apparent enthalpy and entropy of activation, 

ΔHapp and ΔSapp, determined from experimental activation energies and rate coefficients 

measured at 773 K for propane through n-hexane. Values of ∆Hint
‡

 and ∆Sint
‡

 obtained through the 

use of simulated values of ΔHads‑H+ and ΔSads‑H+ at 773 K are consistent with those determined 

independently from quantum chemical calculations. We also show that the increase in the 

apparent rate coefficient for alkane cracking with increasing chain length observed 

experimentally is due primarily to a decrease in ∆Hint
‡

, and that ∆Sint
‡

 varies little with chain 

length. 

 

3.3 Theoretical Approach for Determining Adsorption Thermodynamics 

and Intrinsic Activation Parameters 
 

Alkane unimolecular cracking in zeolites occurs via the direct activation of an alkane 

C-C bond by a zeolitic proton and proceeds through a charged transition state that decomposes 

into a smaller alkane and an alkene.143-146 The elementary steps of adsorption and reaction that 

occur in this process are presented in Scheme 3.3-1.83,147 

 

1. Ag Az 

2. Az,react [TS] → Products 
Scheme 3.3-1. Steps involved in the monomolecular cracking of alkane molecules in acidic zeolites: (1) Adsorption of gas 

phase alkane, Ag, into the zeolite pores, and (2) cracking of alkane molecules located in a reactant state (Az,react) at zeolite 

protons. 

 

Step 1 describes the adsorption of gas phase alkane (Ag) into the zeolite pores to give adsorbed 

alkane (Az). The adsorbed molecules can be located anywhere within the pores (near Brønsted 

protons or at siliceous parts of the framework), and at low loadings of the adsorbate the number 

of molecules adsorbed per unit mass of zeolite is proportional to the Henry coefficient (KH) and 

the alkane pressure (PA). A fraction of the adsorbed molecules, given by Preact (discussed below), 

is located sufficiently close to a Brønsted proton to initiate a reaction ([Az,react] = Preact·[Az]). 

Such molecules are considered to be in a “reactant state” and may undergo cracking in step 2. 

Because diffusion does not usually limit the rates of monomolecular cracking,28 it is assumed that 

alkane molecules in the gas phase are in quasi-equilibrium with molecules in a reactant state and 

that the rate-determining step is the cracking of Az,react. The apparent rate of reaction, r, can be 

represented as the product of the intrinsic rate coefficient for cracking, kint, and the fraction of 

Brønsted acid sites occupied by alkane molecules, θAz,react: 
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( 3.3-1 )       r = kintθAz,react
 

 

At the high temperatures and low conversions of monomolecular cracking, it can be further 

assumed that θAz,react is much less than 1 and is therefore proportional to PA.65,147 This assumption 

is consistent with the empirical observation of a first-order dependence of r on PA 

 

( 3.3-2 )       r = kappPA 

 

where kapp is the apparent first-order rate coefficient for cracking. To 

interpret the influence of the zeolite structure on measured cracking rates, it is useful to separate 

the apparent reaction barriers determined from an Arrhenius plot of kapp into contributions from 

adsorption thermodynamics (contained in θAz,react) and intrinsic reaction barriers (contained in 

kint).
65,70,147 To perform such an analysis, θAz,react must be related to the alkane partial pressure 

and to enthalpies and entropies of adsorption for the transfer of alkane molecules from the gas 

phase to the Brønsted protons (ΔHads‑H+ and ΔSads‑H+). Following Swisher et al.,83 we express 

θAz,react when the site coverage is very low (θAz,react ≪ 1) as 

 

( 3.3-3 )       θAz,react
 = 

Preact

nH+

KHP
A

. 

 

In this equation, KH is Henry’s constant (mol kg-1 Pa-1) for adsorption from the gas into the 

zeolite pores (step 1 of Scheme 3.3-1), nH+ is the number of Brønsted acid sites per unit mass of 

zeolite (mol kg-1), and Preact is the (dimensionless) probability that a molecule adsorbed in the 

zeolite is in a reactant state. These authors have used geometrical arguments to define the 

reactant state (Az,react) as any configuration in which an alkane C-C bond is located within 5 Å of 

a zeolite Al atom. By substituting the above expression for θAz,react into Equation 3.3-1 and 

setting the result equal to the rate expression given by Equation 3.3-2, kapp can be written 

 

( 3.3-4 )       kapp = 
Preact

nH+

KHk
int

. 

 

Swisher et al.83 have shown that both Preact and KH can be obtained from Monte Carlo 

simulations over a broad range of temperatures for silicalite, the all-silica form of MFI, and 

Tranca et al.148 have shown that the same methods can be used to obtain KH for MFI with one Al 

atom (one Brønsted proton) per unit cell. However, before data from such simulations can be 

used, Preact and KH must be defined in terms of ΔHads‑H+ and ΔSads‑H+. We begin by defining the 

Henry coefficient in accordance with Swisher et al. and Tranca et al. as 

 

( 3.3-5 )       KH ≡ 
1

ρ
f
RT

exp (-
∆Aads

RT
) 

 

where ρf is the zeolite framework density and ΔAads is the Helmholtz free energy for adsorption 

into the zeolite. We note that the Helmholtz free energy (and not the Gibbs free energy) is a 

natural thermodynamic function for gas adsorption into a solid adsorbent.149 The value of ΔAads 

represents an ensemble average for adsorption at protons and at nonacidic parts of the zeolite and 
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depends on both the zeolite Si/Al ratio and the crystallographic location of the Al atoms. The 

significance of this latter point is discussed below.  

As shown in Appendix B.1 (p 135), an expression can be written for Preact, defined as the 

ratio of alkane molecules adsorbed at protons (Az,react) to alkane molecules adsorbed anywhere in 

the zeolite (Az): 

 

( 3.3-6 )       Preact = fH+exp (-
∆Areact

RT
)  = fH+exp (-

ΔUreact - TΔSreact

RT
) , 

 

where fH+ is the fraction of the zeolite volume contained within 5 Å of an Al atom. The 

differences in the Helmholtz energy, internal energy, and entropy between alkane adsorbed 

anywhere in the pores (Az) and alkane located only in a reactant state (Az,react) are denoted, 

respectively, by ΔAreact, ΔUreact, and ΔSreact. We define fH+ as 

 

( 3.3-7 )       fH+ ≡ nH+ρ
f
VH+  

 

where VH+ is the volume of 1 mol of reactant state spheres of radius 5 Å. Equation 3.3-7 gives 

the ratio of the volume of reactant state spheres to the total volume of the zeolite. We note that 

Equation 3.3-6 can also be written as 

 

( 3.3-8 )       p
react

 = ρ
f
VH+exp (-

∆Areact

RT
) , 

 

where we have substituted preact ≡ Preact/nH+ after the nomenclature of Swisher et al.83 The values 

of preact and of ΔAreact depend weakly on the type of reactant state complex being formed (e.g., 

for central or terminal cracking) and to a larger extent on the local environment of the active site 

(the T site at which the Al atom is located).83,147 As the number of Brønsted acid sites per unit 

mass of zeolite decreases (fH+ → 0), Preact approaches 0. In the limit of low fH+, ΔAreact, ΔUreact, 

and ΔSreact are equal to the differences in Helmholtz energy, internal energy, and entropy 

between alkane adsorbed only at the siliceous parts of the framework and alkane adsorbed only 

at Brønsted protons. The value of Preact is then proportional to nH+. 

By combining the equations for preact and KH, the dimensionless equilibrium constant for 

adsorption from the gas phase onto active sites can be obtained: 

 

( 3.3-9 )       Kads-H+ = p
react

KH

RT

VH+
 = exp (-

ΔAads-H+

RT
) 

 

where ΔAads‑H+ (equal to ΔUads‑H+ - TΔSads‑H+) is the Helmholtz free energy change for 

adsorption of alkane from the gas to a reactant state. In this work, values of preact, ΔUads‑H+, and 

KH are obtained from simulations for MFI containing one Al per unit cell for each T site. The 

value of ΔSads‑H+ is then determined using Equation 3.3-9, recalling that 

ΔAads‑H+ = ΔUads‑H+ - TΔSads‑H+. 

An expression for kapp can now be written in terms of thermodynamic adsorption 

parameters and intrinsic activation parameters. The expression for kint is taken from absolute rate 

theory 
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( 3.3-10 )      kint = 
kBT

h
exp (-

ΔGint
‡

RT
) 

 

where ∆Gint
‡

 is the intrinsic Gibbs energy barrier for the reaction. This expression and Equations 

3.3-5 - 3.3-7 are substituted into Equation 3.3-4 to give 

 

( 3.3-11 )      kapp = 
vH+

h
exp (-

∆Aads-H+ + ∆Gint
‡

RT
) 

 

where vH+ is the volume of one Al site (one sphere of radius 5 Å). Expressions for the apparent 

enthalpy and entropy of activation, ΔHapp and ΔSapp, can be written by first substituting the 

relationship ΔAads‑H+ = ΔUads‑H+ - TΔSads‑H+ into Equation 3.3-11. The following expressions are 

then obtained that relate ΔHapp and ΔSapp, determined from an Arrhenius plot of kapp, to ΔHads‑H+ 

and ΔSads‑H+ and the intrinsic activation parameters: 

 

( 3.3-12 )      ∆Happ = ∆Hads-H+ + ∆Hint
‡

 = -R [
∂lnkapp

∂(1 T⁄ )
]  - RT 

 

( 3.3-13 )      ∆Sapp = ∆Sads-H+ + ∆Sint
‡

 = R [lnkapp,T→∞ - ln
vH+

h
] 

 

It should be noted that in Equation 3.3-12, ΔUads‑H+ has been substituted with the quantity 

ΔHads‑H+ + RT. This relationship arises because ΔUads is obtained directly from the simulations, 

whereas ΔHads is obtained by subtracting RT from ΔUads to account for the work done on the 

system due to the volume change in the gas phase.35,150,151 Equations 3.3-12 and 3.3-13 provide a 

quantitative basis for interpreting the influence of the zeolite structure on adsorption and intrinsic 

reaction steps, where ΔHads‑H+ and ΔSads‑H+ have been defined in a way that allows these 

quantities to be determined using Monte Carlo simulations. 

In Section 3.5.1 we compare values of ΔHads‑H+ and ΔSads‑H+ obtained from Monte Carlo 

simulations to values determined from experimental measurements. It is therefore necessary to 

first review how ΔHads‑H+ and ΔSads‑H+ are extracted from experimental data. Conventionally, it is 

assumed that the fraction of acid sites occupied by adsorbed alkane in a zeolite can be 

represented by a Langmuir isotherm:32,35,39,65,70,82,148-151 

 

( 3.3-14 )      θAz,react
 = 

KL-H+PA

1 + KL-H+PA

 

 

where KL‑H+ is the Langmuir constant for adsorption at Brønsted protons. In the limit of low site 

coverage occurring at the reaction temperatures of interest (> 673 K), θAz,react reduces to65 

 

( 3.3-15 )      θAz,react
 = KL-H+PA 

 

A common approach used to define thermodynamic adsorption parameters in the context 

of alkane adsorption in zeolites is to define standard chemical potentials for the adsorbed and 

gaseous phases and require that these potentials are equal at equilibrium.132,152,153 This treatment 
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leads to a relationship between KL‑H+ and the dimensionless thermodynamic equilibrium constant 

at standard conditions, Kads‑H+
o ,131-133 given by 

 

( 3.3-16 )      Kads-H+
o  ≡ exp (-

ΔGads-H+
o

RT
)  = 

1 - θ
o

θ
o KL-H+Po 

 

where θ° and P° are the standard states for the fractional coverage and the gas phase partial 

pressure, and ∆Gads‑H+
o

 is the Gibbs free energy change for the transfer of molecules at pressure 

P° and temperature T to the adsorption sites, a fraction θ° of which are already occupied. The 

standard enthalpy and entropy of adsorption, ∆Hads‑H+
o  (kJ mol-1) and ∆Sads‑H+

o
 (J mol-1 K-1), can 

then be obtained from the slope and intercept of a van’t Hoff plot133 according to Equations 

3.3-17, 3.3-18, or 3.3-19, respectively. 

 

( 3.3-17 )      ΔHads-H+
o   = -R

∂lnKL-H+

∂(1/T)
 

 

( 3.3-18 )      ΔSads-H+
o

 = R [ lim
T→∞

(lnPoKL-H+) - ln (
θ

o

1 - θ
o)] 

 

( 3.3-19 )      ΔSads-H+
o

 = RlnKads-H+
o  + 

∆Hads-H+
o

T
 

 

The value of ∆Hads‑H+
o  can also be measured calorimetrically if the adsorbed molecules 

are located only at Brønsted acid sites.154 Eder et al.32,39 and De Moor et al.134 have reported such 

measurements made at 323 K and at 300-400 K, respectively, for several zeolites and alkanes. 

Specific adsorption of alkanes at Brønsted protons was verified by in situ infrared studies in 

combination with gravimetry and calorimetry. The value of ∆Sads‑H+
o

 was then obtained by 

substituting the measured value of ∆Hads‑H+
o  into Equation 3.3-19 after extraction of KL‑H+ from a 

dual-site Langmuir isotherm, fit to the experimental data and accounting for adsorption at acidic 

and nonacidic sites. De Moor et al. have stated that there was little variation in the values of 

∆Hads‑H+
o  and ∆Sads‑H+

o
 over the temperature range 300-400 K and assumed, therefore, that these 

values are temperature independent even up to the temperature at which alkane cracking occurs. 

As discussed below, this assumption proves not to be correct because it does not account for the 

fact that with increasing temperature, the distribution of alkane in the reactant state at different 

Al T-sites changes because the values of ΔHads‑H+ and ΔSads‑H+ differ for different T-sites. 

In this work we compare values of ΔHads‑H+ and ΔSads‑H+ obtained from simulation to 

values of ∆Hads‑H+
o  and ∆Sads‑H+

o
 taken from the literature. We then use both sets of values and 

Equations 3.3-12 and 3.3-13 to determine intrinsic activation parameters for n-alkane cracking. 

Before doing so, it is necessary to ensure that values of ∆Sads‑H+
o

 reported in the literature have 

the same reference state as ΔSads‑H+ obtained from simulation. It can be shown that, although 

ΔHads‑H+ and ∆Hads‑H+
o  are independent of the standard state pressure and adsorbate coverage, the 

following equation adjusts the reference state of ∆Sads‑H+
o

 to match that of ΔSads‑H+ (see Appendix 

B.2; p 135): 
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( 3.3-20 )      ∆Sads-H+ = ∆Sads-H+
o

 + R [ln (
θ

o

1 - θ
o)  - ln (

PoVH+

RT
)  + 1] 

 

3.4 Methods 
 

3.4.1 Configurational-Bias Monte Carlo (CBMC) Simulations 

CBMC simulations were performed following the approach described by Swisher et al.83 

and Tranca et al.148 A Lennard-Jones-type potential using the force field parameters of 

Dubbeldam et al.150,155 (included in Appendix B.8; p 145) was employed to describe the 

interaction between the zeolite and the linear alkanes propane through n-hexane, whereas the 

TraPPE potential was used to describe the guest.156 Alkane molecules were treated using the 

united atom approach for the methyl (−CH3) and methylene (−CH2−) groups. These groups were 

connected with harmonic bonds, bending angles, and torsions. For longer chains, internal van der 

Waals interactions were also included. The atoms comprising the zeolite were fixed at the 

experimental crystallographic positions reported by van Koningsveld et al.157 In addition, to 

model the Brønsted acid site, the oxygen parameters were modified83,148 to reflect the stronger 

interaction of alkane molecules with Brønsted protons relative to the siliceous parts of the 

framework (i.e., Eder and Lercher31 have measured a difference of ∼10 kJ mol-1 for the heat of 

adsorption of n-hexane in H-MFI relative to silicalite). For each T-site, a simulation was 

performed in which one of the four oxygen atoms bonded to the T-site was modeled as acidic. 

The Henry coefficient, KH, and the enthalpy of adsorption, ΔHads = ΔUads - RT, were 

computed for H-MFI with one Al (one Brønsted proton) per unit cell using the Widom particle 

insertion method at temperatures spanning 278-773 K. Although we do not analyze values of 

ΔHads explicitly in this work, it is important to note that our simulated values of ΔHads are 

identical to those reported by Tranca et al.148 and are, therefore, in good agreement with the 

experimentally measured isosteric heats of adsorption reported in ref 31. 

Additionally, the probability of finding an alkane molecule in the reactant state (Preact) and 

the enthalpy of adsorption from the gas phase to the reactant state, ΔHads‑H+ = ΔUads‑H+ - RT, 

were computed by performing CBMC simulations in an NVT ensemble for a single alkane 

molecule. Values of Preact(i,j) and ΔHads‑H+(i,j) were computed for each individual C-C bond j 

located within a 5.0 Å radius of T-site i as described in ref 83. We demonstrate in Appendix B.6 

(p 139) that this cutoff radius is similar to the Al−C distances calculated using DFT for n-alkanes 

adsorbed at Brønsted protons in H-MFI and is also consistent with the geometric parameters 

reported by Jiang et al.158 for molecular dynamics simulations of alkanes interacting with 

Brønsted protons in CHA. On the basis of our analysis of the sensitivity of ΔHads‑H+ and ΔSads‑H+ 

to the choice of the cutoff radius, we estimate that the uncertainties in these values for each 

alkane at fixed temperature are ∼2 kJ mol-1 and ∼10 J mol-1 K-1, respectively. The values of 

ΔHads‑H+(i,j) were determined from the ensemble average energy of reactant states involving 

bond j located within 5.0 Å of T-site i and the corresponding values of ΔSads‑H+(i,j) determined 

using Equation 3.3-9. A Boltzmann weighted average of ΔHads‑H+(i) over all bonds j was 

performed to determine the values of ΔHads‑H+ for adsorption of the molecule at T-site i. 

 

3.4.2 Density Functional Theory (DFT) 

The cluster model for representing the MFI zeolite framework consisted of 437 

tetrahedral (T) atoms and was terminated with hydrogen atoms. Adapting an approach similar to 

our previous work,81 calculations were performed for the active site located in the channel 
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intersection (T12, O24). This location was chosen for the Al to enable comparison of our results 

with previous theoretical studies of alkane cracking in MFI in which the active site was located 

at T12.81,83,148,159 The quantum mechanics/molecular mechanics (QM/MM) method developed by 

Zimmerman et al.160 was used employing Lennard-Jones parameters for framework Si and O 

atoms adapted from more recent work.161 Accordingly, the zeolite model was divided into two 

regions: a T5 cluster containing the active site was treated quantum mechanically and the 

remaining T432 cluster treated classically. 

All calculations were performed using a developmental version of the Q-Chem software 

package.162 Geometry optimizations and vibrational analyses were carried out using the 

dispersion-corrected, range-separated hybrid density functional ωB97X-D,163,164 and a triple-ζ 

polarized basis set, 6311G**.165 Transition state guesses were obtained using a double-ended 

interpolation technique known as the freezing string method (FSM)166,167 and further refined 

using partitioned rational function optimization (P-RFO).168 Transition states were determined 

for central and terminal cracking of n-butane. These transition states correspond to TS1 in our 

previous theoretical work.81 

Zero-point energies were added to ground-state electronic energies. To calculate intrinsic 

activation energies and entropies at the reaction temperature of 773 K, thermodynamic 

corrections to the ground state were computed. The rigid rotor/harmonic oscillator (RRHO) 

approximation is the most commonly used technique. However, entropies calculated in zeolite-

based systems using this method are typically inaccurate owing to the presence of several soft 

modes in the vibrational spectrum.141,169 Because these modes are better treated as internal 

rotations, a composite hindered rotor approach proposed by Grimme170 was employed. This 

technique allows for smooth interpolation between a free rotor at lower frequencies and a 

harmonic oscillator at higher frequencies using a frequency-dependent weighting function. The 

average molecular moment of inertia, Bav, was modified from the original work to be equal to the 

average of free rotor moments of inertia over all frequencies. In addition, the weighting function 

parameter, ω0, was chosen to be 268 cm-1 on the basis of the criteria proposed by Grimme.  

A similar procedure was employed to calculate enthalpies and entropies of adsorption for 

the linear alkanes propane through n-hexane adsorbed at a Brønsted proton associated with site 

T12, O24 in MFI at 773 K. Earlier investigations have demonstrated that the assumption of an 

immobile adsorbate results in the overestimation of entropy losses on adsorption.134 Therefore, 

two simple possibilities were explored. In the first case, the adsorbate can translate, but not 

rotate, in the vicinity of the adsorption site. In the second case, the adsorbate cannot translate but 

retains its gas phase rotational degrees of freedom upon adsorption. To determine the entropy of 

translation for the first scenario, the largest included sphere diameter of 6.3 Å reported by Foster 

et al.137 for MFI was used. The value of ∆Sads‑H+
o

 returned by QM/MM calculations was then 

adjusted using Equation 3.3-20 before comparison with values of ΔSads‑H+ determined from 

Monte Carlo simulations. The standard configurational entropy term appearing in Equation 

3.3-20, given by 

 

( 3.4.2-1 )       ΔSconfig
o  = -Rln (

θ
o

1 - θ
o) 

 

was set equal to zero because the QM/MM calculations involve only one adsorption site,133,154,171 

and the standard state pressure P° was set equal to 105 Pa, the pressure employed in the QM/ MM 

calculations. 
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3.5 Results and Discussion 
 

3.5.1 Dependences of ∆Hads-H+ and ∆Sads-H+ on Al Siting and Temperature 

Figure 3.5.1-1 shows the effects of temperature on the values of ΔHads‑H+ and ΔSads‑H+ for 

propane, n-butane, n-pentane, and n-hexane determined from Monte Carlo simulations for MFI 

containing one Al atom per unit cell at either T9 (upper solid curves) or T4 (lower solid curves). 

Site T9 resides near the intersection of the straight and sinusoidal channels, whereas T4 is 

located on the wall of the sinusoidal channel (see Figure A.7-1; p 124). Sites T9 and T4 were 

chosen from the 12 possible T-sites because the magnitudes of ΔHads‑H+ and ΔSads‑H+ are usually 

the smallest (T9) and largest (T4) for these sites. (Individual values of ΔHads‑H+, ΔSads‑H+, preact, 

and KH for each T-site are tabulated in Appendix B.7; p 141.) 

 
a 

  

 

b 

  

 

Figure 3.5.1-1. Enthalpy and entropy changes for the adsorption of n-alkanes from the gas phase onto Brønsted protons in 

H-MFI at 278-773 K obtained using CBMC simulations. (a) Enthalpy changes (ΔHads-H+) and (b) entropy changes 

(ΔSads-H+) for propane (▲) and n-pentane (▲) (left), and n-butane (▲) and n-hexane (▲) (right). The upper and lower 

solid lines correspond to Al located only at T9 and T4, respectively. The dashed lines represent the Boltzmann-weighted 

averages of ΔHads-H+ and ΔSads-H+ for Al distributed evenly between T9 and T4. 

 

The increase of ΔHads‑H+ with temperature is consistent with the molecular dynamics 

(MD) simulations of Bučko et al.145 and Jiang et al.,158 who observed that alkane molecules in a 

reactant state (molecules that interact directly with a Brønsted proton) lie farther from the proton 
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at higher temperatures than at lower temperatures. Although the reactant state is still defined by a 

5 Å radius surrounding an Al atom, at higher temperatures molecules within this radius adopt 

configurations that are farther from the proton than at lower temperatures, causing a decrease in 

the magnitude of ΔHads‑H+. Similar effects are responsible for the increase in ΔSads‑H+ with 

temperature seen in Figure 3.5.1-1b, although part of the increase in ΔSads‑H+ with temperature is 

caused by the appearance of the temperature T on the left-hand side of Equation 3.3-9. Figure 

3.5.1-1 also shows that ΔHads‑H+ and ΔSads‑H+ are more negative for T4 than for T9, consistent 

with the smaller size of the channels (where T4 is located) relative to the intersection (where T9 

is located), and the commensurately stronger van der Waals interactions between the zeolite 

walls and the alkane.172 It is interesting to note that the spread between the curves for T9 and T4 

in Figure 3.5.1-1 is smallest for n-hexane, consistent with the greater number of ways that the 

smaller n-alkanes may orient within the MFI pores.35,136,173 

When Al is situated in more than one type of pore environment (e.g., channels and 

intersections), the temperature variations of ΔHads‑H+ and ΔSads‑H+ are also influenced by changes 

in the locations at which molecules adsorb with increasing temperature. The dashed curves 

shown in Figure 3.5.1-1 correspond to values of ΔHads‑H+ and ΔSads‑H+ for a zeolite with Al 

distributed evenly between sites T9 and T4. These curves give the probability-weighted 

Boltzmann average of ΔHads‑H+ and ΔSads‑H+ (see Appendix B.3; p 136). At the lowest 

temperature (278 K), the values of ΔHads‑H+ and ΔSads‑H+ for MFI containing Al in both T9 and 

T4 sites (the dashed curves) are closer to those for T4, whereas at higher temperatures they are 

closer to those for T9. It is also evident that the magnitudes of these changes are different for 

each alkane. 

Contributing to the temperature variation of the dashed curves of Figure 3.5.1-1 are 

changes in the probabilities for localization of the adsorbate at T9 and T4 with temperature. At 

higher temperatures molecules are more likely to adsorb at protons associated with Al atoms in 

intersections (T9) because the entropy loss for adsorption at the intersections is smaller than for 

adsorption at protons located in the sinusoidal channel (T4),172 which is preferred at lower 

temperature due to the higher enthalpic stabilization at this location.36 This behavior is confirmed 

by a plot of the ratio of Kads‑H+ (calculated using Equation 3.3-9) for adsorption at T9 relative to 

that for T4 versus temperature, shown in Figure 3.5.1-2. At 773 K, molecules are more likely to 

adsorb at T4. As a consequence, at lower temperatures the ensemble-average values of ΔHads‑H+ 

and ΔSads‑H+ (the dashed lines of Figure 3.5.1-1) are closer to the solid curves for T4, and at 

higher temperature the dashed lines are closer to the solid curves for T9. 
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Figure 3.5.1-2. Ratio of equilibrium constant for n-butane adsorption at site T9 relative to that for adsorption at site T4 vs. 

temperature. 
 

The preceding analysis demonstrates that changes in ΔHads‑H+ and ΔSads‑H+ with 

temperature are larger when Al is distributed over multiple T-sites than when Al is located at 

only one type of T-site. These effects are more pronounced for smaller alkanes (< C6) because 

the spread among values of ΔHads‑H+ and ΔSads‑H+ for adsorption at different T-sites is greater for 

these alkanes, which may orient in a greater variety of ways relative to n-hexane, as noted above. 

This raises the issue of how, in general, the distribution of Al atoms among different framework 

T-sites affects the ensemble-average values of ΔHads-H+ and ΔSads-H+
171,174 and the dependences of 

these values on temperature and alkane size. Whereas the effects of structural heterogeneity on 

ΔHads-H+ and ΔSads-H+ are modest for MFI, such effects will be more significant for zeolites with 

more variegated pore structures, such as MWW, because of the known correlation of pore size 

with ΔHads-H+. For example, at ambient temperature alkanes are found to adsorb preferentially in 

the 10-MR sinusoidal channels of MWW.175 On the basis of the increasing preference for 

adsorption in less confining locations with increasing temperature noted above,36 at higher 

temperatures molecules will adsorb with greater preference for the supercages of MWW, thereby 

causing the ensemble average values of ΔHads‑H+ and ΔSads‑H+ to become less negative40 and the 

incremental changes in ΔHads‑H+ and ΔSads‑H+ with respect to n-alkane chain length to become 

smaller.31,32,35  

The next task is to compare values of ΔHads‑H+ and ΔSads‑H+ obtained from Monte Carlo 

simulations with those obtained from experimental data. Because the experimental data are 

collected using an MFI sample having an unknown distribution of Al, the simulated values of 

ΔHads‑H+ and ΔSads‑H+ were obtained by calculating a Boltzmann weighted average of ΔHads‑H+ 

and ΔSads‑H+ for the 12 T-sites obtained from Monte Carlo simulations (corresponding to a 

random distribution of Al). These values of ΔHads‑H+ and ΔSads‑H+ are now compared with those 

obtained from experiments. The experimental values were taken from Eder et al.32 (for 323 K) 

and from De Moor et al.134 (for 300-400 K). De Moor et al. state that they have employed the 

same zeolite sample and the same methods of measurement as Eder et al. and that the measured 

heat of adsorption did not vary significantly between 300 and 400 K. In our discussion we have 

used the average values of ∆Hads‑H+
o  and ∆Sads‑H+

o
 reported in these two studies. 

Values of ΔHads‑H+ and ΔSads‑H+ determined from Monte Carlo simulations and the 

averaged experimental values of ΔHads‑H+ (equivalent to ∆Hads‑H+
o ) and ΔSads‑H+ (determined 

using Equation 3.3-20 and the experimentally measured value of ∆Sads‑H+
o

) are presented as solid 
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and dashed lines, respectively, in Figure 3.5.1-3. We should note that ∆Hads‑H+
o  and ∆Sads‑H+

o
 for 

adsorption from the gas to a given type of acid site are expected to increase with temperature 

because of the increase in the specific heat of the alkane upon adsorption.82 Previous authors82,134 

have estimated that these changes are small between 300 and 800 K, and our simulation data also 

show that this increase is usually small (≤ 14%), but depends on the alkane size and T-site (see 

Appendix B.4; p 137). Without a rigorous basis for calculating changes in ∆Hads‑H+
o  and ∆Sads‑H+

o
 

with temperature, we have neglected such effects in our analysis. For this reason, the 

experimental values of ΔHads‑H+ (Figure 3.5.1-3a) are shown as independent of temperature, 

whereas the experimental values of ΔSads‑H+ (Figure 3.5.1-3b) change with temperature only 

because of the temperature-dependent term appearing in Equation 3.3-20. 

 
a 

 

b 

 
Figure 3.5.1-3. Enthalpy and entropy changes for adsorption of n-alkanes from the gas phase onto Brønsted protons in 

H-MFI with a random distribution of Al, obtained using CBMC simulations. Symbols and solid lines correspond to 

CBMC values for propane (▲), n-butane (▲), n-pentane (▲), and n-hexane (▲). Dashed lines represent the averages of 

experimental values measured at 300-400 K by Eder et al.32 and by De Moor et al.,134 and extrapolated to 278-773 K. 

 

It can be seen from Figure 3.5.1-3 that at the temperatures of the adsorption 

measurements (300-400 K), the values of ΔHads‑H+ and ΔSads‑H+ obtained by Monte Carlo 

simulations and the average of the values obtained from experiment are in reasonable agreement, 

although the experimental values of ΔHads‑H+ and ΔSads‑H+ are systematically less negative than 

the simulated values. Although this observation could be related to uncertainties in the force field 

parameters and cutoff radius, we note that exact agreement of the experimental and simulated 

values of ΔHads‑H+ and ΔSads‑H+ is not expected because the distribution of Al in the experimental 

sample is unknown. It is therefore interesting to note that the experimental values of ΔHads‑H+ 

and ΔSads‑H+ shown in Figure 3.5.1-3 (at the temperature of the adsorption measurements) are 

closer to the values of ΔHads‑H+ and ΔSads‑H+ at the same temperature for site T9, shown in Figure 

3.5.1-1. 

This observation suggests that the Al in the MFI sample used for the adsorption 

measurements may be located primarily at T-sites that are relatively unconfined, such as site T9. 

This hypothesis is consistent with spectroscopic studies that have demonstrated that the 

distribution of Al in MFI is nonrandom and depends on the synthesis conditions.57-61,67,86,87,89 It 

can also be seen that the temperature variations of both ΔHads‑H+ and ΔSads‑H+ are stronger for the 

simulated values than for the values obtained from experiment. This observation is a result of the 

effects of temperature on the sites at which molecules adsorb and on the average distances of 
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alkanes in a reactant state to Brønsted protons, as discussed above. Such effects are not captured 

by the approximation that the measured values of ∆Hads‑H+
o  and ∆Sads‑H+

o
 are temperature 

independent. 

 

3.5.2 Intrinsic Enthalpies and Entropies of Activation 

Having addressed the issue of how to determine ΔHads‑H+ and ΔSads‑H+ at temperatures at 

which monomolecular alkane cracking occurs, we proceed to use these values to extract intrinsic 

enthalpies and entropies of activation from experimentally measured rate data for n-alkane 

cracking. For this analysis we used the experimentally measured activation energies and rate 

coefficients reported by Narbeshuber et al.73 for the cracking of propane through n-hexane at 773 

K on H-MFI with a Si/Al ratio of 35. We note that the zeolite sample used by these authors was 

stated to be the same as that used for the adsorption measurements of Eder et al.32 and De Moor 

et al.134 The values of ∆Hint
‡

 and ∆Sint
‡

 for the rate of cracking per C-C bond were then determined 

using Equations 3.3-11 - 3.3-13, together with values of ΔHads‑H+ and ΔSads‑H+ presented in 

Section 3.3 and obtained either from simulations at 773 K for a random distribution of Al or 

from experimental measurements at 323 K32 and at 300-400 K.134 We note that the 

experimentally measured activation energies, obtained from a slope of an Arrhenius plot, have 

first been converted into values of ΔHapp using Equation 3.3-12.  

Tables 3.5.2-1 and 3.5.2-2 present the values of ∆Hint
‡

 and ∆Sint
‡

 for each n-alkane using 

the different sets of values for ΔHads‑H+ and ΔSads‑H+. Values of ∆Hint
‡

 and ∆Sint
‡

 for cracking at 

site T12, and values of ΔHads‑H+ and ΔSads‑H+ corresponding to different degrees of rotational and 

translational freedom for adsorption at T12, calculated using QM/MM, are given in the last 

column on the right side of each table. These values for ∆Hint
‡

 and ∆Sint
‡

 represent a Boltzmann 

weighted average for cracking at each C-C bond (values of ∆Hint
‡

 and ∆Sint
‡

 for cracking at 

individual C-C bonds are included in Appendix B.5; p 138). Also included in Tables 3.5.2-1 and 

3.5.2-2 are the experimental and simulated values of ΔHads‑H+ and ΔSads‑H+ that were used to 

obtain ∆Hint
‡

 and ∆Sint
‡

 from the measured activation barriers. 

 
Table 3.5.2-1. Entropies of adsorption (ΔSads-H+) and intrinsic activation entropies (∆Sint

‡
) in J mol-1 K-1 for alkane 

adsorption and cracking in MFI 

  Eder et al.32a  De Moor et al.134a  simulation  QM/MM 

alkane  ΔSads-H+ ΔSint
‡

  ΔSads-H+ ΔSint
‡

  ΔSads-H+
b ΔSint

‡
  ΔSads-H+

c ΔSint
‡ d 

propane  -49 -22  -41 -30  -51 -21  -39, -52 (-47) -16 

n-butane  -66 -19  -51 -34  -61 -25  -48, -57 (-56) -10 

n-pentane  -82 -11  -65 -28  -70 -23  -56, -62 (-67) -7 

n-hexane  -99 -5  -68 -36  -80 -24  -58, -61 (-78) -10 
aValues of ΔSads‑H+ were obtained experimentally at 323 K32 and between 300 and 400 K134 or from CBMC simulations at 773 
K. Values of ∆Sint

‡
 were calculated by using these values of ΔSads‑H+ and the rate coefficients and apparent activation 

enthalpies reported in ref 73. bBoltzmann weighted average value of ΔSads‑H+ corresponding to a random distribution of Al. 
cCorresponds to adsorption at site T12. First and second values listed correspond to adsorption with local translation or 
rotation, respectively. CBMC value for T12 is given in parentheses. dBoltzmann weighted average intrinsic activation 
enthalpies for n-alkane cracking at 773 K in H-MFI at site T12.  
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Table 3.5.2-2. Enthalpies of adsorption (ΔHads-H+) and intrinsic activation enthalpies (ΔHint
‡

) in kJ mol-1 for alkane 

adsorption and cracking in MFI  

  Eder et al.32a  De Moor et al.134a  simulation  QM/MM 

alkane  ΔHads-H+ ΔHint
‡

  ΔHads-H+ ΔHint
‡

  ΔHads-H+
b ΔHint

‡
  ΔHads-H+

c ΔHint
‡ d 

propane  -46 194  -41 190  -44 192  -50 (-44) 182 

n-butane  -58 187  -52 181  -53 182  -52 (-54) 184 

n-pentane  -70 183  -63 176  -63 177  -60 (-64) 171 

n-hexane  -82 182  -72 171  -73 171  -70 (-75) 172 
aValues of ΔHads‑H+ were obtained experimentally at 323 K32 and between 300 and 400 K134 or from CBMC simulations at 773 
K. Values of ΔHint

‡
 were calculated by using these values of ΔHads‑H+ and apparent activation enthalpies reported in ref 73. 

bBoltzmann weighted average value of ΔHads‑H+ corresponding to a random distribution of Al. cAdsorption at site T12. CBMC 
value for T12 is given in parentheses. dBoltzmann weighted average intrinsic activation entropies for n-alkane cracking at 773 
K in H-MFI at site T12.  

 

Values of ∆Hint
‡

 and ∆Sint
‡

 determined using ΔHads‑H+ and ΔSads‑H+ obtained from Monte 

Carlo simulations at 773 K generally lie between the values obtained by using the adsorption 

data of De Moor et al.134 and Eder et al.,32 whereas the dependences of ∆Hint
‡

 and ∆Sint
‡

 on carbon 

number more closely reflect those that result from using the data of De Moor et al. We also note 

that the values of ∆Hint
‡

 and the dependence of ∆Hint
‡

 on chain length calculated using QM/MM 

are generally in closer agreement with those determined using the simulated adsorption data or 

those of De Moor et al. The lack of systematic variation of ∆Sint
‡

 with alkane chain length 

obtained using QM/MM agrees well with the dependence of ∆Sint
‡

 that results from using 

ΔSads‑H+ obtained from Monte Carlo simulations or the adsorption data of De Moor et al., 

although the absolute values of ∆Sint
‡

 obtained from QM/MM are less negative than the former 

sets of values. 

It can also be seen that ΔHads‑H+ and ΔSads‑H+ determined using QM/MM for adsorption at 

T12 at 773 K generally agree with simulated values for adsorption at T12 (given in parentheses 

next to the QM/MM values in Tables 3.5.2-1 and 3.5.2-2) with the exception of ΔSads‑H+ for 

n-pentane and n-hexane, for which QM/MM predicts a lower magnitude for ΔSads‑H+. The latter 

values are less negative than those obtained from simulation or from experimental 

measurements, most likely as a consequence of the methods used to estimate the translational 

and rotational entropy of the adsorbate. We conclude on the basis of this analysis that the values 

of ΔHads‑H+ and ΔSads‑H+ obtained from Monte Carlo simulations are physically meaningful. 

Moreover, we suggest that this method be used to determine these quantities for high 

temperatures because it naturally accounts for the effects of temperature on the distribution of 

adsorbate molecules among Brønsted acid sites located in different regions (e.g., channels and 

pores) of the zeolite and on the different orientations that reactant state alkane molecules can 

adopt158 at higher temperatures. 

We next examine the changes in ∆Hint
‡

 and ∆Sint
‡

 with alkane chain length and the 

influence of these changes on the apparent and intrinsic rates of cracking. It can be seen from 

Tables 3.5.2-1 and 3.5.2-2 that ΔHint
‡

 decreases with the size of the alkane regardless of the 

adsorption data set used to determine ∆Hint
‡

 from ΔHapp. These observations are consistent with 

the fact that QM/MM values of ∆Hint
‡

 for cracking tend to be larger for shorter alkanes (C3 and 

C4) than for longer alkanes (C5 and C6). By contrast, the values of ∆Sint
‡

 increase with chain 

length when using the data of Eder et al.,32 but decrease or remain similar to increasing chain 

length using the adsorption data of De Moor et al.134 or the values of ΔSads‑H+ obtained from 

Monte Carlo simulations. The observed changes in ∆Sint
‡

 with alkane size obtained by using the 

latter two sets of values for ΔSads‑H+ are consistent with the observation that ∆Sint
‡

 obtained using 

QM/ MM varies little with the chain length. 
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The next issue that we address is the effect of alkane chain length on the rate coefficient 

for cracking. The apparent rate coefficients and activation energies (Eapp) for cracking (per C-C 

bond) reported by Narbeshuber et al.73 are presented in Table 3.5.2-3, along with the values of 

ΔHapp and ΔSapp determined using these quantities and Equations 3.3-12 and 3.3-13. It can be 

seen that kapp increases by a factor of ∼50 between propane and n-hexane as a result of a 

decrease in Eapp with increasing chain size. We now note that kapp can be written by solving for 

the exponential terms in Equations 3.3-9 and 3.3-10 and then substituting these terms into 

Equation 3.3-11 to give  

 

( 3.5.2-1 )                    kapp = 
VH+

RT
kintKads-H+ 

 

Equation 3.5.2-1 shows that kapp is proportional to both the intrinsic rate coefficient and the 

equilibrium constant for adsorption. Therefore, the question is whether the observed increase in 

kapp is due primarily to changes in kint or in Kads‑H+ with increasing chain length. Table 3.5.2-4 

shows the variations in kint determined from Equation 3.3-10 and the different sets of values for 

∆Hint
‡

 and ∆Sint
‡

 discussed above. It is evident that, regardless of the methods used to determine 

∆Hint
‡

 and ∆Sint
‡

, kint increases with increasing chain length and is the principal cause for the 

increase in kapp. Values of Kads‑H+ calculated using the different sets of values for ΔHads‑H+ and 

ΔSads‑H+ included in Tables 3.5.2-1 and 3.5.2-2 are given in Table 3.5.2-5. It can be seen that the 

remainder of the increase in kapp is due to larger values of Kads‑H+ for larger alkanes, with the 

exception of the Kads‑H+ values obtained using the adsorption data of Eder et al.,32 which do not 

vary significantly with alkane size. 

 
Table 3.5.2-3. Measured values of the rate coefficient (kapp), activation energy (Eapp), activation enthalpy (ΔHapp), and 

activation entropy (ΔSapp) for alkane cracking over H-MFI at 773 K. 

alkane kapp x102 (s-1 bar-1) Eapp
a (kJ mol-1) ΔHapp

b (kJ mol-1) ΔSapp
b (J mol-1 K-1) 

propane 0.13 155 149 -72 

n-butane 0.58 135 129 -85 

n-pentane 2.2 120 114 -93 

n-hexane 6.0 105 99 -104 
aEapp = -R∂(lnkapp)/∂T-1, taken from ref 73  

bΔHapp and ΔSapp obtained using Equations 3.3-12 and 3.3-13, respectively, and 

values of kapp and Eapp summarized in this table. 

 
Table 3.5.2-4. Measured rate coefficient (kapp) for alkane cracking over H-MFI at 773 K and intrinsic rate coefficient (kint), 

calculated using the intrinsic activation parameters given in Tables 3.5.2-1 and 3.5.2-2, and by using DFT. 

  

kapp x102 (s-1 bar-1)a 

 kint (s-1)a 

alkane   Eder et al.32 De Moor et al.134 simulation QM/MMb 

propane  0.13 (1)  0.09 (1) 0.07 (1) 0.13 (1) 1.3 (1) 

n-butane  0.58 (4)  0.42 (5) 0.18 (3) 0.44 (3) 1.7 (1.3) 

n-pentane  2.2 (17)  2.0 (23) 0.72 (11) 1.2 (9) 18 (15) 

n-hexane  6.0 (46)  4.7 (54) 0.63 (9) 2.2 (17) 12 (10) 
aValues in parentheses give the rate coefficient relative to propane and were taken from ref 73. bBoltzmann weighted average 

rate of cracking per C-C bond at 773 K in H-MFI at site T12.  
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Table 3.5.2-5. Dimensionless equilibrium constant, Kads-H+, for the adsorption of alkanes at Brønsted protons in H-MFI at 

773 K, calculated using Equation 3.3-9 and values of ΔHads-H+ and ΔSads-H+ given in Tables 3.5.2-1 and 3.5.2-2. 

      QM/MM 

alkane  Eder et al.32  De Moor et al.134 simulation  translationa rotationa 
propane  3.0 (1) 4.0 (1) 2.1 (1)  21 (1)  4.3 (1) 

n-butane  2.8 (0.9) 6.7 (1.7) 2.7 (1.3)  9.6 (0.5)  3.2 (0.7) 

n-pentane  2.3 (0.7) 6.4 (1.6) 3.8 (1.9)  13 (0.6)   6.2 (1.4) 

n-hexane  2.6 (0.9) 19 (5) 5.4 (3)  47 (2)  33 (8) 
aCalculated using Equation 3.3-9 and the values of ΔHads-H+ and ΔSads-H+ given in Tables 3.5.2-1 and 3.5.2-2. bKads‑H+ values 
corresponding to local translation or rotation were calculated using the first or second QM/MM values of ΔSads‑H+, respectively, 
in Table 3.5.2-1.  

 

The final question to address is whether the variation in kint with chain length is driven by 

changes in ∆Hint
‡

 and ∆Sint
‡

. The values of kint shown in Table 3.5.2-4 depend in each case on 

∆Hint
‡

 and ∆Sint
‡

, which in turn depend on the means by which ΔHads‑H+ and ΔSads‑H+ are 

determined. If the latter quantities are obtained from Monte Carlo simulations at 773 K or from 

QM/MM calculations, then ∆Sint
‡

 is nearly invariant and ∆Hint
‡

 is in general lower for longer 

n-alkanes. This observation indicates that the evaluation of ΔHads‑H+ and ΔSads‑H+ from Monte 

Carlo simulations results in physically meaningful dependences of these quantities on alkane 

chain length. A similar conclusion is reached if ∆Hint
‡

 and ∆Sint
‡

 are calculated using values of 

ΔHads‑H+ and ΔSads‑H+ (at 300-400 K) reported by De Moor et al.134 

We note that a different conclusion regarding the effects of chain length on ∆Hint
‡

 and 

∆Sint
‡

 is reached if these quantities are calculated using values of ΔHads‑H+ and ΔSads‑H+ (at 323 K) 

reported by Eder et al.32 Tables 3.5.2-1 and 3.5.2-2 show that in this case, a major cause for the 

increase in kint with alkane chain length is the increase of ∆Sint
‡

 with chain length. This 

conclusion is identical to that reported by Bhan et al.82 These authors extracted ∆Sint
‡

 from the 

measured rates and activation energies of Narbeshuber et al.73 by first using the values of 

ΔHads‑H+ and ΔSads‑H+ (at 323 K) reported by Eder et al. to calculate an equilibrium constant for 

adsorption to extract kint from kapp. Values of ∆Hint
‡

 reported in ref 73 were then substituted into 

Equation 3.3-14 to obtain ∆Sint
‡

. This method of treating the data resulted in an increase in ∆Sint
‡

 

with carbon number, albeit stronger than that shown in Table 3.5.2-1. Bhan et al. attributed the 

increase in ∆Sint
‡

 with chain length to an increase in the translational and rotational entropy of 

product fragments at the transition state.80,82 The values of ∆Hint
‡

 reported by Narbeshuber et al. 

and employed in the analysis of Bhan et al. are independent of alkane size. Tranca et al.148 have 

also reported an increase in ∆Sint
‡

 with increasing chain length. In this case, values of ΔHads and 

ΔSads obtained from Monte Carlo simulations for MFI with one Al atom per unit cell at 773 K 

were used in combination with the values of ∆Hint
‡

 reported by Narbeshuber et al. to extract 

values of ∆Sint
‡

. We note that the values of ΔHads and ΔSads reported by Tranca et al. correspond 

to adsorption anywhere in the zeolite and not only within 5 Å of an Al atom, the definition for 

adsorption into the reactant state used in the present study to determine values of ΔHads‑H+ and 

ΔSads‑H+ by Monte Carlo simulations. 

The preceding discussion demonstrates that the variations in ∆Hint
‡

 and ∆Sint
‡

 with alkane 

chain length determined using experimental adsorption data are sensitive to the manner in which 

ΔHads‑H+ and ΔSads‑H+ are measured. Our work indicates that the evaluation of ΔHads‑H+ and 

ΔSads‑H+ from Monte Carlo simulations gives physically meaningful values, which when used to 

determine ∆Hint
‡

 and ∆Sint
‡

 lead to dependences of these quantities on alkane chain length that are 

consistent with independent QM/MM calculations. Therefore, we recommend that this approach 

be used to extract values of ∆Hint
‡

 and ∆Sint
‡

 from experimentally measured values of kapp 
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measured as a function of temperature to determine the effects of hydrocarbon and zeolite 

structure on ∆Hint
‡

 and ∆Sint
‡

. 

Although the present discussion has been framed on an analysis of intrinsic activation 

parameters for MFI, the use of simulated values of ΔHads‑H+ and ΔSads‑H+ to obtain ∆Hint
‡

 and 

∆Sint
‡

 from experimentally measured activation barriers can readily be extended to other zeolites. 

A particular feature of the Monte Carlo simulation, as noted above, is its ability to represent 

correctly the relocation of adsorbate to active sites located within different parts of the zeolite 

pore volume (channels and cages). This relocation affects the values of ΔHads‑H+ and ΔSads‑H+
40 

and their variation with chain length. The nature of this variation in turn affects the interpretation 

of how ∆Hint
‡

 and ∆Sint
‡

 depend on alkane size. 

For example, at room temperature, longer n-alkanes adsorb primarily at straight channels 

in MFI.35,173 As the temperature increases, molecules distribute preferentially to the 

intersections,36 and as a consequence of this relocation to less confining environments, the 

incremental changes in ΔHads‑H+ and ΔSads‑H+ with increasing carbon number are smaller.31,32,35 

Therefore, trends in ∆Hint
‡

 and ∆Sint
‡

 with respect to carbon number are different if values of 

ΔHads‑H+ and ΔSads‑H+ corresponding to ambient temperature are used instead of values 

corresponding to temperatures of cracking catalysis. As discussed in Section 3.3, these effects 

will be more pronounced for zeolites with more heterogeneous pore systems (e.g., MWW). 

 

3.6 Conclusions 
 

A model has been developed for predicting the thermodynamics of alkane adsorption 

from the gas phase into a reactant state at Brønsted acid sites at low coverage in a zeolite. The 

active site is defined by the accessible volume contained in a sphere of 5 Å radius centered on a 

framework Al atom, and an alkane molecule is defined as being in the reactant state if one of its 

C-C bonds lies within this volume. Monte Carlo simulations are carried out to determine the 

enthalpies and entropies of adsorption into the reactant state, ΔHads‑H+ and ΔSads‑H+. The 

approach developed in this study accounts for changes with increasing temperature in the 

distribution of alkane molecules among active sites located in different portions of the zeolite 

pore space (channels and cages) and in the orientations that molecules adopt when in the reactant 

state at a given active site. The values of ΔHads‑H+ and ΔSads‑H+ at 300-400 K determined for MFI 

by Monte Carlo simulation are consistent with the average values of ΔHads‑H+ and ΔSads‑H+ 

determined from experimental measurements made for the same temperatures. It is also found 

that simulated values of ΔHads‑H+ and ΔSads‑H+ for adsorption at T12 agree well with those 

determined from quantum chemical calculations for adsorption at the same location. 

We have also derived expressions for relating the apparent activation barriers for 

monomolecular alkane cracking at Brønsted acid sites, ΔHapp and ΔSapp, to the corresponding 

intrinsic barriers, ∆Hint
‡

 and ∆Sint
‡

, and to ΔHads‑H+ and ΔSads‑H+. We find that ∆Hint
‡

 and ∆Sint
‡

 for 

the cracking of propane through n-hexane in MFI at 773 K, extracted using simulated values of 

ΔHads‑H+ and ΔSads‑H+ at 773 K, agree with the values of ∆Hint
‡

 and ∆Sint
‡

 determined from 

quantum chemical calculations. The changes in these quantities with respect to increasing alkane 

size obtained using simulated values of ΔHads‑H+ and ΔSads‑H+ are also in agreement with those 

that are found using QM/MM. Reasonable agreement of values of ∆Hint
‡

 and ∆Sint
‡

, extracted 

using simulated values of ΔHads‑H+ and ΔSads‑H+ at 773 K, is found with those determined by 

using experimental values of ΔHads‑H+ and ΔSads‑H+ measured at lower temperatures. However, 

this agreement depends on which experimental data are chosen for ΔHads‑H+ and ΔSads‑H+, which 
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were reported for different temperature ranges by different authors (i.e., 323 K32 versus 300-400 

K134). 

Experimentally measured values of ΔHads‑H+ and ΔSads‑H+ extrapolated to higher 

temperatures (773 K) do not reflect the redistribution of alkane to different parts of the zeolite 

(channels versus intersections) and, therefore, values of ∆Hint
‡

 and ∆Sint
‡

 obtained by subtracting 

measured values of ΔHads‑H+ and ΔSads‑H+ from ΔHapp and ΔSapp should be interpreted with 

caution. Our analysis of the experimentally observed increase in the apparent rate coefficient for 

n-alkane cracking with increasing chain length in MFI indicates that most of this trend is due to 

the increase in the intrinsic rate coefficient and, to a lesser extent, the increase in the 

corresponding equilibrium constant for adsorption into the reactant state. We find that the 

intrinsic rate coefficient for cracking increases with chain length primarily because of a decrease 

in ∆Hint
‡

, while ∆Sint
‡

 is relatively insensitive to chain length. This finding differs from the 

conclusions of Bhan et al.,82 who used values of ΔHads‑H+ and ΔSads‑H+ measured at 323 K to 

extract ∆Hint
‡

 and ∆Sint
‡

 from the same previously reported kinetic data. In Chapter 4, we apply 

the methodology developed in the present chapter to characterize the influence of zeolite 

structural confinement on monomolecular reaction kinetics. Using simulated values of ΔHads‑H+ 

and ΔSads‑H+ to obtain ∆Hint
‡

 and ∆Sint
‡

 from experimental data, we reveal new insights on the 

effects of zeolite pore topology on adsorption thermodynamics and intrinsic kinetics.  
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Chapter 4  
 

Effects of Zeolite Structure on Adsorption Thermodynamics and 

on Apparent and Intrinsic Kinetics of Monomolecular n-Butane 

Cracking and Dehydrogenation 
 

This work was originally coauthored with Bess Vlaisavljevich, Li-Chiang Lin, Berend Smit, and 

Alexis T. Bell, and as of this writing is under review by the Journal of the American Chemical 

Society. The coauthors have approved its inclusion in this dissertation. 

 

 

4.1 Abstract 
 

 The effects of zeolite structure on the kinetics of n-butane monomolecular cracking and 

dehydrogenation are investigated for eight zeolites differing in channel topology and in the size 

and abundance of cages. Monte Carlo simulations are used to calculate enthalpies and entropies 

of adsorption (∆Hads-H+ and ∆Sads-H+) of alkanes onto Brønsted protons at reaction temperatures. 

These parameters are used to extract intrinsic rate coefficients (kint), activation enthalpies (ΔHint
‡

) 

and entropies (ΔSint
‡

) from measured data. As the magnitude of ∆Sads-H+ (a proxy for 

confinement) increases for a fixed channel topology, ∆Hint
‡

 and ∆Sint
‡

 decrease for terminal 

cracking and dehydrogenation. This observation, as well as positive values observed for ΔSint
‡

, 

indicate that the transition states for these reactions are late and resemble products. For central 

cracking (an early transition state) ΔHint
‡

 remains similar while ΔSint
‡

 increases with confinement 

because less entropy is lost upon protonation of the alkane. For zeolites having 10-MR straight 

channels, the increase in ΔSint
‡

 is large enough to cause kint to increase with confinement. 

Concurrent decreases in ∆Hint
‡

 and ∆Sint
‡

 cause kint for terminal cracking and dehydrogenation to 

increase less strongly, and the selectivities to these reactions decrease with confinement. 

Depending on channel topology, changes in kapp with confinement are driven by changes in kint 

or by changes in the adsorption equilibrium constant (Kads-H+), the value of which is dominated 

by ∆Sads-H+. The above results differ from earlier reports indicating that ∆Hint
‡

 and ∆Sint
‡

 are 

structure-insensitive, that kapp depends primarily on Kads-H+, and that Kads-H+ is dominated by 

∆Hads-H+. 

 

4.2 Introduction 
 

Zeolites are microporous aluminosilicates used extensively as catalysts in the refining of 

petroleum. The corner-sharing AlO4
- and SiO4 tetrahedra that comprise the zeolite framework 

form a crystalline network of pores and cavities of molecular size that imparts the zeolite with 

shape-selective properties5 that are indispensable to industrial processes such as catalytic 

cracking.1,4,6 Under conditions of low acid site coverage and low conversion, alkane cracking 

and also dehydrogenation occur predominately via monomolecular mechanisms. Both processes 

are initiated by adsorption of an alkane molecule (CnH2n+2) at a Brønsted acidic proton associated 

with a framework AlO4
- group, followed by either cracking or dehydrogenation of the alkane to 

produce an alkane and an alkene (CmH2m+2 and Cn-mH2(n-m)) or H2 and an alkene 

(CnH2n).
17,25,143-146 The stabilities of the adsorbed alkane and of transition states involved in 
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alkane cracking and dehydrogenation are influenced directly by the local environment 

surrounding the Brønsted-acid site, and the measured rates of monomolecular reactions are not 

typically limited by diffusion.26-28 These characteristics make monomolecular alkane cracking 

and dehydrogenation ideal probe reactions for an investigation of the intrinsic effects of zeolite 

structure and active site environment on alkane cracking kinetics. 

Recent experimental work in our group has revealed that changes in the distribution of Al 

atoms with respect to Si/Al ratio (inferred from Co(II) UV-visible spectroscopy) are correlated 

with changes in the apparent rates, selectivities, and activation parameters for n-butane cracking 

and dehydrogenation over MFI.147 The range of measured activation parameters observed among 

zeolites with different Si/Al ratios is large enough to indicate underlying changes in intrinsic 

activation barriers among these samples and, by inference, among Brønsted-acid sites located at 

different environments (e.g. channels and channel intersections). Theoretical results reported by 

our group81 support this interpretation and demonstrate that the intrinsic activation energy (Eint
‡

) 

for a given monomolecular reaction of n-butane (e.g. central C-C cracking), as well as 

differences in Eint
‡

 between different reaction pathways, depend on the location of the Al atom. 

These observations raise the question of whether zeolite structure has a general influence on the 

intrinsic kinetics of alkane monomolecular cracking and dehydrogenation, since different 

framework types (e.g. MFI vs. MWW) have different local environments for Brønsted-acid sites. 

As discussed below, different answers to this question can be found in the literature. 

Several authors have reported that the measured rate coefficient (kapp) for monomolecular 

cracking of n-hexane70,77,78 and propane75 increases and that the measured activation energy 

(Eapp) decreases with decreasing pore size for FAU, MOR, BEA and MFI. Each set of authors 

has reported that Eint
‡

, calculated by subtracting the enthalpy of adsorption (ΔHads), measured at 

temperatures well below the reaction temperature, from Eapp is similar among the different 

zeolites and has concluded that larger values of kapp are caused exclusively by larger magnitudes 

of ΔHads. Van Bokhoven et al.70 have also observed a linear relationship between the logarithm 

of the pre-exponential factor and Eapp (a Constable plot) for the overall rate of n-hexane 

monomolecular cracking and dehydrogenation, which they suggested was caused by a linear 

relationship between ΔHads and the entropy of adsorption (ΔSads). This proposal has been 

supported by Ramachandran et al.,79 who observed that the slope of a plot of ΔSads vs. ΔHads for 

n-hexane adsorption on several zeolites is similar to that of the Constable plot constructed by van 

Bokhoven et al. Ramachandran et al., therefore, concluded that variation in measured activation 

parameters among zeolites is due to differences in ΔHads and ΔSads and that Eint
‡

 and ∆Sint
‡

 are 

relatively constant. We note that although the above studies report that Eint
‡

 is insensitive to 

zeolite structure, Kotrel et al.76 have used the same methodology to determine Eint
‡

 for n-hexane 

monomolecular cracking and reported that Eint
‡

 is larger for MFI than for BEA and FAU. 

Gounder and Iglesia have investigated the relative values of measured activation energies 

and activation entropies (ΔSapp) for different monomolecular reaction pathways (e.g., 

dehydrogenation vs. cracking) of a given alkane (propane, n-butane or isobutane) occurring on 

the same zeolite (FER, MFI, MOR or FAU). These authors conclude that differences in Eapp and 

ΔSapp between reaction pathways are attributable to differences in the protonation enthalpy or 

entropy of gas phase reactant molecules at different C-C or C-H bonds.16,80 Based on this 

generalization, no influence of zeolite structure on selectivities would be expected. By contrast, 

in an earlier study Gounder and Iglesia65 attributed differences in selectivity to dehydrogenation 

versus cracking among 8-MR and 12-MR channel environments within MOR to location-

specific differences in activation entropy. This study also concluded that Eint
‡

 is essentially 
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insensitive to zeolite structure or active site location and that kapp is dominated by ΔSapp, the 

entropy of the transition state relative to the gas phase, (through the influence of the adsorption 

entropy on ΔSapp) rather than by Eapp, in contrast to the earlier reports for n-hexane and propane 

cracking.70,75,77,79 

It can be seen from the above discussion that it is generally accepted that apparent 

activation parameters vary among zeolites primarily because of changes in adsorption 

thermodynamic parameters (which depend on zeolite structure), while Eint
‡

 and ΔSint
‡

, and 

differences between Eint
‡

 and ΔSint
‡

 among different reaction pathways, are structure-insensitive. 

However, these conclusions contradict studies that suggest that ΔSint
‡ 65,147 and Eint

‡ 147 differ among 

locations within a given zeolite. It is therefore the aim of this study to investigate systematically 

the effects of zeolite structure on monomolecular cracking and dehydrogenation kinetics. In this 

work, we investigate n-butane cracking and dehydrogenation over 8 zeolite structures having 

10-MR pores and differing mainly in the size and abundance of cavities. We use Monte Carlo 

simulations to determine the enthalpy and entropy of adsorption of reactant molecules from the 

gas phase onto Brønsted protons (ΔHads-H+ and ΔSads-H+) at the reaction temperature and then use 

these results in order to extract intrinsic activation enthalpies and entropies (ΔHint
‡

 and ΔSint
‡

) 

from measured rate coefficients.29 The influence of the zeolite structure on each set of 

parameters is then examined and shown to be correlated by descriptors of pore topology. Finally, 

the consequences of variations in these parameters on the rates and selectivities for n-butane 

cracking and dehydrogenation are analyzed. The findings for n-butane are then compared and 

contrasted with those obtained from an analysis of the kinetics for n-hexane cracking and 

dehydrogenation taken from the literature. 

 

4.3 Experimental Methods 
 

4.3.1 Catalyst Preparation  

MFI zeolites with nominal Si/Al ratios of 140, 40, 25, and 11.5 were obtained from 

Zeolyst International in the NH4
+ form and prepared as described in ref 147. To obtain the H+ 

form of the zeolite, samples were placed in a quartz boat within a quartz tube and heated to 773 

K at a rate of 2 K min-1 in flowing air (100 cm3 min-1, zero grade, Praxair). Samples were held at 

this temperature for 4 h and then cooled (2 K min-1) to room temperature.  

FER with a nominal Si/Al ratio of 9 was obtained from Tosoh in the K+ form (product 

HSZ-720KOA). To convert to the NH4
+ form, 3 g of the zeolite was stirred in 100 cm3 of 1 M 

NH4NO3 aqueous solution for 6 h at 343 K, then filtered, dried and rinsed with deionized water. 

This process was repeated twice for a total of three exchanges. The dried filtrate was then 

calcined in flowing synthetic air as described above for MFI to obtain the H+ form.  

Zeolites MEL, MFI, MWW, SFV, STF, SVR, and TON were synthesized according to 

protocols described in Appendix C.1 (p 153). For zeolites with very heterogeneous pore 

topologies consisting of differently sized or shaped channels and cages (e.g. MWW, MFI), more 

than one framework Si/Al ratio was synthesized (or obtained commercially) because it has been 

shown that the distribution of Al atoms among different framework positions depends on 

synthesis conditions such as the Si/Al ratio.67 After synthesis and drying, zeolites were calcined 

in order to remove the organic structure-directing agents (SDAs). To do so, the zeolites were 

placed in the quartz boat and tube described above and were heated at 1 K min-1 in flowing 

synthetic air (100 cm3 min-1, zero grade, Praxair) to 393 K and held for 2 h. The temperature was 

then increased at 1 K min-1 to 873 K and held for 6 h before cooling to room temperature. The 
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calcined samples were exchanged twice using 1 M aqueous NH4NO3 (> 60 cm3 solution per g 

zeolite), dried, and calcined as described above for FER, to produce the H+ forms. 

  

4.3.2 Catalyst Structural and Textural Characterization 

XRD patterns (not shown) were collected using either a Bruker D8 Discover GADDS or 

a Siemens D500 Powder XRD, both of which are equipped with a Cu Kα X-ray source. Data 

were recorded digitally for 2θ values of 5 to 35°. X-ray diffractograms were consistent with 

crystalline materials of the intended structure type. SEM images (not shown) were collected for 

gold-coated samples using a Hitachi S-5000 or a JEOL JSM 600F scanning electron microscope. 

TEM images (not shown) were obtained for TON only using a FEI Tecnai 12 transmission 

electron microscope. N2 adsorption isotherms were measured at 77 K using a Micromeritics 

Gemini VII apparatus and micropore volumes were calculated using the t-plot method as 

described in ref 147. Prior to measuring the isotherms, the zeolite samples (~100-125 mg) were 

evacuated overnight (< 50 mTorr) in test tubes at 393 K. 

  

4.3.3 Quantification of Al and Brønsted Proton Contents 

Total Si and Al contents were determined by Galbraith Laboratories using inductively 

coupled plasma optical emission spectroscopy (ICP-OES). To determine the concentration of 

Brønsted protons, the amount of NH3 desorbed from NH4
+ exchanged samples was quantified 

using online mass spectrometry. The zeolites used for this analysis were prepared by treating the 

corresponding H+ forms with 1 M aqueous NH4NO3 as described in Section 4.3.1 for FER. After 

the last exchange, the zeolites were dried in the open air. Samples (~50-170 mg) were then 

placed on a quartz wool bed within a cylindrical bubble (12.7 mm outer diameter) in a quartz 

reactor (6.5 mm outer diameter). The samples were heated in flowing He (20 cm3 min-1, 

99.999%, Praxair) at 5 K min-1 and the effluent was monitored using a Varian 320-MS mass 

spectrometer. The amount of NH3 desorbed was determined by integrating the signals for NH3 

(m/z 17) and water (m/z 18) and correcting the initial mass of catalyst for the amount of 

adsorbed water. The amount of H+ was taken as equal to the moles of NH3 desorbed because 

NH4
+ ions exchange with Brønsted acid sites but not with Lewis acid sites.70,176 

 

4.3.4 Catalytic Rate Measurements 

Rate data for monomolecular n-butane cracking and dehydrogenation over MFI were 

taken from ref 147. The same procedures were used to obtain rate data for all other zeolites used 

in this work. Zeolite samples in the H+ form (8 to 15 mg) were placed on a quartz wool bed held 

at a pinch within a tubular quartz reactor (6.5 mm outer diameter). The samples were heated at 5 

K min-1 to 773 K in flowing 10% O2 in He (50-100 cm3 min-1, 99.999%, Praxair) and held for 2 

h prior to initiating reactions. The reaction rates were measured under differential conditions 

(< 1.5% conversion) and the pressure drop across the reactor remained small (< 10%) during rate 

measurements. The hydrocarbon content of feed and effluent streams was analyzed using a 

Varian CP-3800 gas chromatograph and the amount of H2 in the products was determined by 

performing an atom balance on C and H. SEM and TEM images (see Section 4.3.2) were used to 

assess particle size and morphology and the relative rates of n-butane diffusion and reaction in 

Appendix C.2 (p 154). From this analysis we conclude that cracking and dehydrogenation rates 

in this work are not limited significantly by rates of mass transport. 

Rate coefficients and selectivities were measured at steady state after a transient period147 

during which rates and selectivities for cracking changed by less than 10%, with the exception of 
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TON, for which the cracking rate decreased by 20%. For most samples, dehydrogenation rates 

decayed significantly with time on stream (TOS). For the reasons given in ref 147 and by other 

authors who have observed similar transient behavior for monomolecular dehydrogenation,111,177 

we suggest that a Lewis acid site is the cause of the initial dehydrogenation activity since 

cracking rates and selectivities do not change significantly with TOS. The somewhat greater loss 

of cracking activity for TON is consistent with the one-dimensional pores, some of which may 

become blocked by carbonaceous species on the crystal surface. Rate coefficients and 

selectivities were obtained at 723-788 K by extrapolating the values measured at fixed space 

time (fixed total flow rate) to zero space time in order to obtain values corresponding to 

conditions of zero conversion. This procedure is necessary because at finite conversion some 

active sites are inhibited by butene products.147 Ratios of product pairs (C2H6:C2H4, CH4:C3H6, 

H2:C4H8) were near ~1 and products resulting from secondary hydride transfer processes 

(propane, isobutane) comprised < 5 % of observed products. In the limit of zero space time, the 

product pair ratios and rates of hydride transfer tended to 1.0 and 0, respectively, and products 

with more than 4 carbon atoms were not detected. 

 

4.4 Computational Methods 
 

4.4.1 Force Field Parameterization 

The Lennard-Jones type potential developed by Dubbeldam et al.150,155 was used to 

describe the interaction between the zeolite and linear alkanes propane through n-hexane. This 

potential was developed for all-silica zeolites and uses a united atom model to represent methyl 

(-CH3) and methylene (-CH2-) groups. The TraPPE model156 was adopted for linear alkanes to 

describe non-bonded intermolecular interactions as well as intramolecular interactions including 

bond stretching, bending, torsional, and intramolecular 1-4 van der Waals potentials. The 

parameters used to model interactions of the alkane with a Brønsted-acid site were modified 

from those reported by Swisher et al.83 (see Appendix C.3; p 157). In the work of Swisher et 

al.,83 the potential was parameterized with only one T-site substituted with Al per unit cell and 

one O atom treated as acidic. In this work the number of Al atoms in the simulation 

corresponded to the Si/Al ratio of the zeolite sample used to measure ΔHads calorimetrically, and 

all 4 O atoms attached to each Al were treated as acidic because protons move rapidly among the 

O atoms at temperatures of cracking catalysis.178,179 A single effective potential was used for all 

4 O atoms in order to avoid the uncertainties associated with specifying any one O atom as that 

on which the proton resides. 

The zeolite FAU was chosen for the parameterization because FAU has only one 

crystallographically distinct T-site, which avoids any ambiguity over the exact location of the Al 

sites. Values of ΔHads were simulated for adsorption of linear C3 to C6 alkanes at 323 K in FAU 

having a Si/Al ratio of 2.7. The coordinates of the zeolite atoms used in the simulation were 

taken from the International Zeolite Association (IZA) database and the Al was distributed 

randomly in the unit cell using Zeo++.180 To determine the parameters of the Lennard-Jones 

potential describing the interactions between the alkane united-atoms and the acidic O atoms, the 

parameters reported by Dubbeldam et al.150 for the interaction of alkane united-atoms with non-

acidic O atoms in silicalite were used as a starting point. The value of epsilon was then 

multiplied by a scaling factor and the scaling factor was varied until ΔHads was, on average, 

within 0.1 kJ/mol of the experimental heat of adsorption reported by Eder et al.32 To validate the 

transferability of the force field parameters, ΔHads was also calculated for propane and n-butane 
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in CHA (see Appendix C.3; p 157). Simulated values were in excellent agreement with measured 

values reported by Barrer and Davies.181 

 

4.4.2 Configurational-Bias Monte Carlo (CBMC) Simulations 

A one-step approach using the Widom particle insertion method182 with domain 

decomposition was used to efficiently compute the enthalpy and entropy changes for adsorption 

of alkane molecules from the gas phase onto Brønsted protons (∆Hads-H+, ∆Sads-H+). CBMC 

simulations were performed as in previous studies to calculate the Henry coefficient (KH) and the 

enthalpy of adsorption (ΔHads) for alkanes moving from the gas phase into the zeolite.29,83,155 The 

values of ΔHads and KH correspond to ensemble averages for adsorption anywhere within the 

zeolite, including at Brønsted protons and at siliceous parts of the framework. These quantities 

include a subset of molecules located in a reactant state at Brønsted protons, where a molecule is 

counted as being in the reactant state if a C-C bond j is located within 5 Å of an Al atom located 

at T-site i.83 A domain decomposition was performed to determine adsorption enthalpies and 

Henry coefficients for the subset of molecules located in a reactant state (∆Hads-H+(i,j) and 

KH-H+(i,j)), by assigning each insertion to the reactant or non-reactant state. The internal energy 

change of adsorption (∆Uads-H+(i,j)) was then computed directly from the ensemble-averaged 

energies of molecules in the reactant state and ∆Hads-H+(i,j) was calculated from the equation 

∆Hads-H+(i,j) = ∆Uads-H+(i,j) - RT. The entropy of adsorption was obtained from the equation29  

 

( 4.4.2-1 )      ΔSads-H+(i,j) = Rln [
RT

VH+nH+

KH-H+(i,j)]  + 
ΔUads-H+(i,j)

T
 

 

where nH+ is the moles of protons per kg of zeolite and VH+ is the total volume contained in one 

mole of reactant state spheres of radius 5 Å. It is noted that KH-H+(i,j) is related to the 

dimensionless thermodynamic equilibrium constant Kads-H+(i,j) according to 

 

( 4.4.2-2 )      
RT

VH+nH+

KH-H+(i,j) ≡ Kads-H+(i,j) = exp (-
∆Aads-H+(i,j)

RT
) 

 

where ∆Aads-H+ is the Helmholtz free energy of adsorption (see Appendices B.1-B.2; pp 

135-136).  

The values of ΔHads-H+ and ΔSads-H+ were computed using the above method for zeolites 

MFI, MWW, TON, SFV, FER, SVR, STF, and MEL with one Al (one Brønsted proton) per unit 

cell at 278 K, 424 K, 573 K, and 773 K. Several million insertions were carried out to ensure 

statistically accurate ensemble averages. Since all of these zeolites contain more than one T-site 

symmetry, analogous simulations were performed for each T-site i and the expected values of 

ΔHads-H+(j) and ΔSads-H+(j) for zeolites having a random distribution of Al were taken as the 

Boltzmann averages over all T-sites i. The expected values of ΔHads-H+ and ΔSads-H+ (averaged 

over all bonds j) were taken as the Boltzmann averages of ΔHads-H+(j) and ΔSads-H+(j). 

It is noted that previously,29 ΔHads-H+(i,j) and ΔSads-H+(i,j) were obtained from two sets of 

simulations. First, the Widom particle insertion method was used to determine KH. Next, 

simulations were performed in the canonical (NVT) ensemble to calculate the probability of 

finding the alkane in a reactant state (Preact(i,j)) and the value of ΔUads-H+(i,j) for molecules in the 

reactant state by storing the data every 100 MC steps and then post-processing this data. The 

value of ΔSads-H+ was determined from Equation 4.4.2-1, where KH-H+(i,j) = PreactKH (see 
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Equation 3.3-9; p 38). The newer methodology implemented in this work is significantly 

advantageous over this two-step approach in terms of computational costs. Values of ΔHads-H+(i,j) 

and ΔSads-H+(i,j) obtained using each method were compared and were found to be identical.  

 

4.5 Results and Discussion 
 

4.5.1 Elementary Steps of Monomolecular Cracking and Dehydrogenation 

Before presenting an analysis of the effects of zeolite structure on the kinetics of 

monomolecular dehydrogenation and cracking, it is useful to outline the elementary steps 

involved in these processes. First, alkane molecules are adsorbed from the gas phase into the 

zeolite pores. A fraction of the adsorbed molecules are located sufficiently close to a Brønsted 

proton to interact directly with the proton. These molecules are considered to be in a “reactant 

state,” defined as any configuration of the alkane in which one C-C bond is located within 5 Å of 

an Al atom.83 The dimensionless thermodynamic equilibrium constant for adsorption from the 

gas to a reactant state is defined as29 

 

( 4.5.1-1 )      Kads-H+ = p
react

KH

RT

VH+
 = exp (-

ΔAads-H+

RT
) 

 

where preact (equal to Preact/nH+) is the probability that the molecule is in a reactant state 

(normalized to the moles of H+ per kg of zeolite). As noted in Section 4.4.2, KH is the Henry 

coefficient and VH+ is the total volume contained within one mole of reactant state spheres of 

radius 5 Å. The Helmholtz free energy of adsorption, ΔAads-H+, is equal to ΔUads-H+ - TΔSads-H+, 

where ΔUads-H+ and ΔSads-H+ are the energy and entropy of adsorption. The enthalpy of 

adsorption, ΔHads-H+, is equal to ΔUads-H+ - RT.29 Adsorption from the gas phase to a reactant state 

is assumed to be in quasi-equilibrium. 

It is important that ΔHads-H+ and ΔSads-H+ correspond to the temperatures at which 

cracking and dehydrogenation are measured (> 723 K) and to specific adsorption of the alkane at 

the active sites. A few authors have determined the values of ΔHads-H+ and ΔSads-H+ 

experimentally for specific adsorption of alkanes at Brønsted protons in zeolites.32,39,134 

Extrapolating these values of ΔHads-H+ and ΔSads-H+ (measured at 300-400 K) to temperatures of 

cracking in order to determine Kads-H+ does not properly account for the redistribution of alkane 

to active sites located in different parts of the zeolite, or the different ensemble of reactant-state 

configurations for a given active site, at higher temperatures.29,36,145,158,183 Since experimental 

adsorption measurements are not possible at reaction temperatures, Monte Carlo simulations are 

used in this work to obtain ΔHads-H+ and ΔSads-H+. 

Once in a reactant state, the alkane molecule can undergo cracking or dehydrogenation in 

the rate-determining step. The intrinsic rate coefficient for the reaction is given by absolute rate 

theory as 

 

( 4.5.1-2 )      kint = 
kBT

h
exp (-

ΔGint
‡

RT
) 

 

where ΔGint
‡

 (the intrinsic Gibbs free energy of activation) is equal to ΔHint
‡

 - TΔSint
‡

, and ΔHint
‡

 

and ΔSint
‡

 are the intrinsic enthalpy and entropy of activation. The apparent first-order rate 

coefficient, kapp, is related to kint and Kads-H+ according to  
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( 4.5.1-3 )      kapp = 
VH+

RT
kintKads-H+ = 

vH+

h
exp (-

∆Aads-H+ + ∆Gint
‡

RT
) , 

 

where vH+ (lower case) is the volume of a single reactant state sphere. A detailed derivation of 

Equations 4.5.1-1 and 4.5.1-3 can be found in Section 3.3 (p 36) or in ref 29. The term inside the 

exponential of Equation 4.5.1-3 can be expanded into the apparent enthalpy and entropy of 

activation (ΔHapp and ΔSapp) as follows: 

 

( 4.5.1-4 )      ∆Happ = ∆Hads-H+ + ∆Hint
‡

 = -R [
∂lnkapp

∂(1 T⁄ )
]  - RT 

 

( 4.5.1-5 )      ∆Sapp = ∆Sads-H+ + ∆Sint
‡

 = R [lnkapp,T→∞ - ln
vH+

h
] 

 

where ∂lnkapp/∂(1/T) and lnkapp,T→∞ are the slope and intercept of an Arrhenius plot, respectively. 

Alternatively, as has been done in this work, ΔHapp and ΔSapp can be determined by non-linear 

regression of rate data using Equation 4.5.1-3. It can be seen from Equations 4.5.1-4 and 4.5.1-5 

that ΔHapp and ΔSapp represent sums of the adsorption enthalpy (or entropy) and intrinsic 

activation enthalpy (or entropy) and that kapp is proportional to both kint and Kads-H+. These 

findings have important implications for the interpretation of how zeolite structure affects rates 

and activation parameters, as discussed below. 

 

4.5.2 Catalyst Characterization 

The results of catalyst characterization experiments are summarized in Table 4.5.2-1. 

Representative values for the N2 micropore volumes (Vmicro) taken from the literature are 

included for comparison and are consistent with measured micropore volumes, suggesting that 

the zeolite pores are accessible and are not occluded by extraframework debris. The ratio of 

Brønsted protons to framework Al was within ~15% of 1.0 with the exception of MEL-22, MEL-

35, and MFI-24, for which the H+/Al ratio was 0.65-0.74. These results indicate that, with the 

exception of the latter three samples, at least ~85% of the Al atoms reside in framework 

positions and are associated with Brønsted protons. Because of the potential influence of EFAl 

on reaction rates,70 MEL-22, MEL-35, and MFI-24 were excluded from the analysis of the 

influence of zeolite structure on butane cracking and dehydrogenation presented in Section 4.5.4. 
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Table 4.5.2-1. Results of zeolite characterization experiments to determine Al, Si and H+ (NH4
+) contents and N2 

micropore volume (Vmicro). 

samplea source 
Si/Al 
ratio 

 Vmicro (cm3 g-1)b  Al 
(mmol g-1) 

NH4
+ 

(mmol g-1) 
NH4

+/Al 
ratio  meas. literature  

FER-9 Tosoh 8.4  0.111 0.118-0.150184-186  1.71 1.92 1.12 

MEL-22c this work 22  0.146 0.110-0.150184,186-188  0.73 0.49 0.67 

MEL-29 this work 29  0.142   0.54 0.51 0.94 

MEL-35c this work 35  0.141   0.46 0.30 0.65 

MFI-24c this work 24  0.131 0.120-0.147111,189,190   0.65 0.48 0.74 

MFI-11.5 Zeolyst 12  0.138147   1.25 1.23 0.98 

MFI-25 Zeolyst 29  0.132147   0.55 0.56 1.01 

MFI-40 Zeolyst 44  0.130147   0.37 0.39 1.07 

MFI-140 Zeolyst 142  0.131147   0.12 0.13 1.09 

MWW-14 this work 14  0.144 0.130-0.18069,190,191  1.07 1.04 0.97 

MWW-16 this work 16  0.169   0.99 0.96 0.97 

MWW-18 this work 18  0.155   0.85 0.75 0.88 

SFV-28 this work 28  0.128   0.57 0.51 0.89 

SFV-51 this work 51  0.125   0.32 0.30 0.94 

STF-18 this work 18  0.162 0.160189  0.85 0.78 0.92 

SVR-71 this work 71  0.138 0.123184  0.23 0.24 1.06 

SVR-84 this work 84  0.124   0.20 0.22 1.14 

TON-49 this work 49  0.073 0.074,192 0.087193  0.33 0.28 0.84 
aFirst three letters indicate IZA framework code and number indicates nominal Si/Al ratio (for commercial samples) or measured 

Si/Al ratio (for experimental samples). bN2 micropore volumes determined using the t-plot method. Representative literature 

values are listed once for each framework type (e.g. MFI, MWW). cSamples excluded from further analysis because of suspected 

high percentage of EFAl (low NH4
+/Al ratio). 

 

4.5.3 Adsorption Thermodynamics 

We next discuss the influence of zeolite structure on the thermodynamics of adsorption of 

n-butane from the gas phase onto Brønsted protons. Visual representations of the eight zeolite 

frameworks used to study n-butane cracking and dehydrogenation are provided in Figure 4.5.3-1. 

It can be seen that the channel sizes of the different zeolites are similar, and that the zeolites 

differ mainly in the size and prevalence of cages and in the paths traced by the channels (straight 

or sinusoidal). Descriptors that affect confinement for each zeolite shown in Figure 4.5.3-1 are 

given in Table 4.5.3-1. These descriptors include the number of T-atoms comprising the channel 

openings, the shapes of the channel pathways (e.g. straight, sinusoidal), the largest cavity 

diameter (LCD) and the percent of the accessible pore volume present in cages (defined as 

cavities for which the included sphere diameter is larger than that of the channels). These 

descriptors were chosen based on experimental and computational results which show that 

channel topology (shape, size) and the presence of pockets or cavities influence the 

configurations of adsorbates and the thermodynamics of adsorption.35,36,38,40,136,194 Thus, effects 

of all three descriptors are considered in the analysis of adsorption thermodynamics discussed 

below. 
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Figure 4.5.3-1. Representations of zeolite frameworks generated using the ZEOMICS30 web tool and listed in Table 

4.5.3-1. The channel topology (ring size and shape) is given in bold. Channels are shown in yellow (< 6 Å diameter) and 

orange (> 6 Å). Cages are shown as green (< 6 Å diameter), blue (6-8 Å diameter), and purple (> 8 Å diameter) spheres. 
 

The values of ΔHads-H+ and ΔSads-H+ are plotted for each channel topology (e.g., 10-MR 

straight, 10-MR sinusoidal) in Figure 4.5.3-2. The LCD value listed in Table 4.5.3-1 is shown 

below each data point. Examination of the data points corresponding to 10-MR straight channels 

in Figure 4.5.3-2 and comparing to the topological descriptors in Table 4.5.3-1 reveals that 

increasing the percentage of pore volume in cages of similar diameter (8.3-8.4 Å) from 0% to 

40% to 85% for zeolites of similar channel topology (e.g., going from TON to MEL to STF) 

decreases the magnitudes of ΔHads-H+ and ΔSads-H+. This trend is consistent with weaker van der 

Waals interactions of the alkane with the zeolite in the cages (~8.4 Å diameter) versus the 

channels (~5.5 Å diameter),40,195 and, therefore, with a decrease in confinement of the alkane. 

Comparison of the point for SFV, which has both 10- and 12-MR straight channels, with that for 

MEL, which has a similar topology to SFV196 but only 10-MR straight channels, shows that 
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introducing 12-MR channels decreases confinement because the magnitudes of ΔHads-H+ and 

ΔSads-H+ are somewhat lower for SFV than for MEL. The effect of increasing the LCD at similar 

percent pore volume in cages and similar channel shape can be seen by examining the data points 

corresponding to SVR and MWW, which have 10-MR sinusoidal channel systems; the 

magnitudes of ΔHads-H+ and ΔSads-H+ are lower for MWW, which has a LCD of 10.3 Å, relative to 

SVR, which has a LCD of 5.7 Å. 

 
Table 4.5.3-1. Topological characteristics of zeolite frameworks including number of T-atoms contained in channels, 

channel shapes, size of largest cavity and fraction of pore volume present in cages 

framework type 

 channel properties  cavity properties 

 channel 
shape 

ring size 
(T-atoms) 

 largest cavity 
diametera (Å) 

fraction of pore 
volume in cagesb 

FER  straight 

straight 

10 

8 

 7.0 47 

MEL  straight 10  8.4 40 

MFI  sinusoidal 

straight 

10 

10 

 7.0 26 

MWW  sinusoidal 

sinusoidal 

10 

10 

 10.3 27 

SFV  straight 

straight 

straight 

10 

10 

12 

 8.3 

 

19 

STF  straight 10  8.3 85 

SVR  sinusoidal 

sinusoidal 

sinusoidal 

10 

10 

10 

 5.7 21 

TON  straight 10  -- 0 
aSize of largest included sphere calculated by First et al.30 bFraction of pore volume present in accessible 

cavities or cages. Calculated using data reported in the ZEOMICS database.30 

 

Replacing 10-MR straight channels with 10-MR sinusoidal channels also appears to 

affect confinement. The magnitude of ΔSads-H+ is lower for MFI (which has sinusoidal and 

straight channels) than for MEL, which has a structure that strongly resembles that of MFI,197 

with the exception that all channels in MEL are straight. Moreover, the LCD of MEL (8.4 Å) is 

larger than that of MFI (7.0 Å); therefore, MFI would be expected to have a more negative value 

for ΔSads-H+ if channel topology were not important to confinement. That ΔSads-H+ is less negative 

for MFI relative to MEL suggests that the sinusoidal channels confine n-butane less efficiently 

than do the straight channels. This interpretation is supported by the observation that the 

magnitudes of ΔHads-H+ and ΔSads-H+ are very similar for SVR—which possesses only sinusoidal 

channels—and for MEL, even though SVR has smaller cavities relative to MEL. These 

observations are also consistent with those of Titiloye et al.,34 who have reported that the energy 

change for adsorption of small alkanes into silicalite, determined using theoretical methods, is 

greater at the straight channels than at the sinusoidal channels.  

Finally, it is interesting to examine the dependence of the equilibrium constant for 

adsorption (Kads-H+) on ∆Sads-H+ and ∆Hads-H+ as well as the correlation between ∆Sads-H+ and 

∆Hads-H+. The values of ΔHads-H+, ΔSads-H+ and Kads-H+ for specific adsorption through a terminal 

or central bond (j=1 or j=2, respectively), and the Boltzmann average over all three C-C bonds, 

are given in Table 4.5.3-2. Values of Kads-H+ shown in Table 4.5.3-2 are plotted vs. ∆Hads-H+ and 

vs. ∆Sads-H+ in Figures 4.5.3-3a and 4.5.3-3b, respectively. It can be seen that Kads-H+ generally 
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increases as both ΔHads-H+ and ΔSads-H+ become less negative. These findings are counter to the 

idea that the concentration of alkane within the zeolite increases with the heat of adsorption, 

leading to a greater rate of cracking because of the proportionality of kapp to the adsorption 

equilibrium constant.70,75,77,78 We will show in Section 4.5.5, however, that the dependence of 

Kads-H+ on ΔHads-H+ and ∆Sads-H+ is a function of the set of zeolites chosen for comparison. 

 
a 

 

b 

 
Figure 4.5.3-2. Enthalpy and entropy of adsorption of n-butane in a reactant state at 773 K, determined using CBMC 

simulations, for zeolites listed in Table 4.5.3-1. (a) Enthalpy and (b) entropy of adsorption are grouped according to 

channel topology. The largest cavity diameter (LCD) in Å is shown below each data point except for TON, which does not 

contain cavities. 

 
Table 4.5.3-2. Adsorption equilibrium constant (Kads-H+) and enthalpies and entropies of adsorption corresponding to the 

formation of a reactant state at terminal (j = 1) and central (j = 2) bonds of n-butane at 773 K, and the Boltzmann average 

(j = 1, 2) over all C-C bonds. Each quantity corresponds to a random distribution of Al. 

framework type 

 <Kads-H+>  <ΔHads-H+> (kJ mol-1)  <ΔSads-H+> (J mol-1 K-1) 

 j = 1 j = 2 j = 1, 2  j = 1 j = 2 j = 1, 2  j = 1 j = 2 j = 1, 2 

TON  0.30 0.30 0.30  -56.2 -55.8 -56.1  -74.3 -74.0 -74.2 

FER  0.25 0.26 0.25  -51.7 -51.9 -51.8  -70.0 -70.2 -70.1 

MEL  0.41 0.36 0.39  -48.4 -48.3 -48.4  -61.7 -62.7 -62.0 

SVR  0.34 0.33 0.34  -47.2 -47.2 -47.2  -61.7 -62.0 -61.8 

MFI  0.67 0.59 0.64  -49.7 -49.8 -49.8  -59.3 -60.5 -59.7 

SFV  0.51 0.44 0.48  -46.3 -46.3 -46.3  -57.2 -58.5 -57.6 

MWW  0.88 0.73 0.83  -44.7 -44.8 -44.7  -50.5 -52.3 -51.1 

STF  1.33 0.97 1.21  -46.1 -45.8 -46.0  -49.0 -51.2 -49.7 

 

Figure 4.5.3-4 shows a plot of ∆Sads-H+ vs. ∆Hads-H+, with an arrow showing the direction 

of increasing confinement. It can be seen that ∆Sads-H+ generally decreases with decreasing 

∆Hads-H+, consistent with the greater loss in entropy that is expected as van der Waals interactions 

between the alkane and zeolite become stronger, and consistent with similar observations 

reported by Ramachandran et al. for n-hexane adsorption in MFI, MOR and FAU.79 The slope of 

a linear fit of the data included in Figure 4.5.3-4 is ~0.0022 K-1, which is greater than the slope 

of the plot reported in ref 79. Therefore, for n-hexane adsorption in the latter three zeolites, a 

given increase in enthalpic stabilization upon adsorption corresponds to a smaller loss in entropy 

than for the adsorption of n-butane in the zeolites listed in Table 4.5.3-1. This finding is 
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consistent with the larger channels and cavities of the zeolites investigated for n-hexane; FAU 

and MOR possess 12-MR channels and FAU comprises cages 12 Å in diameter. By contrast, the 

channels and cages of the zeolites in Table 4.5.3-1 are smaller and would more strongly restrict 

rotational and translational motion of the adsorbate. The loss of such motion would affect 

entropy more strongly than enthalpy, leading to a larger slope of ∆Sads-H+ vs. ∆Hads-H+ for more 

confining zeolites. This interpretation is consistent with the observation of Eder and Lercher31 

that the slope of ∆Sads-H+ vs. ∆Hads-H+ for the adsorption of a series of linear alkanes in a given 

zeolite increased with an increase in zeolite structural confinement. 

 
Symbols (channel type): 

 

 

 

a 

 

b 

 
Figure 4.5.3-3. Equilibrium constant for adsorption of n-butane in a reactant state at 773 K vs. (a) enthalpy of adsorption 

and (b) entropy of adsorption. Values correspond to Boltzmann averages over all bonds j in Table 4.5.3-2. 

 
Symbols (channel type):  

 

 
Figure 4.5.3-4. Entropy of adsorption vs. enthalpy of adsorption for n-butane in a reactant state at 773 K for zeolites listed 

in Table 4.5.3-1. The slope and R2 value of a straight line fit to the data are included on the plot. The arrow indicates the 

direction of increasing confinement. 
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4.5.4 Influence of Zeolite Structure on Kinetics of n-Butane Cracking and Dehydrogenation 

 

4.5.4a Effects of Zeolite Structure on Apparent and Intrinsic Activation Parameters 

We begin our discussion of the effects of zeolite structure on the kinetics of cracking and 

dehydrogenation by examining the measured and intrinsic activation parameters, since changes 

in these parameters lead to changes in measured and intrinsic rates and selectivities, discussed in 

Sections 4.5.4b and 4.5.4c. We first recall that measured activation parameters (ΔHapp and ΔSapp) 

are equal to sums of thermodynamic adsorption parameters (ΔHads-H+ and ΔSads-H+) and intrinsic 

activation barriers (ΔHint
‡

 and ΔSint
‡

). As discussed above, the magnitudes of ΔHads-H+ and ΔSads-H+ 

reflect the level of confinement of the adsorbed alkane for a given channel topology (e.g. 10-MR 

straight, 10-MR sinusoidal) and, therefore, we will use these parameters to represent changes in 

confinement for each type of channel system. As noted in the Introduction, it is generally 

accepted in the literature that variation in ΔHapp and ΔSapp among zeolites is due to variation in 

the adsorption enthalpy and entropy, while intrinsic activation parameters are independent of 

zeolite structure. If this proposal were true in general, then Equations 4.5.1-4 and 4.5.1-5 predict 

that plots of ΔHapp vs. ΔHads-H+ and ΔSapp vs. ΔSads-H+ for each reaction pathway should be linear 

and have slopes equal to 1. 

Plots of ΔHapp vs. ΔHads-H+ and of ΔSapp vs. ΔSads-H+ are presented in Figures 4.5.4-1a and 

4.5.4-1b, respectively. (The values of ∆Happ and ∆Sapp for MWW, MFI, and SVR—zeolites for 

which multiple Si/Al ratios appear in Table 4.5.2-1—correspond to Boltzmann averages over all 

Si/Al ratios. Values for individual zeolite samples are included in Appendix C.4 (p 158). It can 

be seen from Figure 4.5.4-1 that, within a given channel topology, ΔHapp and ΔSapp for central 

cracking are similar over the ranges observed for ΔHads-H+ and ΔSads-H+ and are therefore 

insensitive to confinement, whereas the activation barriers for terminal cracking and for 

dehydrogenation generally increase as confinement decreases and ΔHads-H+ and ΔSads-H+ become 

less negative. By comparing the ranges observed for ΔHapp and ΔSapp in Figure 4.5.4-1 to the 

ranges for ΔHads-H+ and ΔSads-H+ (~10 kJ mol-1 and ~30 J mol-1 K-1, respectively), it can also be 

seen that ΔHapp and ΔSapp for in general vary by a different amount than either ΔHads-H+ or 

ΔSads-H+ and, therefore, the slopes of the plots in Figure 4.5.4-1 are not equal to 1. It can thus be 

inferred that ΔHint
‡

 and ΔSint
‡

 vary significantly with changes in ΔHads-H+ and ΔSads-H+ and, 

therefore, with confinement. 
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Symbols (channel type): 

 

 

Colors (reaction path): Central cracking (green); Terminal cracking (red); Dehydrogenation (blue)  
 

a 

 

b 

 
Figure 4.5.4-1. Apparent activation enthalpies (∆Happ) and entropies (∆Sapp) for n-butane monomolecular activation 

reactions over zeolites at 773 K vs. enthalpy and entropy of adsorption. Plots of (a) ∆Happ vs. enthalpy of adsorption and 

(b) ∆Sapp vs. entropy of adsorption for central cracking, terminal cracking and dehydrogenation. Representative 95% 

confidence intervals for ∆Happ and ∆Sapp are ± 7 kJ mol-1 and ± 9 J mol-1 K-1 for cracking, and ± 8 kJ mol-1 and ± 11 

J mol-1 K-1 for dehydrogenation. 

 

To test this hypothesis, the values of ΔHint
‡

 and ΔSint
‡

 for each reaction pathway were 

calculated by subtracting ΔHads-H+(j) or ΔSads-H+(j) determined from CBMC simulations (Table 

4.5.3-2) from ΔHapp and ΔSapp. (The Boltzmann averages of ΔHads-H+(j) and ΔSads-H+(j) over 

terminal and central C-C bonds j=1 and j=2 were used for dehydrogenation.) Figure 4.5.4-2 

shows plots of ΔHint
‡

 vs. ΔHads-H+ and ΔSint
‡

 vs. ΔSads-H+. It can be seen that the changes in ΔHint
‡

 

and ΔSint
‡

 with respect to ΔHads-H+ and ΔSads-H+ shown in Figure 4.5.4-2 mirror the corresponding 

changes in ΔHapp and ΔSapp shown in Figure 4.5.4-1. Therefore, changes in ΔHint
‡

 and ΔSint
‡

  

contribute significantly to variation in apparent activation parameters with respect to 

confinement. These conclusions differ from the commonly-held view that intrinsic activation 

parameters are independent of zeolite structure.70,75,77,79,80 Given that the changes in ΔHint
‡

 and 

ΔSint
‡

 appear to be well behaved within the 10-MR straight channel group, it is appropriate to 

discuss reasons for why the activation parameters for SFV, when plotted against ΔSads-H+ in 

Figures 4.5.4-1 and 4.5.4-2, do not adhere to the trends exhibited by the data for the other 

zeolites with 10-MR straight channels, since most of the channel space within SFV (~87%)30 

consists of 10-MR structures. 

We first recall that ΔSads-H+ has been calculated by assuming a random distribution of Al. 

If the Al is located mostly in the 10-MR straight channels for the two samples of SFV 

investigated (SFV-28 and SFV-51 in Table 4.5.2-1), and little Al is located in the cages or 

12-MR channels, then the true value of ΔSads-H+ for these samples would be closer to that for 

TON, which consists of straight 10-MR channels. This possibility does not seem unreasonable 

given that only 19% of the pore volume of SFV is present in cages (see Table 4.5.3-1) and 87% 

of the volume present in channels is located in 10-MR structures while only 13% is present in 

12-MR structures.30 By examining Figures 4.5.4-1 and 4.5.4-2 it can be seen that if the activation 

parameters for SFV appeared at a value of ΔSads-H+ closer to that for TON, the data points for 

SFV would be more consistent with the overall trends observed in the plots for zeolites having 

10-MR straight channels. 
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Symbols (channel type): 

 

 

Colors (reaction path): Central cracking (green); Terminal cracking (red); Dehydrogenation (blue)  
 

a 

 

b 

 
Figure 4.5.4-2. Plots of (a) intrinsic activation enthalpy vs. enthalpy of adsorption and (b) intrinsic activation entropy vs. 
entropy of adsorption for n-butane monomolecular activation reactions. Representative 95% confidence intervals for ∆Hint 
and ∆Sint are ± 7 kJ mol-1 and ± 9 J mol-1 K-1 for cracking, and ± 8 kJ mol-1 and ± 11 J mol-1 K-1 for dehydrogenation. 

 

4.5.4b Dependence of Rate Coefficients on Zeolite Structure and on Activation parameters 

The changes in adsorption thermodynamics, intrinsic and apparent activation parameters 

with respect to confinement discussed above determine how confinement affects intrinsic and 

apparent rate coefficients, which depend exponentially on these parameters (Equations 4.5.1-2 

and 4.5.1-3). Based on the earlier observations in the literature for n-hexane cracking and 

dehydrogenation over MFI, MOR and FAU,70,79 kapp would be expected to increase with 

increasing confinement as a result of increases in the magnitudes of Kads-H+, while kint would be 

expected to remain constant by extension of previous claims that ΔHint
‡

 and ΔSint
‡

 are structure-

insensitive. Thus, a plot of kapp vs. Kads-H+ would exhibit a straight line with positive slope, and 

all values of kapp would correspond to a single value of kint. Figures 4.5.4-3a and 4.5.4-3b show 

plots of kapp vs. Kads-H+ and kapp vs. kint. The values of kint were calculated using Equation 4.5.1-2 

and the intrinsic activation parameters presented in Figure 4.5.4-2. Figure 4.5.4-3 shows that, by 

contrast to expectations based on results for n-hexane noted above, kapp for zeolites with 10-MR 

straight channels increases with decreasing Kads-H+ and increases with increasing kint. For zeolites 

with 10-MR sinusoidal channels, kapp increases with increasing Kads-H+, while values of kint are 

similar for this channel group and the dependences of kapp on both Kads-H+ and kint are therefore 

similar to what is expected based on the observations for n-hexane. Thus, kint affects kapp more 

strongly than does Kads-H+ for the straight channel group, while Kads-H+ has a dominant influence 

on kapp for the 10-MR sinusoidal channel group. 
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Symbols (channel type): 

 

 

Colors (reaction path): Central cracking (green); Terminal cracking (red); Dehydrogenation (blue)  
  

a 

 

b 

 

Figure 4.5.4-3. Plot of apparent first-order rate coefficient for n-butane monomolecular cracking and dehydrogenation at 
773 K, vs. (a) equilibrium constant for adsorption to a reactant state, and vs. (b) intrinsic rate coefficient. Values of kapp 
correspond to the averaged values over different Si/Al ratios listed in Table 4.5.2-1, and kint was determined using values 
of ∆Hint and ∆Sint shown in Figure 4.5.4-2. 

 

To understand the relationship of kapp and kint to confinement, these quantities are plotted 

vs. ∆Sads-H+ in Figures 4.5.4-4a and 4.5.4-4b. The parameter ΔSads-H+ is used to represent changes 

in confinement (a qualitatively similar plot would result by using ΔHads-H+). It can be seen that 

kapp generally increases with increasing confinement (i.e., as the magnitude of ∆Sads-H+ becomes 

larger) for 10-MR straight channels, albeit irregularly for terminal cracking and 

dehydrogenation, and that kapp decreases with increasing confinement for 10-MR sinusoidal 

channels. The reason for the irregular changes in kapp for the former set of zeolites results from 

the fact that kint and Kads-H+ change in opposite directions (Figure 4.5.3-3), and kapp is 

proportional to both kint and Kads-H+. 

It is interesting to note that, although kapp for the 10-MR sinusoidal channel group reflects 

predominantly variation in Kads-H+, (similar to the finding for n-hexane), the dependences of kapp 

and Kads-H+ on confinement are the reverse of those observed for hexane; both parameters 

decrease with increasing confinement, because of the increasing magnitude of ∆Sads-H+. And for 

the 10-MR straight channel group, kapp increases with increasing confinement (also similar to the 

observation for n-hexane), but due to an increase in kint and not due to an increase in Kads-H+. 

These results demonstrate that an increase in confinement does not always cause an increase in 

kapp or in Kads-H+ and can affect the value of kint. 

 

 
 10-MR straight (TON, MEL, STF)  10-MR sinusoidal (SVR, MWW)  (8,10)-MR straight (FER) 

 (10,12)-MR straight (SFV)  10-MR straight & sinusoidal (MFI)   

H
ads-H+ (kJ mol

-1)

-58 -56 -54 -52 -50 -48 -46 -44


S

a
d

s
-H

+
 (

J
 m

o
l-1

 K
-1

)

-80

-75

-70

-65

-60

-55

-50

-45

-40

10-MR straight (TON, MEL, STF)

(10,12)-MR straight (SFV)

(8,10)-MR straight (FER)

10-MR straight and sinusoidal (MFI)

10-MR sinusoidal (SVR, MWW)

8.3

8.4

8.3

10.3

7.0

7.0

5.7

H
ads-H+ (kJ mol

-1)

-58 -56 -54 -52 -50 -48 -46 -44


S

a
d

s
-H

+
 (

J
 m

o
l-1

 K
-1

)

-80

-75

-70

-65

-60

-55

-50

-45

-40

10-MR straight (TON, MEL, STF)

(10,12)-MR straight (SFV)

(8,10)-MR straight (FER)

10-MR straight and sinusoidal (MFI)

10-MR sinusoidal (SVR, MWW)

8.3

8.4

8.3

10.3

7.0

7.0

5.7

H
ads-H+ (kJ mol

-1)

-58 -56 -54 -52 -50 -48 -46 -44


S

a
d

s
-H

+
 (

J
 m

o
l-1

 K
-1

)

-80

-75

-70

-65

-60

-55

-50

-45

-40

10-MR straight (TON, MEL, STF)

(10,12)-MR straight (SFV)

(8,10)-MR straight (FER)

10-MR straight and sinusoidal (MFI)

10-MR sinusoidal (SVR, MWW)

8.3

8.4

8.3

10.3

7.0

7.0

5.7

H
ads-H+ (kJ mol

-1)

-58 -56 -54 -52 -50 -48 -46 -44


S

a
d

s
-H

+
 (

J
 m

o
l-1

 K
-1

)

-80

-75

-70

-65

-60

-55

-50

-45

-40

10-MR straight (TON, MEL, STF)

(10,12)-MR straight (SFV)

(8,10)-MR straight (FER)

10-MR straight and sinusoidal (MFI)

10-MR sinusoidal (SVR, MWW)

8.3

8.4

8.3

10.3

7.0

7.0

5.7

H
ads-H+ (kJ mol

-1)

-58 -56 -54 -52 -50 -48 -46 -44


S

a
d

s
-H

+
 (

J
 m

o
l-1

 K
-1

)

-80

-75

-70

-65

-60

-55

-50

-45

-40

10-MR straight (TON, MEL, STF)

(10,12)-MR straight (SFV)

(8,10)-MR straight (FER)

10-MR straight and sinusoidal (MFI)

10-MR sinusoidal (SVR, MWW)

8.3

8.4

8.3

10.3

7.0

7.0

5.7

K
ads-H+

0.2 0.4 0.6 0.8 1.0 1.2 1.4

k
a

p
p
 x

 1
0

3
 (

s
-1

 a
tm

-1
)

0

2

4

6

8

10

12

k
int (s

-1)

0 2 4 6 8

0

2

4

6

8

10

12

k
a

p
p
 x

 1
0

3
 (

s
-1

 a
tm

-1
)



 

 

70  

 

Symbols (channel type): 

 

 

Colors (reaction path): Central cracking (green); Terminal cracking (red); Dehydrogenation (blue)  
  

a 

 

b 

 
Figure 4.5.4-4. Plots of (a) apparent first-order rate coefficient, and (b) intrinsic rate coefficient, for n-butane cracking and 

dehydrogenation vs. entropy of adsorption into a reactant state at 773 K. 
 

We next interpret the physical reasons for the observed variation of intrinsic rate 

coefficients with confinement and zeolite structure seen in Figure 4.5.4-4b. We begin by 

recalling that, as can be seen in Figure 4.5.4-2, for a given channel type ΔHint
‡

 and ΔSint
‡

 for 

terminal cracking and dehydrogenation become more positive as confinement decreases, while 

for central cracking ΔSint
‡

 becomes more negative and ΔHint
‡

 remains similar or decreases slightly. 

By comparing the change in kint with respect to ΔSads-H+ for central cracking to the changes in 

ΔSint
‡

 and ΔHint
‡

 discussed above and shown in Figure 4.5.4-2, it can be seen that the increase in 

kint for zeolites with 10-MR straight channels is driven primarily by an increase in ΔSint
‡

 as the 

zeolite becomes more confining. A similar increase in kint is not observed for the 10-MR 

sinusoidal channel group because ΔHint
‡

 for these zeolites also increases slightly with 

confinement. This result appears to be counterintuitive, but can be rationalized by analyzing the 

contributions of the reactant state entropy (Sreact) and transition-state entropy (S
‡
) to ΔSint

‡
, which 

is equal to S
‡
 - Sreact (ΔSint

‡
 = S

‡
 - Sreact = ΔSapp - ΔSads-H+). 

Sharada et al.81 have shown that the transition state for C-C bond cracking in MFI occurs 

early along the reaction coordinate. This assessment is supported by consistently negative values 

observed for ΔSint
‡

 in Figure 4.5.4-2b. For an early transition state, the main contributors to S‡ are 

vibrational modes because the product fragments have not yet been formed. In addition, this 

transition state interacts closely with the oxygen atoms bonded to the Al atom. Because of this 

close interaction and the lack of translational or rotational motion, it can be inferred that the size 

of the channel or cage surrounding the active site has considerably less influence on the motion 

of the transition state than on the reactant-state alkane, and that S
‡
 is less sensitive to zeolite 

topology than is Sreact. If this hypothesis is true, then differences in ΔSint
‡

 between zeolite 

structures should be roughly equal to differences in ΔSads-H+. Indeed, it can be seen from Figure 

4.5.4-2b that differences in ΔSint
‡

 within a given channel group are similar to the differences in 

ΔSads-H+. These observations support the proposal that the transition state for central cracking is 

early and suggest that the increase in ΔSint
‡

 (equal to S
‡
 - Sreact) with confinement arises primarily 

from the lower entropy of the reactant state. 
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Stated differently, alkanes in a reactant-state within a zeolite that has a very confining 

structure (e.g., TON) are already very confined and, hence, lose relatively little entropy upon 

movement from the reactant state to the tightly bound transition state for central cracking. By 

contrast, reactant-state alkanes within a structure comprised mostly of cages (e.g., STF), lose 

more entropy upon forming the central cracking transition state, provided that the structure of 

this transition state is similar for the two zeolites. This interpretation is consistent with recent 

theoretical work reported by Bučko and Hafner.198 These authors found that for propane 

adsorbed within MOR, cracking occurs at a faster rate within the 8-MR pockets relative to the 

more spacious 12-MR channels because the alkane is already held closely to the proton when 

confined within the 8-MR pocket. As a result, less entropy is lost upon protonation to form the 

transition state in the 8-MR, and kint is larger for the 8-MR than for the 12-MR. 

We next discuss the influence of confinement on the intrinsic rate coefficients for 

terminal cracking and dehydrogenation. It can be seen from Figure 4.5.4-4b that kint for terminal 

cracking and dehydrogenation is similar for zeolites with 10-MR sinusoidal channels. For 

zeolites having 10-MR straight channels, kint is smallest for the least confining zeolite (i.e., for 

STF, which has the least negative value for ΔSads-H+), and increases non-monotonically with 

decreasing ΔSads-H+. By comparing these changes in kint to those observed for ΔHint
‡

 and ΔSint
‡

 in 

Figure 4.5.4-2 it can be seen that the irregular changes in kint are driven by simultaneous 

decreases in ΔHint
‡

 and ΔSint
‡

 as confinement increases. Decreases in one quantity thus partly 

compensate decreases in the other in determining ΔGint
‡

. 

The fact that ΔHint
‡

 and ΔSint
‡

 for terminal cracking and dehydrogenation appear to 

increase, rather than remain similar or decrease with decreasing confinement as was observed for 

central cracking, can be rationalized by assuming that the transition states of the former reactions 

are later and more closely resemble product fragments. Consistent with this proposal, it can be 

seen from Figure 4.5.4-2 that values of ΔSint
‡

 for terminal cracking and dehydrogenation are 

usually ~0 or positive, suggesting that transition states for these reactions involve the formation 

of rotational or translational entropy. Such motion is only possible if there is sufficient space to 

permit the motion to occur, consistent with the observation that ΔSint
‡

 is in general more positive 

for less confining zeolites. In addition, the observation that ΔSint
‡

 for dehydrogenation is nearly 

always greater than ΔSint
‡

 for terminal cracking is consistent with theoretical calculations,81 

which show that the dehydrogenation transition state most strongly resembles the products. 

 

4.5.4c Dependence of Selectivity on Zeolite Structure and on Relative Activation Parameters 

The above discussion shows that the effects of zeolite structure on ΔHint
‡

 and ΔSint
‡

 for 

n-butane cracking and dehydrogenation result in systematic dependences of intrinsic rate 

coefficients on confinement. The next issue to address is the effect of the zeolite structure on 

selectivity. It can be seen from Figure 4.5.4-4b that kint changes differently with respect to 

confinement for each reaction pathway, which indicates that confinement also influences the 

selectivity. Plots of the ratios of kint for terminal cracking relative to central cracking, and kint for 

dehydrogenation relative to central cracking, versus ΔSads-H+ are presented in Figure 4.5.4-5a. It 

can be seen that, for a given channel type, as confinement increases, the selectivities to terminal 

cracking and—more strongly—to dehydrogenation decrease relative to central cracking. To 

interpret how the zeolite structure influences these trends through effects on ΔHint
‡

 and ΔSint
‡

, we 

note that according to Equation 4.5.1-2 the ratios of kint are exponentially dependent on the 

differences in ΔHint
‡

 and ΔSint
‡

 for one reaction path relative to another. 
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Symbols (channel type): 

 

 

Colors (reaction path): Dehydrogenation vs. central cracking (cyan); Terminal vs. central cracking (black)  
 

a 

 

  

b 

 

c 

 
Figure 4.5.4-5. (a) Ratios of intrinsic rate coefficient for n-butane dehydrogenation relative to central cracking and for 

terminal cracking relative to central cracking, and differences between intrinsic activation (b) enthalpies, and (c) entropies, 

for dehydrogenation vs. central cracking and for terminal cracking vs. central cracking, plotted vs. the entropy of 
adsorption at 773 K. Representative 95% confidence intervals for Δ(ΔHint) and Δ(ΔSint) are ± 9 kJ mol-1 and ± 12 
J mol-1 K-1 for terminal cracking, and ± 10 kJ mol-1 and ± 14 J mol-1 K-1 for dehydrogenation. 

 

Figures 4.5.4-5b and 4.5.4-5c show plots of the differences in the intrinsic activation 

enthalpy and entropy, Δ(ΔHint
‡

) and Δ(ΔSint
‡

), between dehydrogenation and central cracking and 

between terminal cracking and central cracking, versus ΔSads-H+. Comparing trends in Δ(ΔHint
‡

) 

and Δ(ΔSint
‡

) to those seen for the selectivity ratios in Figure 4.5.4-5a it is evident that the main 

factor driving the differences in selectivity among zeolites within a given channel category is 

Δ(ΔSint
‡

). For example, for zeolites with 10-MR straight and 10-MR sinusoidal channels, the ratio 

of dehydrogenation relative to cracking decreases as Δ(ΔHint
‡

) decreases, and the same is true for 

terminal cracking relative to central cracking. Therefore, the decreasing selectivity to 

dehydrogenation and terminal cracking with increasing confinement must arise from the 

offsetting effects of decreases in Δ(ΔSint
‡

). 

We note that, according to Gounder and Iglesia,80 the plots shown in Figures 4.5.4-5b and 

4.5.4-5c should exhibit horizontal lines intersecting the vertical axes at the differences in 

enthalpy or entropy of gas phase alkane molecules protonated at the corresponding C-C or C-H 

bonds. While protonation entropy data are not available, the protonation enthalpy differences for 
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dehydrogenation and terminal cracking relative to central cracking are, respectively, ~60 kJ mol-1 

and ~19 kJ mol-1.80 Several data points of Figure 4.5.4-5b—including, notably, those for MFI 

and FER, zeolites that were investigated by Gounder and Iglesia—lie near these values, but in 

general Δ(ΔHint
‡

) and Δ(ΔSint
‡

) decrease as confinement increases. This result is consistent with 

the observation of smaller differences between activation energies (calculated using QM/MM)81 

for the monomolecular cracking and dehydrogenation of n-butane at sinusoidal channels versus 

intersections within MFI. 

To understand why the difference in proton affinity (∆PA) does not always approximate 

Δ(ΔHint
‡

) it is necessary to understand the assumptions that must hold in order for this equality to 

be true.65,80 Specifically, the approximation requires the formation of an ion pair at the transition 

state with full transfer of the proton to the alkane. The structure of the alkane at the transition 

state must be very similar to that of the gas-phase alkane protonated at the C-C or C-H bond to 

be cleaved. In addition, the interaction energy of the protonated alkane with the deprotonated 

active site must be identical for different transition states (e.g., terminal vs. central cracking). A 

thermochemical cycle65,80 can be used to show that under these circumstances ∆(∆Happ) (≈ 

Δ(ΔHint
‡

)) = ∆PA. Consistent with this reasoning, DFT calculations199,200 show that when a 

zeolite proton is completely transferred to a small Lewis base upon adsorption from the gas onto 

an acid site, the difference in the energy of adsorption ∆(∆Uads-H+) between different 

adsorbates—analogous to ∆(∆Happ) for transition-states—is very similar to ∆PA. The 

calculations also show that when an ion pair is not formed (as for weak bases), then 

∆(∆Uads-H+) ≠ ∆PA. It is noted that these calculations do not take into account the effects of 

dispersion forces on ∆Uads-H+; however, as discussed by the authors, dispersion should contribute 

negligibly to ∆Uads-H+ for the small bases investigated.199 

Therefore, we next examine whether it can be reasonably assumed that ion pairs are 

formed at transition states in monomolecular cracking or dehydrogenation of alkanes. If ion pairs 

are not formed, it should not be expected that ∆(∆Happ) (≈ Δ(ΔHint
‡

)) = ∆PA. In previous 

theoretical work from our group, significant structural differences were observed for the 

transition-states for cracking and dehydrogenation of n-butane in H-MFI.81 For example, in the 

transition state for dehydrogenation, product fragments are nearly formed and the zeolitic proton 

is nearly regenerated, which differs from the description for an ion pair. By contrast, the central 

cracking transition state more qualitatively resembles a protonated alkane in structure. Based on 

the above discussion, we conclude that ∆PA should equal ∆(∆Happ) only if the transition state 

and zeolite resemble an ion-pair or breakdowns in the assumptions enumerated above offset one 

another. Our analysis indicates that the zeolite structure and confinement have a significant 

influence on ∆(∆Happ) and ∆(∆Sapp), even if the value of ∆PA gives a reasonable first 

approximation to ∆(∆Happ). 

 

4.5.4d Observed Correlation between Entropy and Enthalpy of Activation 

From the above discussion it is apparent that changes in the activation enthalpy and 

entropy tend to occur in the same direction with respect to a change in confinement. This 

observation indicates that ΔHapp and ΔSapp, as well as ΔHint
‡

 and ΔSint
‡

, are correlated with each 

other, and that increases in enthalpy tend to be compensated by increases in entropy. A linear 

relationship between ΔHapp and ΔSapp would be consistent with the linear Constable plot reported 

by van Bokhoven et al.70 for the total rate of n-hexane cracking and dehydrogenation. 

Correlation between ΔHint
‡

 and ΔSint
‡

 would not be expected based on reports in the literature 

(noted in Section 4.2) that these quantities do not depend on zeolite structure or active site 
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location. Before examining these correlations, however, it is important to address the statistical 

treatment of uncertainties in ΔHapp and ΔSapp because apparent correlations between these 

parameters can arise from correlations of errors in ΔHapp and ΔSapp
201,202 as well as from 

underlying physical phenomena.84,85,203-205 As described in Appendix C.5 (p 159), the proper way 

to determine whether an apparent correlation between ΔHapp and ΔSapp across zeolites is 

statistically significant is to first determine the 95% confidence regions in the ΔHapp-ΔSapp plane 

for each set of values for ΔHapp and ΔSapp. Correlation beyond the projections of these ellipses 

onto the ΔHapp and ΔSapp axes is statistically significant.  

Figure 4.5.4-6a shows a plot of ΔSapp vs. ΔHapp. It can be seen that there is a strong, 

positive correlation between ∆Sapp and ∆Happ that extends well beyond the uncertainties in 

individual data points (given in the caption) and is, therefore, statistically significant. The high 

R2 value for the linear fit of these data, shown by the solid line, causes the values of kapp to not 

vary by many orders of magnitude among zeolites and reaction pathways (see Figure 4.5.4-4a). 

Because of the correlation, the values of ∆Gapp (equal to ∆Happ - T∆Sapp) are similar and the 

effect of a change in ∆Happ on ∆Gapp and kapp is partly offset by a similar change in T∆Sapp. 

Arrows are shown on the plot to indicate the direction in which confinement tends to increase for 

each reaction pathway. Within a given channel group, the distance of each data point along this 

line (the point of intersection of a line drawn from the data point orthogonal to the fitted line) is 

correlated with the values of ΔSads-H+ and ΔHads-H+ in Figure 4.5.4-1 and, therefore, with 

confinement. Consistent with the differing effects of confinement on activation parameters for 

terminal cracking and dehydrogenation relative to central cracking (see Figures 4.5.4-1 and 

4.5.4-2), the arrows for dehydrogenation and terminal cracking point in the opposite direction to 

those for central cracking. 

 
Symbols (channel type): 

 

 

Colors (reaction path): Central cracking (green); Terminal cracking (red); Dehydrogenation (blue)  
 

a 

 

b 

 
Figure 4.5.4-6. Plots of (a) apparent activation entropy vs. apparent activation enthalpy, and (b) intrinsic activation 
entropy vs. intrinsic activation enthalpy for n-butane cracking and dehydrogenation. The slope and R2 values of a line 
fitted to the data are included on the plots. Representative 95% confidence intervals for activation enthalpies and entropies 
are ± 7 kJ mol-1 and ± 9 J mol-1 K-1 for cracking, and ± 8 kJ mol-1 and ± 11 J mol-1 K-1 for dehydrogenation. Arrows 
indicate the direction of increasing confinement. 

 

We note that some correlation between ∆Sapp and ∆Happ is expected based on Equations 

4.5.1-4 and 4.5.1-5, since ∆Sads-H+ and ∆Hads-H+ are themselves correlated (see Figure 4.5.3-4). 
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However, it can be seen from a plot of ΔSint
‡

 vs. ΔHint
‡

 in Figure 4.5.4-6b that correlation between 

ΔSint
‡

 and ΔHint
‡

 is the main driver of the correlation observed between ΔSapp and ΔHapp; the slope 

of a linear fit of the data in Figure 4.5.4-6b is 0.0011 K-1, which is closer to the slope of ΔSapp vs. 

ΔHapp in Figure 4.5.4-6a (0.0012 K-1) than is the slope of ΔSads-H+ vs. ΔHads-H+ shown in Figure 

4.5.3-4 (0.0022 K-1). This finding is consistent with the observation discussed above that changes 

in ΔSint
‡

 and ΔHint
‡

 with confinement influence the values of ΔSapp and ΔHapp more strongly than 

do changes in ∆Sads-H+ and ∆Hads-H+. We also note that the slope and intercept of the fitted lines 

shown in Figure 4.5.4-6 are not useful for predicting trends in kapp or kint with respect to 

confinement (e.g., distance along the fitted line) because the data points do not fall exactly on the 

fitted lines. Ryde84 has used theoretical methods to demonstrate that correlation between entropy 

and enthalpy is a general rule for several types of intermolecular interactions (e.g., electrostatic, 

dispersive), yet perfect correlation arises only when a single variable and interaction type change 

within a homologous series. Table 4.5.3-1 shows that, based on topological descriptors, several 

variables differ among the zeolites investigated in this study. 

We next rationalize qualitatively the reasons for the positive correlation between ΔHint
‡

 

and ΔSint
‡

 seen in Figure 4.5.4-6b. Given that increases in ΔSint
‡

 are driven primarily by access to 

more rotational and translational modes, as discussed above, it can be assumed that higher values 

of ΔSint
‡

 correspond to transition states for which there is greater separation of charge and weaker 

interactions of the transition state with the O atoms bonded to the Al atom. This would result in 

enthalpic destabilization and would increase ΔHint
‡

. This interpretation is in qualitative agreement 

with that proposed by Dunitz,206 who used a statistical mechanical model to demonstrate that 

enthalpy-entropy compensation is a general phenomenon for weak intermolecular interactions, 

and is also consistent with explanations for compensation between ∆Sads-H+ and ∆Hads-H+ 

observed for alkane adsorption in zeolites. The latter has been rationalized based on the 

observation that larger magnitudes of ΔHads-H+ generally require closer interaction of alkane with 

the zeolite and, therefore, a greater loss in entropy.207 

In addition, Conner208 has proposed an explanation for entropy-enthalpy compensation 

for specific to catalyzed reactions that is consistent with the observed dependences of ΔHint
‡

 and 

ΔSint
‡

 on confinement discussed above. He argues that increased vibrational and rotational 

coupling between a surface and a transition-state complex is associated with lower energy of the 

transition-state relative to the reactant state and lowers the degeneracy of individual energy 

levels. This leads to fewer accessible energy states and lowers the value of ΔSint
‡

. Thus, higher 

values of ΔHint
‡

 would be expected for less confining zeolites, for which less coupling would be 

expected between the transition state and the zeolite framework. Consistent with this picture, 

ΔSint
‡

 and ΔHint
‡

 for terminal cracking and dehydrogenation generally increase with decreasing 

confinement in Figure 4.5.4-2, again with the exception of SFV, as noted above. 

 

4.5.5 Reexamination of the Influence of Zeolite Structure on Kinetics of n-Hexane 

Monomolecular Cracking and Dehydrogenation 

Having shown how the apparent and intrinsic rate coefficient and activation parameters 

for n-butane cracking and dehydrogenation depend on zeolite structure and confinement for the 

zeolites listed in Table 4.5.3-1, we now return to the previous studies of monomolecular 

n-hexane cracking discussed in the Introduction. As noted, Ramachandran et al.79 concluded that 

kapp for the overall rate of monomolecular n-hexane consumption (reported by van Bokhoven et 

al.)70 increased with increasing confinement (i.e., in moving from FAU to MOR to MFI) because 

of an increase in the adsorption equilibrium constant (attributed to an increase in the heat of 
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adsorption), and that intrinsic kinetics were structure-insensitive. This conclusion was based on 

the observation of similar slopes for a plot of the entropy of adsorption vs. the enthalpy of 

adsorption and for a Constable plot reported by van Bokhoven et al.70 To carry this analysis 

further, we have calculated values of ΔSint
‡

 and ΔHint
‡

 by subtracting ∆Hads-H+ and ∆Sads-H+ 

(determined from CBMC simulations at 773 K; see Appendix C.6, p 162) from values of ∆Happ 

and ∆Sapp, which we determined using Equation 4.5.1-3 and values of Eapp and kapp taken from 

ref 70. We then calculated Kads-H+ and kint using Equations 4.5.1-1 and 4.5.1-2 to investigate the 

dependence of kapp on adsorption thermodynamics and on intrinsic kinetics. Details of these 

calculations as well as topological descriptors for FAU and MOR are included in Appendix C.6. 

Plots of kapp vs. Kads-H+ and kapp vs. kint are presented in Figures 4.5.5-1a and 4.5.5-1b. 

Arrows are included on the plots to indicate the direction of increasing magnitudes for ∆Hads-H+ 

and ∆Sads-H+ and, therefore, increasing confinement. It can be seen that kapp increases as both 

Kads-H+ and kint increase, indicating that changes in kapp are not dominated by changes in either 

parameter and that all three parameters increase with increasing confinement. Thus, Kads-H+ 

increases with the magnitudes of ∆Hads-H+ and ∆Sads-H+ and is dominated by the value of 

∆Hads-H+. 

 
a 

 

b 

 
Figure 4.5.5-1. Plots of the apparent rate coefficient for the total rate of monomolecular cracking and dehydrogenation 

(per bond) of n-hexane over MFI, MOR, and FAU vs. (a) thermodynamic adsorption equilibrium constant and (b) intrinsic 

rate coefficient at 773 K. Lines through the data points are included to guide the eye and arrows indicate the direction of 

increasing confinement. 

 

These observations differ from those for n-butane cracking and dehydrogenation over the 

zeolites listed in Table 4.5.3-1, for which kapp and kint depended on confinement differently for 

zeolites having different channel topologies (see Figure 4.5.4-4), and for which Kads-H+ decreased 

with increasing confinement and was determined by the value of ∆Sads-H+ (see Figure 4.5.3-3). 

As shown in Appendix C.6 (p 162), the differences in observations for n-butane versus n-hexane 

adsorption thermodynamics are a consequence of the set of zeolites used for each alkane, and is 

not caused by the difference in alkane size. Thus, enthalpy or entropy does not, in general, 

control Kads-H+ for either alkane. Instead, the relative importance of ∆Sads-H+ and ∆Hads-H+ in 

determining differences in Kads-H+ within a set of zeolites depends on the set chosen. A detailed 

study of alkane adsorption thermodynamics using CBMC simulations for other zeolites of the 

IZA database is the subject of Chapter 5. 
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A plot of ΔSint
‡

 and ΔHint
‡

 for the overall rate of n-hexane consumption is shown in Figure 

4.5.5-2. It can be seen that ΔSint
‡

 and ΔHint
‡

 are correlated and that each decreases as the 

confinement increases (in the direction indicated by the arrow). Thus, ΔSint
‡

 and ΔHint
‡

 for the 

overall rate of n-hexane cracking and dehydrogenation depend on confinement in a qualitatively 

similar way to ΔSint
‡

 and ΔHint
‡

 for terminal cracking and dehydrogenation of n-butane (Figure 

4.5.4-6b). This observation suggests that intrinsic activation parameters (based on the overall rate 

of consumption) in general decrease with increasing confinement for either alkane, while the 

dependence of kint on confinement is more complex because kint depends on both ΔSint
‡

 and ΔHint
‡

. 

The similarity of the slope of the linear fit of the data in Figure 4.5.5-2 (~0.0011 K-1) to that of 

the Constable plot of ref 70 (equivalent to the slope of ∆Sapp vs. ∆Happ) and to the slope of a plot 

of ∆Sads-H+ vs. ∆Hads-H+ (see Appendix C.6; p 162) also demonstrates that the slope of the 

Constable plot reflects not only correlation of the adsorption parameters as proposed by 

Ramachandran et al.,79 but also the correlation of intrinsic activation parameters. 

The above results demonstrate that ΔSint
‡

 and ΔHint
‡

 for n-hexane monomolecular 

consumption over MFI, MOR and FAU appear to vary with confinement in a similar manner as 

do ΔSint
‡

 and ΔHint
‡

 for n-butane cracking and dehydrogenation over the eight zeolites listed in 

Table 4.5.3-1. However, the dependences of Kads-H+ and kint on structural confinement, and the 

relative contribution of each parameter to kapp for monomolecular cracking and dehydrogenation 

in general, depends on the zeolites chosen for study. 

 

 
Figure 4.5.5-2. Plot of intrinsic activation entropy vs. intrinsic activation enthalpy for the overall rate of monomolecular 

cracking and dehydrogenation of n-hexane (per bond) over MFI, MOR, and FAU. The slope and R2 values of a line fitted 

to the data are included on the plot, and an arrow indicates the direction of increasing confinement. 

 

4.6 Conclusions 
 

We have systematically characterized the effects of zeolite structure and confinement on 

adsorption thermodynamics and intrinsic kinetics of n-butane monomolecular cracking and 

dehydrogenation in acidic zeolites comprising 10-MR channel systems and differing primarily in 

the size and abundance of cavities. We have modified our previous method29 for determining 

enthalpies and entropies of adsorption of alkanes onto Brønsted protons (∆Hads-H+ and ∆Sads-H+) 

using Monte Carlo simulations. Specifically, we have improved computation efficiency by 

employing a one-step approach using Widom particle insertions in combination with domain 
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decomposition. We have also improved the parameters for the Lennard-Jones force field used to 

model the adsorption and verified the transferability of the force field to other zeolites.  

 We find that the adsorption equilibrium constant (Kads-H+) at 773 K depends primarily on 

the value of ∆Sads-H+, rather than on ∆Hads-H+, and that Kads-H+ therefore tends to be lower for 

n-butane adsorption in more confining zeolites. We find that the value of Kads-H+ largely 

determines the measured rate coefficient (kapp) for zeolites having 10-MR sinusoidal channels, 

and that the intrinsic rate coefficient (kint) determines the value of kapp for zeolites with 10-MR 

straight channels. These results contrast the general consensus that Kads-H+ is determined by 

∆Hads-H+ and is in general the cause of differences in kapp among different zeolites while kint is 

constant.70,79 

We also find that kint tends to increase with increasing confinement (i.e., as ∆Sads-H+—

used as a proxy for confinement—becomes more negative) for zeolites with 10-MR straight 

channels and is similar for zeolites with 10-MR sinusoidal channels. For central cracking, an 

early transition state, this increase is strongest and is driven by an increase in the intrinsic 

activation entropy, ΔSint
‡

, which becomes less negative. For dehydrogenation and—more 

strongly—for terminal cracking, kint increases with increasing confinement because of a decrease 

in the intrinsic enthalpy of activation, ΔHint
‡

. This decrease, however, is partially offset by a 

concurrent decrease in ΔSint
‡

 that causes the increases in kint to be non-monotonic, and 

selectivities to terminal cracking and dehydrogenation to decrease relative to central cracking as 

the zeolite pores become less spacious. 

The observation of structure-dependent differences between ΔSint
‡

 and ΔHint
‡

 for different 

reaction paths shows that differences in activation enthalpy and entropy are not always equal to 

the differences in gas-phase protonation enthalpy and entropy of different C-C and C-H bonds, 

because transition states do not exactly resemble ion pairs. The concurrent decreases in both 

ΔSint
‡

 and ΔHint
‡

 with increasing confinement, as well as positive values observed for ΔSint
‡

, are 

consistent with transition states for terminal cracking and dehydrogenation that are weakly bound 

to the active site and involve the formation of rotational and translational motion. The finding 

that ΔSint
‡

 and ΔHint
‡

 depend on confinement and are linearly correlated differs from previous 

reports that these parameters are constant or at least do not vary systematically with zeolite 

structural parameters.  

Finally, using simulated values of ∆Hads-H+ and ∆Sads-H+, we have extracted values of 

ΔSint
‡

 and ΔHint
‡

 from previously reported experimental data for n-hexane cracking and 

dehydrogenation over MFI, MOR and FAU.70 We find that, similar to n-butane terminal cracking 

and dehydrogenation over the 10-MR zeolites employed in the present work, ΔSint
‡

 and ΔHint
‡

 for 

the overall rate of n-hexane consumption decrease with increasing confinement. This result 

differs from the conclusion given in the literature that these parameters are structure-

independent. We find that both Kads-H+ and kint increase with decreasing pore size, causing kapp to 

also increase. Differences in Kads-H+ among the three zeolites are dominated by the values of 

∆Hads-H+, consistent with the original conclusion. This conclusion, however, is a consequence of 

the zeolites chosen for study; Kads-H+ for n-hexane adsorption in the zeolites employed for the 

present work is dominated by ∆Sads-H+. Therefore, an increase in structural confinement does not, 

in general, lead to an increase in Kads-H+ for alkane adsorption. A systematic investigation of the 

influence of zeolite structural parameters—such as channel and cage size—on adsorption 

thermodynamics for n-alkanes is, thus, the subject of Chapter 5.  
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Chapter 5  
 

Effects of Zeolite Pore and Cage Topology on Thermodynamics 

of n-Alkane Adsorption at Brønsted Protons in Zeolites at High 

Temperature 
 

This work was performed in collaboration with Bess Vlaisavljevich, Li-Chiang Lin, Berend Smit, and 

Alexis T. Bell, who have approved its inclusion in this dissertation. 

 

 

5.1 Abstract 
 

The effects of cavity size, channel diameter and channel shape on adsorption 

thermodynamics for n-alkanes adsorbed at Brønsted protons in zeolites and zeotypes at 

temperatures of C-C cracking catalysis are investigated using Monte Carlo simulations for one-

dimensional frameworks. In zeolites without cages, the enthalpy and entropy of adsorption 

(∆Hads-H+ and ∆Sads-H+) at fixed pore limiting diameter (PLD) increase with decreasing ratio of 

the minimum to maximum channel diameter and are most negative when this ratio equals 1 

(corresponding to circular channels). For PLDs of 6-8 Å, the favorable entropy in oval shaped 

pores causes the free energy of n-alkanes to be lower in these environments relative to circular 

pores. The addition of cages at fixed PLD decreases the magnitudes of ∆Hads-H+ and ∆Sads-H+. 

When the PLD is similar in size to the alkane length, replacing straight channels with cages of 

the same diameter does not change ∆Sads-H+ significantly, but lowers ∆Hads-H+ and the free energy 

due to the greater surface area in tangential contact with the alkane. In zeolites without cages, the 

selectivity to adsorption via a central C-C bond vs. a terminal bond exhibits a minimum with 

respect to PLD near the length of the alkane. The selectivity to central C-C adsorption in zeolites 

with cages exhibits a minimum with respect to cage size, occurring at a characteristic diameter 

larger than that for zeolites without cages. This result is attributed to the curvature of the cages, 

which better stabilize configurations in which a terminal C-C bond contacts the cage wall.  

 

5.2 Introduction 
 

Zeolites are indispensable to the petrochemical industry due to shape selective properties 

that originate from the fits of different reactants, transition states and products within the zeolite 

voids.1,4-6 The relative strength of adsorption of alkanes—the sizes of which are on the order of 

zeolite pore diameters—influences rates and selectivities in catalysis and separations 

applications.209 Thus, many experimental and computational studies have been aimed at 

elucidating the effects of zeolite topology on the thermodynamics and kinetics of hydrocarbon 

adsorption.210-214 In the present discussion we will focus on adsorption thermodynamics at low 

coverage (i.e., the Henry regime), which have been shown to predict product distributions for 

processes such as hydrocracking even in cases where diffusion prevents full equilibration of 

adsorbates with the gas phase.42,214,215  

Many studies have focused on measuring31-33 or computing34-38 thermodynamic 

adsorption parameters and Henry constants for alkanes adsorbed in zeolites at low coverage and 

then interpreting the results based on a qualitative assessment of the level of confinement of the 



 

 

81  

 

pores. Higher (i.e., more negative) enthalpies and entropies of adsorption are generally 

associated with more confining features such as smaller pores (e.g., TON, which has 10-MR 

straight channels), and lower enthalpies and entropies of adsorption are associated with larger 

channels or cages (e.g., MOR and FAU, which possess 12-MR channels and—for FAU—large 

cages). Some authors have also used Monte Carlo simulations34-38,136 to investigate the 

conformational changes that occur upon adsorption into different pore environments. Other 

studies have attempted to correlate descriptors of zeolite topology, such as pore diameter or cage 

size, with the adsorption enthalpy or entropy. Bates et al.38 observed that the heat of adsorption 

of n-alkanes at 298 K, determined using CBMC simulations, decreased with an increase in the 

mean pore diameter for MFI, MOR, FAU, RHO, LTA, and FER. These authors also found that 

for small-pore zeolites with cages (RHO and LTA), the alkanes are located primarily in the cages 

and, therefore, the cage diameter is a better descriptor of the pore size for such zeolites. Eder and 

Lercher39 have reported that the heat of adsorption measured for alkane adsorption at ~340 K in 

FER, TON, MFI, MOR, KFI and FAU generally decreased with an increase in average pore 

diameter or with a decrease in the framework density, which is correlated with pore diameter. 

Similar findings have been reported by Savitz et al.40 and by Gribov et al.41 

 Later studies attempted to isolate effects of cage and channel dimensions on adsorption 

rather than using average pore diameter as the only topological descriptor. Several authors42-44 

have used CBMC simulations to simulate alkane adsorption in zeolites at ~600 K and have 

reported that when the diameter of the channels (termed “windows”) between cages is 

commensurate with the diameter of an n-alkane (~4.3 Å), alkanes that are short enough to fit 

within a single cage adsorb preferentially. Adsorption of longer alkanes is disfavored because 

repulsive interactions with the windows prevent the partial adsorption of the alkane within a 

cage. Zeolites with larger channel diameters were less prone to such effects42,44 because of 

attractive interactions between the alkane and the windows. Denayer et al.46,47 have investigated 

the effects of cage size on alkane adsorption at 420-540 K. These authors found that when the 

radius of gyration of an n-alkane (about an axis perpendicular to the C-C backbone) exceeded the 

radius of the cage and the radius of a corresponding branched isomer was smaller than that of the 

cage, adsorption of the branched isomer was favored over the linear isomer. When the branched 

isomer fit closely within the contours of a cage (i.e., isobutane in MWW), this isomer was also 

adsorbed preferentially over the linear isomer even if the linear isomer was short enough to 

rotate freely within the cage. These results were attributed to the higher entropy possible for 

alkanes that can rotate freely, and to optimal enthalpic interactions when the shape traced by a 

rotating alkane matches the shape of the cage. Computational results reported by Gounaris et 

al.48,49 also calculated “molecular footprints” for different molecules and found that the shape of 

the footprint relative to the shape the zeolite pore openings was a better predictor of admittance 

of the molecule into the pores than was the averaged diameter of the molecule relative to that of 

the pores. The above studies show that different topological features (e.g., channel size, cage 

size) have different effects on adsorption, and that the shape, as well as the size, of a zeolite 

channel or cage impacts adsorption thermodynamics. 

From the above discussion it can be seen that there has been much interpretation of the 

effects of zeolite topology on alkane adsorption, although the use of quantifiable descriptors of 

pore topology is limited, possibly because it is difficult to define meaningful descriptors (e.g. 

“average” pore diameter for zeolites with elliptical channels or cages), and it is difficult to 

control the value of a single descriptor in isolation; comparisons are usually made between 

zeolites that differ in more than one characteristic (e.g., connectivity, channel diameter, cage 
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size). An understanding of how quantifiable topological features influence adsorption would 

facilitate the rational design of sieves for a given application. It is also noted that most of the 

studies mentioned above have investigated the non-specific adsorption of alkane anywhere 

within the zeolite pores rather than at active sites. Because zeolites are used in a wide variety of 

catalytic applications, it is also pertinent to consider specifically those configurations in which 

alkanes are adsorbed at Brønsted protons. As demonstrated in Chapters 3 and 4, thermodynamic 

data for adsorption directly at protons at high temperature (> 623 K)29,216 is instrumental for 

interpreting measured activation barriers in the monomolecular cracking and dehydrogenation of 

alkanes, probe reactions that are useful for characterizing the effects of zeolite structure on 

reaction kinetics.  

In this work we systematically investigate the effects of channel diameter, channel axis 

shape (circular vs. oval), and cage diameter on the thermodynamics of adsorption of the linear 

alkanes propane through n-hexane from the gas phase onto zeolite protons. We focus our 

attention on n-butane adsorption within one-dimensional frameworks included in the database of 

the International Zeolite Association (IZA) and analyze the effects of changes in each descriptor 

on enthalpy, entropy and free energy. In addition, we characterize the influence of topology on 

the probability of adsorption via a central or terminal C-C bond, which affects the selectivity of 

monomolecular cracking.83 We then compare results for the one-dimensional zeolites to some 

commonly used zeolites and to other multidimensional zeolites of the IZA database.  

 

5.3 Methods 
 

We have used our recently developed approach, described in Section 4.4.2 (p 58; ref 

216), for computing the enthalpy and entropy changes for adsorption of alkane molecules from 

the gas phase onto Brønsted protons (∆Hads-H+, ∆Sads-H+). The Widom particle insertion 

method182 was used to perform CBMC simulations to calculate the Henry coefficient (KH) and 

the enthalpy of adsorption (ΔHads) for alkanes moving from the gas phase into the zeolite.29,83,155 

Regions of the zeolite that are inaccessible to methane were first identified using Zeo++.180 

When an insertion of an alkane occurs within the inaccessible region, the energy of the insertion 

is set equal to positive infinity, which effectively excludes the configuration. The values of ΔHads 

and KH, therefore, correspond to ensemble averages for adsorption anywhere within the 

accessible pore space. 

A subset of these insertions result in configurations in which the alkane molecule is in a 

reactant state, defined as any configuration in which a C-C bond j is located within 5 Å of an Al 

atom at T-site i.83 A domain decomposition was performed to determine adsorption enthalpies 

and Henry coefficients for this subset of configurations (∆Hads-H+(i,j) and KH-H+(i,j)) by assigning 

each insertion to the reactant or non-reactant state. The internal energy change of adsorption 

(∆Uads-H+(i,j)) was then computed directly from the ensemble-averaged energies of molecules in 

the reactant state and ∆Hads-H+(i,j) was calculated from the equation ∆Hads-H+(i,j) = ∆Uads-H+(i,j) - 

RT. The entropy of adsorption was obtained from the equation,29  

 

( 5.3-1 )      ΔSads-H+(i,j) = Rln [
RT

VH+nH+

KH-H+(i,j)]  + 
ΔUads-H+(i,j)

T
, 

 

where nH+ is the moles of protons per kg of zeolite and VH+ is the volume contained in one mole 

of reactant state spheres of radius 5 Å. The Henry coefficient for adsorption of alkanes in a 
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reactant state, KH-H+(i,j), is related to the dimensionless thermodynamic equilibrium constant for 

adsorption to the reactant state, Kads-H+(i,j), according to 

 

( 5.3-2 )      
RT

VH+nH+

KH-H+(i,j) ≡ Kads-H+(i,j) = exp (-
∆Aads-H+(i,j)

RT
) , 

 

where ∆Aads-H+ is the Helmholtz free energy of adsorption (see Appendices B.1-B.2; pp 135-

136). Only zeolites for which the Helmholtz free energy was less than +10 for at least one of the 

four alkanes investigated were used to analyze effects of pore topology because these 

frameworks are most likely to find practical use. 

The values of ΔHads-H+ and ΔSads-H+ were calculated at 773 K, using the methodology 

described above, for 134 zeolites contained in the IZA database that were found to be accessible 

to methane. One Al atom was included per unit cell in each framework. Several million 

insertions were carried out to ensure statistically accurate ensemble averages. For zeolites with 

more than one T-site symmetry, simulations were performed for each T-site i. The expected 

values of ΔHads-H+(j) and ΔSads-H+(j) corresponding to a random distribution of Al were taken as 

the Boltzmann averages over all T-sites. The expected values of ΔHads-H+ and ΔSads-H+ for a given 

alkane were taken as the Boltzmann averages of ΔHads-H+(j) and ΔSads-H+(j) over all C-C bonds j. 

 

5.4 Results and Discussion 
 

5.4.1 Effects of Channel Diameter and Shape for Zeolites that Lack Cages 

We begin our discussion by analyzing the effects of channel diameter on adsorption 

thermodynamics in one-dimensional (1D) zeolites that lack cages and possess only straight 

channels. Zeolites with channels that trace curved or sinusoidal paths have been omitted because 

of their small number in the database and because previous studies have demonstrated that the 

shape of the channel path influences adsorption behavior.34-36,173,194,217 We will demonstrate 

below that the shape of the cross section (e.g. circular, ellipsoidal) also influences adsorption 

thermodynamics. 

Illustrations of cross sections of zeolite channels viewed perpendicular to the center axis 

are shown in Figure 5.4.1-1. Figure 5.4.1-1a represents a channel with circular channels. Two 

diameters are drawn perpendicularly to one another and have the same length. Figure 5.4.1-1b 

shows an oval shaped channel for which the vertical diameter is equal to that of the circular 

channel, while the horizontal diameter is longer. For noncircular channels, the average diameter 

does not accurately reflect either diameter, although it is common practice to average the two 

diameters or choose one of them and correlate this value with measured adsorption 

properties.38-41 

 

 
Figure 5.4.1-1. Representation of the cross sections of (a) circular and (b) ovoid channels in zeolites with the same pore 

limiting diameter (PLD). For the circular cross sections, the perpendicular arrows, which represent diameters equal to the 

PLD, are equal in length, while for the ovoid cross section the horizontal arrow is larger than the vertical arrow. 

 

 

a            b 
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In order to take into account both the size and shape of the channels we have chosen to 

describe channel dimensions using the pore limiting diameter (PLD) defined by First et al.,30 and 

the ratio of the minimum to maximum pore widths (which we define as the channel diameter 

ratio) reported in the IZA database. The PLD defines the maximum diameter of a sphere than can 

freely traverse the channels, while for straight channels the diameter ratio indicates how much 

extra space is available to adsorbates in a direction perpendicular to the smaller diameter. An 

oval-shaped pore, at constant PLD, has a larger maximum diameter than a pore with a circular 

cross section with the same PLD, as shown in Figure 5.4.1-1. 

The framework types and material names of zeolites and zeotypes that have one-

dimensional channel systems are listed in Table 5.4.1-1. Included for each zeolite are the number 

of T-atoms that comprise the zeolite channel perimeter, the PLD, channel diameters and ratio of 

diameters. With the exception of the PLD, these properties were taken from the IZA database. 

We note that the value of the PLD does not always lie within the range of the channel diameters, 

likely as a result of the different methodology used to obtain the different dimensions. However, 

the ratio of the diameters is determined using IZA data only, and therefore should be less 

sensitive to methodology than are the pore diameters and PLD. Two of the zeolites (MOR and 

ETR) also have 8-MR side pockets. However, the smaller diameter of these pockets is ~2.5 Å 

and, consequently, the pockets are virtually unexplored by n-alkanes at 773 K.198  

 
Table 5.4.1-1. IZA framework types and material names (in parentheses), pore limiting diameter (PLD), channel 

diameters and ratio of channel diameters for one-dimensional zeolites.  

framework type 
and material name 

channel ring 
size (T-atoms) 

PLDb 
(Å) 

channel 
diametersc (Å) 

channel diameter 
ratioc (Å) 

AEL (AlPO-11) 10 5.3 4.0 × 6.5 0.62 

AET (AlPO-8) 14 8.2 7.9 × 8.7 0.91 

AFI (AlPO-5) 12 8.1 7.3 × 7.3 1.00 

AFO (AlPO-41) 10 5.6 4.1 × 5.3 0.77 

ATO (AlPO-31) 12 6.1 5.4 × 5.4 1.00 

ATS (MAPO-36) 12 7.3 6.5 × 7.5 0.87 

CAN (Cancrinite) 12 6.6 5.9 × 5.9 1.00 

DON (UTD-1F) 14 8.7 8.1 × 8.2 0.99 

ETR (ECR-34)a 18a 10.0 10.1 × 10.1 1.00 

IFR (ITQ-4) 12 6.3 6.2 × 7.2 0.86 

MOR (Mordenite)a 12a 6.5 6.5 × 7.0 0.93 

MRE (ZSM-48) 10 6.2 5.6 × 5.6 1.00 

MTT (ZSM-23) 10 5.7 4.5 × 5.2 0.87 

MTW (ZSM-12) 12 6.3 5.6 × 6.0 0.93 

OSI (UiO-6) 12 6.9 5.2 × 6.0 0.87 

SFE (SSZ-48) 12 6.5 5.4 × 7.6 0.71 

SFH (SSZ-53) 14 7.6 6.4 × 8.7 0.74 

SFN (SSZ-59) 14 7.3 6.2 × 8.5 0.73 

SSY (SSZ-60) 12 6.6 5.0 × 7.6 0.66 

STO (SSZ-31 polymorph I) 12 6.7 5.7 × 8.6 0.66 

TON (ZSM-22) 10 5.7 4.6 × 5.7 0.81 

VET (VPI-8) 12 6.6 5.9 × 5.9 1.00 

VFI (VPI-5) 18 12.0 12.7 × 12.7 1.00 
aETR and MOR also contain 8-MR side pockets ~2.5 Å along the shorter dimension that are essentially inaccessible at 773 

K.198  bPore limiting diameter (PLD) calculated by First et al.30  cChannel diameters taken from IZA database, and ratio of 

minimum to maximum diameter. 
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Plots of the enthalpy and entropy of adsorption for n-butane at 773 K vs. PLD are 

presented in Figures 5.4.1-2a and 5.4.1-2b. The color of the points indicates the channel diameter 

ratio. Triangles correspond to zeolites without side pockets and diamonds are used to represent 

MOR and ETR, which have 8-MR side pockets. To facilitate identification of data points 

corresponding to individual zeolites, the data for all plots in this section are also included in 

Table 5.4.1-2. It can be seen from the figure that as the PLD increases, the enthalpy and entropy 

of adsorption increase (i.e., become less negative) for a fixed channel diameter ratio, consistent 

with previous conclusions that, in general, the enthalpy of adsorption decreases with a decrease 

in pore diameter as van der Waals interactions between the alkane and zeolite increase. 

It can also be seen that at a fixed value for the PLD, the ∆Hads-H+ increases as the channel 

diameter decreases (i.e., as the longer of the two diameters shown in Figure 5.4.1-1b becomes 

larger). Similarly, the value of ∆Sads-H+ at fixed PLD is lowest (most negative) for zeolites with 

circular pore cross sections (diameter ratio equal to 1) and is less negative for zeolites with oval 

pore cross sections (diameter ratio less than 1), although the change in ∆Sads-H+ with diameter 

ratio is more irregular than for ∆Hads-H+. The latter finding may be a consequence of the different 

cross sectional shapes that are possible at fixed diameter ratio; not all ovoid pores of a given 

diameter ratio and PLD have precisely the same cross sectional shape. 

 
a 

 

b 

 
Figure 5.4.1-2. (a) Enthalpy of adsorption and (b) entropy of adsorption for n-butane adsorbed in a reactant state in one-

dimensional zeolites vs. the pore limiting diameter (PLD). Diamonds correspond to zeolites with 8-MR side pockets while 

triangles correspond to zeolites with no pockets. The color bar indicates the ratio of the minimum to maximum channel 

width given in Table 5.4.1-2. 

 

The observed effects of the diameter ratio can be rationalized based on the degree of 

confinement of the alkane along the direction of the arrows shown in Figure 5.4.1-1 and by 

comparing adsorption within circular pores and oval pores to adsorption within the simplified 

geometries of a cylinder and a slot. Derouane and coworkers195,218 and Schmeits and Lucas219 

have performed calculations of the dispersion energy of adsorbates confined within such 

geometries and have shown that the energy of adsorption is greater for a cylinder of radius r than 

for a slot of half width r. We note that a diameter ratio of 0 at fixed PLD corresponds to 

adsorption in a slot of width PLD. In such an environment a molecule in a reactant state is 

confined in only one dimension and can rotate freely in two dimensions. When the diameter ratio 

equals 1, the pore approximates a cylinder of radius PLD and the alkane can rotate freely about 

one axis. 
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Table 5.4.1-2. Thermodynamic quantities obtained using CBMC simulations for adsorption of n-butane at 773 K in one-

dimensional zeolites listed in order of increasing PLD. 

framework 
type 

PLDa 
(Å) 

diameter 
ratioa (Å) 

∆Hads-H+
b 

(kJ mol-1) 
∆Sads-H+

b 
(J mol-1 K-1) 

∆Aads-H+
b 

(kJ mol-1) 

Kads-H+(j=2)
c

Kads-H+(j=1)
 

∆(∆Hads-H+)d 
(kJ mol-1) 

∆(∆Sads-H+)d 
(J mol-1 K-1) 

AEL 5.3 0.62 -50.8 -71.0 10.5 0.91 0.1 -0.6 

AFO 5.6 0.77 -51.7 -67.0 6.6 0.95 0.0 -0.5 

TON 5.7 0.81 -56.1 -74.1 7.6 0.98 0.4 0.4 

MTT 5.7 0.87 -50.2 -67.3 8.2 0.93 0.6 0.1 

ATO 6.1 1.00 -53.7 -67.5 4.9 0.92 1.4 1.1 

MRE 6.2 1.00 -54.0 -67.1 4.3 0.97 0.5 0.4 

IFR 6.3 0.86 -45.4 -48.6 -1.3 0.82 0.1 -1.5 

MTW 6.3 0.93 -47.8 -55.1 1.3 0.96 0.2 0.0 

SFE 6.5 0.71 -41.5 -50.7 4.1 0.84 0.4 -1.0 

MOR 6.5 0.93 -43.0 -54.8 5.8 0.77 0.4 -1.7 

SSY 6.6 0.66 -41.0 -52.7 6.2 0.71 0.5 -2.1 

CAN 6.6 1.00 -50.9 -64.4 5.4 0.92 0.9 0.4 

VET 6.6 1.00 -48.1 -62.1 6.2 0.85 0.6 -0.5 

STO 6.7 0.66 -44.3 -50.6 1.2 0.89 0.2 -0.7 

OSI 6.9 0.87 -44.6 -56.4 5.4 0.79 0.5 -1.3 

SFN 7.3 0.73 -37.2 -43.7 3.0 0.86 0.0 -1.3 

ATS 7.3 0.87 -40.5 -49.1 3.9 0.74 0.4 -2.0 

SFH 7.6 0.74 -37.1 -48.7 7.0 0.71 0.2 -2.6 

AFI 8.1 1.00 -39.1 -49.3 5.4 0.67 0.3 -2.9 

AET 8.2 0.91 -34.6 -50.2 10.6 0.69 0.2 -2.8 

DON 8.7 0.99 -34.7 -48.8 9.5 0.70 0.2 -2.7 

ETR 10.0 1.00 -28.8 -40.8 9.2 0.85 -0.2 -1.6 

VFI 12.0 1.00 -26.1 -36.3 8.4 0.89 -0.1 -1.1 
aPore limiting diameter (PLD) and channel diameter ratio taken from Table 5.4.1-1.  bQuantities correspond to Boltzmann 

averages over all bonds j as described in Section 5.3.  cRatios of equilibrium constant for adsorption through a central (j=2) 

bond to that for a terminal bond (j=1).  dDifferences in enthalpy and entropy for formation of a central cracking reactant state 

versus a terminal cracking reactant state. 

 

At constant PLD, provided the molecule is located at the center of the pore, channels with 

lower diameter ratios can be thought of as more slot-like than channels with diameter ratios 

closer to 1, which more closely approximate a cylinder.219 The assumption that molecules reside 

at the pore center seems reasonable, since at elevated temperatures alkanes interact less closely 

with the channel walls183 and avoid more confining spaces relative to ambient temperature.29,198 

Thus, at fixed PLD the van der Waals interactions between the pore wall and the alkane, as well 

as the spatial confinement, should be weaker in an oval shaped pore relative to a circular pore of 

the same PLD. Consequently, the magnitudes for ∆Hads-H+ and ∆Sads-H+ should be lower for oval 

shaped pores, as is observed in Figure 5.4.1-2. 

Having addressed the effects of PLD and diameter ratio on the enthalpy and entropy of 

adsorption, we next discuss the impact of these descriptors on the Helmholtz free energy of 

adsorption (equal to ∆Hads-H+ - T∆Sads-H+ + RT).44,83 Figure 5.4.1-3 shows a plot of ∆Aads-H+ vs. 

PLD, with the data points again colored according to the diameter ratio. Because the overall 

trends in ∆Sads-H+ and ∆Hads-H+ with respect to PLD and diameter ratio are qualitatively similar, 

and because at 773 K the entropy contributes significantly to the free energy, the values of 

∆Aads-H+  fall within a narrow range (~13 kJ mol-1) compared to ∆Hads-H+ (~40 kJ mol-1) in Figure 

5.4.1-2a. The range for ∆Aads-H+ is even narrower for zeolites of similar diameter ratio, consistent 

with the observation of Ryde84 that strong compensation between entropy and enthalpy is 

expected for a homologous series of adsorbents or adsorbates. Enthalpy-entropy compensation 
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poses a problem for the rational design of catalysts that are exploited for their shape-specificity, 

in particular for enzyme catalysis.85,203 We will discuss subsequently how the simultaneous 

tuning of multiple structural parameters can be used to tailor the free energy. 

It can be seen from Figure 5.4.1-3 that the five most favorable values of ∆Aads-H+ 

(corresponding to IFR, MTW, STO, SFN, and ATS) fall between PLDs of 6-8 Å and correspond 

to diameter ratios of less than 1. By examining Figure 5.4.1-2, it can be seen that in this range for 

the PLD, ∆Hads-H+ decreases with decreasing PLD, while ∆Sads-H+ for several of the zeolites—

specifically the five abovementioned frameworks—with diameter ratio < 1 remains similar or 

decreases less strongly with decreasing PLD between 6-8 Å than for other zeolites in this range, 

causing ∆Aads-H+ to be lower for these five zeolites. This observation suggests that, although 

∆Aads-H+ changes relatively weakly among homologous structures (i.e., those that differ only in 

PLD or in diameter ratio), the compensatory effects of changing one parameter at a time (e.g. 

PLD) can be partly eliminated by simultaneously changing another parameter (e.g., diameter 

ratio), a possibility that is best illustrated by examining a plot of ∆Sads-H+ vs. ∆Hads-H+.  

 

 
Figure 5.4.1-3. Helmholtz energy of adsorption for n-butane adsorbed in a reactant state in one-dimensional zeolites vs. 

the pore limiting diameter (PLD). Diamonds correspond to zeolites with 8-MR side pockets while triangles correspond to 

zeolites with no pockets. The color bar indicates the ratio of the minimum to maximum channel width given in Table 

5.4.1-2. 

 

To identify zeolites that differ significantly in free energy as well as the structural 

features that lead to such differences, it is useful to identify sets of zeolites that exhibit similar 

values for ∆Sads-H+ (or ∆Hads-H+) but a significant spread in ∆Hads-H+ (or ∆Sads-H+). Plots of 

∆Sads-H+ vs. ∆Hads-H+ are shown in Figure 5.4.1-4. In Figure 5.4.1-4a, the data are colored 

according to diameter ratio and in Figure 5.4.1-4b they are colored according to PLD. It can be 

seen that eight zeolites (IFR, SFE, STO, ATS, SFH, AFI, AET, DON) have values of ∆Sads-H 

equal to ~-49.5 J mol-1 K-1 while ∆Hads-H for the same zeolites ranges from -45.4 to -34.6 

kJ mol-1. Figure 5.4.1-2b and Table 5.4.1-2 show that these zeolites have PLDs of 6.3-8.7 Å and 

diameter ratios of 0.66-1.00. Figure 5.4.1-4b shows that in moving from less negative to more 

negative ∆Hads-H+, the PLD generally decreases, while ∆Sads-H+ as noted above is nearly 

invariant. Figure 5.4.1-4a shows that in moving from less negative to more negative ∆Hads-H+, the 

diameter ratio is also decreasing, on average; zeolites with larger PLDs have larger diameter 

ratios on average, and the zeolites with smaller PLDs have smaller ratios on average. These 

results show that the entropic “penalty” on ∆Aads-H+ of a decrease in pore diameter for zeolites 

with circular channels in this PLD range can be partly offset by an increase in the channel width 
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in one direction (i.e., a decrease in the channel diameter ratio). Decreasing the PLD decreases 

∆Hads-H+, and the resulting increase in confinement in the direction of the shorter diameter 

(Figure 5.4.1-1b) can be offset be increasing the longer diameter. The alkane thereby gains 

freedom of movement in the direction of the longer diameter, but the pore width in this direction 

is still narrow enough avoid a net loss of enthalpic stabilization.  

Another set of zeolites (AFO MTT, ATO, MRE) having similar values of ∆Sads-H appears 

at ∆Sads-H ~-67.2 J mol-1 K-1, with ∆Hads-H ranging from -54.0 to -51.7 kJ mol-1. For this group, 

the PLD ranges from 5.6-6.2 Å and the diameter ratio ranges from 0.77 to 1.00. Figure 5.4.1-4b 

shows that, by contrast to the zeolites discussed above for which the PLD is 6.3-8.7 Å, the value 

of ∆Hads-H becomes less negative as the PLD and channel diameter decrease. This suggests that 

repulsive interactions contribute increasingly to ∆Hads-H+ as the PLD decreases from 6.2 to 5.6 Å. 

This interpretation is consistent with previous conclusions that channels of diameter < 4.7 Å 

(based on IZA topological data) cause some repulsive interactions with adsorbed n-alkanes in 

zeolites with cages.44 Table 5.4.1-1 shows that the two zeolites with the smallest PLD in this set 

(MTT and AFO) possess one channel width that is less than 4.7 Å based on IZA tabulated data. 

The similarity of ∆Sads-H for these four zeolites (~-67.2 J mol-1 K-1) is consistent with the 

offsetting effects on ∆Sads-H of concurrent decreases in PLD and diameter ratio, discussed above. 

 
a 

 

b 

 
Figure 5.4.1-4. Entropy of adsorption vs. enthalpy of adsorption for n-butane in a reactant state in one-dimensional 

zeolites lacking cages at 773 K. Triangles correspond to zeolites with no side pockets and diamonds to zeolites with 

narrow, essentially inaccessible 8-MR side pockets.  

 

 Thus far our discussion has centered on the thermodynamics of adsorption for the 

n-butane molecule as a whole, Boltzmann averaged over the three C-C bonds j=1,2 (j=1 for 

terminal bonds, j=2 for the central bond). A molecule in a reactant state, however, interacts with 

the Brønsted proton specifically through a terminal or central C-C bond, and therefore different 

sets of thermodynamic parameters can be calculated for each bond (see Section 5.3) and used to 

predict the selectivity to activation of different C-C bonds. The ratio of the equilibrium constant 

for adsorption to form different C-C reactant states determines the adsorption contribution to 

observed selectivity differences between zeolites in monomolecular cracking and 

dehydrogenation. Recent studies of the effects of the zeolite structure and active site distribution 

on these processes can be found in Chapters 2 and 4, and elsewhere.65,80,147,216 

The ratio of the equilibrium constant for the adsorption of n-butane to form a central 

cracking reactant state relative to that for forming a terminal cracking reactant state at 773 K was 

calculated using Equation 5.3-2 and is plotted versus PLD in Figure 5.4.1-5. The figure shows 
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that as PLD increases, the selectivity to formation of a central cracking reactant state decreases 

until the PLD reaches ~8 Å and then increases with increasing PLD between 8 and ~12 Å. To 

interpret the reasons for this pattern, plots of the differences in enthalpy and entropy for 

formation of a central cracking reactant state vs. a terminal cracking reactant state (∆(∆Hads-H+) 

and ∆(∆Sads-H+)) are shown in Figures 5.4.1-6a and 5.4.1-6b, respectively. For zeolites having 

diameter ratios of ~1, ∆(∆Hads-H+) becomes more negative as PLD decreases. For zeolites with 

oval shaped pores, there is no discernable trend in ∆(∆Hads-H+) with respect to PLD, but at a fixed 

PLD it is generally more enthalpically favorable to form a central cracking reactant state relative 

to zeolites having circular pores. Therefore, the decreasing value of Kads-H+(j=2)/Kads-H+(j=1) is 

dominated by the change in ∆(∆Sads-H+), as can be seen from Figure 5.4.1-6b. This figure shows 

that the entropy of adsorption to form a central cracking reactant state becomes less favorable 

relative to a terminal cracking with increasing PLD up to ~8 Å, and then becomes increasingly 

favorable again for larger PLDs. 

 

 
Figure 5.4.1-5. Ratio of equilibrium constant for adsorption of n-butane to a central cracking reactant state to that for 

forming a terminal cracking reactant state for n-butane adsorbed in 1D zeolites without cages at 773 K. 

 
a 

 

b 

 
Figure 5.4.1-6. Difference in (a) enthalpy and (b) entropy change of adsorption for n-butane in a reactant state in 1D 

zeolites without cages at 773 K. 

 

The influences of PLD and diameter ratio on ∆(∆Sads-H) seen in Figure 5.4.1-6b are also 

consistent with the greater rotational entropy expected in larger pores. As the PLD increases (or 

as the diameter ratio decreases for fixed PLD), n-butane should have more freedom to rotate 
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about an axis perpendicular to the carbon backbone. This rotation should result in more 

activation of terminal bonds versus central bonds, since the former are more likely to come into 

contact with the pore walls if the molecule is able to rotate as described. During such rotation, 

the molecule can also maintain tangential contact with the channel walls,46,47 reducing the loss in 

enthalpic stabilization that would otherwise occur when orienting perpendicularly to the channel 

surface. The somewhat more enthalpically favorable formation of a central cracking reactant 

state for zeolites with PLD values < 1 evident in Figure 5.4.1-6a is consistent with the 

contribution of configurations in which the molecule is located close to the more highly curved 

part of the pore (the pore wall opposite the shorter arrow shown in Figure 5.4.1-1b), which 

would be contacted by terminal bonds in a more tangential orientation, as discussed above.  

When the PLD becomes larger than the length of n-butane (about 8 Å),46 the molecule 

can no longer rotate freely without losing tangential contact with part of the pore wall. With 

further increases in PLD, the molecule should therefore increasingly prefer to orient parallel to 

the channels, which increases the probability that a central C-C bond contacts the proton, and 

therefore the values of ∆(∆Sads-H) and Kads-H+(j=2)/Kads-H+(j=1). In addition, the equilibrium 

distance of the molecule from a cylindrical pore wall is expected to decrease as the curvature of 

the channel wall decreases (i.e., as the radius of the pore increases),195,218 which would favor 

central C-C adsorption and contribute to further increases in ∆(∆Sads-H) for PLD values larger 

than ~8 Å. The above interpretations are consistent with the observation that the PLDs at which 

the minimum values in Kads-H+(j=2)/Kads-H+(j=1) and ∆(∆Sads-H) occur are larger for n-pentane 

and n-hexane than for n-butane (see Figures D.1-6 and D.1-7, pp 171-172).  

 

5.4.2 Effects of Cage Size for Zeolites Having Circular Channel Openings 

In this section the influence of cages on the thermodynamics of n-butane adsorption is 

investigated. To do so systematically, the effects of the addition of cages to straight channels is 

examined while holding other parameters fixed. This analysis is limited to one-dimensional 

zeolites that have diameter ratios of ~1 (0.95-1.00), given the influence that this ratio has on 

thermodynamics (see Section 5.4.1). First, the effects of replacing cylindrical channel space of a 

fixed PLD with cages of a larger diameter than the PLD are characterized. The diameter of the 

cage corresponds to the largest cavity diameter (LCD). A simplified illustration of the 

topological differences between zeolites with and without cages for such a comparison is given 

in Figure 5.4.2-1a. Next, zeolites with and without cages are compared at constant LCD. The 

LCD and PLD are the same for zeolites that lack cages, and for zeolites that have cages, the LCD 

is larger than the PLD. The topological differences between zeolites with and without cages at 

fixed LCD are illustrated in Figure 5.4.2-1b. The effects of changing the PLD and LCD are also 

examined.  
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Figure 5.4.2-1. Representations of the pore topology of one-dimensional zeolites with (left) and without (right) cages and 

having (a) the same PLD or (b) the same LCD. In (a) the dashed lines connect channels of equal size in different zeolites 

and in (b) the dashed lines connect a channel in one zeolite having the same diameter as a cage in another zeolite. 

 
Table 5.4.2-1. IZA framework types and material names (in parentheses), pore limiting diameter (PLD), channel 

diameters and ratio of channel diameters, largest cavity diameter (LCD) and percent of pore volume in the cages. 

framework type  
and material name 

 channel properties  cage properties 

ring size 
(T-atoms) 

PLDb 
(Å) 

diametersc 
(Å) 

diameter 
ratioc (Å) 

LCDb 
(Å) 

percent of 
pore volumeb 

AFI (AlPO-5)  12 8.1 7.3 × 7.3 1.00  8.1 0 

ATO (AlPO-31)  12 6.1 5.4 × 5.4 1.00  6.1 0 

AWW (AlPO-22)  8 4.8 3.9 × 3.9 1.00  8.1 78 

BOF (UCSB-15GaGe)  10 4.3 5.2 × 5.4 0.96  6.2 86 

CAN (Cancrinite)  12 6.6 5.9 × 5.9 1.00  6.6 0 

DON (UTD-1F)  14 8.7 8.1 × 8.2 0.99  8.7 0 

ETR (ECR-34)   18a 10.0 10.1 × 10.1 1.00  10.0 0 

LTL (Linde type L)  12 8.1 7.1 × 7.1 1.00  10.7 47 

MRE (ZSM-48)  10 6.2 5.6 × 5.6 1.00  6.2 0 

SAS (STA-6)  8 4.9 4.2 × 4.2 1.00  9.6 77 

SFF (SSZ-44)  10 5.9 5.4 × 5.7 0.95  8.2 77 

STF (SSZ-35)  10 6.0 5.4 × 5.7 0.95  8.3 85 

VET (VPI-8)  12 6.6 5.9 × 5.9 1.00  6.6 0 

VFI (VPI-5)  18 12.0 12.7 × 12.7 1.00  12.0 0 
aETR also contains 8-MR side pockets ~2.5 Å along the shorter dimension that are essentially inaccessible at 773 K.198  bPore 

limiting diameter (PLD), largest cavity diameter (LCD), and percent of pore volume in accessible cages calculated by First et 

al.30  cChannel diameters taken from IZA database, and ratio of minimum to maximum diameter.  

 

 We will discuss the results of CBMC simulations for zeolites with cages in the same 

order as in Section 5.4.1. Topological descriptors for the zeolites analyzed in this section are 

given in Table 5.4.2-1 and results of all CBMC calculations are tabulated in Table 5.4.2-2. The 

effects of adding cages to straight channels at fixed PLD (Figure 5.4.2-1a) can be observed by 

comparing triangular data points (corresponding to zeolites with no cages) and circular data 

points (corresponding to zeolites with cages) of the same color in Figure 5.4.2-2, which shows 

plots of ∆Hads-H+ vs. LCD and ∆Sads-H+ vs. LCD. Two such sets can be seen on the plot. One set 

corresponds to PLD ~6.1 Å and LCD ~8.3 Å (triangles: ATO, MRE; circles: SFF, STF) and is 

represented with medium blue data points. The second set corresponds to a PLD of 8.1 Å and an 

LCD of 10.7 Å (triangle: AFI; circle: LTL) and has green data points. It can be seen that for the 

first set, the addition of cages to the channels increases the enthalpy and—more strongly—the 

entropy of adsorption, which both become less negative. This observation is qualitatively in 

agreement with the expected reduction in confinement in moving from straight channels to cages 

that are larger in diameter. The larger change in entropy relative to enthalpy upon addition of 

 

a 

 

 

b 
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cages can be explained based on the rotational entropy gain, since the LCDs of SFF and STF (8.2 

and 8.3 Å) are very similar to the gyration diameter of n-butane (7.67 Å),46 while the PLD (~6.1 

Å) is smaller than this diameter. 

From the second set of data (shown by the green triangle and circle) it is evident that, by 

contrast to the zeolites with PLD ~6.1 Å, the increases in ∆Sads-H+ and ∆Hads-H+ upon introduction 

of cages of LCD 10.7 Å to channels of PLD 8.1 Å are very small. A possible reason for this 

result is that less rotational entropy is gained in moving from 8.1 Å channels (within AFI) to 10.7 

Å cages (within LTL), since 8.1 Å is about equal to the diameter of gyration for n-butane. In 

addition, the cage of LTL is not well represented by a 10.7 Å sphere, but more closely resembles 

a disc having dimensions of ~5.3×12.6 Å when projected on a plane that includes its center axis. 

The intersection of the cage with the channels forms an annular space220 of cross section 5.3×2.8 

Å normal to the direction of the cage perimeter. The annular space forms a “pocket” that can 

partially contain n-butane, which is ~4.3×8.3 Å,45 with the long dimension parallel to the 12.6 Å 

dimension of the disc-shaped cage. Locally this annular pocket is more confining and more 

highly curved than a 10.7 Å sphere, and should provide more enthalpic stabilization.218,219 

Detailed analysis of the configurations that n-butane adopts within LTL would shed light on the 

reasons for the weak effects of the cages on the observed values of ∆Sads-H+ and ∆Hads-H+. 

 
                  Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 

a 

 

b 

 
Figure 5.4.2-2. (a) Enthalpy of adsorption and (b) entropy of adsorption for n-butane in a reactant state in one-dimensional 

zeolites vs. the largest cavity diameter (LCD). The color bar indicates the pore limiting diameter (PLD) given in Table 

5.4.2-2.  
 

The effects of replacing straight channels of a given PLD with cages having an LCD 

equal to this PLD (moving from straight channels to cages in Figure 5.4.1-2b) can be seen by 

comparing data for zeolites with channels only (triangles) to data for zeolites with channels and 

cages (circles) at fixed LCD. Figure 5.4.2-2a shows that across all LCDs and PLDs, the enthalpy 

of adsorption is more negative for zeolites with cages than for zeolites without cages, with the 

exception of BOF (LCD 6.2 Å, PLD 4.3 Å). The latter observation can be ascribed to the 

contributions of repulsive interactions that are expected for n-alkanes adsorbed in zeolites with 

channel diameters < 4.7 Å,42-44 as noted in Section 5.4.1. In addition, the LCD of BOF is smaller 

than the length of n-butane (~8 Å), which means that the alkane cannot fit completely within a 

cage without adopting a coiled configuration,44 and cannot rotate freely.46 As a result, BOF has a 

more negative value for ∆Sads-H+ relative to the zeolites that have the same LCD but no cages 

(ATO, MRE). 
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Table 5.4.2-2. Thermodynamic quantities obtained using CBMC simulations for adsorption of n-butane at 773 K in one-

dimensional zeolites listed in order of increasing LCD. 

framework 
type 

LCDa 
(Å) 

PLDa 
(Å) 

∆Hads-H+
b 

(kJ mol-1) 
∆Sads-H+

b 
(J mol-1 K-1) 

∆Aads-H+
b 

(kJ mol-1) 

Kads-H+(j=2)
c

Kads-H+(j=1)
 

∆(∆Hads-H+)d 
(kJ mol-1) 

∆(∆Sads-H+)d 
(J mol-1 K-1) 

ATO 6.1 6.1 -53.7 -67.5 4.9 0.92 1.4 1.1 

BOF 6.2 4.3 -49.8 -72.6 12.7 1.04 -0.1 0.2 

MRE 6.2 6.2 -54.0 -67.1 4.3 0.97 0.5 0.4 

CAN 6.6 6.6 -50.9 -64.4 5.4 0.92 0.9 0.4 

VET 6.6 6.6 -48.1 -62.1 6.2 0.85 0.6 -0.5 

AWW 8.1 4.8 -51.2 -54.6 -2.6 0.67 0.1 -3.1 

AFI 8.1 8.1 -39.1 -49.3 5.4 0.67 0.3 -2.9 

SFF 8.2 5.9 -46.4 -51.0 -0.6 0.70 0.4 -2.5 

STF 8.3 6.0 -46.0 -49.7 -1.2 0.73 0.3 -2.3 

DON 8.7 8.7 -34.7 -48.8 9.5 0.70 0.2 -2.7 

SAS 9.6 4.9 -41.6 -45.8 0.2 0.66 0.3 -3.1 

ETR 10.0 10.0 -28.8 -40.8 9.2 0.85 -0.2 -1.6 

LTL 10.7 8.1 -38.2 -47.4 4.9 0.79 -0.5 -2.6 

VFI 12.0 12.0 -26.1 -36.3 8.4 0.89 -0.1 -1.1 
aPore limiting diameter (PLD) and largest cavity diameter (LCD) taken from Table 5.4.2-1.  bQuantities correspond to 

Boltzmann averages over all bonds j as described in Section 5.3.  cRatios of equilibrium constant for adsorption through a 

central (j=2) bond to that for a terminal bond (j=1).  dDifferences in enthalpy and entropy for formation of a central cracking 

reactant state versus a terminal cracking reactant state. 

 

 When the cages are large enough to fully contain n-butane—as is the case for the zeolites 

excluding BOF—n-butane is stabilized enthalpically relative to zeolites with only channels. This 

observation is consistent with the greater curvature and surface area of the cages, which 

approximate spheres, relative to channels, which more closely approximate cylinders, at fixed 

radius.218,219 The shape of the cages permits greater van der Walls contacts between the alkane 

and the pore walls relative to the shape of the straight channels. Figure 5.4.2-2b shows that for 

LCD values of 8-10 Å, despite the more negative values for ∆Hads-H+ seen in Figure 5.4.2-2a, the 

value of ∆Sads-H+ for zeolites with cages at fixed LCD is very similar to the value of ∆Sads-H+ for 

zeolites with only straight channels. This result suggests that n-butane is similarly confined and 

experiences similar freedom of movement in cages and in channels of the same diameter for this 

range of the LCD.  

It is also interesting that for AWW (LCD 8.1 Å, PLD 4.8 Å), there is more enthalpic 

stabilization of n-butane relative to adsorption in straight channels of PLD 8.1 Å (AFI) than for 

SFF and STF (LCD ~8.2 Å, PLD ~5.9 Å), which have virtually the same LCD but a larger PLD 

than AFI. This result could be related to differences in the shapes of the cavities, but is also 

consistent with the fact that at fixed LCD, decreasing the PLD increases the surface area of the 

cavity and, therefore, the van der Waals contacts between the alkane and the pore walls.  

The above interpretations are analogous to those of Denayer et al.,46,47 who observed that 

isobutane and n-butane have similar entropies of adsorption within MWW, while isobutane has a 

more negative enthalpy of adsorption. The authors proposed that isobutane can rotate freely 

within the bottom pocket of the cylindrical MWW cage while maximizing energetic interactions 

due to the match in shape between isobutane and this portion of the cage. By contrast, n-butane 

could also rotate freely in the upper part of the cage—resulting in a similar entropy to 

isobutane—but with less enthalpic stabilization because of the lower surface area in contact with 

n-butane in the upper part of the cavity. 
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By extension, if n-butane can rotate to a similar extent in cages and channels of the same 

diameter, which is expected when the diameter exceeds the length of n-butane, then ∆Sads-H+ will 

be similar for both pore environments while ∆Hads-H+ will be lower for cages because of the 

greater surface area in contact with the alkane. As shown in Figures D.2-1 and D.2-2 (pp 173-

174), our interpretation is also supported by the observation that values of ∆Sads-H+ for n-pentane 

and n-hexane adsorption are lower for zeolites with cages of ~8 Å vs. zeolites only channels of 

the same diameter. Unlike for n-butane, the lengths of these alkanes exceeds the LCD diameter 

and therefore the alkanes cannot rotate as described for n-butane. In addition, n-pentane and 

n-hexane experience a lower degree of enthalpic stabilization (and even repulsion) in cages of 

LCD ~8 Å vs. in channels of the same diameter, since these alkanes cannot be fully contained in 

cages of this size. 

We have thus far demonstrated that ∆Hads-H+ for n-butane is more negative in cages than 

in cylindrical channels of the same LCD, while the entropy of adsorption is similar, provided that 

the LCD is similar in size to n-butane. It can thus be anticipated that cages have a significant 

effect on the free energy of adsorption at constant LCD. A plot of ∆Aads-H+ vs. LCD is shown in 

Figure 5.4.2-3. It can be seen that for LCD values > 8 Å the value of ∆Aads-H+ is lower for 

zeolites with cages than for zeolites with no cages, a consequence of the greater enthalpic 

stabilization of n-butane in the cages. For BOF, which has an LCD of 6.2 Å and a PLD of 4.3 Å, 

repulsive interactions result from the narrow PLD and from the smaller size of the LCD relative 

to the length of n-butane (~8 Å), driving up ∆Hads-H+ while at the same time causing ∆Sads-H+ to 

be more negative than for zeolites that have the same LCD but in the form of cylindrical 

channels (ATO, MRE). Consequently, ∆Aads-H+ for BOF is less favorable than for ATO and 

MRE for both enthalpic and entropic reasons. It is also apparent that ∆Aads-H+ decreases with 

decreasing LCD, down to an LCD of ~8 Å, a trend that is dominated largely by the relative value 

of ∆Hads-H+. The same sensitivity of ∆Aads-H+ to LCD is not observed for the data corresponding 

to zeolites without cages (triangles and diamond) because for these zeolites ∆Hads-H+ and ∆Sads-H+ 

are more highly correlated, as discussed below.  

 
                 Circles: cages 
                 Triangles: no cages 
                 Diamonds: 8-MR side pockets, no cages 

 
Figure 5.4.2-3. Helmholtz energy of adsorption for n-butane in a reactant state in one-dimensional zeolites vs. the largest 

cavity diameter (LCD). The color bar indicates the pore limiting diameter (PLD) given in Table 5.4.2-2. 

 

Plots of ∆Sads-H+ vs. ∆Hads-H+, colored according to LCD and PLD, are shown in Figures 

5.4.2-4a and 5.4.2-4b. The figures show that ∆Sads-H+ and ∆Hads-H+ are correlated for zeolites that 
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do not have cages. For zeolites that have cages, ∆Sads-H+ and ∆Hads-H+ are also correlated to a 

similar degree if BOF is omitted (appearing at -49.6 kJ mol-1, -72.6 J mol-1 K-1), for which 

repulsion as a result of high confinement causes the usual compensation between ∆Sads-H+ and 

∆Hads-H+ to break down. This correlation of ∆Sads-H+ and ∆Hads-H+ causes the values of ∆Aads-H+ 

shown in Figure 5.4.2-3 to be generally more similar within a homologous group of zeolites (i.e., 

those possessing cages) than between members of one group versus another group. 

Therefore, as was observed for one-dimensional zeolites with different diameters and 

diameter ratios (see Section 5.4.1), more than one structural parameter must be changed in order 

to effect a significant change in ∆Aads-H+. This can be achieved by adding cages to channels at 

fixed LCD and by adding cages to channels at fixed PLD, discussed above. In both cases, two 

structural parameters are effectively changed; replacing straight channels with cages at fixed 

PLD or at fixed LCD corresponds to changes in both confinement (LCD changes in the former 

case and PLD changes in the latter case) and in curvature. 

 
                  Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 

a 

 

b 

 
Figure 5.4.2-4. Entropy of adsorption vs. enthalpy of adsorption for n-butane in a reactant state in one-dimensional 

zeolites with and without cages at 773 K. 

 

 The last thermodynamic quantity to address is the ratio of the equilibrium constant for 

adsorption of n-butane via a central C-C bond vs. that for a terminal C-C bond 

(Kads-H+(j=2)/Kads-H+(j=1)). A plot of this ratio at 773 K vs. LCD is shown in Figure 5.4.2-5. The 

data corresponding to zeolites with cages follow qualitatively the same pattern as the zeolites 

having only straight channels; the ratio initially decreases with increasing LCD and then 

increases again for larger LCDs. The same arguments that were used to rationalize the trend in 

Kads-H+(j=2)/Kads-H+(j=1) with respect to PLD for zeolites without cages in Section 5.4.1 applies 

in the present context; initially an increase in LCD leads to less confinement, which allows 

n-butane to orient with its longer axis perpendicular to the pore wall and increases the preference 

to form terminal cracking reactant states. Once the pore dimension becomes longer than the 

alkane, the alkane loses enthalpic stabilization upon rotation and aligns increasingly parallel to 

the pore wall as the LCD becomes larger. The upturn in the ratios for n-pentane and n-hexane 

(shown in Figures D.2-6 and D.2-7; pp 178-179) also appear to occur at larger LCDs and are 

more sharply defined, consistent with the larger length of these alkanes. 

One notable difference in the appearance of the data sets for zeolites with and without 

cages (for n-butane as well as for n-pentane and n-hexane) is the apparently larger LCD at which 

the upturn in Kads-H+(j=2)/Kads-H+(j=1) occurs when the LCD corresponds to a cage rather than a 
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channel. We propose that this result originates from the greater surface area of cages relative to 

channels, which results in greater enthalpic stabilization of a freely rotating n-alkane molecule at 

fixed LCD as noted above. Because of the greater surface area and curvature of a cage relative to 

a channel, configurations that favor terminal cracking reactant states over central cracking 

reactant states will be stabilized up to a larger LCD within cages. 

 
                 Circles: cages 
                 Triangles: no cages 
                 Diamonds: 8-MR side pockets, no cages 

 
Figure 5.4.2-5. Ratio of equilibrium constant for adsorption of n-butane to a central cracking reactant state to that for 

forming a terminal cracking reactant state for n-butane adsorbed in 1D zeolites with and without cages at 773 K. 

 

The arguments made above for the influence of zeolite structure on the configurations of 

adsorbed n-alkanes is supported by plots of the differences in enthalpy and entropy of adsorption 

for a central bond vs. a terminal bond (∆(∆Hads-H+) and ∆(∆Sads-H+)), shown in Figure 5.4.2-6. In 

general the value of ∆(∆Hads-H+) decreases with increasing LCD and becomes ~0 near the value 

at which the molecule is hypothesized to be oriented parallel to the channel. In such 

configurations the enthalpy of adsorption should be similar for adsorption through a central or 

terminal bond because the molecular configurations are similar. In addition, the value of 

∆(∆Sads-H+) decreases with increasing LCD approximately up to the point at which 

Kads-H+(j=2)/Kads-H+(j=1) reaches a minimum. 

This observation is consistent with the hypothesis that in the reactant state for terminal 

cracking, n-butane is more likely to be oriented perpendicular to the channel because of 

rotations, and therefore has a higher entropy than when in a central cracking reactant state, since 

the latter requires the whole molecule to contact the pore wall. It can be seen that 

Kads-H+(j=2)/Kads-H+(j=1) for n-butane is dominated by the value of ∆(∆Sads-H+), as is also the case 

for n-pentane and n-hexane (see Figure D.2-7; p 179). Notably, the value of the LCD at which 

the minimum value for ∆(∆Sads-H+))  is observed increases with the size of the alkane, which is 

consistent with the anticipated ability of larger alkanes to rotate freely within correspondingly 

larger cages, thereby resulting in higher selectivity to the activation of terminal C-C bonds at 

larger LCDs.  
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                  Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 

a 

 

b 

 
Figure 5.4.2-6. Difference in (a) enthalpy and (b) entropy change of adsorption for n-butane in a reactant state in 1D 

zeolites with and without cages at 773 K. 

 

5.4.3 Screening of Zeolites Based on ∆Aads-H+ and on Reactant-State Selectivity 

Having analyzed the effects of zeolite topology on adsorption thermodynamics we will 

now show how such results can be used to screen zeolites for their utility in a given application. 

As an example we will consider the monomolecular central cracking of n-butane. The ideal 

zeolite for this process will be both highly selective and highly active for central cracking. The 

first-order rate coefficient for cracking is given by216 

 

( 5.4.3-1 )      kapp = 
VH+

RT
kintKads-H+ = 

vH+

h
exp (-

∆Aads-H+ + ∆Gint
‡

RT
) , 

 

where kint is the intrinsic rate coefficient and ∆Gint
‡

 is the intrinsic Gibbs energy of activation (see 

Section 4.5.1; p 60). The volume of a single reactant-state sphere of radius 5 Å is given by vH+ 

and the volume of one mole of such spheres is given by VH+. Equation 5.4.3-1 shows that the rate 

of central cracking is proportional to the equilibrium constant for adsorption and to kint. Given 

the limited number of zeolites for which kint has been calculated,216 we will constrain our 

analysis to adsorption thermodynamics only. Therefore, to maximize the activity for n-butane 

central cracking, we seek to minimize ∆Aads-H+ and maximize Kads-H+(j=2)/Kads-H+(j=1). 

To identify zeolites that best meet this objective, plots of Kads-H+(j=2)/Kads-H+(j=1) vs. 

∆Aads-H+ are presented in Figures 5.4.3-1 and 5.4.3-2 for the sets of zeolites discussed in Sections 

5.4.1 and 5.4.2, respectively. Included on each plot are data calculated for commonly used multi-

dimensional zeolites (FER, MFI, BEA, MWW, FAU), in addition to two multidimensional 

frameworks (AFX and MOZ) that were identified as having desirable values for both 

Kads-H+(j=2)/Kads-H+(j=1) and ∆Aads-H+. The additional data points are not colored because the 

zeolites are multidimensional and have more than one channel topology. Topological data for the 

additional zeolites is included in Table 5.4.3-1. 

It can be seen that none of the zeolites examined in this study are concentrated in the 

upper left corner of either plot, which is where data for the most desirable zeolites would appear. 

There is no obvious optimum for the channel diameter ratio, which can be seen from the random 

appearance of the color distribution of data on Figure 5.4.3-1a. Figure 5.4.3-1b shows that 

zeolites with PLDs of ~6-7 Å and a channel diameter ratio < 1 are most likely to be found toward 
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the upper left of the group of data and are, therefore, most ideal for our application out of the 

zeolites discussed in Section 5.4.1. 

 
                  Triangles: no cages; Diamonds: 8-MR side pockets, no cages 

a 

 

b 

 
Figure 5.4.3-1. Ratio of equilibrium constant for adsorption of n-butane to a central cracking reactant state to that for 

forming a terminal cracking reactant state in 1D zeolites without cages vs. the Helmholtz energy of adsorption to a reactant 

state at 773 K. 

 
Table 5.4.3-1. IZA framework types and material names (in parentheses), pore limiting diameter (PLD), channel 

diameters and ratio of channel diameters, largest cavity diameter (LCD) and percent of pore volume in the cages. 

framework type, 
material namea, dimensionality  

properties taken from IZA database 

 

properties taken from ZEOMICSb 

ring size 
(T-atoms) 

diameters 
(Å) 

diameter 
ratiob (Å) 

PLDb 
(Å) 

LCDb 
(Å) 

% pore volume 
in cagesc 

AFX (SAPO-56), 3D  8 3.4 × 3.6 0.94  4.1 7.8 21d 

BEA (Beta polymorph A), 3D  
 12 5.6 × 5.6 1.00  

6.7 6.9 0 
 12 7.7 × 6.6 0.86  

FAU (Faujasite), 3D  12 7.4 × 7.4 1.00  6.7 11.9 77 

FER (Ferrierite), 2D  8 3.5 × 4.8 0.73  
5.3 7.0 47 

  10 4.2 × 5.4 0.78  

MFI (ZSM-5), 3D  10 5.1 × 5.5 0.93  
5.0 7.0 26 

  10 5.3 × 5.6 0.95  

MOZ (ZSM-10), 3D  8 3.8 × 4.8 0.79  

8.2 10.7 47   12 6.8 × 7.0 0.97  

  12 6.8 × 6.8 1.00  

MWW (SSZ-25), 2D  10 4.0 × 5.5 0.73  
5.2 10.3 27 

   4.1 × 5.1 0.80  
aMaterial names are in parentheses. Dimensionality of channel systems are taken from the IZA database. bRatio of minimum 

to maximum diameter.   cPore limiting diameter (PLD), largest cavity diameter (LCD), and percent of pore volume in 

accessible cages obtained using the ZEOMICS web tool.30  dTaken as percent of volume in large channels; the algorithm of 

First et al.30 identifies the cages in AFX as 12-MR channels. 

 

Figure 5.4.3-2 shows that data for zeolites that have cages do not fall near the upper left 

corners of the plots, and data for zeolites that lack cages are closest to this region of the plot for 

PLDs of 6-7 Å. This observation is consistent with the finding that cages that can fully contain 

an alkane molecule have a favorable free energy of adsorption relative to those that lack cages at 

fixed PLD or at fixed LCD (Figure 5.4.2-3), but that such cages also promote configurations that 

favor terminal cracking reactant states (Figure 5.4.2-5) because of the rotational entropy that 

cages permit. It is, therefore, interesting that the three-dimensional framework AFX (LCD 7.8 Å, 
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PLD 4.1 Å) exhibits a relatively high selectivity to adsorption of n-butane via a central C-C bond 

and also the most negative value for ∆Aads-H+. This result can be rationalized by considering the 

unique geometry of the AFX cage, which approximates a cylinder with a base of diameter 8.35 Å 

and a length of 13.0 Å,221 and has three 8-MR portals of PLD 4.1 Å near the ends and center of 

the 13 Å dimension. A molecule of n-butane can orient with its backbone parallel to the 8.35 Å 

diameter and rotate freely without losing contact with the zeolite via the terminal (-CH3) groups, 

or along a side of the C-C backbone, if the portals to the cage are momentarily ignored. 

 
                   Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 

a  

 

b 

 
Figure 5.4.3-2. Ratio of equilibrium constant for adsorption of n-butane to a central cracking reactant state to that for 

forming a terminal cracking reactant state in 1D zeolites with and without cages vs. the Helmholtz energy of adsorption to 

a reactant state at 773 K. 

 

To support this interpretation the values of ∆Hads-H+ and ∆Sads-H+ for AFX are compared 

to those for a one-dimensional zeolite having circular channels of diameter 8.35 Å. This analysis 

is similar to examining the effect of introducing cylindrical cages of diameter 8.35 Å (LCD 7.8 Å 

according to First et al.)30 and length 13 Å into a zeolite with circular channels of PLD 8.35 Å. 

The zeolite that most closely matches the latter description is AFI (PLD and LCD of 8.1 Å). The 

values of ∆Hads-H+ and ∆Sads-H+ for AFX are -40.6 kJ mol-1 and -38.4 J mol-1 K and the values for 

AFI given in Table 5.4.2-2 are -39.1 kJ mol-1 and -49.3 J mol-1 K-1. Thus, ∆Hads-H+ is similar for 

the two zeolites, while ∆Sads-H+ is significantly less negative for AFX. This differs from the 

effects of adding cages to channels at a fixed LCD of ~8 Å shown in Figure 5.4.2-2, in which 

∆Sads-H+ was similar while ∆Hads-H+ was significantly lowered by the presence of cages, a result 

that was ascribed to the greater surface area of cages vs. channels of the same diameter. It is, 

therefore, important to note that the cages for AFX have three portals, and that more of the 

interior surface of the cages lacks O atoms relative to cages that have two portals within one-

dimensional zeolites at similar PLD. 

The higher value of ∆Sads-H+ for AFX vs. AFI suggests that more rotational entropy is 

possible in cylindrical cages of diameter ~8 Å than in cylindrical pores of diameter ~8 Å. This 

can be explained by invoking free rotation of n-butane perpendicular to the C-C backbone at the 

end faces of the cylindrical cage. Such rotation would promote central cracking and terminal 

cracking reactant states to form with similar probability with protons located at the ends of the 

cylinder, by contrast to more spherical or ellipsoidal cages that lack such ends, and to straight 

semi-infinite pores of the same diameter. Moreover, the lower surface area of the AFX cages due 

to the three portals is also expected to reduce the probability of terminal C-C bonds contacting 
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the cylinder wall along the 13 Å dimension. Consistent with these interpretations, the value of 

Kads-H+(j=2)/Kads-H+(j=1) for AFX is 0.97 and ∆(∆Sads-H+) and ∆(∆Hads-H+) are ~0 (0.1 kJ mol-1 

and 0.2 J mol-1 K-1), while for AFI as well as for one-dimensional zeolites having cages of LCD 

~8 Å, Kads-H+(j=2)/Kads-H+(j=1) is near ~0.7 (Figure 5.4.2-5) and ∆(∆Sads-H+) is between ~-3 and 

-2 J mol-1 K-1 (Figure 5.4.2-6b). 

Thus, one-dimensional zeolites with cages are not the most useful candidates for the 

monomolecular central cracking of n-butane based on a consideration of adsorption 

thermodynamics only, but a three-dimensional zeolite having cages (AFX) happens to be 

optimal. However, using only the LCD and PLD as a basis for interpreting the different 

adsorption behavior of AFX and the one-dimensional frameworks is not useful, which is obvious 

from the above discussion. To identify the structural features that are associated with values of 

Kads-H+(j=2)/Kads-H+(j=1) and ∆Aads-H+ in the desired range, examination of features such as cavity 

shape and channel tortuosity (straight vs. sinusoidal), and a less simplified descriptor of channel 

shape (oval vs. semi-rectangular) than the diameter ratio are necessary. 

Detailed analysis of the configurations of n-alkanes adsorbed in a reactant state obtained 

using CBMC simulations would also shed light on the reasons for the differences observed in 

∆Hads-H+ and ∆Sads-H+ among different zeolite structures. Descriptors of the configurations 

associated with specific T-sites could be quantified35-37,136,173 and then correlated with 

thermodynamic adsorption parameters as another basis for screening. Such an analysis would be 

useful for understanding why MOZ also appears in the upper left corners of Figures 5.4.3-1 and 

5.4.3-2, since this framework is very structurally heterogeneous as can be seen from the data in 

Table 5.4.3-1 (in addition, MOZ possesses medium-sized cages the diameter of which is 6-8 Å, 

but this diameter is not tabulated30 because only the diameter of the largest cage is reported). 

New and less simplistic descriptors of pore topology than LCD and PLD will need to be defined 

in order to extend systematic analyses of the type performed here for one-dimensional zeolites to 

a greater range of structures of the IZA and hypothetical19 zeolite databases.  

 

5.5 Conclusions 
 

The effects of zeolite framework on adsorption thermodynamics for n-alkanes adsorbed 

at Brønsted protons in zeolites have been systematically interpreted based on quantified 

descriptors of pore topology. Attention is focused on n-butane adsorption within one-

dimensional frameworks included in the IZA database. The enthalpy and entropy of adsorption 

(∆Hads-H+ and ∆Sads-H+) at fixed pore-limiting diameter (PLD)30 decrease as the ratio of the 

minimum to maximum channel diameter increases, and are most negative for circular channels, 

for which the ratio equals 1, as a result of the smaller cross sectional area of the circular pores. 

For PLDs of 6-8 Å, the favorable entropy in noncircular pores can cause the free energy of 

n-alkanes to be lower in these environments relative to circular pores. Alkanes are more likely to 

adsorb via a central C-C bond vs. a terminal bond for increases in PLD beyond the length of the 

n-alkane. When the PLD is smaller than this length, an increase in PLD leads to a decrease in the 

probability of adsorbing through a central bond because the molecule can span the diameter of 

the channel through contact with terminal C-C bonds. 

The addition of cages to channels at fixed PLD decreases the magnitudes of both ∆Hads-H+ 

and ∆Sads-H+. The value of ∆Sads-H+ is similar in semi-infinite circular channels and in cages of 

the same diameter, provided the diameter is at least equal to the length of the n-alkane, because 

similar rotational motion is possible in both environments. However, ∆Hads-H+ and the free 
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energy are significantly more negative in cages at fixed PLD due to their greater curvature and 

surface area. The selectivity to central C-C adsorption in zeolites with cages exhibits a minimum 

with respect to cage size, occurring at a characteristic diameter larger than that for zeolites 

without cages. This result is attributed to the shape of the cages, which can better stabilize 

configurations in which a terminal C-C bond contacts the cage wall.  

The one-dimensional zeolites were screened for the frameworks that most optimally 

adsorb n-butane via a central C-C bond and compared with multi-dimensional structures that 

have the highest magnitudes for the free energy of adsorption (∆Aads-H+) and the ratio of the 

equilibrium constant for adsorption at central vs. terminal bonds, Kads-H+(j=2)/Kads-H+(j=1). It was 

found that cylinder-like cages having more than two portals (found within AFX) provide the 

optimal pore environment for adsorption of n-butane at a central bond. However, simple 

descriptors such as PLD and largest cavity diameter (LCD)30 were found to be inadequate for 

explaining differences in adsorption behavior between AFX and one-dimensional zeolites, likely 

because the shape of the AFX cage significantly deviates from spherical. Different descriptors 

based on zeolite topology or on molecular configurations were suggested as a basis for screening 

zeolites with more complex pore networks. 
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Chapter 6  
 

Conclusions 
 

 

The influence of zeolite structural parameters and active site distribution on the 

adsorption thermodynamics and apparent and intrinsic kinetics of n-alkane monomolecular 

cracking and dehydrogenation were characterized systematically for highly siliceous zeolites 

(Si/Al > 8) having 10-MR pore apertures. These analyses were performed using experimental 

rate data measured for n-butane and using previously reported rate data and thermodynamic 

adsorption data taken from the literature for the n-alkanes propane through n-hexane. In Chapter 

2, the effects of Brønsted acid site distribution on n-butane monomolecular reaction kinetics 

within H-MFI were characterized for commercial zeolite samples. The selectivities to 

dehydrogenation vs. cracking and to terminal cracking vs. central cracking increased with 

increasing Al concentration between Si/Al ratios of 12 and 142. The rates of all three reactions 

increased with increasing Al content up to 5.4 Al atoms per unit cell (Si/Al ~16) and then 

decreased at the highest Al content, a pattern that was attributed to changes in the distributions of 

protons among straight and sinuoisal channels and their intersections, and the consequences of 

these changes on the stabilization of adsorbed butane and transition states. 

The increase in reaction rates with increasing Al content occurred despite similar or 

increasing activation energies, and is caused partly by increases in the intrinsic activation 

entropy. These observations are consistent with an increased fraction of protons located at 

channel intersections at higher Al concentrations. The suggested trends in Al distribution are also 

consistent with trends in the locations of Co(II) inferred from UV-visible spectra of separately 

prepared (Co,Na)-MFI, which show that more Co(II) is located at intersections with decreasing 

Si/Al ratio. Based on calculated transition-state geometries and the relative values of the intrinsic 

activation entropies, the anticipated order of preference of monomolecular reactions to occur at 

channel intersections is dehydrogenation > terminal cracking > central cracking. Butene was 

found to inhibit the rate of dehydrogenation, resulting in artificially low apparent activation 

energies if rates were not extrapolated to zero space time. Quantum mechanics/molecular 

mechanics (QM/MM) calculations suggest that the inhibition is caused by isobutene adsorbed in 

the channel intersections, and this result suggests that dehydrogenation exhibits a much stronger 

preference for channel intersections than does cracking. 

In order to investigate the influence of changes in the zeolite framework type on n-butane 

monomolecular activation reactions, a method was developed in Chapter 3 to obtain 

thermodynamic adsorption parameters for the adsorption of alkanes from the gas phase to a 

reactant state at Brønsted protons within zeolites. Such data are necessary in order to 

deconvolute the effects of zeolite framework structure on adsorption thermodynamics and on 

intrinsic kinetics, each of which affects observed kinetics. The needed thermodynamic data 

cannot be measured at the high temperatures of the rate measurements (> 673 K) and must be 

obtained using theoretical methods. A model was developed for obtaining these thermodynamic 

data in which the active site is defined by the volume contained within a specified radius 

centered on a framework Al atom. An alkane molecule is defined as being in a reactant state if 

one of its C-C bonds lies within this volume. Configurational-bias Monte Carlo (CBMC) 

simulations were carried out to determine the enthalpies and entropies of adsorption for alkanes 

in a reactant state, ΔHads‑H+ and ΔSads‑H+. The approach developed in Chapter 3 accounts for 
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changes in the distribution of alkane molecules among active sites located in different portions of 

the zeolite (channels vs. cages), as well as changes in the orientations that molecules adopt when 

in a reactant state at a given active site, with increasing temperature. The values of ΔHads‑H+ and 

ΔSads‑H+ at 300-400 K determined for MFI by simulations are consistent with experimentally 

determined values of ΔHads‑H+ and ΔSads‑H+ reported elsewhere.32,134 It is also found that 

simulated values of ΔHads‑H+ and ΔSads‑H+ for alkane adsorption at site T12 agree reasonably well 

with those determined from QM/MM calculations, and differences between values obtained 

using the two methods can be explained based on the approximations used to calculate ΔSads‑H+ 

from QM/MM and the fact that the simulations sample an ensemble of configurations. 

Expressions were also derived for relating the apparent activation barriers for 

monomolecular alkane cracking at Brønsted acid sites, ΔHapp and ΔSapp, to the corresponding 

intrinsic barriers, ∆Hint
‡

 and ∆Sint
‡

, and to ΔHads‑H+ and ΔSads‑H+. Values of ∆Hint
‡

 and ∆Sint
‡

 at 773 

K for the cracking of linear alkanes propane through n-hexane in MFI, extracted from measured 

activation parameters73 using simulated values of ΔHads‑H+ and ΔSads‑H+ at 773 K, agree with the 

values of ∆Hint
‡

 and ∆Sint
‡

 determined using QM/MM. The changes in ∆Hint
‡

 and ∆Sint
‡

, extracted 

from experimental data, with respect to increasing alkane size are also in agreement with those 

found using QM/MM. Experimentally measured values of ΔHads‑H+ and ΔSads‑H+ extrapolated to 

higher temperatures (773 K) do not reflect the redistribution of alkane to different parts of the 

zeolite or the changes in configurations and, therefore, values of ∆Hint
‡

 and ∆Sint
‡

 obtained by 

subtracting measured values of ΔHads‑H+ and ΔSads‑H+ from ΔHapp and ΔSapp should be interpreted 

with caution. Our analysis of the previously reported increase in the apparent rate coefficient 

(kapp) for n-alkane cracking with increasing chain length in MFI73 indicates that most of this 

trend is caused by an increase in the intrinsic rate coefficient (kint) and, to a lesser extent, an 

increase in the equilibrium constant for adsorption (Kads-H+). The value of kint for cracking 

increases with chain length primarily because of a decrease in ∆Hint
‡

, while ∆Sint
‡

 is not sensitive 

to chain length. These findings differ from the original conclusions of Narbeshuber et al.,73 that 

kapp is controlled by the value of ΔHads‑H+, and from the findings of Bhan et al.,82 who concluded 

that increases in ∆Sint
‡

 cause kapp to increase with chain length, by using values of ΔHads‑H+ and 

ΔSads‑H+ measured at 323 K to extract intrinsic activation parameters. 

The methodology developed in Chapter 3 was extended to other zeolite framework types 

in Chapter 4. In Chapter 4, the effects of zeolite structural confinement on adsorption 

thermodynamics and intrinsic kinetics of n-butane monomolecular cracking and dehydrogenation 

were characterized for zeolites comprising 10-MR channel systems and differing in the size and 

abundance of cavities. The CBMC method developed in Chapter 3 was made more 

computationally efficient by obtaining adsorption thermodynamic parameters through a one-step 

approach that employs Widom particle insertions. The parameters for the Lennard-Jones force 

field used to model the adsorption were also improved by properly matching the Si/Al ratio used 

for the simulation to that of the FAU sample used to measure the heat of adsorption against 

which the force field was parameterized. Excellent transferability of the force field to another 

zeolite (CHA) was verified.  

 The value of Kads-H+ at 773 K determined using simulations depends primarily on the 

value of ∆Sads-H+ for the eight 10-MR zeolites investigated, rather than on ∆Hads-H+; thus, Kads-H+ 

tends to be lower for n-butane adsorption in more confining zeolites. The value of Kads-H+ largely 

determines the value of kapp for zeolites having 10-MR sinusoidal channels, and the intrinsic rate 

coefficient dominates changes in kapp among zeolites with 10-MR straight channels. These 

results contrast previous reports that Kads-H+ is determined by ∆Hads-H+ and is in general the cause 
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of differences in kapp among different zeolites.70,79 The value of kint tends to increase with 

increasing confinement (i.e., as ∆Sads-H+—used as a proxy for confinement—becomes more 

negative) for zeolites with 10-MR straight channels and is similar for zeolites with 10-MR 

sinusoidal channels. For central cracking, an early transition state, this increase is strongest and 

is driven by an increase in ΔSint
‡

. For dehydrogenation and—more strongly—for terminal 

cracking, kint increases with increasing confinement because of a decrease in ΔHint
‡

. This 

decrease, however, is partially offset by a concurrent decrease in ΔSint
‡

 that causes the changes in 

kint to be non-monotonic and the selectivities to terminal cracking and dehydrogenation to 

decrease relative to central cracking. 

Differences between ΔSint
‡

 and ΔHint
‡

 for different reaction paths are observed to be 

structure-dependent and do not always approximate differences in gas-phase protonation 

enthalpies and entropies80 of different C-C and C-H bonds. This observation shows that 

transition states do not exactly resemble ion pairs, an approximation that is required in order for 

the above approximation to hold. The concurrent decreases in both ΔSint
‡

 and ΔHint
‡

 with 

increasing confinement, as well as positive values observed for ΔSint
‡

, are consistent with 

transition states for terminal cracking and dehydrogenation that are weakly bound to the active 

site and involve the formation of rotational and translational motion. The finding that ΔSint
‡

 and 

ΔHint
‡

 depend on confinement and are linearly correlated differs from previous reports that these 

parameters are constant or at least do not vary systematically with zeolite structural parameters.  

CBMC simulated values of ∆Hads-H+ and ∆Sads-H+ were used to extract values of ΔSint
‡

 and 

ΔHint
‡

 from previously reported experimental data for n-hexane cracking and dehydrogenation 

over MFI, MOR, and FAU.70 Similar to n-butane terminal cracking and dehydrogenation over 

the 10-MR zeolites employed in Chapter 4, ΔSint
‡

 and ΔHint
‡

 for the overall rate of n-hexane 

consumption decrease with increasing confinement. This result differs from the idea given in the 

literature that these parameters are structure-independent.79 Both Kads-H+ and kint were found to 

increase with decreasing pore size for these three zeolites, causing kapp to also increase. 

Differences in Kads-H+ among MFI, MOR, and FAU are dominated by the values of ∆Hads-H+, 

consistent with the original conclusion. This conclusion, however, is a consequence of the 

zeolites chosen for study; Kads-H+ for n-hexane adsorption in the zeolites employed for Chapter 4 

is dominated by ∆Sads-H+. Therefore, an increase in structural confinement does not, in general, 

lead to an increase in Kads-H+. 

In Chapter 5, the effects of zeolite framework type on adsorption thermodynamics for 

n-alkanes adsorbed at Brønsted protons were interpreted systematically based on quantified 

descriptors of pore topology. Attention was focused on n-butane adsorption within one-

dimensional frameworks included in the IZA database. The values of ∆Hads-H+ and ∆Sads-H+ at 

fixed pore-limiting diameter (PLD)30 were determined using the methodology developed in 

Chapters 3 and 4. These parameters become more negative as the ratio of the minimum to 

maximum channel diameter increases, and are most negative for circular channels, for which the 

ratio equals 1, as a result of the smaller cross sectional area of the circular pores. For PLDs of 6-

8 Å, the favorable entropy in noncircular pores can cause the free energy of n-alkanes to be 

lower in these environments relative to circular pores. Alkanes are more likely to adsorb via a 

central C-C bond vs. a terminal bond for increases in PLD beyond the length of the n-alkane. 

When the PLD is smaller than this length, an increase in PLD leads to a decrease in the 

probability of adsorbing through a central bond because the molecule can span the diameter of 

the channel through contact with terminal C-C bonds. 
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The addition of cages to channels at fixed PLD decreases the magnitudes of both ∆Hads-H+ 

and ∆Sads-H+. The value of ∆Sads-H+ is similar in semi-infinite circular channels and in cages of 

the same diameter, provided the diameter is at least equal to the length of the n-alkane, because 

similar rotational motion is possible in both environments. However, ∆Hads-H+ and the free 

energy are significantly more negative in cages at fixed PLD due to their greater curvature and 

surface area. The selectivity to central C-C adsorption in zeolites with cages exhibits a minimum 

with respect to cage size, occurring at a characteristic diameter larger than that for zeolites 

without cages. This result is attributed to the shape of the cages, which can better stabilize 

configurations in which a terminal C-C bond contacts the cage wall.  

The one-dimensional zeolites were screened for the frameworks that most optimally 

adsorb n-butane via a central C-C bond. The utility of one-dimensional zeolites for this example 

application was then compared to that of commonly used multi-dimensional zeolites as well as 

those zeolites that have the most negative values for the Helmholtz energy of adsorption 

(∆Aads-H+) and the largest ratio of the equilibrium constant for adsorption at central vs. terminal 

bonds, Kads-H+(j=2)/Kads-H+(j=1). It was found that cylinder-like cages having more than two 

portals (such as the cages within AFX) provide the optimal pore environment for adsorption of 

n-butane at a central bond. However, simple descriptors such as PLD and largest cavity diameter 

(LCD)30 are inadequate for explaining differences in adsorption behavior between AFX and one-

dimensional zeolites, likely in part because the shape of the AFX cage differs significantly from 

the shapes of cages within the one-dimensional zeolites. Different descriptors based on zeolite 

topology or on molecular configurations were suggested as a basis for screening zeolites with 

more complex pore networks. 
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A.1 Initial Rates of Monomolecular and Hydride Transfer Reactions 
 

Rate and activation parameters presented in Section 2.4.3 (p 23) were measured under 

steady-state conditions in the absence of measurable catalyst deactivation. An example of the 

transient behavior of rates prior to attaining steady-state is described below for zeolite 

MFI-15(M). Plots of the rates of monomolecular cracking and dehydrogenation and of secondary 

hydride transfer versus time on stream for this sample are shown in Figures A.1-1a and A.1-1b, 

respectively. These data for monomolecular and bimolecular reactions are presented in the forms 

of Equations A.1-1 and A.1-2, respectively: 

 

( A.1-1 )      
rate

PC4

   =  
kapp

1 + ∑ KL-H+iPii

 
 

( A.1-2 )      
rate

PC4PC=

   =   
kapp

1 + ∑ KL-H+,iPii

 

 

where KL-H+,i and Pi are, respectively, the Langmuir constant for adsorption and the partial 

pressure of species i. The subscript C4 indicates n-butane, while C= denotes either propene (for 

propane formation) or isobutene (for isobutane formation). Data were obtained at 773 K for a 

space time τ = 0.11 [s (mol H+) (mol feed)-1] and 0.015 atm n-butane partial pressure. 

 
a 

 
b 

   
Figure A.1-1. Plots of the rates of n-butane monomolecular cracking and dehydrogenation (a) and secondary hydride 

transfer reactions (b) versus time on stream for sample MFI-15(M). 
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It can be seen from the figure that the rate of dehydrogenation decreases continuously 

with increasing time on stream during the first ~100 minutes, while cracking rates do not differ 

by more than ~10% between initial and steady-state values. The rates of hydride transfer increase 

(Figure A.1-1b) with time on stream, an observation that is consistent with the expected effects 

of the decrease in partial pressure of isobutene as the dehydrogenation rate decays. (A discussion 

of the influence of product butenes on the rates of reaction is presented in Section 2.4.5; p 31.) 

Because of the lack of a concurrent decrease in cracking and hydride transfer rates with time on 

stream, we propose that the initial dehydrogenation activity originates from Lewis acid sites, 

which Al-Majnouni et al.111 have demonstrated can strongly increase the initial rate of alkane 

monomolecular dehydrogenation over zeolites and also deactivate with time on stream. 

 

A.2 Extrapolation of First-Order Rate Coefficients to Zero Space Time 
 

The rate of dehydrogenation and, to a small extent, the rate of terminal cracking, was 

influenced by the space time. This effect is the result of inhibition of Brønsted protons by 

product alkenes, as discussed in Section 2.4.5 (p 31). As a result, the slope of the plot of turnover 

frequency (TOF) versus n-butane partial pressure increases as the product partial pressures and 

the space time decrease. Therefore, the values of kapp obtained from the slopes of these plots 

were extrapolated to zero space time, which corresponds to conditions where products are 

absent. Plots of the turnover frequencies (TOFs) for MFI-11.5 at 773 K and different space times 

versus the n-butane partial pressure are presented in Figure A.2-1. Plots of the rate coefficients 

(kapp) versus the space time for MFI-11.5 and for MFI-15(P) are shown in Figures A.2-2a and 

A.2-2b, respectively. The dashed line in Figure A.2-1 represents the plot of the dehydrogenation 

TOF versus n-butane partial pressure in the limit of zero conversion and has a slope equal to the 

value of the intercept of the corresponding plot of kapp versus space time in Figure A.2-2a. 

 

 
Figure A.2-1. TOFs of monomolecular n-butane cracking and dehydrogenation on MFI-11.5 versus n-butane partial 

pressure at 773 K for different space times. Rate data were taken at space times of 0.19 ( ), 0.24 ( ), and 0.29 ( ) 

[s (mol H+) (mol feed)-1]. The arrow indicates the direction of decreasing space time. 
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a 

 
b 

 
Figure A.2-2. Plots of the apparent rate coefficients for n-butane central cracking ( ) and terminal cracking   ( ) and 

dehydrogenation ( ) at 773 K versus space time for (a) MFI-11.5 and (b) MFI-15(P). 

 

A.3 Further Characterization of Zeolites MFI-15(P) and MFI-15(M) 
 

As noted in Section 2.4.3 (p 23), the selectivities and activation parameters for 

monomolecular n-butane reactions differ between MFI-15(P) and MFI-15(M) even though 

results of the characterization presented in Section 3.1 indicated that the amounts of EFAl in 

these zeolites are similar. The similarities of Brønsted and Lewis- acid site contents, N2 

micropore volumes, and X-ray diffractograms (not shown) demonstrate that the structural 

integrity and framework Al content of MFI-15(P) are maintained in MFI-15(M). Based on 

infrared spectroscopic characterization presented below, we believe that the different catalytic 

behavior of MFI-15(M) relative to the parent sample is a consequence of the partial removal of 

and changes in the dispersion of EFAl during EDTA treatment. FTIR spectra of MFI-15(P) and 

MFI-15(M) in the hydroxyl stretching region are presented in Figures A.3-1a and A.3-1b, 

respectively, before and after pyridine adsorption.  
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a 

 

b 

 
Figure A.3-1. Infrared spectra of hydroxyl stretching region of MFI-15(P) and MFI-15(M) zeolites (a) at 300 K and (b) 

after adsorption of pyridine at 473 K. 

 

The spectra for both zeolites exhibit the expected peaks centered at 3610 cm-1 and 3745 

cm-1 corresponding to Brønsted O-H and silanol O-H stretching, respectively. Peaks can also be 

seen at 3665 cm-1 in all spectra, and MFI-15(P) exhibits a weak band at 3780 cm-1 prior to 

adsorbing pyridine. Free species such as AlOOH,123,125,222 and EFAl clusters223 have been 

suggested to produce this band, which disappears after treatment with EDTA, indicating that 

these species are removed. The absence of a band at 3780 cm-1 in MFI-15(M) is consistent with 

the findings of Lago et al.,224 who reported that a similar peak disappeared after treating MFI 

with EDTA. We also observe that the Si-OH stretching peak at 3745 cm-1 is sharper for 

MFI-15(M) than for MFI-15(P), and that the shoulder extending to lower wavenumbers is less 

intense in MFI-15(M). This shoulder is usually ascribed to internal silanol groups,225-227 and the 

sharpening of the Si-OH peak suggests that some material was removed from within 

MFI-15(P).125,228 The band centered at 3665 cm-1 has been ascribed to Al partially attached to the 

framework, although this and the above assignments are the subject of debate.123,125,227,229-232 

Nevertheless, we find that this interpretation for the peak appearing at 3665 cm-1 is consistent 

with our observations. 

In both MFI-15(P) and MFI-15(M), the peak appearing at 3665 cm-1 initially disappears 

after pyridine adsorption, suggesting that the corresponding OH group is attached to Al and not 

to Si since the Si-OH band is unperturbed (Figure A.3-1b). Moreover, a peak of similar intensity 

appears at 3665 cm-1 in the FTIR spectrum of MFI-11.5 (not shown) even though nearly all Al in 

this zeolite is associated with Brønsted protons (see Section 2.4.1; p 16). Therefore, the 

absorbance near 3665 cm-1 does not appear to arise from Al that is completely dislodged from 

the framework. We suggest that this peak results from a terminal OH group bound to an Al that 

is connected by one or more Al-O-Si sequences to the framework and is associated with a 

Brønsted proton. This interpretation is consistent with the unchanged intensity of this band after 

treatment with EDTA, an observation that was also reported previously by Lago et al.224 

Considering the above results, we conclude that the band at 3780 cm-1 corresponds to 

isolated Al oxides or Al hydroxides that are removed by treatment of MFI-15(P) with EDTA. We 

conclude that this amount is small because of the very similar Al contents of MFI-15(P) and 

MFI-15(M) (Table 2.4.1-3; p 18). We propose that most of the EFAl present in MFI-15(P) and 

MFI-15(M) is more condensed233,234 and resists chelation by EDTA. We do not believe that the 

peak at 3665 cm-1 arises from this material. We also suggest that agglomeration or condensation 
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of the remaining EFAl has occurred123 as a result of the EDTA treatment, based on the lower 

Lewis acidity (Table 2.4.1-2; p 17) and the sharper Si-OH stretching peak for MFI-15(M) 

relative to MFI-15(P). We infer that the influence of EFAl in MFI-15(M) on all O-H moieties, 

including Brønsted protons and their environments, is weaker in MFI-15(M) than in MFI-15(P). 

 

A.4 Distribution of Al Atoms not Exchangeable with Co(II) 
 

The conclusions reached in Chapter 2 rest on the validity of the assumption that the 

overall distribution of Al varies systematically with respect to changesn in the Si/Al ratio. 

However, since only the paired Al atoms can be assigned to specific locations using Co(II) 

UV-visible spectroscopy, it is useful to examine possibilities for the dependence of the 

distribution of isolated Al (Al that does not exchange with Co(II)) on the Al content and the 

effect of this dependence on changes in the overall distribution of Al. 

For analysis it is assumed that the distribution of isolated Al is either random or varies 

with the Al content in a regular fashion as observed for paired Al sites. If the straight and 

sinusoidal channels are considered together as channel sites, then there are two categories of 

sites: channels (α, γ) and intersections (β). There are then three possibilities for the direction of 

changes in the distribution of isolated Al with respect to changes in Al content: (1) the isolated 

Al atoms are distributed randomly, (2) the distribution of isolated Al changes in the same 

direction as the distribution of paired Al, and (3) the distributions of single and paired Al atoms 

are anti-correlated. It should be obvious that for cases (1) and (2), the overall distribution of Al 

varies monotonically with increasing Al content. The question is how strongly anti-correlated the 

distributions of single and paired Al can be before the overall distribution becomes independent 

of the Al concentration. This analysis has been performed with the total fraction of Al at 

intersections (β sites) fixed at 0.384. The results are presented in a plot of the fraction of isolated, 

paired, and total Al vs. Al atoms per unit cell in Figure A.4-1. It can be seen that the distribution 

of single Al must change very strongly with Al content, and in a direction opposite to that of 

paired Al, in order for the overall distribution of Al to be independent of Al content.  

 

 
Figure A.4-1. Plot of the fraction of Al located at intersection (β) sites in MFI vs. Al concentration assuming that the 

distribution of all Al atoms is constant with 38.4% of Al located at intersections. 
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A.5 Concentration of n-Butane in H-MFI at Reaction Conditions 
 

The concentration of n-butane localized at zeolite protons (CAz,react) at reaction conditions 

can be calculated using Equation 2.4.2-4 on p 21:83 

 

( 2.4.2-4 )      
CAz,react

CH+

 = p
react

KHPA     [=] dimensionless 

 

This equation gives the fraction of protons that are occupied by reactant-state alkane molecules 

when the fractional coverage is very low. It is demonstrated below that this approximation is 

accurate at conditions typical of the experiments and that Equation 2.4.2-4 can, therefore, be 

used to model the adsorption of n-butane. Values of KH and preact (defined in Section 2.4.2; p 20) 

at 773 K for n-butane and for silicalite-1, the purely siliceous analog of MFI, are 1.27×10-7 

mol kg-1 Pa-1 and ~0.18 kg mol-1, respectively.83 Gas phase partial pressures of n-butane (PA) did 

not exceed 0.1 atm (~10,133 Pa) during rate measurements. Substituting these values into 

Equation 2.4.2-4 gives a value of 0.00023 for the fraction of protons that interact with n-butane 

molecules. Therefore, the assumption of low fractional coverage is realistic in the absence of 

other adsorbed species, such as certain product alkenes (see Section 2.4.5; p 31). Because 

products are absent in the limit of zero conversion and zero space time, Equation 2.4.2-4 is valid 

for rates extrapolated to zero space time (see Appendix A.2). 

 

A.6 Influence of Space Time and Conversion on Rates and Activation 

Parameters 
 

As discussed in Appendix A.2, the rates of n-butane dehydrogenation decreased with 

respect to increasing space time. We believe that this phenomenon is a result of inhibition by 

isobutene, a secondary product of n-butane dehydrogenation, as discussed in Section 2.4.5 (p 

31). Rates measured at higher temperature are affected more strongly by product inhibition than 

rates measured at lower temperature for a fixed space time and partial pressure, because the 

conversion increases with increasing temperature. Therefore, the slope and intercept of the 

Arrhenius plot constructed from rate data that are collected at fixed space time depend on the 

space time at which the data are measured. Arrhenius plots for n-butane dehydrogenation on 

MFI-11.5 and MFI-25 are shown in Figure A.6-1 for finite space times and extrapolated to zero 

space time. It can be seen that a lower value of the slope of the plot—and, therefore, the 

activation energy—is obtained if the rate coefficients are measured at fixed space time relative to 

the value that is obtained by extrapolating rate coefficients to a space time of zero. The greater 

the space time, the greater is the decrease in the apparent activation energy relative to the value 

obtained by extrapolation to zero space time. 
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a 

 

b 

Figure A.6-1. Arrhenius plots for n-butane dehydrogenation rate coefficients extrapolated to zero space time ( ) and 

measured at fixed space time ( ) for on (a) MFI-11.5 and (b) MFI-25. Rate coefficients used to construct the plots have 

been normalized to the number of C-H bonds in n-butane (10). 

 

A.7 Influence of Adsorption Processes on Rates and Activation Parameters 
 

The measured rate coefficients for a given monomolecular reaction of n-butane differ 

across MFI samples with different Si/Al ratios by up to a factor of ~6 at 773 K (Table 2.4.3-1; p 

23). The values of kapp are influenced by adsorption thermodynamics and by intrinsic reaction 

rates. We have proposed that the changes observed in rate coefficients with the Si/Al ratio in 

MFI are caused by changes in the intrinsic rate coefficients and not only by differences in the 

adsorption properties of these zeolites. Below, we show that differences in the probability of 

n-butane to adsorb at different locations within MFI are not significant enough to explain a 

difference of a factor of 6 between values of kapp. 

According to ref 83, the rate coefficient can be expressed as: 

 
( A.7-1 )      kapp = p

react
KHkint        [=] mol (mol H+)-1 s-1 Pa-1       

 

We note that at low fractional coverage of the active sites, the quantity preactKH gives the 

fractional coverage per unit pressure of gas phase alkane (see Section 3.3; p 37). Therefore, 

when the Al is sufficiently dilute, the value of preactKH is independent of the Al concentration. 

When no Al is present in the zeolite, the value of preactKH corresponds to adsorption in a “reactant 

state” near Si atoms in silicalite and differs from the value of preactKH for H-MFI by a factor 
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(given by f) that accounts for the specific interaction of alkane molecules with protons. Thus, 

(preactKH)H-MFI = f(preactKH)silicalite when the Al atoms in H-MFI are distributed randomly among 

the 12 T-sites. 

 To determine by how much the quantity preactKH can vary as a consequence of the 

location of Al, preactKH must be determined for Al located at each T-site. However, since the 

value of KH for silicalite is independent of the location of Si, KH for silicalite is the same for the 

formation of a reactant state at all T-sites i. Therefore, the relative spread in the values of preact(i) 

among the T-sites of silicalite is equal to the relative spread in the value of (preactKH)silicalite. Since 

(preactKH)MFI is independent of Al content, the relative spread in preact(i) for silicalite is then also 

equal to the relative spread in (preactKH)MFI, provided that the factor f is the same for all T-sites. 

Therefore, if the relative spread in preact(i) for silicalite is less than a factor of ~6, then values of 

kapp measured for H-MFI samples must differ at least partly because of differences in kint. 

Values of preact for the 12 T-sites of silicalite-1 are given in Table A.7-1 and were 

calculated at 773 K using simulations as described in ref 83 and in Section 3.4.1 (p 41). The 

values differ by a factor of about 4.9 between T4 (smallest value) and T9 (largest value). Thus, 

values of kapp are not expected to differ by more than a factor of 4.9 as a consequence of the 

effects of differences in Al location on adsorption of alkane to a reactant state. However, even 

variation this significant as a result of adsorption would occur only if all Al atoms are located at 

T4 in MFI-140 (which exhibited the lowest TOFs) and at T9 in MFI-15 (which exhibited the 

highest TOFs). This is not possible based on UV-visible spectroscopic assessment of the 

distribution of Co(II) in MFI. The T-sites that form the local environments of Co(II) at α, β and γ 

positions are listed in Table A.7-2 and are labeled in Figure A.7-1. It can be seen that only T4 

and T7 are present at all three locations. Therefore, only these two T-sites can possibly be 

populated exclusively in any of the zeolites studied because α, β, and γ sites are each populated 

to some degree in all samples (see Table 2.4.1-4; p 18). 

 
a 

 

b 

 

Figure A.7-1. (a) Diagram of the α, β and γ sites identified for Co(II) in the MFI framework with T-sites indicated 

(adapted from Fig. 5-5 in ref 67) and (b) local framework environments of these sites (adapted from Fig. 7 in ref 86). 
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Table A.7-1. Values of preact, difference in entropy between the adsorbed state and the reactant state (∆Sreact), and entropy 

of adsorption from the gas phase to the reactant state (∆Sads-H+) for n-butane central (j=2) and terminal (j=1) bonds 

 
preact (kg [mol H+]-1)  ∆Sreact (J mol-1 K-1)  ∆Sads-H+ (J mol-1 K-1) 

T atom j = 2 j = 1  j = 2 j = 1  j = 2 j = 1 
1 0.236 0.265  -19.4 -18.4  -55.0 -54.1 

2 0.158 0.187  -22.7 -21.3  -58.4 -57.0 

3 0.196 0.222  -20.9 -19.9  -56.6 -55.5 

4 0.060 0.065  -30.8 -30.1  -66.5 -65.8 

5 0.202 0.235  -20.6 -19.4  -56.3 -55.1 

6 0.239 0.250  -19.3 -18.9  -54.9 -54.6 

7 0.067 0.099  -29.9 -26.6  -65.6 -62.3 

8 0.060 0.088  -30.8 -27.6  -66.5 -63.2 

9 0.307 0.309  -17.2 -17.1  -52.9 -52.8 

10 0.095 0.137  -27.0 -23.9  -62.6 -59.6 

11 0.077 0.110  -28.7 -25.7  -64.4 -61.4 

12 0.266 0.280  -18.4 -18.0  -54.0 -53.6 

 
Table A.7-2. T-sites that make up the local framework structures of the α, β, and γ sites for Co(II) in (Co,Na)-MFI, 

assigned using the framework illustrations taken from Figure 5-5 in ref 67. 

  α β γ 

T-sites  1, 2, 4, 5, 7, 8, 11 1, 4, 5, 7, 10, 11 3, 4, 7, 8, 9, 12 

unique T-sites  2 10 3, 9, 12 

average preact (kg [mol H+]-1)  central C-C (j=2) 0.123 0.123 0.159 

 terminal C-C (j=1) 0.150 0.152 0.177 

 

Also included in Table A.7-1 are values of the entropy difference between the adsorbed 

and reactant states of the alkane (ΔSreact), calculated using Equation 2.4.4-1 (p 29), and entropies 

of adsorption (ΔSads-H+) from the gas phase to the reactant state for each T-site. The value of Vpore 

in Equation 2.4.4-1 was taken as the pore volume accessible to a molecule of characteristic 

diameter 4 Å, reported by First et al.30 The values of ΔSads-H+ were calculated by adding the 

entropy of adsorption, ΔSads, to ΔSreact. The value of ΔSads was obtained by adjusting the value 

reported by Swisher et al. (-47.8 J mol-1 K-1)83 to account for the fraction of pore volume 

accessible to the alkane (fpore), according to  

 
( A.7-2 )      ΔSads = -47.8 - R ln fpore         [=] J mol-1 K-1 

 

The value of fpore obtained for a 4 Å molecule is 0.36 using data reported by First et al.,30 and the 

value of -39.3 J mol-1 K-1 is obtained for ΔSads using Equation A.7-2. As explained in Section 

2.4.4 (p 29), ΔHreact in Equation 2.4.4-1 was set to equal 0. It can be seen from Table A.7-1 that 

the range of values calculated for ΔSads-H+ (~14 J mol-1 K-1 between T4 and T9) is smaller than 

the ranges in ΔSapp observed for terminal cracking and for dehydrogenation (Table 2.4.3-2; p 27), 

suggesting that changes in the intrinsic entropies of activation of these reactions contribute to 

differences in ΔSapp, especially since Al atoms cannot all be located at T4 or at T9, as noted 

above. 
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A.8 Rotational and Translational Entropy Differences between 

Reactant-State n-Butane and Adsorbed Products of Dehydrogenation 
 

The rotational and translational components of the entropy change of reaction for 

n-butane dehydrogenation were estimated using methods similar to those employed previously80 

for the case of n-alkane cracking in MFI. Statistical mechanical derivations of the equations 

given below for the translational and rotational entropies of molecules in an ideal gas state can be 

found elsewhere.130,235 Equations A.8-1 and A.8-2 give the rotational entropy of a rigid, linear 

molecule in one and two dimensions, respectively, and are used here to model the rotation of H2. 

The rotational entropy of a rigid, non-linear molecule rotating about one axis is given by 

Equation A.8-3 and is used to calculate the rotational entropies of n-butane and 1-butene. Similar 

results would be obtained by using 2-butene as a primary product of the dehydrogenation. In 

Equations A.8-1 - A.8-3, σ represents a symmetry number that gives the number of orientations 

of a rigid molecule that superimpose identical atoms. We note that there is some ambiguity in the 

specification of a value for this parameter, especially for molecules that possess internal rotation. 

This issue has recently been examined in detail by Gilson and Irikura.236 

 

( A.8-1 )      Srot,1D
o

 = 
1

2
R + Rln [

√I

σ
(

8π2kT

h
2

)
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] 
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( A.8-3 )      Srot,1D
o

 = 
1

2
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√πIA

σ
(

8π2kT

h
2

)

1/2

] 

 

As in ref 80, moments of inertia were obtained from the National Institute of Standards 

and Technology (NIST) database237 and were calculated at the coupled-cluster doubles (CCD) 

level of theory using the 6-31G* basis set. Moments of inertia, molecular masses, and symmetry 

numbers for hydrogen, n-butane and 1-butene are given in Table A.8-1. For 1-butene and 

n-butane, rotation only about the axis parallel to the C-C backbone was considered; the moment 

of inertia corresponding to free rotation about this axis is IA in Table A.8-1. The values of IB and 

IC correspond to rotation about the two axes perpendicular to the C-C backbone and were not 

used because rotation about these axes is expected to be far more hindered within the zeolite. 

Translational entropies for 1D, 2D, and 3D movement are given by Equations A.8-4, A.8-5, and 

A.8-6, respectively. The translations are assumed to take place along a standard length (L°), 

surface area (A°), or volume (V°), and the specification of these values is described in Section 

2.4.4. Table A.8-2 contains the translational and rotational entropies of individual species at 773 

K calculated using Equations A.8-1 - A.8-6, as well as the space allowed for translation over the 

relevant dimensions. The entropy changes between the n-butane reactant and the products of 

dehydrogenation (hydrogen and 1-butene) were then calculated using values given in Table A.8-

2 for the various scenarios described in Section 2.4.4 (p 29). 
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Table A.8-1. Molecular masses (M), external symmetry numbers (σ), and moments of inertia (IA, IB, and IC) taken from 

the NIST database237 for rotation about mutually perpendicular axes. 

 
M  IA IB IC 

molecule (kg x1026) σ (kg m2 x1047) (kg m2 x1047) (kg m2 x1047) 
hydrogen 0.335 2 - 0.465 0.465 

1-butene 9.3 1 37.3 203 207 

n-butane 9.6 2 35.9 231 246 

 

( A.8-4 )      Strans,1D
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Table A.8-2. Translational and rotational entropies (J mol-1 K-1) of molecules in various dimensions at 773 K, calculated 

using Equations A.8-1 - A.8-6. 

  translational entropy  rotational entropy 

 
 1D 2D 3D  1D 2D 

molecule  (L°= 6.3 Å) (A°= 31 Å2) (V°= 131 Å3)    

hydrogen  35 59 82  7 21 

1-butene  48a - -  36 - 

  33b - -  36 - 

n-butane  49 - -  30 - 
a6.3 Å allowed for translation. b1.0 Å allowed for translation. 

 

A.9 Calculation of Langmuir Constant and Thermodynamic Parameters for 

the Adsorption of Butenes at Brønsted Protons 
 

Equation A.1-1 describes the kinetics of n-butane dehydrogenation. As noted in Section 

2.4.5 (p 31), the rate of dehydrogenation decreases with increasing conversion or with the partial 

pressure of isobutene co-feed. This result suggests that a butene isomer causes the reduction in 

rates with increasing space time seen in Figure 2.4.5-1 (p 32). Although the specific isomer(s) 

responsible is not obvious based on these observations alone since the isomers equilibrate 

rapidly, we demonstrate below that the most likely isomer responsible for the inhibitory effects is 

isobutene and the most likely location for the adsorption of isobutene in MFI is at the channel 

intersections. 

We begin by analyzing experimental rate data in order to extract the Langmuir constant 

for the adsorption of butene onto Brønsted active sites. The proposal of product inhibition 

implies the strong and specific interaction of a product species with Brønsted-acid protons. If it is 

assumed that the rate of dehydrogenation occurs with strong preference for those sites that are 

inhibited, then the rate equation given in Equation A.1-1 can be rearranged to the linear form: 

 

( A.9-1 )      
PC4

r
 =

1

 k0

 + 
KL-H+

k0

PC4=        [=] mol H+ atm s mol
-1
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where k0 is the rate coefficient (kapp) in the absence of isobutene, PC4 and PC4= are the partial 

pressures of n-butane and isobutene, respectively, and KL-H+ is the Langmuir constant for the 

adsorption of isobutene at the inhibited active sites. The observation of linear plots for PC4/r vs. 

PC4=, as shown in Figure A.9-1 for MFI-11.5 and MFI-25, is evidence that the above assumptions 

are reasonable. Values of k0 and KL-H+ can then be extracted from the intercepts and slopes of 

these plots. The values of k0 and KL-H+, respectively, so obtained for MFI-11.5 are 0.030 

[mol (mol H+)-1 s-1 atm-1] and 7400 bar-1. The value of k0 agrees well with the value of kapp 

extrapolated to zero space time—and, therefore, corresponding to the virtual absence of 

isobutene—reported in Table 2.4.3-1 (p 23). A similar value of KL-H+, 8900 bar-1, is obtained by 

using the above procedure and the rate data for MFI-25. A value of 0.033 

[mol (mol H+)-1 s-1 atm-1] is obtained for k0 for MFI-25, which is similar to the value of kapp 

reported in Table 2.4.3-1. 

 

 
Figure A.9-1. Linearized plots of the reciprocal of the n-butane dehydrogenation rate per unit pressure versus isobutene 

partial pressure. Slopes and intercepts of the lines are related to the Langmuir coefficient and the rate extrapolated to zero 

space time according to Equation A.9-2. 

 

We next estimate values of thermodynamic adsorption parameters for butene isomers 

adsorbed at different locations within MFI in order to gain insight on the butene isomers 

responsible for the rate inhibition and the active site locations at which the butene adsorbs. The 

standard Gibbs free energy change for the adsorption of a species from the gas phase onto a 

proton is related to KL-H+ according to Equations A.9-2 and A.9-3: 
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( A.9-3 )      ∆Gads-H+
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where P° is taken as 1 bar and θ° is taken as 0.5. A value of ∆Gads‑H+
o

 = -59 kJ mol-1 at 773 K is 

obtained using these equations and a value of KL-H+ = 9000 bar-1. We note that the value of KL-H+ 

extracted from experimental data using Equation A.9-1 depends on which butene isomers are 

included in the partial pressure, PC4=. The effect of this choice, however, is weak. When the 

combined partial pressure of all butenes is used to calculate KL-H+, a value of ~5000 bar-1 is 
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obtained, which corresponds to a value of -55 kJ mol-1 for ∆Gads‑H+
o

 at 773 K. The conclusions 

reached below are not influenced by which value is used for ∆Gads‑H+
o

. 

Suitable values of the standard enthalpy and entropy of adsorption (∆Hads‑H+
o  and 

∆Sads‑H+
o

) for the inhibiting butene species must satisfy the experimentally measured value of 

∆Gads‑H+
o

 at 773 K and fall on a single line in a plot of the entropy of adsorption versus enthalpy 

of adsorption, shown in Figure A.9-2. Enthalpies of adsorption for various C4 alkenes and for 

propene were calculated using QM/MM (see Appendix A.10) and are presented in Table A.9-1. 

Values of ∆Hads‑H+
o  and ∆Sads‑H+

o
 taken from the literature for various C4 species are given in 

Table A.9-2 for comparison. The values of ∆Hads‑H+
o  calculated in this work for linear butenes, 

-108 to -117 kJ mol-1, agree well with the experimental value of -110 kJ mol-1 reported by 

Lerchert and Schweitzer.238 However, the entropies of adsorption that would be required to 

obtain a value of ∆Gads‑H+
o

 between -55 and -59 kJ mol-1 with these values for ∆Hads‑H+
o  range 

from -81 to -64 J mol-1 K-1, considerably smaller in magnitude than the values of -101 to -114 

J mol-1 K-1 calculated by De Moor et al.134 for ∆Sads‑H+
o

 for n-butane adsorption onto Brønsted 

protons in MFI. Because n-butane is similar in size and shape to butene, values of ∆Sads‑H+
o

 for 

butene that are less negative than values for n-butane seem to be unrealistic. Therefore, it does 

not appear likely that 1- or 2-butenes cause the observed product inhibition. 

 

 
Figure A.9-2. Magnitudes of ∆Sads‑H+

o  and ∆Hads‑H+
o  for the adsorption of gas phase isobutene onto a proton in the channel 

intersection of MFI to produce a t-butyl cation. The slanted line corresponding to ∆Gads‑H+
o  = -59 kJ mol-1 indicates 

combinations of ∆Sads‑H+
o  and ∆Hads‑H+

o  that yield KL-H+ = 9000 bar-1 at 773 K. Horizontal and vertical lines are shown, 

respectively, at the value of |∆Sads‑H+
o | estimated using results reported by De Moor et al.,141 and at the value of |∆Hads‑H+

o | 

calculated using QM/MM. 
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Table A.9-1. Enthalpies of adsorption at 700 K (calculated using QM/MM) for alkenes adsorbed at protons in the 

sinusoidal channel and intersection of MFI 

  ΔHads-H+
o

 (kJ mol-1) 

adsorbate  channel intersection   sinusoidal channel  
propene  -96   n.c.a  

cis-2-butene  -108   n.c.a  

1-butene  -113   n.c.a  

trans-2-butene  -117   n.c.a  

tert-butyl cation  -123   -87  

isobutene  -124   -98  
an.c. not calculated 

 
Table A.9-2. Experimental and theoretical values of the standard enthalpy and entropy changes for the adsorption of 

various C4 hydrocarbons adsorbed in zeolites 

     ref approach temperature (K) zeolite adsorbate 
ΔHads-H+

o
 

(kJ mol-1) 
ΔSads-H+

o
 

(J mol-1 K-1) 

172 experiment 303-408 silicalite-1 isobutane   -43 (I)a   -90 (I)a 

238 experiment 523-573 MFI 1-butene -110 - 

134 theory 300 MFI n-butane -48 (SI)b -101 (SI)b 

     -64 (ZI)b -114 (ZI)b 

141 theory 300 TON isobutene - -126 

    t-butyl cation - -102 

   FAU isobutene - -94 

this workc   FAU t-butyl cation - -70 

this workc   MFI t-butyl cation - -86 
aValues correspond to localized adsorption at channel intersections (I).  bAdsorption at straight channel and intersection (SI) or 

zigzag channel and intersection (ZI).  cValues suggested in this work by assuming that the difference in adsorption entropy 

between isobutene and the t-butyl cation in TON in ref 141 is similar to the difference that would be observed for FAU, and 

that the adsorption entropy for the t-butyl cation at the MFI intersection (-86 J mol-1 K-1) would lie between these two values. 

 

Conversely, if the true entropies of adsorption of 1- and 2-butene are similar to those for 

n-butane, values of |∆Hads‑H+
o | much larger than the value predicted for the t-butyl cation (-123 

kJ mol-1) would be required to obtain ∆Gads‑H+
o

 = -59 kJ mol-1. It seems counterintuitive that a 

secondary alkene would have a greater adsorption enthalpy relative to a tertiary alkene of the 

same size when carbocations are formed, because the former do not have a tertiary carbon on 

which to stabilize positive charge. Using similar arguments, the values of |∆Hads‑H+
o | for 

isobutene and the t-butyl cation at the MFI sinusoidal channel would require unrealistically low 

magnitudes—even positive values—of the adsorption entropy (-2 to +12 J mol-1 K-1) to be 

consistent with ∆Gads‑H+
o

 = -59 kJ mol-1 or ∆Gads‑H+
o

 = -55 kJ mol-1. Therefore, adsorption of 

isobutene at protons located in the sinusoidal channels (and, by inference, channels of any type) 

or of linear butenes in general, does not appear to explain the observed effects of butene on the 

rate of dehydrogenation. The above observations, therefore, suggest that the inhibition is caused 

primarily by isobutene adsorption at the channel intersections. Estimates of the adsorption 

entropy of isobutene given below are consistent with this proposal.  

The adsorption enthalpy calculated in this work for the t-butyl cation at the channel 

intersections of MFI is indicated with a vertical line on Figure A.9-2. This line crosses the plot of 

|∆Sads‑H+
o

| versus |∆Hads‑H+
o | corresponding to ∆Gads‑H+

o
 = -59 kJ mol-1 at |∆Sads‑H+

o
| = 83 

J mol-1 K-1, similar to the magnitude of |∆Sads‑H+
o

| = 90 kJ mol-1 reported by Zhu et al.172 for the 

adsorption of isobutane at the channel intersection of silicalite-1. To check whether this value is 

reasonable, the entropy of adsorption of isobutene was estimated as follows using the 
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computational results of De Moor et al.141 for the entropy of adsorption of isobutene in TON and 

in FAU. 

De Moor et al.141 have calculated the entropies of adsorption for hydrocarbons adsorbed 

at protons by using statistical mechanics to model the vibrational modes below 100 cm-1 as 

rotations and translations rather than harmonic motions. The entropy of adsorption that these 

authors have calculated for adsorption of gas phase isobutene to give a t-butyl cation in TON at 

300 K is -102 J mol-1 K-1 (Table A.9-2). The entropies of adsorption for isobutene in TON and in 

FAU without formation of a carbocation are -126 J mol-1 K-1 and -94 J mol-1 K-1, respectively. 

Although the authors could not calculate the entropy of adsorption for the t-butyl cation in FAU 

because of computational difficulties, it seems reasonable to assume that the entropies of 

adsorption for the t-butyl cation and isobutene in FAU would differ by about 24 J mol-1 K-1, as 

they do in TON. Under this assumption, the entropy of adsorption of isobutane to form a t-butyl 

cation within FAU is roughly -70 J mol-1 K-1. 

It is logical to infer that the entropy of adsorption of isobutene to give a t-butyl cation at 

the MFI intersection (~8.9 Å along its largest diameter) would lie between the entropy of 

adsorption for TON (~5.3 Å) and FAU (~13 Å). Therefore, as a first approximation, the mid-

point between these two adsorption entropies (-70 and -102 J mol-1 K-1), -86 J mol-1 K-1, is 

proposed. This value agrees well with the value of |∆Sads‑H+
o

| = 83 J mol-1 K-1 at which the 

vertical line corresponding to the adsorption enthalpy to produce a t-butyl cation at the MFI 

intersection (|∆Hads‑H+
o | = 123 kJ mol-1) crosses the line corresponding to ∆Gads‑H+

o
 = -59 kJ mol-1 

in Figure A.9-2. The calculated value of |∆Hads‑H+
o | = 123 kJ mol-1 and the estimated value of 

|∆Sads‑H+
o

| = 86 J mol-1 K-1 for the t-butyl cation represent a point that nearly coincides with the 

line corresponding to ∆Gads‑H+
o

 = -59 kJ mol-1. These results strongly suggest that inhibition 

occurs primarily at the channel intersections and is caused by isobutene. 
 

A.10 Quantum Mechanics/Molecular Mechanics Simulations 
 

The enthalpies of adsorption of free and chemisorbed butene and propene at 700 K were 

calculated by Dr. Joseph Gomes, using ab initio quantum mechanics/molecular mechanics 

(QM/MM). These simulations account for electrostatic and shape-selective interactions in the 

zeolite and provide enthalpies of adsorption that are closely comparable to experiment.239 A 

QM(T5)/MM(T400) model was used, with a T5 cluster and the alkene treated quantum 

mechanically and the remaining 395 T atoms treated using a force field approach. Calculations 

were performed using the ωB97X-D/6-311++G(3df,3pd) level of theory for a proton situated on 

O20 attached to T12 and for configurations of the alkene or carbocation situated within the sine 

channel and within the intersection. 

 

A.11 Influence of Propene Co-Feed on Rates of Monomolecular and 

Bimolecular Reactions 
 

The rates of monomolecular cracking and dehydrogenation and of bimolecular hydride transfer, 

which produces propane and isobutane, are plotted in Figure A.11-1 versus the partial pressure of 

propene in the effluent at different levels of propene co-feed. Increasing the partial pressure of 

propene has no measureable effect on the rates of primary or secondary processes. This result 

appears to be consistent with the relatively low value calculated in this work for the enthalpy of 

adsorption of propene (-96 kJ mol-1, Table A.9-1) onto protons in MFI.  
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Figure A.11-1. Rates of monomolecular (left axis) and secondary hydride transfer (right axis) reactions vs. butene partial 

pressure for MFI-11.5 at 773 K and a space time of 0.09 [s mol H+ (mol feed)-1]. Conversion is constant at 0.57 ± 0.02 %. 

 

A.12 Explanation for Lack of Effect of Isobutene Co-Feed on Cracking Rates 
 

The proposal that n-butane cracking and dehydrogenation both occur preferentially at 

channel intersections is not necessarily inconsistent with the observation that only 

dehydrogenation is inhibited by butene products—an effect that was attributed to the adsorption 

of isobutene at intersections (see Appendix A.9). Whether product inhibition is observed depends 

on the relative preference of the different reactions to occur at intersections versus channels and 

on the distribution of protons among these sites. Therefore, strong specificity of the inhibition for 

dehydrogenation suggests that dehydrogenation exhibits a stronger preference for intersections 

compared to cracking, and that the fraction of protons located at the intersections is small. 

It is useful to illustrate this point using an example of a scenario in which isobutene 

adsorption at the intersections inhibits dehydrogenation substantially without significantly 

affecting the rates of cracking, even if cracking rates are greater at intersections than at channels. 

Hypothetical rate coefficients for intersections (kI) and channels (kC) are given in Table A.12-1. 

For central and terminal cracking, the ratio of the rates at the two locations (kI/kC) has been set 

close to the ratio of the rate for central cracking at 8-MR vs. 12-MR locations in MOR.65 The 

ratio kI/kC for dehydrogenation has been set to a much larger value, consistent with the high 

sensitivity of this reaction to location in MOR reported previously by Gounder and Iglesia.65 

 
Table A.12-1. Hypothetical first-order rate coefficients for n-butane monomolecular reactions at intersections (kI), 

channels (kC), and the ratio kI/kC 

  kI ×103 (s-1 atm-1) kC ×103 (s-1 atm-1) kI/kC 

central cracking 10.5 7.0 1.5 

terminal cracking 16.7 8.4 2 

dehydrogenation 60.0 0.6 100 

 

Next, hypothetical values were generated for the fraction of protons located at 

intersection (β) sites by using the distribution of Co(II) (Table 2.4.1-4; p 18) and by assuming for 

convenience that the population of isolated Al sites (those that do not exchange Co(II)) is 

random. The β site contains six O atoms (see Figure A.7-1). The O atoms connected to T1 and 

T5, which are closest to the intersection, are the most logical to designate as true intersection 
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sites (the remaining O atoms of the β site are located on the wall of the sinusoidal channel). 

Assuming that the Al atoms in β sites are distributed evenly among the six T-sites, then one third 

of the protons associated with β sites is located at T1 or T5. The fraction of protons located at 

intersections (sites T1 and T5) was calculated for the above set of assumptions and is given in 

Table A.12-2 for the zeolites that exhibited detectable UV-visible signals for Co(II).  

 
Table A.12-2. Distribution of Co(II) and hypothetical distributions of Brønsted protons in MFI zeolites, and ratios of 

hypothetical rate coefficients in the presence of product inhibition to the values in the absence of product inhibition 

zeolite 
fraction 

Al exchanged 
by Co(II) 

fraction 
Co(II) 

at site β 

fraction 
H+ at 
site β 

fraction 
H+ at 

T1 or T5 

kin/k0 

central 
cracking 

terminal 
cracking 

dehydro- 
genation 

MFI-40 0.322 0.58 0.390 0.130 0.96 0.94 0.71 

MFI-25 0.356 0.63 0.418 0.139 0.95 0.94 0.71 

MFI-15 0.394 0.71 0.460 0.153 0.95 0.93 0.70 

MFI-11.5 0.556 0.69 0.538 0.179 0.94 0.92 0.70 

 

To simulate the effects of product inhibition, the fraction of intersection sites occupied by 

isobutene was set such that a 30% reduction resulted for the apparent rate of dehydrogenation. 

The apparent rate coefficient was calculated as the weighted sum of kI and kC, using as weighting 

factors the fraction of uninhibited protons located at intersections and at channels. A 30% 

reduction in the dehydrogenation rate approximates that observed for the highest butene partial 

pressure shown in Figure 2.4.5-1 on p 32. The ratio of the apparent rate coefficient with 

inhibition (kin) to the value in the absence of inhibition (k0), was then determined for each 

reaction of n-butane and is given in Table A.12-2. It can be seen from the ratio kin/k0 that under 

the set of circumstances described in this section, the rate of dehydrogenation decreases 

substantially due to inhibition at the intersections, while the rates of central and terminal 

cracking remain close to values in the absence of product inhibition. 
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Appendix B  
Supplementary Information for Chapter 3:  Adsorption 

Thermodynamics and Intrinsic Activation Parameters for 

Monomolecular Cracking of n-Alkanes on Brønsted Acid Sites in 

Zeolites 
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B.1 Derivation of an Expression for Preact in Terms of ΔAreact 
 

The probability of an alkane molecule being a reactant state can be defined as the ratio of 

the number of molecules for which a C-C bond is located within 5 Å of an Al atom to the total 

number of alkane molecules adsorbed in the zeolite. The total number of molecules adsorbed per 

unit mass of zeolite (nads) is defined as: 

 

( B.1-1 )      nads = 
1

 ρ
f
RT

exp (-
ΔAads

RT
) PA = KHPA  [=] 

mol

kg
 

 

Similarly, the number of molecules in a reactant state (nreact) is defined as 

 

( B.1-2 )      nreact = 
fH+

 ρ
f
RT

exp (-
ΔAads-H+

RT
) PA   [=] 

mol

kg
 

 

where fH+ is the fraction of the zeolite volume contained within the 5 Å spheres that define the 

reactant state. By defining ΔAads-H+ in this way, the entropy of adsorption (ΔSads-H+) is 

independent of the purely configurational contribution associated with the number of acid sites 

present in the unit cell. Taking the ratio of nreact to nads then gives an expression for Preact: 

 

( B.1-3 )      
nreact

nads

 = Preact = 
fH+exp (-

ΔAads-H+

RT
) PA

exp (-
ΔAads

RT
) PA

=  fH+exp (-
ΔAreact

RT
) 

 

where, by definition, ΔAreact ≡ ΔAads-H+ - ΔAads. Therefore, Preact can also be written (as in 

Equation 3.3-6; p 38): 

 

( B.1-4 )      Preact = fH+exp (-
ΔAreact

RT
) 

 

B.2 Derivation of the Relationships between ∆Hads-H+ and ∆H
ads-H+

o
 and 

∆Sads-H+ and ∆S
ads-H+

o
 

 

Using Equation 3.3-16 (p 40), an expression relating the Langmuir coefficient KL-H+ to 

the standard Gibbs free energy of adsorption is obtained 

 

( B.2-1 )      KL-H+ = 
θ

o

1 - θ
o

1

Po exp (-
ΔGads-H+

o

RT
) 

 

This expression can be substituted into Equation 3.3-15 on p 39 (θAz,react = KL-H+PA) to give 

 

( B.2-2 )      θAz,react
 = 

θ
o

1 - θ
o

1

Po  exp (-
ΔGads-H+

o

RT
) PA 
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Setting this expression for θAz,react equal to that given by Equation 3.3-3 (p 37) and substituting 

Equations 3.3-5 - 3.3-7 (p 37) into Equation 3.3-3 then gives 

 

( B.2-3 )      
VH+

RT
exp (-

∆Aads-H+

RT
)  =  

θ
o

1 - θ
o

1

Po  exp (-
ΔGads-H+

o

RT
) 

 

The following substitutions are then made in Equation B.2-3: ∆Gads‑H+
o

 = ∆Hads‑H+
o  - T∆Sads‑H+

o
 

and ∆Aads-H+ = ∆Uads-H+ - T∆Sads-H+ 

 

( B.2-4 )      
VH+

RT
exp (-

∆Uads-H+ - T∆Sads-H+

RT
)  = 

θ
o

1 - θ
o

1

Po  exp (-
∆Hads‑H+

o  - T∆Sads‑H+
o

RT
) 

 

Taking logarithms of each side of Equation B.2-4 and differentiating with respect to (RT)-1 

yields 

 

( B.2-5 )      ∆Uads-H+ - RT = ∆Hads-H+ = ΔHads-H+
o  

 

Substituting ΔUads-H+ - RT = ∆Hads‑H+
o  into Equation B.2-4 and solving for ΔSads-H+ then gives 

Equation 3.3-20 (p 41): 

 

( B.2-6 )      ∆Sads-H+ = ∆Sads‑H+
o

 + R [ln (
θ

o

1 - θ
o)  - ln (

PoVH+

RT
)  + 1] 

 

B.3 Calculation of Expected Values of ΔHads-H+ and ΔSads-H+ for an 

Arbitrary Distribution of Al 
 

The expected values for the enthalpy and entropy of adsorption of alkane into a reactant 

state at Brønsted protons (〈ΔHads-H+〉 and 〈ΔSads-H+〉) for an arbitrary distribution of Al were taken 

as the Boltzmann averages of the values of ΔHads-H+(i) and ΔSads-H+(i) corresponding to 

adsorption at protons associated with Al located at T-sites of type i. In a zeolite having i 

crystallographically distinct T-site symmetries, in which a fraction fi of the Al atoms occupy 

T-sites of type i, the total fraction of protons θAz,react that are occupied by alkane in the limit of 

low coverage is given by 

 

( B.3-1 )      θAz,react
 = 

∑ θAz,react
(i)nH+,ii

∑ nH+,ii

 = 
∑ KL-H+(i)PAnH+,ii

∑ nH+,ii

 = ∑ fiKL-H+(i)PA

i

 = 〈KL-H+〉PA 

 

where θAz,react(i) is the fraction of sites of type i that are occupied by alkane, nH+,i is the number of 

sites of type i per unit mass of zeolite, KL-H+(i) is the Langmuir coefficient for sites of type i, and 
〈KL-H+〉 is the expected value of KL-H+. For a random distribution of Al in MFI, fi = 1/12.   

The value of 〈KL-H+〉 is related to the expected value of the Helmholtz free energy of 

adsorption, 〈ΔAads-H+〉, according to 
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( B.3-2 )      〈KL-H+〉 = 
VH+

RT
〈Kads-H+〉 = 

VH+

RT
exp (-

〈ΔAads-H+〉

RT
) 

 

Combining this expression with Equation B.3-1 and noting that Equation B.3-2 can also be used 

to relate KL-H+(i) to ΔAads-H+(i) for individual site types reveals that  

 

( B.3-3 )      〈KL-H+〉 = 
VH+

RT
∑ fi exp (-

ΔAads-H+(i)

RT
) = 

VH+

RT
i

exp (-
〈ΔAads-H+〉

RT
) 

 

Substituting the relationship between the Helmholtz energy and the energy and entropy 

(ΔA = ΔU - TΔS) into Equation B.3-3 and taking logarithms of both sides then gives 

 

( B.3-4 )      ln [∑ fi exp (-
ΔAads-H+(i)

RT
)

i

]  = -
〈ΔUads-H+〉

RT
 + 

〈ΔSads-H+〉

R
 

 

The enthalpy of adsorption 〈ΔHads-H+〉 is related to the left hand side of Equation B.3-4 by 

 

( B.3-5 )      〈ΔHads-H+〉 = -

∂ln [∑ fi exp (-
ΔAads-H+(i)

RT
)i ]

∂(RT)-1
 = 

∑ fiΔUads-H+(i)exp (-
ΔAads-H+(i)

RT
)i

∑ fii exp (-
ΔAads-H+(i)

RT
)

 - RT 

 

and the entropy of adsorption 〈ΔSads-H+〉 can be obtained by substituting the above expression for 
〈ΔHads-H+〉 (equal to 〈ΔUads-H+〉 - RT) into Equation B.3-4 to obtain 

 

( B.3-6 )      〈ΔSads-H+〉 = Rln [∑ fi exp (-
ΔAads-H+(i)

RT
)

i

]  + 
〈ΔUads-H+〉

T
 

 

B.4 Temperature Variation of the Standard Enthalpy and Entropy of 

Adsorption 
 

The temperature dependences of the standard enthalpy of adsorption onto Brønsted 

protons (∆Hads‑H+
o ) that are identical is given by82 

 

( B.4-1 )      ∆Hads‑H+
o (T) = ∆Hads‑H+

o (To) + ∫ ΔCP
o(T)dT

T

To

 

 

where ∆Hads‑H+
o (To) is the value of ∆Hads‑H+

o  measured at temperature To and ΔCP
o(T) is the 

difference in the constant-pressure heat capacity at Po = 1 bar between the zeolite and the 

adsorbed alkane, and the zeolite alone and the gas-phase alkane. Likewise, the dependence of the 

standard entropy of adsorption (∆Sads‑H+
o

) on temperature is given by 
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( B.4-2 )      ∆Sads‑H+
o (T) = ∆Sads‑H+

o (To) + ∫
ΔCP

o(T)

T
dT

T

To

 

 

where ∆Sads‑H+
o (To) is the value of ∆Sads‑H+

o
 at To. Bhan et al.82 estimate that the variation of 

Equations B.4-1 and B.4-2 between 300 and 800 K for alkane adsorption in zeolites is negligible, 

while we find that ∆Sads‑H+
o

 changes by 3-13% between 278 K and 773 K, depending on the 

alkane and T-site. The change in ∆Hads‑H+
o  with temperature is the same as the change in 

ΔHads-H+, since ∆Hads‑H+
o  and ΔHads-H+ were shown to be equivalent. The change in ΔHads-H+ with 

temperature can be seen in Figure 3.5.1-1 (p 43) for adsorption at sites T9 and T4. The value of 

ΔHads-H+ for adsorption at a given T-site in H-MFI increases by up to 2.9 kJ mol-1 for propane 

and by up to 5.3 kJ mol-1 for n-hexane between 278 K and 773 K (based on tabulated values of 

ΔHads-H+ and ΔSads-H+ included in Appendix B.7). 

To examine the changes in ∆Sads‑H+
o

 with temperature, we have converted the values of 

ΔSads-H+ obtained from simulation into values of ∆Sads‑H+
o

 by using Equation B.2-6 (Po = 105 Pa; 

θ
o
 = 0.5). The values of ∆Sads‑H+

o
 calculated for sites T11 and T12 are plotted versus temperature 

in Figures B.4-1a and B.4-1b. Between 278 K and 773 K, ∆Sads‑H+
o

 for a given T-site increases 

by up to 11 J mol-1 K-1 for propane (at T6) and by up to 19 J mol-1 K-1 for n-hexane (at T6). 

These changes in ∆Sads‑H+
o

 are generally larger than those calculated by De Moor et al.134 using 

quantum mechanics (see ref 134, Figure S3), and increase with alkane chain length. 

 
a 

 

b 

 
Figure B.4-1. Plots of the standard entropy of adsorption (∆Sads‑H+

o ) versus temperature for the adsorption of propane (▲), 

n-butane (▲), n-pentane (▲), and n-hexane (▲) at site (a) T11 and (b) T12 in H-MFI, obtained using CBMC simulations. 

 

B.5 QM/MM Values of Intrinsic Activation Parameters for Cracking of 

Individual C-C Bonds in n-Alkanes 
 

Values of the intrinsic activation parameters determined using QM/MM for cracking at 

different C-C bonds of n-alkanes are presented in Tables B.5-1 and B.5-2. Boltzmann-weighted 

averages of these quantities are presented in Section 3.5.2 (p 47). 
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Table B.5-1. Intrinsic activation enthalpies for cracking of n-alkane bonds at 773 K at site T12 in H-MFI 

   ∆Hint
‡

 (kJ mol-1) 

n-alkane connectivity  C1-C2 C2-C2 C2-C3 C3-C3 
propane C1-C2-C1  182 -- -- -- 

n-butane C1-C2-C2-C1  185 182 -- -- 

n-pentane C1-C2-C3-C2-C1  171 -- 172 -- 

n-hexane C1-C2-C3-C3-C2-C1  171 -- 172 173 

 
Table B.5-2. Intrinsic activation entropies for cracking of n-alkane bonds at 773 K at site T12 in H-MFI 

   ∆Sint
‡

 (J mol-1 K-1) 

n-alkane connectivity  C1-C2 C2-C2 C2-C3 C3-C3 

propane C1-C2-C1  -16 -- -- -- 

n-butane C1-C2-C2-C1  -9 -14 -- -- 

n-pentane C1-C2-C3-C2-C1  -7 -- -6 -- 

n-hexane C1-C2-C3-C3-C2-C1  -10 -- -9 -12 

 

B.6 Specification of the Cutoff Radius for the Reactant State 
 

We have defined an alkane molecule as being in a reactant state (capable of reacting with 

a Brønsted proton) when a C-C bond is located within 5 Å of an Al T-atom. The rationale for 

using this cutoff radius (rc) is also discussed by Swisher et al.83 Below we demonstrate that our 

definition of rc is consistent with that suggested by Jiang et al.,158 who used molecular dynamics 

simulations to investigate the adsorption of small alkanes adsorbed at Brønsted protons in CHA. 

These authors calculated the distribution of distances from the proton to the nearest C atom of 

the alkane at various temperatures and found that the alkane interacts with the proton when the 

C-H distance is smaller than ~3 Å (see ref 158, Figure S3). 

To show that this C-H distance is consistent with an Al-C distance of 5 Å, we have 

calculated the C-H and Al-C distances for n-butane adsorbed at a proton in H-MFI at sites T10 

and T12 using QM/MM. Images of n-butane adsorbed at T10 and T12 in H-MFI are shown in 

Figures B.6-1a and B.6-1b, respectively, and the distances from the Al atom to each carbon atom 

are summarized in Table B.6-1. Figure B.6-2 shows a plot of the Al-C distance versus the C-H 

distance. It can be seen that when the C-H distance is near 3 Å, the Al-C distance is expected to 

be about 4.7-5.0 Å, consistent with our choice of 5 Å for rc. We note that the geometries depicted 

in Figure B.6-1 correspond to potential energy minima only, while in a CBMC simulation an 

ensemble of geometries will be sampled. 

 
Table B.6-1. Distances between alkane C atoms and zeolite Al and H atoms for n-butane adsorbed at Brønsted protons 

associated with T10 and T12 in H-MFI, calculated using QM/MM. 

  Al-C distance (Å)  C-H distance (Å) 

Al atom location  C2 C1 C3 C4  C2 C1 C3 C4 

T12  3.939 4.119 5.340 5.787  2.283 2.924 3.654 4.049 

T10  4.179 4.432 4.275 5.078  2.373 2.587 2.861 3.150 
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a 

 

b 

  

Figure B.6-1. n-Butane adsorbed at a Brønsted proton associated with sites (a) T12 and (b) T10 in H-MFI, calculated 

using QM/MM. The spheres represent C (●), Al, (●), H (●), Si, (●) and O (●). 

 

 
Figure B.6-2. Plot of the Al-C distance (dAl-C) versus the carbon-proton distance (dC-H) for the four carbon atoms of 

n-butane adsorbed at site T10 (●) and T12 (▲) in H-MFI, calculated using QM/MM. 

 

We next investigate the influence of the choice of rc on the values of ΔHads-H+ and 

ΔSads-H+ obtained from simulations. Values of ΔHads-H+ and ΔSads-H+ corresponding to a random 

distribution of Al in H-MFI for each n-alkane at 773 K are presented in Table B.6-2 for values of 

rc of 4.0-6.0 Å. It can be seen that when rc increases from 4.5 to 5.5 Å, ΔHads-H+ and ΔSads-H+ 

decrease in magnitude by 2-3 kJ mol-1 and by 18 J mol-1 K-1, respectively. These values can be 

used to estimate uncertainties in ΔHads-H+ and ΔSads-H+, respectively, as ± ~1.5 kJ mol-1 and ± ~9 

J mol-1 K-1.  These uncertainties are insensitive to temperature at 278-773 K (within 1 kJ mol-1 

and 2 J mol-1 K-1, respectively) and are also similar among alkanes at fixed temperature (within 1 

kJ mol-1 and 1 J mol-1 K-1, respectively). Thus, trends in ΔHads-H+ and ΔSads-H+ with respect to 

temperature and alkane size are preserved even if a different value is chosen for rc. 

 
Table B.6-2. Values of ΔHads-H+ and ΔSads-H+ at 773 K for adsorption of n-alkanes in H-MFI with a random distribution of 

Al as a function of the cutoff radius (rc) used for the reactant state 

rc (Å) 

 ΔHads-H+ (kJ mol-1)  ΔSads-H+ (J mol-1 K-1) 

 propane n-butane n-pentane n-hexane  propane n-butane n-pentane n-hexane 

4.0  -34.3 -42.7 -51.5 -61.1  -80.1 -89.3 -98.7 -109.1 

4.5  -41.7 -50.9 -60.1 -70.0  -61.7 -71.7 -81.1 -91.4 

5.0  -43.7 -53.2 -63.0 -73.1  -50.5 -60.6 -70.3 -80.4 

5.5  -43.5 -53.0 -63.0 -73.2  -43.3 -53.2 -63.3 -73.5 

6.0  -42.8 -52.1 -62.3 -72.6  -38.9 -48.8 -59.3 -69.8 
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B.7 Values of ΔHads-H+, ΔSads-H+, KH and p
react

 for Adsorption of n-Alkanes 

in H-MFI 
 

Tables B.7-1 - B.7-4 present values of ΔHads-H+ and ΔSads-H+ for H-MFI, in which an 

adsorbate C-C bond is located within 5 Å of a specified Al T-atom. An O atom bonded to this Al 

atom has been treated as acidic. Values of ΔUads-H+ (equal to ΔHads-H+ + RT) were obtained 

directly from Monte Carlo simulations, while the values of ΔSads-H+ were obtained by substituting 

these values of ΔUads-H+ into Equation 3.3-9 (p 38), together with simulated values of KH and 

preact. The values of KH and preact for each n-alkane, C-C bond and temperature are given in 

Tables B.7-5 - B.7-8.  

 
Table B.7-1. Simulated enthalpies and entropies of adsorption to a reactant state for propane at each T-site in H-MFI. A 

C-C bond of the adsorbate is located within 5 Å of an Al atom located at the T-site indicated. 

  ΔHads-H+ (kJ mol-1)  ΔSads-H+ (J mol-1 K-1) 

Al atom location  278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 

T1  -45.1 -43.5 -43.1 -43.1  -60.2 -52.2 -48.8 -46.3 

T2  -48.5 -47.2 -46.5 -45.9  -66.4 -59.3 -55.1 -51.8 

T3  -47.9 -45.9 -44.6 -43.7  -67.7 -58.3 -53.1 -49.3 

T4  -49.1 -48.5 -48.0 -47.6  -72.9 -67.6 -64.2 -61.1 

T5  -46.8 -44.7 -43.5 -42.8  -66.5 -56.7 -51.8 -48.3 

T6  -48.2 -46.2 -44.8 -43.8  -67.2 -57.8 -52.5 -48.4 

T7  -47.8 -45.6 -44.3 -43.4  -74.5 -64.7 -59.5 -55.6 

T8  -45.6 -44.3 -43.5 -42.9  -71.8 -64.3 -60.1 -56.7 

T9  -45.1 -42.7 -41.5 -40.9  -63.6 -53.1 -47.9 -44.5 

T10  -45.2 -44.2 -43.8 -43.7  -66.3 -59.9 -56.6 -53.8 

T11  -46.5 -45.8 -45.5 -45.3  -68.5 -63.0 -59.8 -57.0 

T12  -45.4 -44.1 -43.9 -44.0  -59.4 -51.9 -48.9 -46.6 

 
Table B.7-2. Simulated enthalpies and entropies of adsorption to a reactant state for n-butane at each T-site in H-MFI. A 

C-C bond of the adsorbate is located within 5 Å of an Al atom located at the T-site indicated. 

  ΔHads-H+ (kJ mol-1)  ΔSads-H+ (J mol-1 K-1) 

Al atom location  278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 

T1  -56.0 -54.1 -53.2 -52.7  -72.2 -63.0 -58.7 -55.4 

T2  -59.9 -58.0 -56.7 -55.5  -80.7 -71.8 -66.6 -62.2 

T3  -59.6 -56.8 -54.8 -53.1  -83.0 -71.5 -65.0 -60.0 

T4  -61.3 -60.1 -59.2 -58.1  -89.7 -83.3 -78.6 -74.6 

T5  -59.0 -55.8 -53.7 -52.1  -82.8 -70.1 -63.3 -58.4 

T6  -60.5 -57.8 -55.2 -53.2  -84.1 -72.8 -65.0 -59.4 

T7  -59.0 -55.7 -53.6 -52.0  -89.7 -76.7 -69.9 -65.1 

T8  -56.8 -55.0 -53.7 -52.5  -84.7 -75.9 -70.8 -66.4 

T9  -56.6 -53.2 -50.9 -49.5  -79.3 -66.1 -58.8 -54.2 

T10  -56.5 -55.1 -54.3 -53.4  -78.6 -71.0 -66.7 -63.0 

T11  -58.1 -57.1 -56.3 -55.4  -81.5 -75.0 -70.8 -67.1 

T12  -56.6 -54.9 -54.1 -53.6  -71.8 -63.4 -59.2 -56.0 
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Table B.7-3. Simulated enthalpies and entropies of adsorption to a reactant state for n-pentane at each T-site in H-MFI. A 

C-C bond of the adsorbate is located within 5 Å of an Al atom located at the T-site indicated. 

  ΔHads-H+ (kJ mol-1)  ΔSads-H+ (J mol-1 K-1) 

Al atom location  278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 
T1  -66.5 -65.2 -63.9 -63.1  -81.6 -74.5 -69.5 -65.8 

T2  -68.7 -67.5 -66.4 -65.3  -87.2 -80.3 -75.6 -71.5 

T3  -68.7 -66.2 -64.4 -62.7  -90.8 -80.1 -74.0 -69.0 

T4  -70.2 -68.7 -67.4 -66.3  -101.3 -93.4 -88.2 -84.1 

T5  -68.5 -65.2 -63.2 -61.6  -91.9 -78.9 -72.2 -67.4 

T6  -70.2 -66.8 -64.2 -61.9  -94.8 -81.8 -73.9 -68.1 

T7  -66.4 -63.8 -62.0 -60.6  -96.2 -85.2 -79.2 -74.4 

T8  -65.5 -64.4 -63.2 -62.0  -91.4 -84.5 -79.5 -75.3 

T9  -65.3 -62.3 -60.3 -58.9  -88.0 -75.7 -69.3 -64.6 

T10  -66.5 -65.5 -64.5 -63.7  -86.9 -80.4 -76.0 -72.4 

T11  -68.9 -67.9 -66.9 -65.9  -91.6 -85.1 -80.7 -76.5 

T12  -67.3 -65.9 -65.0 -64.0  -82.2 -74.9 -70.7 -66.8 

 
Table B.7-4. Simulated enthalpies and entropies of adsorption to a reactant state for n-hexane at each T-site in H-MFI. A 

C-C bond of the adsorbate is located within 5 Å of an Al atom located at the T-site indicated. 

  ΔHads-H+ (kJ mol-1)  ΔSads-H+ (J mol-1 K-1) 

Al atom location  278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 
T1  -77.9 -76.2 -75.0 -73.5  -94.5 -86.4 -81.4 -76.7 

T2  -79.4 -78.1 -76.9 -75.6  -97.4 -90.3 -85.5 -81.0 

T3  -79.5 -76.9 -74.8 -72.7  -101.5 -90.8 -84.0 -78.3 

T4  -78.1 -76.8 -75.6 -74.1  -108.4 -101.0 -96.0 -91.4 

T5  -76.9 -74.6 -72.8 -71.1  -98.1 -87.8 -81.7 -76.6 

T6  -79.5 -75.8 -73.4 -71.0  -104.2 -90.1 -82.7 -76.7 

T7  -75.4 -73.5 -71.9 -70.2  -104.2 -95.1 -89.4 -84.4 

T8  -76.5 -74.8 -73.3 -71.8  -103.5 -95.3 -89.7 -84.8 

T9  -74.9 -72.0 -70.2 -68.5  -97.9 -86.2 -79.8 -74.9 

T10  -77.6 -75.9 -75.0 -73.6  -99.8 -91.6 -87.3 -82.8 

T11  -80.8 -79.0 -77.6 -75.6  -105.4 -96.7 -91.4 -85.9 

T12  -78.5 -77.2 -75.9 -74.6  -94.5 -87.5 -82.3 -77.9 

 
Table B.7-5. Probability of a C-C bond j of propane being in a reactant state in H-MFI with one Al atom per unit cell 

located at each T-site. Values of the Henry coefficient are given at the right of the table and are independent of the bond j 

in a reactant state. 

Al atom location 
and bond (j) 

 preact (kg [mol H+]-1)  KH (mol kg-1 Pa-1) 

 278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 
T1 (j = 1)  0.84 0.61 0.50 0.41  1.3E-2 2.32E-5 1.18E-6 1.36E-7 

T2 (j = 1)  1.48 0.73 0.47 0.33  1.5E-2 2.38E-5 1.18E-6 1.36E-7 

T3 (j = 1)  1.45 0.68 0.45 0.34  1.0E-2 1.96E-5 1.05E-6 1.26E-7 

T4 (j = 1)  1.43 0.50 0.26 0.16  9.2E-3 1.82E-5 9.94E-7 1.21E-7 

T5 (j = 1)  1.09 0.61 0.43 0.34  9.4E-3 1.89E-5 1.02E-6 1.24E-7 

T6 (j = 1)  1.69 0.79 0.51 0.39  1.1E-2 1.96E-5 1.05E-6 1.26E-7 

T7 (j = 1)  0.67 0.30 0.20 0.16  9.3E-3 1.91E-5 1.04E-6 1.25E-7 

T8 (j = 1)  0.47 0.24 0.16 0.13  7.2E-3 1.76E-5 9.93E-7 1.22E-7 

T9 (j = 1)  1.03 0.58 0.46 0.40  7.0E-3 1.75E-5 9.96E-7 1.22E-7 

T10 (j = 1)  0.57 0.33 0.24 0.19  9.4E-3 2.08E-5 1.11E-6 1.31E-7 

T11 (j = 1)  0.77 0.35 0.23 0.17  9.4E-3 2.09E-5 1.11E-6 1.32E-7 

T12 (j = 1)  1.04 0.73 0.57 0.46  1.3E-2 2.40E-5 1.21E-6 1.38E-7 
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Table B.7-6. Probability of a C-C bond j of n-butane being in a reactant state in H-MFI with one Al atom per unit cell 

located at each T-site. Values of the Henry coefficient are given at the right of the table and are independent of the bond j 

in a reactant state. 

Al atom location 
and bond (j) 

 preact (kg [mol H+]-1)  KH (mol kg-1 Pa-1) 

 278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 
T1 (j = 1)  0.94 0.76 0.61 0.50  2.98E-1 1.02E-4 2.45E-6 1.70E-7 

T1 (j = 2)  1.01 0.75 0.59 0.48      

T2 (j = 1)  1.47 0.79 0.50 0.35  3.54E-1 1.04E-4 2.42E-6 1.68E-7 

T2 (j = 2)  1.66 0.78 0.47 0.31      

T3 (j = 1)  1.57 0.74 0.48 0.35  2.18E-1 7.92E-5 2.07E-6 1.53E-7 

T3 (j = 2)  1.84 0.77 0.46 0.32      

T4 (j = 1)  1.59 0.53 0.25 0.14  1.97E-1 7.01E-5 1.89E-6 1.43E-7 

T4 (j = 2)  1.92 0.56 0.25 0.13      

T5 (j = 1)  1.39 0.74 0.50 0.37  2.08E-1 7.45E-5 1.97E-6 1.48E-7 

T5 (j = 2)  1.36 0.70 0.46 0.34      

T6 (j = 1)  1.83 0.83 0.51 0.37  2.39E-1 7.85E-5 2.02E-6 1.50E-7 

T6 (j = 2)  2.36 0.95 0.55 0.37      

T7 (j = 1)  0.69 0.34 0.23 0.17  1.95E-1 7.50E-5 2.00E-6 1.49E-7 

T7 (j = 2)  0.56 0.26 0.17 0.13      

T8 (j = 1)  0.76 0.34 0.22 0.16  1.30E-1 6.70E-5 1.89E-6 1.45E-7 

T8 (j = 2)  0.50 0.26 0.17 0.12      

T9 (j = 1)  1.12 0.61 0.47 0.40  1.28E-1 6.68E-5 1.90E-6 1.46E-7 

T9 (j = 2)  1.35 0.66 0.48 0.41      

T10 (j = 1)  0.89 0.50 0.35 0.26  2.07E-1 8.75E-5 2.25E-6 1.61E-7 

T10 (j = 2)  0.61 0.36 0.25 0.19      

T11 (j = 1)  1.12 0.52 0.32 0.21  2.10E-1 8.82E-5 2.25E-6 1.62E-7 

T11 (j = 2)  1.02 0.42 0.24 0.15      

T12 (j = 1)  1.17 0.87 0.67 0.53  3.19E-1 1.07E-4 2.52E-6 1.72E-7 

T12 (j = 2)  1.24 0.88 0.66 0.51      
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Table B.7-7. Probability of a C-C bond j of n-pentane being in a reactant state in H-MFI with one Al atom per unit cell 

located at each T-site. Values of the Henry coefficient are given at the right of the table and are independent of the bond j 

in a reactant state. 

Al atom location 
and bond (j) 

 preact (kg [mol H+]-1)  KH (mol kg-1 Pa-1) 

 278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 
T1 (j = 1)  0.97 0.80 0.65 0.54  7.41E+0 5.16E-4 5.50E-6 2.17E-7 

T1 (j = 2)  1.29 0.96 0.74 0.59      

T2 (j = 1)  1.29 0.86 0.61 0.44  8.04E+0 5.01E-4 5.35E-6 2.11E-7 

T2 (j = 2)  1.52 0.86 0.55 0.37      

T3 (j = 1)  1.44 0.82 0.57 0.43  4.59E+0 3.65E-4 4.41E-6 1.89E-7 

T3 (j = 2)  1.71 0.85 0.55 0.39      

T4 (j = 1)  0.98 0.40 0.22 0.14  3.05E+0 2.88E-4 3.79E-6 1.72E-7 

T4 (j = 2)  1.56 0.47 0.22 0.12      

T5 (j = 1)  1.55 0.87 0.62 0.48  3.74E+0 3.17E-4 4.05E-6 1.79E-7 

T5 (j = 2)  1.57 0.84 0.56 0.41      

T6 (j = 1)  1.54 0.81 0.56 0.43  4.62E+0 3.42E-4 4.22E-6 1.84E-7 

T6 (j = 2)  2.17 0.92 0.56 0.40      

T7 (j = 1)  0.50 0.30 0.22 0.18  3.10E+0 3.13E-4 4.07E-6 1.81E-7 

T7 (j = 2)  0.40 0.24 0.18 0.14      

T8 (j = 1)  0.71 0.38 0.27 0.20  2.37E+0 2.86E-4 3.87E-6 1.76E-7 

T8 (j = 2)  0.77 0.37 0.24 0.17      

T9 (j = 1)  0.94 0.59 0.47 0.41  2.21E+0 2.81E-4 3.87E-6 1.76E-7 

T9 (j = 2)  1.22 0.64 0.48 0.41      

T10 (j = 1)  0.97 0.62 0.45 0.34  4.71E+0 4.11E-4 4.80E-6 1.99E-7 

T10 (j = 2)  0.94 0.55 0.37 0.26      

T11 (j = 1)  1.20 0.66 0.42 0.29  5.52E+0 4.21E-4 4.82E-6 2.00E-7 

T11 (j = 2)  1.45 0.63 0.35 0.22      

T12 (j = 1)  1.25 0.94 0.72 0.56  7.83E+0 5.24E-4 5.54E-6 2.17E-7 

T12 (j = 2)  1.60 1.09 0.78 0.59      
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Table B.7-8. Probability of a C-C bond j of n-hexane being in a reactant state in H-MFI with one Al atom per unit cell 

located at each T-site. Values of the Henry coefficient are given at the right of the table and are independent of the bond j 

in a reactant state. 

Al atom location 
and bond (j) 

 preact (kg [mol H+]-1)  KH (mol kg-1 Pa-1) 

 278 K 424 K 573 K 773 K  278 K 424 K 573 K 773 K 
T1 (j = 1)  0.88 0.74 0.60 0.49  2.27E+2 2.79E-3 1.29E-5 2.85E-7 

T1 (j = 2)  1.18 0.96 0.75 0.60      

T1 (j = 3)  1.32 1.09 0.85 0.67      

T2 (j = 1)  1.14 0.90 0.68 0.52  2.49E+2 2.74E-3 1.24E-5 2.75E-7 

T2 (j = 2)  1.52 1.01 0.69 0.48      

T2 (j = 3)  1.59 1.02 0.67 0.45      

T3 (j = 1)  1.39 0.91 0.67 0.52  1.34E+2 1.88E-3 9.99E-6 2.43E-7 

T3 (j = 2)  1.71 0.98 0.66 0.48      

T3 (j = 3)  1.80 1.00 0.65 0.46      

T4 (j = 1)  0.94 0.45 0.29 0.19  5.52E+1 1.27E-3 8.00E-6 2.13E-7 

T4 (j = 2)  0.96 0.36 0.20 0.12      

T4 (j = 3)  0.91 0.35 0.18 0.10      

T5 (j = 1)  1.27 0.85 0.66 0.53  7.20E+1 1.43E-3 8.64E-6 2.23E-7 

T5 (j = 2)  1.60 0.96 0.67 0.50      

T5 (j = 3)  1.65 0.98 0.67 0.48      

T6 (j = 1)  1.33 0.87 0.66 0.53  9.88E+1 1.61E-3 9.21E-6 2.33E-7 

T6 (j = 2)  1.73 0.89 0.61 0.46      

T6 (j = 3)  1.87 0.87 0.57 0.42      

T7 (j = 1)  0.56 0.35 0.26 0.21  6.09E+1 1.41E-3 8.70E-6 2.26E-7 

T7 (j = 2)  0.36 0.23 0.18 0.15      

T7 (j = 3)  0.38 0.24 0.18 0.14      

T8 (j = 1)  0.64 0.38 0.28 0.22  5.80E+1 1.34E-3 8.38E-6 2.21E-7 

T8 (j = 2)  0.82 0.43 0.29 0.21      

T8 (j = 3)  1.04 0.51 0.31 0.22      

T9 (j = 1)  0.86 0.63 0.51 0.44  4.54E+1 1.24E-3 8.14E-6 2.18E-7 

T9 (j = 2)  1.05 0.62 0.50 0.43      

T9 (j = 3)  1.16 0.63 0.49 0.42      

T10 (j = 1)  0.68 0.48 0.37 0.29  1.18E+2 1.96E-3 1.05E-5 2.51E-7 

T10 (j = 2)  1.09 0.66 0.46 0.34      

T10 (j = 3)  1.33 0.77 0.51 0.35      

T11 (j = 1)  0.99 0.64 0.44 0.32  1.69E+2 2.15E-3 1.08E-5 2.55E-7 

T11 (j = 2)  1.56 0.77 0.45 0.28      

T11 (j = 3)  2.01 0.90 0.47 0.28      

T12 (j = 1)  1.05 0.86 0.68 0.53  2.32E+2 2.75E-3 1.28E-5 2.82E-7 

T12 (j = 2)  1.58 1.13 0.83 0.63      

T12 (j = 3)  1.80 1.26 0.91 0.67      

 

B.8 Configurational-Bias Monte Carlo Simulation Methodology 
 

Size parameters σij and well depths εij (divided by the Boltzmann constant, kB) for the 

various interactions between various atoms or groups, i and j, are given in Table B.8-1.83,148,150 

The zeolite oxygen atoms that are treated as non-acidic are denoted by Ozeolite while oxygen 

atoms treated as possessing a Brønsted proton are denoted by Oacid. Interactions between alkane 

methylene (CH2) and methyl (CH3) groups were computed using the Lorentz-Berthelot mixing 

rules. The coordinates of the zeolite crystal used in the simulations were taken from von 

Koningsveld et al.157 and are included in Table B.8-2. 
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Table B.8-1. Lennard-Jones force field parameters used in this work for all CBMC simulations. 

interaction type (i-j) εij/kb (K) σij (Å) 

Ozeolite-CH2 60.5 3.58 

Ozeolite-CH3 93.0 3.48 

Oacid-CH2 400.0 3.58 

Oacid-CH3 450.0 3.48 

CH2-CH2 56.0 3.96 

CH3-CH3 108.0 3.76 

 
Table B.8-2. Direct coordinates for the structure used in the simulations for MFI. Lattice parameters are: a = 20.022 Å, b 

= 19.899 Å, c = 13.383 Å, and α = β = γ = 90.0°.157 

  fractional coordinates 

atom type  x/a y/b z/c 

Si  0.42238 0.05650 0.66402 

Si  0.30716 0.02772 0.81070 

Si  0.27911 0.06127 0.03120 

Si  0.12215 0.06298 0.02670 

Si  0.07128 0.02722 0.81449 

Si  0.18641 0.05896 0.67182 

Si  0.42265 0.82750 0.67282 

Si  0.30778 0.86984 0.81452 

Si  0.27554 0.82721 0.03109 

Si  0.12058 0.82690 0.02979 

Si  0.07044 0.86963 0.81800 

Si  0.18706 0.82673 0.68067 

O  0.37260 0.05340 0.75580 

O  0.30840 0.05870 0.92110 

O  0.20070 0.05920 0.02890 

O  0.09690 0.06110 0.91440 

O  0.11490 0.05410 0.72370 

O  0.24350 0.05530 0.75400 

O  0.37420 0.84390 0.76280 

O  0.30850 0.84480 0.92720 

O  0.19800 0.84460 0.02880 

O  0.09100 0.83860 0.92230 

O  0.11690 0.84220 0.73060 

O  0.24480 0.84060 0.75780 

O  0.30470 0.94900 0.81340 

O  0.07680 0.94810 0.82310 

O  0.41610 0.12760 0.61040 

O  0.40860 -0.00170 0.58640 

O  0.40200 0.86860 0.57610 

O  0.18860 0.12980 0.61640 

O  0.19400 0.00070 0.59180 

O  0.19510 0.87090 0.58100 

O  0.99600 0.04250 0.79220 

O  0.99600 0.84720 0.79220 

O  0.41920 0.75000 0.64600 

O  0.18840 0.75000 0.64620 

O  0.28830 0.75000 0.05790 

O  0.10850 0.75000 0.06110 
Si  0.07762 0.94350 0.16402 

Si  0.19284 0.97228 0.31070 
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  fractional coordinates 

atom type  x/a y/b z/c 
Si  0.22089 0.93873 0.53120 

Si  0.37785 0.93702 0.52670 

Si  0.42872 0.97278 0.31449 

Si  0.31359 0.94104 0.17182 

Si  0.07735 0.17250 0.17282 

Si  0.19222 0.13016 0.31452 

Si  0.22446 0.17279 0.53109 

Si  0.37942 0.17310 0.52979 

Si  0.42956 0.13037 0.31800 

Si  0.31294 0.17327 0.18067 

O  0.12740 0.94660 0.25580 

O  0.19160 0.94130 0.42110 

O  0.29930 0.94080 0.52890 

O  0.40310 0.93890 0.41440 

O  0.38510 0.94590 0.22370 

O  0.25650 0.94470 0.25400 

O  0.12580 0.15610 0.26280 

O  0.19150 0.15520 0.42720 

O  0.30200 0.15540 0.52880 

O  0.40900 0.16140 0.42230 

O  0.38310 0.15780 0.23060 

O  0.25520 0.15940 0.25780 

O  0.19530 0.05100 0.31340 

O  0.42320 0.05190 0.32310 

O  0.08390 0.87240 0.11040 

O  0.09140 0.00170 0.08640 

O  0.09800 0.13140 0.07610 

O  0.31140 0.87020 0.11640 

O  0.30600 -0.00070 0.09180 

O  0.30490 0.12910 0.08100 

O  0.50400 0.95750 0.29220 

O  0.50400 0.15280 0.29220 

O  0.08080 0.25000 0.14600 

O  0.31160 0.25000 0.14620 

O  0.21170 0.25000 0.55790 

O  0.39150 0.25000 0.56110 

Si  0.57762 0.55650 0.33598 

Si  0.69284 0.52772 0.18930 

Si  0.72089 0.56127 0.96880 

Si  0.87785 0.56298 0.97330 

Si  0.92872 0.52722 0.18551 

Si  0.81359 0.55896 0.32818 

Si  0.57735 0.32750 0.32718 

Si  0.69222 0.36984 0.18548 

Si  0.72446 0.32721 0.96891 

Si  0.87942 0.32690 0.97021 

Si  0.92956 0.36963 0.18200 

Si  0.81294 0.32673 0.31933 

O  0.62740 0.55340 0.24420 

O  0.69160 0.55870 0.07890 

O  0.79930 0.55920 0.97110 
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  fractional coordinates 

atom type  x/a y/b z/c 
O  0.90310 0.56110 0.08560 

O  0.88510 0.55410 0.27630 

O  0.75650 0.55530 0.24600 

O  0.62580 0.34390 0.23720 

O  0.69150 0.34480 0.07280 

O  0.80200 0.34460 0.97120 

O  0.90900 0.33860 0.07770 

O  0.88310 0.34220 0.26940 

O  0.75520 0.34060 0.24220 

O  0.69530 0.44900 0.18660 

O  0.92320 0.44810 0.17690 

O  0.58390 0.62760 0.38960 

O  0.59140 0.49830 0.41360 

O  0.59800 0.36860 0.42390 

O  0.81140 0.62980 0.38360 

O  0.80600 0.50070 0.40820 

O  0.80490 0.37090 0.41900 

O  0.00400 0.54250 0.20780 

O  0.00400 0.34720 0.20780 

O  0.58080 0.25000 0.35400 

O  0.81160 0.25000 0.35380 

O  0.71170 0.25000 0.94210 

O  0.89150 0.25000 0.93890 

Si  0.92238 0.44350 0.83598 

Si  0.80716 0.47228 0.68930 

Si  0.77911 0.43873 0.46880 

Si  0.62215 0.43702 0.47330 

Si  0.57128 0.47278 0.68551 

Si  0.68641 0.44104 0.82818 

Si  0.92265 0.67250 0.82718 

Si  0.80778 0.63016 0.68548 

Si  0.77554 0.67279 0.46891 

Si  0.62058 0.67310 0.47021 

Si  0.57044 0.63037 0.68200 

Si  0.68706 0.67327 0.81933 

O  0.87260 0.44660 0.74420 

O  0.80840 0.44130 0.57890 

O  0.70070 0.44080 0.47110 

O  0.59690 0.43890 0.58560 

O  0.61490 0.44590 0.77630 

O  0.74350 0.44470 0.74600 

O  0.87420 0.65610 0.73720 

O  0.80850 0.65520 0.57280 

O  0.69800 0.65540 0.47120 

O  0.59100 0.66140 0.57770 

O  0.61690 0.65780 0.76940 

O  0.74480 0.65940 0.74220 

O  0.80470 0.55100 0.68660 

O  0.57680 0.55190 0.67690 

O  0.91610 0.37240 0.88960 

O  0.90860 0.50170 0.91360 
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  fractional coordinates 

atom type  x/a y/b z/c 
O  0.90200 0.63140 0.92390 

O  0.68860 0.37020 0.88360 

O  0.69400 0.49930 0.90820 

O  0.69510 0.62910 0.91900 

O  0.49600 0.45750 0.70780 

O  0.49600 0.65280 0.70780 

O  0.91920 0.75000 0.85400 

O  0.68840 0.75000 0.85380 

O  0.78830 0.75000 0.44210 

O  0.60850 0.75000 0.43890 

Si  0.57762 0.94350 0.33598 

Si  0.69284 0.97228 0.18930 

Si  0.72089 0.93873 0.96880 

Si  0.87785 0.93702 0.97330 

Si  0.92872 0.97278 0.18551 

Si  0.81359 0.94104 0.32818 

Si  0.57735 0.17250 0.32718 

Si  0.69222 0.13016 0.18548 

Si  0.72446 0.17279 0.96891 

Si  0.87942 0.17310 0.97021 

Si  0.92956 0.13037 0.18200 

Si  0.81294 0.17327 0.31933 

O  0.62740 0.94660 0.24420 

O  0.69160 0.94130 0.07890 

O  0.79930 0.94080 0.97110 

O  0.90310 0.93890 0.08560 

O  0.88510 0.94590 0.27630 

O  0.75650 0.94470 0.24600 

O  0.62580 0.15610 0.23720 

O  0.69150 0.15520 0.07280 

O  0.80200 0.15540 0.97120 

O  0.90900 0.16140 0.07770 

O  0.88310 0.15780 0.26940 

O  0.75520 0.15940 0.24220 

O  0.69530 0.05100 0.18660 

O  0.92320 0.05190 0.17690 

O  0.58390 0.87240 0.38960 

O  0.59140 0.00170 0.41360 

O  0.59800 0.13140 0.42390 

O  0.81140 0.87020 0.38360 

O  0.80600 -0.00070 0.40820 

O  0.80490 0.12910 0.41900 

O  0.00400 0.95750 0.20780 

O  0.00400 0.15280 0.20780 

Si  0.92238 0.05650 0.83598 

Si  0.80716 0.02772 0.68930 

Si  0.77911 0.06127 0.46880 

Si  0.62215 0.06298 0.47330 

Si  0.57128 0.02722 0.68551 

Si  0.68641 0.05896 0.82818 

Si  0.92265 0.82750 0.82718 
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  fractional coordinates 

atom type  x/a y/b z/c 
Si  0.80778 0.86984 0.68548 

Si  0.77554 0.82721 0.46891 

Si  0.62058 0.82690 0.47021 

Si  0.57044 0.86963 0.68200 

Si  0.68706 0.82673 0.81933 

O  0.87260 0.05340 0.74420 

O  0.80840 0.05870 0.57890 

O  0.70070 0.05920 0.47110 

O  0.59690 0.06110 0.58560 

O  0.61490 0.05410 0.77630 

O  0.74350 0.05530 0.74600 

O  0.87420 0.84390 0.73720 

O  0.80850 0.84480 0.57280 

O  0.69800 0.84460 0.47120 

O  0.59100 0.83860 0.57770 

O  0.61690 0.84220 0.76940 

O  0.74480 0.84060 0.74220 

O  0.80470 0.94900 0.68660 

O  0.57680 0.94810 0.67690 

O  0.91610 0.12760 0.88960 

O  0.90860 -0.00170 0.91360 

O  0.90200 0.86860 0.92390 

O  0.68860 0.12980 0.88360 

O  0.69400 0.00070 0.90820 

O  0.69510 0.87090 0.91900 

O  0.49600 0.04250 0.70780 

O  0.49600 0.84720 0.70780 

Si  0.42238 0.44350 0.66402 

Si  0.30716 0.47228 0.81070 

Si  0.27911 0.43873 0.03120 

Si  0.12215 0.43702 0.02670 

Si  0.07128 0.47278 0.81449 

Si  0.18641 0.44104 0.67182 

Si  0.42265 0.67250 0.67282 

Si  0.30778 0.63016 0.81452 

Si  0.27554 0.67279 0.03109 

Si  0.12058 0.67310 0.02979 

Si  0.07044 0.63037 0.81800 

Si  0.18706 0.67327 0.68067 

O  0.37260 0.44660 0.75580 

O  0.30840 0.44130 0.92110 

O  0.20070 0.44080 0.02890 

O  0.09690 0.43890 0.91440 

O  0.11490 0.44590 0.72370 

O  0.24350 0.44470 0.75400 

O  0.37420 0.65610 0.76280 

O  0.30850 0.65520 0.92720 

O  0.19800 0.65540 0.02880 

O  0.09100 0.66140 0.92230 

O  0.11690 0.65780 0.73060 

O  0.24480 0.65940 0.75780 
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  fractional coordinates 

atom type  x/a y/b z/c 
O  0.30470 0.55100 0.81340 

O  0.07680 0.55190 0.82310 

O  0.41610 0.37240 0.61040 

O  0.40860 0.50170 0.58640 

O  0.40200 0.63140 0.57610 

O  0.18860 0.37020 0.61640 

O  0.19400 0.49930 0.59180 

O  0.19510 0.62910 0.58100 

O  0.99600 0.45750 0.79220 

O  0.99600 0.65280 0.79220 

Si  0.07762 0.55650 0.16402 

Si  0.19284 0.52772 0.31070 

Si  0.22089 0.56127 0.53120 

Si  0.37785 0.56298 0.52670 

Si  0.42872 0.52722 0.31449 

Si  0.31359 0.55896 0.17182 

Si  0.07735 0.32750 0.17282 

Si  0.19222 0.36984 0.31452 

Si  0.22446 0.32721 0.53109 

Si  0.37942 0.32690 0.52979 

Si  0.42956 0.36963 0.31800 

Si  0.31294 0.32673 0.18067 

O  0.12740 0.55340 0.25580 

O  0.19160 0.55870 0.42110 

O  0.29930 0.55920 0.52890 

O  0.40310 0.56110 0.41440 

O  0.38510 0.55410 0.22370 

O  0.25650 0.55530 0.25400 

O  0.12580 0.34390 0.26280 

O  0.19150 0.34480 0.42720 

O  0.30200 0.34460 0.52880 

O  0.40900 0.33860 0.42230 

O  0.38310 0.34220 0.23060 

O  0.25520 0.34060 0.25780 

O  0.19530 0.44900 0.31340 

O  0.42320 0.44810 0.32310 

O  0.08390 0.62760 0.11040 

O  0.09140 0.49830 0.08640 

O  0.09800 0.36860 0.07610 

O  0.31140 0.62980 0.11640 

O  0.30600 0.50070 0.09180 

O  0.30490 0.37090 0.08100 

O  0.50400 0.54250 0.29220 

O  0.50400 0.34720 0.29220 
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C.1 Zeolite Synthesis Protocols 
 

MEL (ZSM-11). MEL zeolites were prepared using four identical 23 cm3 Parr stainless 

steel closed reaction digestion bombs. A mixture with a Si/Al ratio of 30 was prepared by mixing 

2.70 g of a solution containing 2.25 mmol of the structure-directing agent (SDA), N,N-diethyl-

3,5-dimethylpiperidinium hydroxide, 1.5 g of a 1 N NaOH solution, 0.05 g of Reheis F-2000 (50 

wt% Al2O3, 50 wt% H2O; 0.05 g corresponds to 0.25 mmol Al2O3), 0.90 g of Cabosil M5 fumed 

silica (corresponding to 15 mmol SiO2) and 4 g of water. Other Si/Al ratios for MEL were 

prepared by adjusting the amount of Reheis F-2000. The reactors were closed and stirred at 43 

RPM on a spit in a convection oven at 433 K for 6 days. The reaction mixture was then filtered 

and washed with water until the pH of the discharged water was near 9. 

MFI (ZSM-5). The reaction mixture and procedure used to synthesize MFI was the same 

as that used to synthesize MEL, with the exception that tetrapropyl ammonium hydroxide (40 

wt%) was used as the SDA. The amount of water in the mixture was adjusted in order to 

maintain the reagent ratios the same as those for MEL. 

MWW (SSZ-25). The synthesis of MWW was adapted from that described in ref 191. 

First, 11.54 g of Reheis F-2000 (corresponding to 57 mmol Al2O3) was dissolved in a mixture of 

865 g of water and 496 g of 1 N KOH solution in a Hastelloy liner within a 1 gallon autoclave. 

After the solution turned clear, 45.4 g of N-methylpiperidine was added, followed by 427 g of 

Ludox AS-30 (30 wt% colloidal SiO2; 427 g corresponds to 2.13 mol SiO2) and then 15 g of 

1-aminoadamantane, resulting in a reaction mixture having a Si/Al ratio of 19. MWW zeolites 

with other Si/Al ratios were synthesized by adjusting the amount of Reheis F-2000. Finally, 5 g 

of seeds (MWW from a previous synthesis) were added. The reaction mixture was stirred at 75 

RPM for 4 d at 433 K and was then filtered and washed as described above for MEL. 

SFV (SSZ-57). A synthesis mixture with a Si/Al ratio of 30 was prepared using the 

equipment described above for MWW. The Hastelloy liner was filled with 716 g of water, 239 g 

of 1 N NaOH solution, 468 g of a 0.77 M solution of the SDA (N-cyclohexyl-N-n-butyl 

pyrrolidinium hydroxide), and 8.8 g of Reheis F-2000 (43 mmol Al2O3). Once the solution was 

clear, 148 g of Cabosil M5 (2.46 mol SiO2) was stirred in slowly to give a reactant Si/Al ratio of 

29. Other Si/Al ratios were prepared by adjusting the amount of Reheis F-2000. Next, 80 g of 

water was used to rinse the walls of the liner and 5 g of SSZ-57 seeds from a previous synthesis 

were added. The mixture was then stirred at 120 RPM at 443 K for 5 d, washed and filtered as 

described for MEL. 

STF (SSZ-35). The zeolite was prepared as described in ref 240 with a Si/Al molar ratio 

of 25 in the reactant mixture. 

SVR (SSZ-74). SVR zeolites were synthesized using the Parr reactor described above for 

MEL. The reaction mixture consisted of 5 mmol (based on OH content) of the diquaternary 

ammonium salt N-methylpyrrolidinium,N-n-hexyl-N'-N' methylpyrrolidinium dihydroxide, and 

2.08 g of tetraethyl orthosilicate. The silicate mixture was allowed to hydrolyze at room 

temperature for 2 d within the Teflon cup of the reactor. The cup was then opened to allow 

ethanol and water from the hydrolysis to evaporate over several days and the water/SiO2 ratio of 

the mixture was adjusted to 7 by the addition of water. Next, LZ-210 (a FAU zeolite with a Si/Al 

ratio of ~6.5) was added to achieve a Si/Al molar ratio of 50 for the synthesis mixture, and 5 

mmol of concentrated HF (0.20 g) was added drop-wise. The reactors were heated at 433 K with 

stirring at 43 RPM for 7 days. The solids were then washed and filtered as described for MEL. 
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TON (ZSM-22). The synthesis for TON was adapted from that described in ref 241, using 

the dimethyl imidazolium compound as the SDA. The reagent mixture was prepared with a Si/Al 

ratio of 50. 

 

C.2 Assessment of Mass Transfer Limitations 
 

Weisz and Prater242,243 have proposed a criterion for the absence of diffusional limitations 

on the measured rate of reaction for a porous catalyst. The criterion states that η (the ratio of the 

measured reaction rate to that corresponding to reaction in the absence of concentration 

gradients) should exceed 0.95. This condition is met for a first-order irreversible reaction 

occurring within spherical particles under isothermal conditions if the following inequality is 

satisfied 

 

( C.2-1 )      
Rvrp

2

CsDe

 < 1 

 

where Rv is the reaction rate per unit volume of catalyst, rp is the crystallite radius, De is the 

effective diffusivity of reactant, and Cs is the concentration of reactant at the catalyst surface. 

The crystal shape influences the right hand side of Equation C.2-1 only weakly.243 The reaction 

rate per unit volume can be written as 

 

( C.2-2 )      Rv = ρ
f
nH+kapp,TOTPA       [=] mol s-1 m-3 

 

where ρf is the zeolite framework density, nH+ is the moles of Brønsted acid sites per kg of 

zeolite, PA is the alkane partial pressure, and kapp,TOT is the total rate of consumption of reactant 

by all pathways (e.g. cracking and dehydrogenation) per unit pressure. The concentration of 

alkane at the crystal surface is assumed to follow Henry’s law at the conditions of the rate 

measurements (low PA and T > 700 K). Therefore, Cs can be written as 

 

( C.2-3 )      Cs = ρ
f
KHPA       [=] mol m-3 

 

where KH is the Henry coefficient ([=] mol kg-1 Pa-1) and corresponds to the total moles of 

alkane adsorbed anywhere within the zeolite pores per unit pressure. Equations C.2-2 and C.2-3 

can be substituted into Equation C.2-1 to give 

 

( C.2-4 )      
nH+kapp,TOTrp

2

KHDe

 < 1 

 

Mass transport limitations can also be assessed by estimating the value of η using the 

Thiele modulus, φ. The relationship of these quantities to one another depends on the crystallite 

geometry, and the two most relevant geometries will be considered here—a sphere, which 

approximates catalyst particles having pores that can be accessed by reactant through any side, 

and a one-dimensional pore open at only one end, which approximates the case for TON, only if 

all pores are blocked at one end due to deactivation and, therefore, represents an extreme case 
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that will yield conservative estimates for η. For a spherical catalyst crystal, the Thiele modulus is 

defined as 

 

( C.2-5 )      φ = 
rp

3
√

k'v
o

De

 

 

where k'v
o
 is the moles of reactant consumed per second per kg zeolite in the absence of 

diffusional limitations, normalized to the moles of reactant adsorbed per kg of zeolite. When the 

adsorption is quasi-equilibrated, k'v
o
 is given by 

 

( C.2-6 )      k'v
o
 = 

nH+kapp,TOT
o

KH

       [=] s-1 

 

where kapp,TOT
o

 is the measured first-order rate coefficient for the total rate of consumption in the 

absence of diffusional limitations.  

It is noted that k'v
o
 is not equal to kapp,TOT

o
PA, as other authors69 appear to have assumed 

implicitly, even though both quantities have the proper units for use in Equation C.2-5 (s-1). To 

understand why k'v
o
 ≠ kapp,TOT

o
PA it is useful to examine the equations used to derive φ for a first-

order reaction, which are outlined in a number of textbooks (e.g., ref 244). In these equations, k'v
o
 

relates the total rate of disappearance of reactant A per unit volume of catalyst (rA) to the 

concentration of A within the volume (CA; mol A [m-3 catalyst]): 

 

( C.2-7 )      rA= k'v
o
CA = k'v

o
ρ

f
KHPA      [=] mol A (m-3 catalyst) s-1 

 

The value of rA can also be written in terms of kapp,TOT
o

, according to 

 

( C.2-8 )      rA= ρ
f
nH+kapp,TOT

o
PA      [=] mol A (m-3 catalyst) s-1 

 

By setting the right hand side of Equation C.2-8 equal to the right hand side of Equation C.2-7, 

the expression for k'v
o
 given by Equation C.2-6 is obtained. It can be seen that this expression for 

k'v
o
 ensures that rA scales with the concentration of active sites per unit volume (ρ

f
nH+), as 

expected.  

The Thiele modulus for a spherical catalyst particle is related to η according to 

 

( C.2-9 )      η = 
3

φ
(

1

tanh(φ)
 - 

1

φ
)  = 

k'v

k'v
o  = 

kapp,TOT

kapp,TOT
o  

 

where k'v is the actual moles of reactant consumed per second per kg zeolite. The values of φ and 

η can then be determined by solving Equations C.2-5, C.2-6, and C.2-9 iteratively. For a 

cylindrical catalyst pore of length Lp and having one end open and the other end closed, φ and η 

are given, respectively, by Equations C.2-10 and C.2-11: 
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( C.2-10 )      φ = √
2k'a

o
Lp

2

Der
 

 

( C.2-11 )      η = 
tanh(φ)

φ
 = 

k'a

k'a
o  = 

kapp,TOT

kapp,TOT
o  

 

where r is the pore radius, and k'a is the reaction rate per unit surface area. The superscript, o, 

indicates the value of a parameter in the absence of concentration gradients. The value of k'a is 

given by 

 

( C.2-12 )      k'a = 
k'v

ρ
f
S

a

       [=] m3 s-1 m-2 

 

where Sa is the surface area accessible to reactant in m2 kg-1. 

Properties of the zeolites used to evaluate Equations C.2-4 - C.2-12 at 773 K are included 

in Table C.2-1. The values of nH+ correspond to the sample with the lowest Si/Al ratio for a 

given framework type and, therefore, the highest concentration of acid sites. Characteristic 

crystallite radii (rp) were determined using SEM and TEM images (see Section 4.3.2; p 56) and 

values of De for activated diffusion of alkanes in zeolites were calculated using activation 

energies and pre-exponential factors reported by Schuring et al.245 The Henry coefficient (KH) 

was calculated using CBMC simulations for zeolites having one Al atom per unit cell, as 

described in Section 4.4.2 (p 58). We note that at the temperatures of the rate measurements 

(> 723 K) the value of KH is relatively insensitive to the concentration of Al.148 

 
Table C.2-1. Framework density (ρf), Brønsted proton concentration (nH+), characteristic crystallite radius (rp), effective 

diffusivity of n-butane (De) at 773 K, and Henry coefficient (KH) determined at 773 K using CBMC simulations. 

framework ρf nH+ rp (or Lp) De x 104 KH x 107 
type (kg m-3) (mol kg-1) (m) (cm2 s-1)245 (mol kg-1 Pa-1) 
FER 1756 1.92 9.0E-07 1.35 0.3 

MEL 1736 0.51 5.0E-06 1.19a 0.9 

MFI 1836 1.29 4.50-06 1.19 1.4 

MWW 1586 1.04 3.00-06 1.19a 2.4 

SFV 1756 0.51 8.00-07 1.19a 1.3 

STF 1686 0.78 5.00-07 1.19a 5.7 

SVR 1716 0.28 3.00-06 1.19a 0.7 

TON 1806 0.28 1.2E-05 0.59 0.5 
aActivation parameters and pre-exponential factors for De for n-butane diffusion in these zeolites were not available in ref 245 

and were, therefore, taken as equal to those for MFI. 

 

Values of kapp,TOT, rates of reaction per unit volume (Equation C.2-2), surface 

concentration Cs, Weisz-Prater ratio (Equation C.2-4), and φ and η are included in Table C.2-2. 

The rate coefficient corresponds to the maximum observed for a zeolite sample of a given 

framework type. It can be seen that the Weisz-Prater ratio is considerably smaller than 1, and that 

η is essentially equal to 1 (assuming spherical particles) for all zeolites, indicating that diffusion 

does not limit the rate of reaction. As can be seen from the bottom row of Table C.2-2, if the 

pores of TON are only accessible from one end (i.e., all pores are blocked on one end during 

deactivation), and if all of the crystals have characteristic size 12 μm, then η = 0.91 and, 
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therefore, the reaction rate is somewhat limited by diffusion for such crystals. However, this 

represents only a limiting case. The value of Lp = 12 μm corresponds to larger crystals, while 

many crystals were observed to have sizes in the range of ~6 μm or less (which yields a value of 

η = 0.98). Moreover, the assumption that all of the pore openings are blocked on one end by 

carbonaceous species seems unrealistic under the low conversions of the experiments. Therefore, 

the Weisz-Prater ratio, and the value of η corresponding to spherical crystallites, are expected to 

be more representative parameters for assessing mass transfer limitations in TON. Since these 

parameters are 0.05 (< 1) and ~1, respectively, it can be assumed that diffusion does not limit 

measured reaction rates for this sample. 

 
Table C.2-2. Rate coefficient for the total rate of consumption of n-butane (kapp,TOT), concentration of n-butane at the 

catalyst surface (Cs), reaction rate per unit volume of catalyst (Rv), Weisz-Prater ratio, Thiele modulus (ϕ) and 

effectiveness factor (η) at 773 K. 

framework kapp,TOT x 107 Cs max. Rv Weisz-Prater 
ratio 

ϕ η 
type  (s-1 Pa-1) (mol m-3) (mol s-1 m-3)b 

  
FER 3.08 0.6 10.5 0.001 0.011 1.00 

MEL 4.91 1.6 4.4 0.006 0.025 1.00 

MFI 7.42 2.6 17.8 0.012 0.036 1.00 

MWW 6.30 3.8 10.4 0.002 0.015 1.00 

SFV 3.15 2.2 2.8 0.000 0.003 1.00 

STF 2.07 9.8 2.7 0.000 0.001 1.00 

SVR 1.10 1.2 0.5 0.000 0.006 1.00 

TON 3.46 0.8 1.7 0.051 0.075 1.00 

TON (cyl)a 3.46 -- -- -- 0.552 0.91 
aCalculations in this row treat the 1D TON pores as accessible from only one end of the crystallite; φ and η were determined 

using Equations C.2-6 and C.2-10-C.2-12. Values of r = 5.7 Å and Sa = 6.53 ×103 m2 kg-1 were taken from ref 30. bValue of PA 

used in Equation C.2-2 was taken as 0.1 atm (typical PA during experiments: 0.015-0.08 atm). 

 

C.3 Configurational-Bias Monte Carlo (CBMC) Simulations 
 

Lennard-Jones potential parameters obtained from simulations of alkane adsorption in 

FAU (see Section 4.4.1; p 57) are given in Table C.3-1 and were used for all CBMC simulations. 

The enthalpies of adsorption (∆Hads) calculated for various n-alkanes using simulations are 

included in Table C.3-2 along with experimental values. The experimental values of ∆Hads for 

FAU were used to obtain the fitted force field parameters given in Table C.3-1. The value of 

∆Hads for CHA was then calculated using these parameters and compared to experimental values 

obtained from ref 181 for propane and n-butane. It can be seen that there is very good agreement 

between simulated and experimental values for both FAU and for CHA, demonstrating the 

transferability of the force field parameters. 

 
Table C.3-1. Lennard-Jones force field parameters parameterized in this work and used for all CBMC calculations 

atom types (i and j) εij/kb (K) σij (Å) 

Ozeolite-CH2 60.5 3.58 

Ozeolite-CH3 93.0 3.48 

Oacid-CH2 97.405 3.58 

Oacid -CH3 149.730 3.48 

CH2-CH2 56.0 3.96 

CH3-CH3 108.0 3.76 
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Table C.3-2. Enthalpies of adsorption (∆Hads) from experiment, and calculated using CBMC simulations and the force 

field parameters given in Table C.3-1. (Measured values of ∆Hads for FAU were used to fit these parameters.) 

 ∆Hads (kJ mol-1) 

zeolite, Si/Al ratio, temperature alkane experimenta simulation 
FAU, Si/Al = 2.7, 323 K propane -31 -31.1 

n-butane -39 -38.6 

n-pentane -46 -46.1 

n-hexane -53 -52.9 

CHA, Si/Al = 2.67, 323 K propane -37.3 -37.6 

CHA, Si/Al = 2.67, 348 K n-butane -45.7 -45.8 
aExperimental heats of adsorption for CHA and FAU were taken from refs 181 and 32, respectively. 

 

C.4 Rates and Activation Parameters for Individual Zeolite Samples 
 

Apparent activation enthalpies and entropies for n-butane central cracking, terminal 

cracking, and dehydrogenation at 773 K are given in Table C.4-1 for individual zeolite samples 

listed in Table 4.5.2-1 (p 61). Intrinsic activation enthalpies and entropies for these reactions are 

given in Table C.4-2. Apparent and intrinsic rate coefficients for each reaction at 773 K are given 

in Table C.4-3. 

 
Table C.4-1. Apparent activation enthalpies, ∆Happ (kJ mol-1), and apparent activation entropies, ∆Sapp (J mol-1 K-1), for 

n-butane central cracking, terminal cracking, and dehydrogenation at 773 K.  

  central cracking  terminal cracking  dehydrogenation 

sample  ∆Happ ∆Sapp  ∆Happ ∆Sapp  ∆Happ ∆Sapp 

FER-9  109 -101  139 -63  164 -44 

MEL-29  117 -88  160 -36  182 -15 

MFI-11.5  127 -73  149 -48  190 -5 

MFI-25  122 -77  140 -58  202 14 

MFI-40  125 -80  138 -68  202 0 

MFI-140  130 -76  136 -74  182 -31 

MWW-14  131 -76  150 -54  219 29 

MWW-16  142 -55  178 -9  206 19 

MWW-18  119 -87  157 -40  169 -35 

SFV-28  127 -76  141 -62  177 -26 

SFV-51  120 -93  134 -79  99 -132 

STF-18  117 -100  170 -32  246 62 

SVR-71  133 -79  134 -79  178 -33 

SVR-84  141 -68  163 -43  181 -28 

TON-49  115 -89  132 -74  143 -71 

 



 

 

159  

 

Table C.4-2. Intrinsic activation enthalpies, ΔHint
‡

 (kJ mol-1), and intrinsic activation entropies, ΔSint
‡

 (J mol-1 K-1), for 

n-butane central cracking, terminal cracking, and dehydrogenation at 773 K. 

  central cracking  terminal cracking  dehydrogenation 

sample  ΔHint
‡

 ΔSint
‡

  ΔHint
‡

 ΔSint
‡

  ΔHint
‡

 ΔSint
‡

 

FER-9  161 -31  191 7  215 26 

MEL-29  166 -25  208 26  230 47 

MFI-11.5  177 -13  199 12  240 55 

MFI-25  172 -16  190 2  251 74 

MFI-40  175 -20  188 -9  251 60 

MFI-140  180 -16  186 -14  232 28 

MWW-14  176 -24  195 -3  263 80 

MWW-16  187 -3  223 41  251 70 

MWW-18  164 -35  201 10  214 16 

SFV-28  173 -17  187 -5  223 31 

SFV-51  167 -34  181 -21  146 -74 

STF-18  163 -49  216 17  292 112 

SVR-71  181 -17  183 -18  226 29 

SVR-84  190 -6  212 19  230 34 

TON-49  171 -15  188 0  199 3 

 
Table C.4-3. Apparent rate coefficient, kapp ×103 (mol (mol H+)-1 s-1 atm-1), and intrinsic rate coefficient, kint (s-1), for 

n-butane central cracking, terminal cracking, and dehydrogenation at 773 K. All values are normalized to the number of 

C-C or C-H bonds available for each reaction pathway. 

  central cracking  terminal cracking  dehydrogenation 

sample  kapp kint  kapp kint  kapp kint 

FER-9  7.3 5.73  5.8 4.59  1.2 0.97 

MEL-29  8.9 4.91  6.6 3.11  2.7 1.27 

MFI-11.5  12.9 4.22  8.3 2.34  2.8 0.75 

MFI-25  16.5 5.63  10.4 3.01  3.8 1.14 

MFI-40  6.5 2.37  3.5 1.09  0.8 0.23 

MFI-140  4.7 1.65  2.5 0.81  0.3 0.11 

MWW-14  4.6 1.28  3.4 0.77  1.6 0.38 

MWW-16  8.0 2.52  10.0 2.07  3.5 0.89 

MWW-18  7.6 2.11  6.6 1.43  1.6 0.37 

SFV-28  9.2 4.16  5.0 2.01  1.2 0.55 

SFV-51  3.1 1.42  1.9 0.76  0.8 0.31 

STF-18  2.2 0.46  2.2 0.34  1.4 0.20 

SVR-71  2.7 1.10  1.7 0.80  0.6 0.25 

SVR-84  2.8 1.26  1.7 0.74  0.6 0.27 

TON-49  10.8 7.04  5.0 3.21  1.4 0.93 

 

C.5 Estimation of Uncertainties in ∆Happ and ∆Sapp and Confidence Regions 

in the ∆Happ-∆Sapp Plane 

 

When examining correlations between activation entropies and enthalpies (see Section 

4.5.4d; p 73), it is important to address the statistical treatment of uncertainties because apparent 

correlations between these parameters can arise purely from correlation of errors in ΔHapp and 

ΔSapp
201,202 as well as from underlying physical phenomena.84,85,203-205 To understand how an 

apparent correlation between ΔHapp and ΔSapp arises in either case, it is useful to rearrange 

Equation 4.5.1-3 (p 60) as follows: 
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( C.3-1 )      ln (kapp

h

vH+

)  =  -
Eapp

RT
 + 

∆Sapp

R
 = -

∆Happ

RT
 + 

∆Sapp

R
 - 1 

 

It can be seen from this equation that if ΔHapp is too positive (or too negative) due to 

measurement errors in kapp, then ΔSapp will likewise be too positive (or too negative) by an 

amount directly proportional to 1/T and to the error in ΔHapp.
201,202 If values of kapp are measured 

many times to generate many sets of values for ΔHapp and ΔSapp for the same zeolite, and ΔSapp is 

then plotted versus ΔHapp, the data will fall near a straight line with slope about equal to the 

average value of 1/T at which kapp was measured. The projections of these data onto the ΔHapp 

and ΔSapp axes correspond to the spread in ΔHapp and ΔSapp due to measurement errors. If ΔHapp 

and ΔSapp are then obtained in the same way for a different zeolite, a similar straight line is 

obtained. The values of ΔSapp and ΔHapp do not differ significantly between the two zeolites if 

there is overlap between the elliptical regions within which the pairs of ΔSapp and ΔHapp fall for 

each zeolite. If there is no overlap, then differences in ΔHapp and ΔSapp are statistically 

significant204 even if the slope of ΔSapp vs. ΔHapp across zeolites has a value similar to 1/T. 

It is important to establish this latter point because it is sometimes assumed that enthalpy-

entropy correlation is a statistical artifact whenever the slope of ΔSapp vs. ΔHapp is similar in 

value to 1/T.246 Equation C.3-1 shows that if the values of kapp for different zeolites do not vary 

over many orders of magnitude, the variation of the left hand side of Equation C.3-1 is small. For 

such data, values of ΔSapp and ΔHapp that differ by a statistically significant amount will be 

strongly correlated and the slope of ΔSapp vs. ΔHapp will be close to 1/T, the same slope that is 

observed when the correlation between ΔSapp and ΔHapp is due solely to experimental error. The 

proper way to determine whether an apparent correlation between ΔHapp and ΔSapp across 

zeolites is due to correlation of errors in these parameters is to determine the confidence ellipses 

described above. Correlation between ΔHapp and ΔSapp beyond these regions is statistically 

significant. 

Uncertainties in ∆Happ and ∆Sapp, and the regions for which these parameters are 

correlated based solely on experimental error,201 (i.e., confidence ellipses in the ∆Happ-∆Sapp 

plane) were determined by performing simulations in MATLAB. In the simulations, values of 

∆Happ and ∆Sapp were extracted from experimental rate data, adjusted over many iterations by the 

introduction of random errors in measured quantities. For each iteration for a given zeolite, a 

random error was generated for the mass of catalyst and for each temperature used to collect rate 

data. Measured values of kapp corresponding to a given temperature were then adjusted to their 

“true” values by adjusting kapp to the value expected at the actual temperature (the measured 

temperature plus the randomly generated error) using the value of ∆Happ determined from 

measured rate data. An additional random error associated with graphical determination of kapp 

(see Section 4.3.4; p 56) was then added to each value of kapp. Values of ∆Happ and ∆Sapp were 

then determined from a least squares fit of the “true” values of kapp and the recorded temperature 

values to Equation 4.5.1-3 on p 60 (minimizing the sum of squares of each residual over the 

value of kapp). In addition, the differences between ∆Happ and ∆Sapp corresponding to different 

reaction pathways (i.e. central cracking vs. dehydrogenation) were also calculated. These 

calculations were repeated 5000 times in order to obtain representative distributions for ∆Happ 

and ∆Sapp. Standard deviations in measured quantities used to generate the random errors are 

given in Table C.5-1. The standard deviation used for the temperature data (0.17 K) is set to 

reflect the precision of the Watlow controller reading (to the nearest K, or ± ~0.5 K) because the 

random error associated with the thermocouple measurement is negligible.247 
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Table C.5-1. Standard deviations, σ, used to re-sample experimental rate data from a normal distribution in MATLAB 

simulations. The values of σ for temperature are in K. Percentage errors were used for the mass of catalyst and for the 

value of kapp determined graphically. 

 T 
(K) 

catalyst mass 
(%) 

kapp (%) 

central cracking terminal cracking dehydrogenation 
σ (normal distribution) 0.17 3.3 2.5 2.5 3.0 

  

Figure C.5-1 (top left) shows a heat map of the 5000 sets of values generated for ∆Happ 

and ∆Sapp for n-butane dehydrogenation over sample MWW-16. The color of the contours 

indicates the average density of data points in each region relative to the maximum density of 

data near the center of the oval. Correlation of ∆Happ and ∆Sapp over the range shown by the red 

region of the ellipse is due to the randomly generated errors in measured quantities. Histograms 

of the ∆Happ and ∆Sapp data used to generate the heat map are shown in the top right and bottom 

left of the figure. A histogram of ∆Happ for dehydrogenation relative to ∆Happ for central cracking 

is shown in the bottom right. Figure C.5-2 displays the same information contained in Figure 

C.5-1, for terminal cracking. The intervals within which 95% of simulated data points fall were 

used to specify the 95% confidence intervals given in the captions to Figures 4.5.4-1 (p 67), 

4.5.4-2 (p 68), 4.5.4-5 (p 72), and 4.5.4-6 (p 74). These intervals, as well as those obtained for 

kapp using values of σ for catalyst mass and kapp shown in Table C.5-1, are consistent with the 

experimental variability of these quantities.  

 

 
Figure C.5-1. Heat map of 5000 simulated values (determined using MATLAB) of ∆Sapp and ∆Happ (top left) for 

dehydrogenation of n-butane over zeolite sample MWW-16. Histograms of ∆Happ and ∆Sapp are shown at top right and 

bottom left. A histogram of ∆Happ for dehydrogenation relative to ∆Happ for central cracking is shown at bottom right.  
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Figure C.5-2. Heat map of 5000 simulated values (determined using MATLAB) of ∆Sapp and ∆Happ (top left) for terminal 

cracking of n-butane over zeolite sample MWW-16. Histograms of ∆Happ and ∆Sapp are shown at top right and bottom left. 

A histogram of ∆Happ for terminal cracking relative to ∆Happ for central cracking is shown at bottom right. 

 

C.6 Adsorption Thermodynamics and Reaction Kinetics for Monomolecular 

Activation Reactions of n-Hexane 
 

Topological descriptors for zeolites MFI, MOR and FAU (the same descriptors included 

in Table 4.5.3-1; p 63) are given in Table C.6-1. Thermodynamic equilibrium constants and 

values of ∆Hads-H+ and ∆Sads-H+ for the adsorption of n-hexane and n-butane onto Brønsted 

protons in these zeolites at 773 K are presented in Table C.6-2. These values were determined 

using CBMC simulations (see Section 4.4; p 57) assuming a random distribution of Al, and 

correspond to the Boltzmann averaged values over all C-C bonds j. Also included in Table C.6-2 

are values of ∆Hads-H+ and ∆Sads-H+ for n-hexane adsorption in the zeolites used to study n-butane 

adsorption and reaction kinetics (TON, MEL, STF, FER, SFV, MFI, SVR, and MWW).  

As discussed in Sections 4.5.3 (p 61) and 4.5.5 (p 75), the relative importance of ∆Hads-H+ 

and ∆Sads-H+ in determining differences in the equilibrium constant for adsorption (Kads-H+) to a 

reactant state at 773 K among different zeolites depends on which zeolites are chosen for 

comparison. The values of Kads-H+ for n-hexane adsorption in the 8 zeolites used to study 

n-butane adsorption (Table 4.5.3-1) are plotted vs. ∆Hads-H+ and vs. ∆Sads-H+ in Figures C.6-1a 

and C.6-1b. It can be seen that for these 8 zeolites changes in Kads-H+ for n-hexane with 

confinement are influenced most strongly by the relative value of ∆Sads-H+; zeolites with more 

negative values for ∆Sads-H+ tend to have lower values of Kads-H+ despite commensurately higher 
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magnitudes for ∆Hads-H+. The same result was observed for n-butane adsorption in these 8 

zeolites (see Section 4.5.3; p 61). By contrast, Table C.6-2 shows that when Kads-H+ is compared 

among MFI, MOR, and FAU, the differences in Kads-H+ for both n-butane and n-hexane are 

dominated by the relative magnitude of ∆Hads-H+. 

 
Table C.6-1. Topological characteristics of zeolite frameworks including number of T-atoms contained in channels, 

channel shapes, size of largest cavity and fraction of pore volume present in cages 

frame-work 
type 

 channels  cavities 

 ring size 
(T-atoms) 

channel 
shape 

 largest cavity 
diametera (Å) 

fraction of pore 
volume in cagesb 

FAU  12 straight  11.9 77 

MOR  12 

8 

straight 

pocket 

 6.5 0 

MFI  10 

10 

sinusoidal 

straight 

 7.0 26 

aSize of largest included sphere calculated by First et al.30  bFraction of pore volume present in 

accessible cavities or cages. Calculated using data reported in the ZEOMICS database.30  

 
Symbols (channel type): 

 

 

 

a 

 

b 

 
Figure C.6-1. Plots of the equilibrium constant for adsorption of n-hexane in a reactant state versus (a) enthalpy and (b) 

entropy of adsorption at 773 K in TON, MEL, STF, SFV, SVR, MWW, MFI, and FER. Lines through the data points are 

included to guide the eye. 

 

Values of the measured and intrinsic rate coefficients and activation parameters for the 

overall rate of n-hexane cracking and dehydrogenation (per C-C and C-H bond) over MFI, MOR 

and FAU are included in Table C.6-3. Plots of ∆Sads-H+ vs. ∆Hads-H+ and ∆Sapp vs. ∆Happ are 

presented in Figures C.6-2a and C.6-2b. It can be seen that, as noted in Section 4.5.5 (p 75), the 

slopes of these two plots are very similar (~0.0011-0.0012 K-1) and are roughly equal to the slope 

of ΔSint
‡

 vs. ΔHint
‡

 shown in Figure 4.5.5-2 on p 77 (0.0012 K-1). This observation is consistent 

with the fact that ∆Sapp and ∆Happ represent sums of the adsorption thermodynamic parameters 

(∆Hads-H+ and ∆Sads-H+) and the intrinsic activation parameters (ΔHint
‡

 and ΔSint
‡

), which can be 

seen from Equations 4.5.1-4 and 4.5.1-5 (p 60). Therefore, if the slopes of ΔSint
‡

 vs. ΔHint
‡

 and 

∆Sads-H+ vs. ∆Hads-H+ are similar, then these slopes will also be similar to that of ∆Sapp vs. ∆Happ. 

Therefore, the observation of a linear relationship between ∆Sapp and ∆Happ that has a slope 

similar to that of ∆Sads-H+ vs. ∆Hads-H+ does not require that ΔSint
‡

 and ΔHint
‡

 are constant.79 
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Table C.6-2. Adsorption equilibrium constant (Kads-H+) and enthalpies and entropies of adsorption corresponding to the 

formation of a reactant state at terminal (j = 1) and central (j = 2) bonds at 773 K. Values correspond to the Boltzmann 

average (j = 1, 2) over all C-C bonds and a random distribution of Al. 

alkane framework type <Kads-H+> <ΔHads-H+> (kJ mol-1) <ΔSads-H+> (J mol-1 K-1) 

n-butane FAU 0.30 -30.4 -41.0 

 MOR 0.41 -43.0 -54.8 

 MFI 0.64 -49.8 -59.7 

n-hexane FAU 0.52 -39.2 -47.8 

 MOR 0.85 -59.5 -70.0 

 MFI 1.09 -68.0 -78.9 

 FER 0.12 -73.3 -104.2 

 TON 0.38 -77.8 -100.5 

 SVR 0.51 -66.7 -83.5 

 MEL 0.63 -66.7 -81.8 

 SFV 0.77 -63.4 -75.9 

 MWW 0.61 -54.6 -66.5 

 STF 1.29 -59.1 -66.0 

 
a 

 

b 

 
Figure C.6-2. Plots of (a) entropy of adsorption vs. enthalpy of adsorption to a reactant state for n-hexane in FAU, MOR 

and MFI, and (b) apparent activation entropy vs. apparent activation enthalpy for the overall rate of monomolecular 

cracking and dehydrogenation of n-hexane at 773 K. The slope and R2 values for lines fitted to the data are included on 

each plot. 

 
Table C.6-3. Values of the rate coefficient at 773 K for the total rate of n-hexane consumption (per bond) and activation 

energy taken from ref 70, and values of apparent and intrinsic activation parameters and rate coefficient 

kapp ×103 
(atm-1 s-1) 

Eapp 
(kJ mol-1) 

∆Happ
a 

(kJ mol-1) 
∆Sapp

b 
(J mol-1 K-1) 

ΔHint
‡ c 

(kJ-1 mol-1) 
ΔSint

‡ c 
(J mol-1 K-1) 

kint
d 

(s-1) 
3.7 186 180 -15 219 33 1.41 

8.0 157 151 -46 210 24 1.90 

13.3 111 105 -101 173 -22 2.45 
a∆Happ = Eapp - RT. bDetermined using Eapp and Equation 4.5.1-3 (p 60). cDetermined using 

Equations 4.5.1-4 and 4.5.1-5 (p 60), and adsorption data included in Table C.6-2. dCalculated 

using Equation 4.5.1-2 (p 59). 
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Appendix D  
Supplementary Information for Chapter 5: Effects of Zeolite Pore 

and Cage Topology on Thermodynamics of n-Alkane Adsorption at 

Brønsted Protons in Zeolites at High Temperature 
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D.1 Results of CBMC Simulations for Adsorption of n-Alkanes in One-

Dimensional Zeolites without Cages 
 

 
 propane  propane 

a 

 

b 

 
 n-butane  n-butane 

a 

 

b 

 
Figure D.1-1. Plots of the enthalpy and entropy of adsorption of propane and n-butane from the gas phase to a reactant 

state at Brønsted protons in one-dimensional zeolites at 773 K vs. the PLD. Triangles indicate zeolites without side 

pockets and diamonds indicate MOR and ETR, which possess 8-MR side pockets that are rarely accessed198 at 773 K. 
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 n-pentane  n-pentane 

a 

 

b 

 
 n-hexane  n-hexane 
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Figure D.1-2. Plots of the enthalpy and entropy of adsorption of n-pentane and n-hexane from the gas phase to a reactant 

state at Brønsted protons in one-dimensional zeolites at 773 K vs. the PLD. Triangles indicate zeolites without side 

pockets and diamonds indicate MOR and ETR, which possess 8-MR side pockets that are rarely accessed198 at 773 K. 
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 propane  propane 
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 n-butane  n-butane 
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Figure D.1-3. Plots of the entropy of adsorption vs. enthalpy of adsorption of propane and n-butane from the gas phase to 

a reactant state at Brønsted protons in one-dimensional zeolites at 773 K. Triangles indicate zeolites without side pockets 

and diamonds indicate MOR and ETR, which possess 8-MR side pockets that are rarely accessed198 at 773 K. 

 



 

 

169  

 

 n-pentane  n-pentane 

a 

 

b 

 
 n-hexane  n-hexane 

a 

 

b 

 
Figure D.1-4. Plots of the entropy of adsorption vs. enthalpy of adsorption of n-pentane and n-hexane from the gas phase 

to a reactant state at Brønsted protons in one-dimensional zeolites at 773 K. Triangles indicate zeolites without side 

pockets and diamonds indicate MOR and ETR, which possess 8-MR side pockets that are rarely accessed198 at 773 K. 
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 propane  n-butane 

a 

 

b 

 
 n-pentane  n-hexane 

c 

 

d 

 
Figure D.1-5. Plots of the Helmholtz energy of adsorption of n-alkanes from the gas phase to a reactant state at Brønsted 

protons in one-dimensional zeolites at 773 K vs. the PLD. Triangles indicate zeolites without side pockets and diamonds 

indicate MOR and ETR, which possess 8-MR side pockets that are rarely accessed198 at 773 K. 
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Figure D.1-6. Plots of the ratio of equilibrium constant for adsorption to form a central cracking reactant state to that for 

formation of a terminal cracking reactant state for n-alkanes adsorbed at Brønsted protons in one-dimensional zeolites at 

773 K vs. the PLD. Triangles indicate zeolites without side pockets and diamonds indicate MOR and ETR, which possess 

8-MR side pockets that are rarely accessed198 at 773 K. 
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 n-butane  n-butane 
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 n-pentane  n-pentane 
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b 
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Figure D.1-7. Plots of the differences in enthalpy and entropy for adsorption to form a central cracking reactant state vs. a 

terminal cracking reactant state for n-alkanes adsorbed at Brønsted protons in one-dimensional zeolites at 773 K vs. the 

PLD. Triangles indicate zeolites without side pockets and diamonds indicate MOR and ETR, which possess 8-MR side 

pockets that are rarely accessed198 at 773 K. 
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D.2 Results of CBMC Simulations for Adsorption of n-Alkanes in One-

Dimensional Zeolites with and without Cages 
 

 
 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-1. Plots of the enthalpy and entropy of adsorption of propane and n-butane from the gas phase to a reactant 

state at Brønsted protons in one-dimensional zeolites at 773 K vs. the LCD. The 8-MR side pockets of ETR (diamond) is 

essentially inacessible198 at 773 K. 
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 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-2. Plots of the enthalpy and entropy of adsorption of n-pentane and n-hexane from the gas phase to a reactant 

state at Brønsted protons in one-dimensional zeolites at 773 K vs. the LCD. The 8-MR side pockets of ETR (diamond) is 

essentially inacessible198 at 773 K. 
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 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-3. Plots of the entropy of adsorption vs. enthalpy of adsorption of propane and n-butane from the gas phase to 

a reactant state at Brønsted protons in one-dimensional zeolites at 773 K. The 8-MR side pockets of ETR (diamond) is 

essentially inacessible198 at 773 K. 
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 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-4. Plots of the entropy of adsorption vs. enthalpy of adsorption of n-pentane and n-hexane from the gas phase 

to a reactant state at Brønsted protons in one-dimensional zeolites at 773 K. The 8-MR side pockets of ETR (diamond) is 

essentially inacessible198 at 773 K. 
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 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-5. Plots of the Helmholtz energy of adsorption of propane and n-butane from the gas phase to a reactant state 

at Brønsted protons in one-dimensional zeolites at 773 K vs. the LCD. The 8-MR side pockets of ETR (diamond) is 

essentially inacessible198 at 773 K. 
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 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-6. Plots of the ratio of equilibrium constant for adsorption to form a central cracking reactant state to that for 

formation of a terminal cracking reactant state for n-alkanes adsorbed at Brønsted protons in one-dimensional zeolites at 

773 K vs. the LCD. The 8-MR side pockets of ETR (diamond) is essentially inacessible198 at 773 K. 
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 Circles: cages; Triangles: no cages; Diamonds: 8-MR side pockets, no cages 
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Figure D.2-7. Plots of the differences in enthalpy and entropy for adsorption to form a central cracking reactant state vs. a 

terminal cracking reactant state for n-alkanes adsorbed at Brønsted protons in one-dimensional zeolites at 773 K vs. the 

LCD. The 8-MR side pockets of ETR (diamond) is essentially inacessible198 at 773 K. 

 




