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A reactor model that deconvolutes thermodynamics of adsorption of hydrocarbon in the pores of zeolite
Beta, obtained by Configurational-bias Monte Carlo simulations, from intrinsic, intraporous kinetics of
hydroisomerization and hydrocracking reactions, provides a good quantitative description of all signifi-
cant reactions in the kinetic network for interconversion and cracking of different heptane isomers.
Activation enthalpies obtained for intraporous reactions follow the expected order according to the car-
benium ion formalism:

methyl shift< ethyl shift < isom(B) ~ crack(B2) < crack(B1) < crack(C) ~ crack(D) < crack(E)

and apparently within each isomerization class, in terms of carbenium ions formally involved:

sec — tert < sec — sec ~ tert — tert < tert — sec.

except for the ethyl shift reaction forming 3-ethylpentane. Cracking happens primarily through 2,4-
dimethylpentane (type B2), regardless of the initial reactant. The model can be subsequently used to sep-
arate the effect of pore structure on selective adsorption and on intraporous reaction kinetics. Zeolite Beta
will serve as a base case for a comparison of different zeolite structures.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The chemistry of zeolite-catalyzed hydroisomerization and
hydrocracking of alkanes enables economically important pro-
cesses for the production of fuels, lubricants and petrochemicals
[1], but also presents an extremely useful study case for shape-
selective catalysis [2]. Although it is better understood than most
zeolite-catalyzed reactions, there is also still considerable debate
as to how shape selectivity operates exactly. Selective adsorption
(most common form of “reactant selectivity”) [2], steric constraint
on intrinsic rates (“transition state selectivity”) [3,4] and specific
diffusion constraints (most common form of “product selectivity”)
[2,3,5-7] are assigned varying contributions based, in most cases,
on qualitative arguments. A more thorough quantitative under-
standing of a detailed kinetic network could make it possible to

* Corresponding author.
E-mail address: marcello.rigutto@shell.com (M.S. Rigutto).

https://doi.org/10.1016/j.jcat.2022.09.026
0021-9517/© 2022 The Authors. Published by Elsevier Inc.

disentangle these contributions and, in casu, clarify how the zeolite
pore structure specifically influences adsorption terms and intrin-
sic kinetic terms in individual reaction rates, and, in some cases,
impedes diffusion of specific products.

This paper aims to provide such a quantitative description of
the kinetic network of hydroisomerization and hydrocracking of
heptanes over zeolite Beta (assisted by palladium), using different
heptane isomers as starting compounds. Zeolite Beta was chosen as
the first target zeolite for this study after it was verified in prelim-
inary studies on adsorption thermodynamics that its structure
does not differentiate strongly among heptane isomers (i.e., dis-
playing relatively weak shape selectivity), presenting a case in
which contributions from selective adsorption and intrinsic kinet-
ics (in a limited sense explained further below) would be more
easily separated. The heptanes hydroisomerization/hydrocracking
case is informative in that its reactions are all monomolecular,
while it lacks the fast type A cracking of o,a,y-trisubstituted iso-
mers only available for carbon numbers of 8 and higher [8],

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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allowing more accurate estimates of the slower cracking paths.
Also, in our experience, within a wide range of catalyst activities,
zeolite crystal sizes, etc., heptanes hydroisomerization/hydrocrack
ing displays no signs of diffusion limitation for most zeolite mate-
rials, except for certain medium or small-pore materials with cages
or pore intersections, such as ZSM-5 and ZSM-11 [6]. In these
structures especially dibranched molecules experience high free
energy barriers for diffusion between intersections, leading to
enhanced cracking and low isomerization yields.

As we establish the base case kinetics for zeolite Beta as a weak
shape selectivity case here, an aim in subsequent papers will be to
establish to which extent different selectivities displayed by other
structures considered to be more shape selective, such as ZSM-12,
ZSM-23, and ZSM-48, can be explained by different adsorption
thermodynamics only, or also require different intrinsic rates.

Quantitative single event microkinetic descriptions have previ-
ously been constructed for the hydroisomerization and hydroc-
racking of C8 to C12 alkanes on Pt/H-US-Y [9,10], of n-
hexadecane [11] and n-heptane [12] on Pt/H-beta zeolite and of
n-decane on Pt/H-ZSM-22 [13]. For modeling our heptane datasets,
we chose not to start from e.g. the C8 single event model per se
(mutatis mutandis for C7) but rather to explicitly consider all rele-
vant alkane interconversions in the C7 network without prior
lumping. In this way, the responses of individual intrinsic rates
to zeolite structure are kept probeable. One simplification we
applied was to make other steps in the bifunctional scheme ((de)
hydrogenation, reactions of alkenes) implicit (i.e., collapsed into
the alkane interconversions), as is schematically shown in Fig. 1.
This simplification avoids assumptions on the intermediates
involved and their energies, but further interpretation of the fitted
barriers of course does require such assumptions, which we will
explicate in the discussion. As will be shown below, the model
yields quantitative information for activation barriers of all the sig-
nificant reaction pathways which aligns well with expectations of
carbenium ion chemistry. Further analysis with the model help
determine the dominant isomerization and cracking pathways
for various heptane isomers.

T.S.

AH*

H,(g) +
cem2=(g)
----------------- Cém2+(ads) 1
Cém2=(ads)
com2(g) .
‘~'\‘\~.\C6m2(ads) ‘
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2. Experimental methods, procedures, and model equations
2.1. Materials and catalyst sample preparation

Zeolite Beta with Si/Al = 50 mol/mol, a BET surface area of
700 m?/g and a crystal size of approximately 400 nm was obtained
from Zeolyst International. The powder was loaded with 0.4 wt%
Pd via ion exchange with a solution of an appropriate concentra-
tion of Pd(NHs3)4(NOs),. The resulting materials were dried at
393 K for 2 h and subsequently calcined in air at 523 K (50 K/h
ramp rate, 2 h hold time). Pd dispersion by hydrogen chemisorp-
tion was found to be H/Pd = 0.32 mol/mol, corresponding to a par-
ticle size of 3.5 nm (assuming hemispherical Pd particles).

n-Heptane (Merck, 99%), 2-methylhexane (abcr GmbH, 99%)
and 2,2-dimethylpentane (abcr GmbH, 96%) were used as
purchased.

2.2. Catalytic activity measurements

Hydroconversion of n-heptane and isoheptanes was carried out
on Pd-loaded zeolite Beta as described previously [14]. Pd was used
in these tests as Pt often contributes significantly to hydrogenoly-
sis reactions, especially at temperatures above 573 K (see e.g. [15]).
The catalysts were pressed and sieved to a size fraction (177-
420 um) and reduced prior to reaction in flowing hydrogen heating
with 5 K/min to 713 K at 30 bar. Hydroconversion was carried out
in a flow setup at 30 barg, varying the amount of catalyst from 100
to 300 mg to vary space velocity and using a H, flow of 25 ml/min
subsequently saturated with the feed (iso)alkane at 383 K and
reaction pressure, yielding H,/hydrocarbon ratios of 14.2 (2,2-
dimethylpentane), 19.2 (2-methylhexane) or 24.3 mol/mol (n-
heptane). The reaction temperature was varied between 713 K
and 473 K, and products were analyzed by online GC (runs from
480 K to 625 K are used in our modeling scheme as those involve
product streams with multibranched isomers and cracking
products).

Hy(g) +
C5m2m3=(g)
C5m2m3+(ads)

C5m2m3=(ads)
C5m2m3(g)

C5m2m3(adsv)l,~'"/

Fig. 1. Schematic enthalpy diagram of the reaction from 2-methylhexane (C6mz2) to 2,3-dimethylpentane (C5m2m3), as an example. The activation enthalpies AH* fitted in
this work are not those of elementary steps but rather of the interconversion of alkanes adsorbed in the zeolite pores, as illustrated. C6m2= is e.g. 2-methyl-2-hexene, C6m2+
is e.g. 2-methylhex-3-enium, C2m2m3+ is e.g. 2,3-dimethylpent-4-enium, C5m2m3= is e.g. 2,3-dimethyl-2-hexene.
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2.3. Adsorption isotherms

Adsorption isotherms and free energy profiles of heptane iso-
mers in all-silica zeolite Beta were computed using force field-
based Monte Carlo (MC) simulations at temperatures ranging from
480 K to 660 K. Isotherms follow from simulations in the grand-
canonical ensemble. The RASPA software package was used for
all MC simulations [16,17]. The following types of trial moves were
used: translations, rotations, random reinsertions, partial and full
regrowth using the Configurational-Bias Monte Carlo (CBMC) tech-
nique, and exchanges with the reservoir (insertions and deletions)
using the CBMC technique [18-21]. For more simulation details,
the reader is referred to Refs. [18,22,23]. Heptane isomers were
modeled using the united-atom TraPPE force field which contains
intra- and intermolecular Lennard-Jones interactions, intramolecu-
lar bond-bending and torsion interactions, and fixed C-C bonds
[24,25]. The TraPPE-zeo force field was used to model the interac-
tions between the hydrocarbons and the zeolite [26]. Lennard-
Jones interactions were truncated and shifted at 12 A and no tail
corrections were applied. The simulation box consists of
2 x 2 x 1 rigid unit cells for BEA-type zeolite with periodic bound-
ary conditions (Fig. 2, right). All-silica zeolite structures were taken
from the IZA database [27] and were considered as rigid [28].

1.8
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Widom'’s test particle method was used [29] to compute the Henry
coefficients. The enthalpy of adsorption at infinite dilution was cal-
culated from the energy difference of a single molecule inside and
outside the framework in the NVT ensemble [30].

2.4. Reaction network and reactor model

It is well known that hydroconversion of alkanes in bifunctional
metal zeolite catalysts occurs via dehydrogenation/hydrogenation
at metal sites and isomerization/cracking reactions at zeolitic
Brognsted acid sites [8,31]. With sufficient activity from the metal,
dehydrogenation/hydrogenation is fast relative to the acid-
catalyzed reactions and (iso)alkenes can be assumed to be present
at (low) equilibrium levels relative to the corresponding (iso)alka-
nes [10,32]. It then is the dilute (iso)alkenes that react at zeolitic
Brognsted acid sites to undergo isomerization or scission reactions,
followed by rehydrogenation of the products. Although in many
cases carbenium ions can be thought of as metastable species
rather than stable intermediates in zeolite chemistry [33], elemen-
tary reactions are still usefully conceived and discussed as carbe-
nium ion reactions [8,12,34,35], as we will also do here.

In our reaction model, we simulate all possible isomerization
and cracking reaction pathways [31] which result in changes in

C7-500K

C7-576K
C6m2-500K
C6m2-576K ¢
C6m3-500K
'1C6m3-576K
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Fig. 2. Left: Adsorption isotherms obtained from Configuration-Bias Monte Carlo simulations of mono-methyl isomers and linear alkanes (top) and dimethyl isomers
(bottom) at 500 K and 576 K. Right: Snapshots of n-heptane (top) and 3,3-dimethylpentane (bottom), absorbed in the pores of zeolite Beta as observed in typical simulations,

both at high loadings, achieved at 10° Pa and 500 K.
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carbon skeleton along with the adsorption thermodynamics of
alkanes in zeolite Beta calculated using Configuration-Bias Monte
Carlo simulations. We consider reaction pathways based on mech-
anisms of rearrangements of alkylcarbenium ions [36,37]. All pos-
sible secondary and tertiary carbenium ion intermediates that can
be formed by protonation of alkenes corresponding to various hep-
tane isomers are considered for type A and type B isomerization
reactions [38,39]. Type A isomerization reactions lead to shifting
of alkyl groups through a corner-protonated cyclopropane (PCP)
transition state to form isomeric alkanes with an equal number
of branches. In type B isomerization, the branching degree changes,
which involves a higher barrier [40-42], due to an asymmetric
transition state described by Sandbeck et al. [43] as closed primary
meso-PCP and by Rey et al. as an asymmetric edge-protonated CP
[44,45].

All possible type A and type B isomerization pathways are con-
sidered. An illustration of reactions involving 2,3-dimethylpentane
is shown in Fig. 3 (similar isomerization pathways are considered
for each isomer and the resulting reaction network is drawn in
Fig. 4). In case there are type A as well as type B isomerization reac-
tions feasible for interconversion of two isomers, the reaction net-
work marks them as type A due to lower activation energies for
these reactions (however the net reaction rate would be due to
both type of reactions occurring in parallel). Only isomerization
pathways which result in formation of a primary carbenium ion
are not included in the reaction network as these reactions would
entail a very high activation energy [8]. We use a condensed nota-
tion to represent the various isomers and cracking products of n-
heptane in our reaction scheme instead of their IUPAC name. This
scheme starts with the C backbone length followed by side groups
and their positions, e.g. 2,3-dimethyl-pentane is represented as
C5m2m3, 3-ethyl-pentane is represented as C5e3.

Cracking reactions proceed through B-scission of carbenium
ions. The rates of various cracking pathways are linked to the sta-
bility of the carbenium ions involved in the reaction. Typically, four
types of reactions are dominant in cracking of Cg molecules: type A
(tertiary to tertiary carbocation), type B1 (secondary to tertiary
carbocation), type B2 (tertiary to secondary carbocation) and type
C (secondary to secondary carbocation) [8,46]. For smaller alkanes
Type D (secondary to primary carbocation or vice versa) and type E
(tertiary to primary carbocation or vice versa) [47] are also consid-
ered, however, their rate constants are quite low due to the rela-
tively unstable primary carbocation formation. For heptane
isomers, Type A hydrocracking is not feasible as it requires three
branches in o,y,y positions, hence Type B1, B2 and C cracking
mechanisms are the most prominent routes of cracking as illus-
trated in Fig. 3. Some of the type D/E cracking pathways are also
included in our reaction scheme to account for formation of small
amounts of pentane and isopentane products by cracking of 3-
ethylpentane and 3,3-dimethylpentane, respectively. Other type
D and E cracking reactions are included for completeness though
they are expected to contribute minimally to the overall reaction
network.

2.4.1. Rate equations

The loading of various heptane isomers and lower carbon num-
ber cracking products adsorbed on zeolite Beta across the catalyst
bed are computed using a mixed Langmuir adsorption isotherm
with parameters derived from single-component Langmuir fits to
the CBMC calculated isotherms. This enables use of rate expres-
sions in terms of intraporous (iso)alkane concentrations. A com-
parison between mixed Langmuir and IAST isotherms was carried
out at relevant temperatures and partial pressures to ensure suffi-
cient accuracy of the mixed Langmuir approximation, essentially
because partial pressures of the various components remain low
enough to avoid significant competitive effects (see supplementary
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information). Since the full reaction scheme involving all possible
(iso)alkene intermediates and their adsorption is too complex to
model, our assumption that the reactions have first order kinetics
in intraporous (iso)alkane concentration is a necessary simplifica-
tion, whose accuracy can be judged from the quality of the model
fits. It is only the interpretation of the resulting kinetic parameters
in terms of elementary steps that then requires further assump-
tions, viz. that enthalpies and free energies of adsorption of (iso)
alkene, alkoxide and carbenium ion intermediates (see Fig. 1) vary
as a function of the carbon backbone (and resulting molecular
shape) in the same way as those of the corresponding (iso)alkanes.
In that sense, rate constants and activation energies estimated in
this paper are still composite numbers rather than true single
event kinetic parameters, however, they represent intrinsic kinet-
ics in the limited sense that they allow intraporous reaction kinet-
ics to be considered separately from selective adsorption effects.

According to Eyring transition state theory [48], the rate con-
stant k for a given activated reaction is:

" _AH!
k= kLTeASL/Re AR

(1

Since most of the isomerization reactions involve formation of a
(meso-)protonated cyclopropane transition state, to reduce num-
ber of fitting parameters we use only single independent parame-
ters for calculating the contribution due to change of entropy

(e2S'/RY, Similarly, for cracking reactions a single parameter is used
for all cracking reactions involving a C; carbocation and another
parameter for reactions involving a Cs carbocation. For activation
enthalpies (AH) each isomerization and cracking reaction (13 iso-
merization and 11 cracking reactions) has a unique fitting param-

eter which are determined together with the 3 different eS'/R
prefactors by minimizing an objective function which compares
the concentrations of these isomers formed at different gas hourly
space velocities and temperatures (as described in the section of
Experimental Methods). For reverse isomerization reactions we
can write,
k= MefAGidfi/RT (2)
h

where AGaﬂSi is the change in Gibbs free energy for transition
from product in adsorbed phase to activated complex:

dst d d
AGils :G; S 7Ga S

product

_ Gads

reactam)

_ ads ads
=G% -G

reactant

( Gads

product

3
= AG™ — AGY, 3)

where, AG2%, is the difference in Gibbs free energy of formation

(in adsorbed state) of reactant and product isomers and AG" s
the change in Gibbs free energy for transition from reactants in
adsorbed phase to activated complex. Based on Equation (3), the
rate constant for reverse reaction can be determined by computing
the difference in Gibbs free energy of formation (in adsorbed state)
of reactant and product isomers and the forward rate constant (di-

rectly related to AGS' as per equation (1)) determined using the
fitted parameters. This limits our fitting parameters significantly
and imposes thermodynamic constraints on the reaction network.

For determining the difference in Gibbs free energy for isomers
in adsorbed state we use the values for the Gibbs free energies of
formation AG] of heptane isomers in gaseous form as reported by
Scott [49] at temperatures of interest and use the equilibrium con-
stants for adsorption (from Langmuir isotherms) at the same tem-
peratures for calculating the difference in Gibbs free energy for
adsorption of reactant and product. This leads to
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Fig. 3. (a) lllustration of all possible isomerization pathways for 2,3-dimethyl-pentane with dehydrogenation and protonation followed by backbone isomerization of type A
(methyl or ethyl shift, blue arrows) or type B (branching isomerization, green arrows). (b) Reaction pathways used to model isomerization reactions associated with 2,3-
dimethyl-pentane in our reaction network. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

AGE, = (AGY, + AGE®) — (AGYy + AGY™) (4)

Where, AG}, and AGg are the Gibbs free energy of formation

for the product and reactants respectively, and AG:* and AG®
are the free energy of adsorption for product and reactant mole-
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cules respectively. The Gibbs free energy of adsorption for isomer
i of heptane is related to the equilibrium constants for adsorption
(Langmuir isotherms) by

AG® = —RTIn(KL,) (5)
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Fig. 4. Complete kinetic reaction network of (iso)alkane hydroconversion interconversions and hydrocracking reactions based on considering all possible isomerization
pathways as illustrated in Fig. 3. Blue arrows indicate reversible Type A isomerization reactions; Green arrows indicate reversible Type B isomerization reactions. Red arrows
indicate irreversible type B cracking reactions, brown arrows indicate irreversible type C cracking and orange arrows indicate irreversible type D/E reactions which occur at
very low rates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Using Equation (5) in Equation (4) and (3) we find

P
t i K
AGE = AG™ — (Acg_l, — RTIn <K;‘4>)

eq

(6)

and using Equation (6) in Equation (2) and substituting the for-
ward rate constant equation from Equation (1) leads to

P
keT - <AGad51— (AGﬁfI,—RTIn (Z%) ) ) JRT
k,‘] == T e B

R
_ kKTe)q @AGR_p/RT
K

eq

(7)

Hence, the reverse rate constant k_; for isomerization reactions
can be calculated using the forward rate constant k. In this equa-
tion, K§, and K¢, are equilibrium constants for adsorption of reac-
tant and product isomers respectively and AGy , is difference in
free energy of formation of product and reactant isomers obtained
from Scott [49] at temperatures of interest.

2.4.2. Reactor model and optimization

The tubular fixed bed flow reactor is modeled using a one-
dimensional finite difference scheme. Uniform isothermal plug
flow with constant gas hourly space velocity is assumed to model

the experimental run. Gas phase partial pressures and adsorbed
phase loading of each component is calculated at each node in
the axial direction with the inlet gas composition used as a bound-
ary condition. The reactor model requires mass balance of gas
phase components which are in equilibrium with the adsorbed
phase as transport of components happens in gas phase while
the reaction happens in adsorbed phase. Assuming steady state
isothermal conditions, the mass balance can be written as

dni.ads (8)
dw

where R; .45 is the net rate of production (or consumption) of
component i in adsorbed phase, n;,qs is molar concentration of
component i in adsorbed phase, and W is weight of catalyst (which
is evenly divided in each node in the axial direction). The change in
concentration of each component in adsorbed phase is then used to
calculate the corresponding change in partial pressure in gas
phase, assuming ideal gas behavior

Ap- _ RTeprni.ads

g = 9)

where Ap;, is the change in partial pressure of component i in
gas phase, V is the pore volume of catalyst bed, R is the universal
gas constant, and Ty, is the experimental temperature. The partial
pressures of each component are updated at current node and used

= Ri.ads



U. Agarwal, M.S. Rigutto, E. Zuidema et al.

to calculate the equilibrium loading in next node which determine
rates of reactions in next node. Corresponding to the experimental
runs, reactor simulations were conducted for 5 different sets of gas
hourly space velocity (GHSV) from 72.45 Nml/g/min (300 mg cat-
alyst) to 244.4 Nml/g/min (100 mg catalyst) and 12 different tem-
perature conditions ranging from 473 to 623 K. Three different
datasets were used with different heptane isomer feeds: n-
heptane, 2-methylhexane, and 2,2-dimethylpentane. To allow for
some run-to-run variability of the catalytic results a fitting param-
eter was used as pre-factor multiplier for all isomerization and
cracking reactions for the 2-methylhexane simulation and another
fitting multiplier for the 2,2-dimethylpentane simulation. For opti-
mizing these 29 fitting parameters (24 enthalpies of activation, 3
pre-factors for entropic contributions and 2 activity multipliers)
we used the Genetic Algorithm GA toolbox of MATLAB™. The opti-
mization objective function was defined using a mean normalized
sum of squared residuals (MNSSR) which averages the squared dif-
ference between the experimental and simulated mole fraction of
all components (for all runs) divided by the range of experimental
mole fractions for each component. This normalization equalizes
the contribution from all components, even if they are formed in
smaller fraction compared to other components. The objective
function is defined as:

2
model _,experiment
SN X o | ke
j=0 Zi=0 | yexperiment _ experiment
i,max; i,min;
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MNSSR =

xmedel and xfjpe"ime“t are the mole fractions of component i for run

j calculated using the model and observed in experiment respec-
tively. N is the total number of experiments conducted at different
temperature and gas hourly space velocity conditions, n is the
number of components formed in our reaction network and p is
the number of fitted parameters. The final objective function used
in global minimization was an average of MNSSR values computed
for the three sets of models and experiments conducted with dif-
ferent heptane isomer feeds (n-heptane, 2-methylhexane and
2,2-dimethylpentane feed datasets respectively). For setting up
the global optimization problem in the MATLAB™ GA toolbox var-
ious combination of population sizes (ranging from 10,000 to
500000) and number of generations (50-200) were tested and
the final fitness values were compared to select an optimal popu-
lation size of 400,000 and 100 generations. The range of various fit-
ting parameters is also modified in multiple iterations of global
optimization simulations to ensure no optimized fits includes
any boundary values and the combination resulting in lowest
objective function values are used. The optimized parameter set
is averaged from 10 different simulations involving different range
and starting conditions. The global optimization runs were carried
using the MATLAB parallel computing toolbox with 40 threads on
high performance computing nodes with two Intel® Xeon® Gold
6248 processors (27.5 M Cache and 2.5 GHz) and 380 GB RAM.
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3. Results and discussion
3.1. Adsorption isotherms

In Fig. 2, (left) we plot the adsorption isotherms for mono-
methyl and linear isomers of heptane and n-pentane (cracking pro-
duct) in the top left frame and all dimethyl isomers in bottom left
frame at two temperatures (500 K and 576 K). It can be observed
that amongst all dimethylpentanes, 2,4-dimethylpentane has the
highest loadings at all pressures. Amongst the monomethyl and
linear isomers, n-heptane has higher loading at lower pressures
while n-pentane has higher loading at higher pressures due to its
smaller C backbone. Similarly, the dimethylpentane isomers (2,4-
dimethylpentane) also have slightly higher loadings compared to
n-heptane at higher pressure (larger than 105 Pa) due to their
shorter backbones.

Table 1 shows Henry coefficients and enthalpies of adsorption
at infinite dilution for C7 isomers adsorbed in the pores of zeolite
Beta. It is interesting to note the significantly lower exothermicity
of adsorption of geminal dimethyl isomers in this structure com-
pared to the other C7 isomers, since not all groups around a quater-
nary carbon atom can optimally interact with the pore wall in each
configuration.

3.2. Model parameter optimization

The global optimization run finds optimized parameters which
minimizes the difference between experimental product composi-
tions from hydroconversion experiments and simulated composi-
tions for all three datasets, viz. with n-heptane, 2-methylhexane
and 2,2-dimethylpentane feeds at 5 space velocities for each feed,
using the proposed reactor model with detailed reaction network.
It first turned out that incorporating the 2,2-dimethylpentane feed
results caused some skewing in the fits that were most easily cor-
rected by assuming that, somehow, the overall catalyst activity
was lower for this feed than for the other feeds, without changing
other parameters in the network. Hence we found it necessary to
introduce a single activity multiplier for all rate constants for each
different feed, that only in the case of the 2,2-dimethylpentane
feed was found to deviate significantly from 1. The simplest expla-
nation for this observation would be that 2,2-dimethylpentane
contained a feed impurity acting as inhibitor.

The fitted enthalpies of activation, pre-factors for entropic con-
tribution of transition to activated state and overall activity multi-
pliers per run are tabulated in Tables 2 and 3, and the comparison
between simulated data and experimental data is presented in
Figs. 5-7. The fitted activation enthalpies follow trends consistent
with the carbocation formalism for hydroconversion of alkanes.
Type A isomerization reactions have the lowest activation enthal-
pies between 161 and 170 kJ/mol. The barrier for isomerization
to a geminal dimethyl isomer (C5m2m3 to C5m3m3) is at 167 kJ/-
mol towards the high end of this range, which could be due to the

Table 1
Henry coefficients and enthalpies of adsorption at infinite dilution for C7 isomers adsorbed inside zeolite Beta.
C7 Isomers at 500 K at 576 K
Henry Coefficient Enthalpy of Adsorption [k]/mol] Henry Coefficient Enthalpy of Adsorption [k]/mol]
[10-® mol/kg/Pa] [10-¢ mol/kg/Pa]
c7 2355+ 1.0 —62.74 £ 0.21 32.52 +0.12 —62.47 £ 0.35
C6m2 1523+ 04 -61.78 £ 0.19 21.57 £ 0.08 —61.47 £0.22
C6m3 107.1 £ 0.9 —61.31 £ 0.26 15.52 + 0.09 —60.87 £ 0.19
C5m2m2 25.8+0.2 —54.73 £ 0.24 4.59 + 0.04 —54.21 £0.29
C5m2m3 63.1+0.6 —60.81 £ 0.36 9.34 + 0.06 —60.12 £ 0.27
C5m2m4 97.2+0.3 —61.06 £ 0.20 1.42 +0.08 —60.52 £ 0.20
C5m3m3 16.1 £0.1 —53.80 £ 0.30 2.94 +0.02 -53.13 £0.22
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Table 2

Fitted kinetic constants (change in enthalpy for activated transition state) optimized
over all datasets including runs for n-heptane, 2-methylhexane and 2,2-dimethylpen-
tane hydroconversion over zeolite BEA.

Reaction Reaction type Activation Enthalpy
AH? (KJ/mol)

C5m2m2 = C5m2m3 isom A 161.6
sec — tert (165.8)"

C5m2m3 = C5m2m4 isom A 161.9
sec — sec

C6m2 = C6m3 isom A 163.6
sec — sec

C5m2m3 = C5m3m3 isom A 167.2
tert — sec

C6m3 = C5e3 isom A 170.7
sec — sec
ethyl shift

C6m3 = C5m2m3 isom B 1724
tert — tert

C7 = C6m3 isom B 176.7
sec — sec

C7 = C6m2 isom B 178.4
sec — sec

C6m2 = C5m2m3 isom B 179.0
tert — tert

C5m2m4 = (4m2m2m3 isom B 179.2
tert — tert

C6m2 = C5m2m4 isom B 181.0
sec — sec

C6m3 = C5m3m3 isom B 183.7
tert — sec

C6m2 = C5m2m2 isom B 192.2
tert — sec

C5m2m4 — iC4 + C3 cracking B2 173.2

C5m2m2 — iC4 + C3 cracking B1 182.7

C5m3m3 — iC5 + C2 cracking D 188.7

C5m2m3 — nC4 + C3 cracking C 188.8

C5e3 - nC5 + C2 cracking D 192.1

Cém2 — nC4 + C3 cracking C 201.6

nC5 - C3+C2 cracking D 202.2

C6m3 - nC4 + C3 cracking C 204.4

C7 - nC4 +C3 cracking D 206.5

iC5 - C3+C2 cracking E 210.5

C4m2m2m3 - iC4 + C3 cracking E 239.1

@ For the reverse reaction C5m2m3 — C5m2mz2.

Table 3

Fitted kinetic constants (Pre-exponential factors at 500 K and overall activity
multiplier for the different feeds) optimized over all datasets including runs for n-
heptane, 2-methylhexane and 2,2-dimethylpentane hydroconversion over zeolite
BEA.

Reaction Type Pre-exponential factors at 500 K (s™")

C7 isomerization 2.377.10™

Cracking of C7 2.065-10"°

Cracking of C5 8.655.10'°

Experiment runs (feed) Overall activity multiplier relative to n-heptane
2-methylhexane 0.98

2,2-dimethylpentane 0.63

precursor carbenium ion being tertiary and the (formal) product
ion being secondary. Indeed, a similar value of 166 k]/mol was cal-
culated for the analogous reaction of C5m2m3 to C5m2m2, which
is the reverse reaction of the first entry of Table 2. The barrier for
formation of the ethyl isomer (C6m3 to C5e3), an ethyl shift reac-
tion, is at 170 kJ/mol slightly higher than that of the other type A
isomerization reactions.

Type B isomerization reactions are found to all have higher acti-
vation enthalpies than type A isomerization reactions. They lie in a
narrow range of 172-181 kJ/mol, except for the reactions forming
geminal dimethyl isomers, i.e. isomerization of 3-methylhexane
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(C6m3) to 3,3-dimethylpentane (C5m3m3) and of 2-
methylhexane (C6m2) to 2,2-dimethylpentane (C5m2m2) which
have higher activation enthalpies still, of 184 and 192 kj/mol,
respectively. Again, reactions forming geminal dimethyl isomers
formally involve conversion of tertiary carbenium ions to sec-
ondary carbenium ions. As mentioned, the higher barriers for type
B isomerization are explained by a higher energy closed-primary
meso-PCP transition state [43,44]. It is worth summarizing the
above by noting that, except for the ethyl shift reaction, within
each isomerization class the fitted values for activation enthalpies
appear to follow the order, in terms of carbenium ions formally
involved:

sec — tert < sec — sec ~ tert — tert < tert — sec

with the qualification that tert — tert type A isomerizations do
not occur in the C7 network (except C4m2m2m3 = C4m2m2m3).

Type B1 and B2 cracking reactions of 2,2-dimethylpentane
(C5m2m2) and 2,4-dimethylpentane (C5m2m4) are found to have
activation enthalpies of 183 and 173 kJ/mol, respectively, in the
same range as that for type B isomerization reactions.

Type C cracking reactions have higher activation enthalpies
with cracking of monomethyl isomers (C6m2 and C6m3) being
slower than cracking of 2,3-dimethylpentane (AH* of 202, 204
and 189 kJ/mol respectively). Type D/E cracking reactions are slow-
est with activation enthalpies ranging from 190 to 240 k]/mol, as
expected. They also have minimal impact on the reaction network
and are included to allow formation of small amounts of pentane
and isopentane cracking products which are formed by type D
cracking of 3-ethyl-pentane (C5e3) and 3,3-dimethylpentane
(C5m3m3) respectively.

The pre-factors due to entropic changes for formation of acti-
vated transition state (from Table 3) are about an order of magni-
tude higher for cracking reactions compared to isomerization
reactions. They are also about four times higher for C5 cracking
reactions compared to C7 cracking reactions. As expressed through
the activity multipliers, it was necessary to assume a lower catalyst
activity by a factor of 0.63 for the 2,2-dimethylpentane run com-
pared to the n-hexane feed run. There is no definite explanation
for this lower activity, but the simplest explanation would be that
2,2-dimethylpentane, which had a lower purity than the other
feeds, contained a small feed impurity causing overall inhibition,
such as a trace alkene or oxygenate. We did not seek further clar-
ification of this aspect.

In Figs. 5, 6 and 7 we plot the comparison of simulated molar
concentrations at the outlet of the reactor with experimentally
measured molar concentrations (expressed as fraction of the total)
from hydroconversion experiments conducted at the highest cata-
lyst loading of 300 mg and varying temperatures for feed of n-
heptane (GHSV = 81.6 Nml/g/min), 2-methyl-hexane (GHSV = 75.7
Nml/g/min) and 2,2-dimethylpentane (GHSV = 72.8 Nml/g/min)
respectively. The trends of various isomerization and cracking
products match very well with the experimental data obtained
from different temperature runs for both n-heptane and 2-
methylpentane feed runs. For experiments with 2,2-
dimethylpentane feed all components show consistent trends with
experimental data. We observe a higher conversion of 2,2-
dimethylpentane to various isomers at lower temperatures (below
500 K) compared to simulated runs. This disagreement between
the simulated and experimentally observed concentration of vari-
ous isomers at low temperature is apparent in profiles plotted in
Fig. 7, however the cracking products such as iC4 and C3 show con-
sistently good agreement between simulations and experiments.
That the fits somewhat underestimate isomerization of 2,2-
dimethylpentane at the low temperature end (470-500 K) could
be due to an overestimation of the corresponding activation ener-
gies which in turn might result from the simplifying assumption



U. Agarwal, M.S. Rigutto, E. Zuidema et al.

Journal of Catalysis 415 (2022) 37-50

Simulated
——— Expermental
nC7 Com2
1 — 0.3
N 02 T
AN 0.2
05t 0.1
0.1
0 0 0
450 500 450 500 550 600 450
Chm2m2 Chm2m3
U 04 n T T T D.DG T " e,
' / D.04 ¢
0.04 Y .
0.02 / |
0.02 ooz W
0 N 0 . 0 - h -
450 500 550 £00 450 500 550 500 450 500 550 800
O C5m3m3 C5e3 <107 C4m2m2m3
= 0.03 T
(& 0o02f 6l A
oozt [ ) N I\
Lt ' \ al Y
001} /
el / | /
— Y i \::;"'-. J-' "ul'\-v.,
O o 0 == - = 0 e ;
g 450 500 550 600 450 500 550 600
-3 -3 i
: i-C5 nc4
15 * 10 3 10 0.04
1t 2t
. Dozt
05t 1t .
S
] 0 : e : 0 :
450 450 500 550 600 450 500
C3 «1073 c2
- 06 «10
D4t 4 6l
4
5” 04r ! /
02 / 'r_,f' s
02t 1!
7
0 0 — 0 —
450 500 550 £00 450 500 550 600 450 500 550 800

Temperature in K

Fig. 5. Normalized molar concentration (mole fraction, as mol/mol total hydrocarbons) of different components at the outlet of the reactor, experimental (in red) and
simulation (in blue) for n-heptane as feedstock as a function of reaction temperature (in Kelvin) for catalyst loading of 300 mg (GHSV of 81.6 Nml/g/min). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(required to limit the number of degrees of freedom) to equate pre-
exponential factors for similar reactions.

Comparison of kinetic parameters in this work with literature
data requires some assumptions in each case. For hydroconversion
of Cg to Cy5 alkanes over zeolites PtCaY [50] and PtHZSM-5 [46]
Weitkamp et al. found effective activation energies at low conver-
sion close to 190 kJ/mol, which is in reasonable agreement with the
177-178 kJ/mol reported here for the initial branching reactions of
n-heptane. The assumption allowing a direct comparison of these
numbers is that the literature results have been obtained in a sat-
urated pore regime, which seems reasonable under the conditions
used (e.g., for n-tridecane: pyci3 = 14 kPa, T = 473-493 K).

We find that type B isomerization reactions have higher barriers
than type A isomerization reactions, as expected, but only by about
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12-22 kJ/mol. Similarly, the single event kinetic model for n-Cyg
hydroisomerization over zeolite Beta [11] yields only modestly
higher barriers for type B isomerization compared to type A iso-
merization by 16 to 32 kJ/mol, when expressed as effective
alkene-to-alkene barriers, i.e., AHpror + Eace from Table 1 of Ref.
[11]. In contrast, Rey et al. [12,44] have calculated by means of
periodic DFT activation enthalpies of 67 k]/mol for the type B iso-
merization of 2,4-dimethylpent-2-enium to 2,3,3-trimethylbut-2-
enium and ~15 kJ/mol for the type A methyl shift in 2,3,3-
trimethylbut-2-enium, both in zeolite Chabazite; and hence a
much higher difference of 52 kJ/mol. Smaller differences were
more recently reported for other type B isomerizations [12]. Com-
parison of absolute values for the barriers is more difficult, as it
depends heavily on assumptions, such as the value of the enthalpy
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of protonation of a physisorbed alkene (see also Fig. 1). As an
example, from the DFT ion-to-ion barrier for type A isomerization
of 15 KkJ/mol, an overall isoalkane-to-isoalkane barrier in the order
of 173 kJ/mol may be estimated by adding + 110 kJ/mol for the
enthalpy of dehydrogenation [51] and + 48 k]/mol for the enthalpy
of protonation of a physiosorbed alkene [33], with which our val-
ues for the barriers of type A isomerization of 161-170 kJ/mol
are in reasonable agreement.

The optimized reactor model can subsequently be used for fur-
ther analysis of the hydroconversion process. In Fig. 8, we plot
results from a hydroconversion simulation conducted at 594 K
and 300 mg catalyst loading for n-heptane feed. For runs at this
reaction temperature full conversion to cracking products is
achieved, and 80% n-heptane conversion is reached already at
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20% of the reactor length. The plot of mole fraction of various iso-
mers vs. n-C; conversion (Fig. 8, right) illustrates the sequence of
product formation, via monobranched to dibranched and finally
tribranched species. Primary isomerization product 3-
methylhexane subsequently isomerizes into 2,3-dimethylpentane
and 3-ethylpentane respectively and the other primary isomeriza-
tion product, 2-methylhexane, also isomerizes predominantly into
2,3-dimethylpentane. Isomerization of 2,3-dimethyl-pentane to
2,4-dimethylpentane at intermediate conversions and geminal
dibranched isomers such as 2,2-dimethylpentane and 3,3-
dimethylpentane at higher conversions is also observed from the
plot. Formation of 2,2-dimethylpentane and 3,3-dimethylpentane
is limited and occurs at only higher conversion due to enthalpic
penalty associated with formation of these geminal di-branched
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isomers. Similarly, 2,2,3-trimethyl-butane which has highest acti-
vation enthalpy for formation of transition state is formed only
at high conversion of n-heptane (peak at around 90% heptane con-
version) and in very low quantities.

Due to large pore sizes of zeolite Beta (~6.5 A), no diffusion lim-
itation for transport of any of the dibranched isomers is expected.
As a limited verification, n-heptane hydroconversion experiments
were performed for samples of different primary crystal sizes
and compared, and indeed no indications for diffusion limitation
were found (see supporting information). Although some preferen-
tial adsorption occurs among heptane isomers, none are spatially
restricted, and the preference is not very strong. Hence, equilib-
rium among isomers is established relatively quickly after each
step of the sequence has set in. Once 2,3-dimethylpentane is
formed via Type B isomerization of 2/3-methylhexane isomers, rel-
atively fast type A isomerization (methyl shift) reactions establish
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and maintain the relative equilibrium concentrations for all the
dibranched isomers. Based on the reaction network illustrated in
Fig. 4 cracking of 2,3-dimethyl-pentane proceeds via type C crack-
ing with a higher free energy barrier compared to type B1 and B2
cracking of 2,2-dimethyl-pentane and 2,4-dimethyl-pentane.
Hence, cracking of 2,3-dimethylpentane is slower compared to that
of 2,4-dimethylpentane and 2,2-dimethylpentane. To maintain the
dynamical equilibrium between all dibranched isomers, a faster
cracking of 2,4 dimethylpentane would lead to increased isomer-
ization of 2,3-dimethyl pentane (and any other dibranched isomer)
to 2,4-dimethylpentane. To verify this, in Fig. 9 we plot the net
integral rates of various isomerization and cracking reactions by
tracking all the forward and reverse reaction rates and calculating
net rates for each node of the reactor bed at 594 K and 300 mg cat-
alyst loading. Based on this information we can determine how the
entire hydroconversion process occurs. As observed in Fig. 9 (top),
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the dominant pathway for hydroisomerization and hydrocracking
in a large pore zeolite such as Beta zeolite for n-heptane feedstock
is n-heptane — 2/3-methylhexane — 2,3-dimethylpentane —
2,4-dimethylpentane — isobutane + propane. The dominant crack-
ing reaction is therefore a type B2 cracking reaction. Similarly,
based on the net integral rates for 2,2-dimethylpentane feed simu-
lations, the dominant pathway for conversion is 2,2-dimethylpen
tane — 2,3-dimethylpentane — 2,4-dimethylpentane — isobutan
e + propane. Other isomerization reactions help maintain the equi-
librium distribution for all the isomers and form cracking products
in relatively smaller concentration in agreement with experimen-
tally observed concentrations. The other competing pathway is
type B1 cracking of 2,2-dimethyl-pentane which contributes min-
imally, in part due to delayed and limited formation of 2,2-
dimethylpentane for n-heptane feed. For 2,2-dimethylpentane feed
it contributes more, however the type A isomerization to other iso-
mers such as 2,3-dimethylpentane is still preferred over direct
cracking of 2,2-dimethylpentane. In terms of the carbenium ion
formalism, type B2 cracking via tertiary 2,4-dimethylpent-2-
enium to secondary 2-propenium is apparently faster than type
B1 cracking via secondary 4,4-dimethylpent-2-enium to a tert-
butyl cation and propene. Static DFT and ab initio MD calculations
yielded the same order for analogous octene isomers in H-ZSM-5
[34,35].

4. Conclusions

A reactor model that deconvolutes thermodynamics of adsorp-
tion of hydrocarbon in the pores of zeolite Beta, obtained by
Configurational-Bias Monte Carlo simulations, from intrinsic, intra-
porous kinetics of hydroisomerization and hydrocracking reac-
tions, provides a good quantitative description of all significant
reactions in the kinetic network for interconversion and cracking
of different heptane isomers. Activation enthalpies obtained for
those intraporous reactions follow the expected order according
to the carbenium ion formalism:

methyl shift < ethyl shift < isom(B) ~ crack(B2) < crack(B1) < cr
ack(C) ~ crack(D) < crack(E)

and apparently within each isomerization class, in terms of car-
benium ions formally involved:

sec — tert < sec — sec ~ tert — tert < tert — sec
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except for the ethyl shift reaction forming 3-ethylpentane.

In zeolite Beta, cracking happens primarily through 2,4-
dimethylpentane, by the type B2 mechanism, regardless of the ini-
tial reactant. Type B1 cracking of 2,2-dimethylpentane also occurs
but to a much lesser extent even from 2,2-dimethylpentane feed,
due to its higher activation enthalpy. The model can subsequently
be used to separate the effect of pore structure on selective adsorp-
tion and on intraporous reaction kinetics, and zeolite Beta will
serve as a base case for a comparison of different zeolite structures.
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