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The microkinetic modelling methodology that we developed previously to describe Brønsted acid-
catalyzed propene oligomerization on medium-pore MFI zeolites has been extended successfully to
large-pore Beta zeolites. The extension of the model was supported by the identification of the key
descriptors that account for the different topologies and acid strengths of the zeolite frameworks (ph-
ysisorption enthalpies, stabilization enthalpies, frequency factors). The model is validated with experi-
mental conversion and selectivity data measured in a plug-flow reactor on a commercial Beta zeolite
over a range of operating conditions. Analysis of net reaction rates allowed identifying the preferred path-
ways that increase oligomerization selectivity toward C9 species with increasing propene pressure. The
model was additionally used to investigate how the stabilization enthalpies of chemisorbed intermedi-
ates, an important catalyst descriptor, influenced the selectivity and surface coverage at iso-
conversion. This analysis provides mechanistic insights into the propene oligomerization reaction net-
work and its dependence on zeolite topology, and demonstrates how microkinetic models can describe
catalyst behaviour and aid in catalyst and process optimization.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The extraction of shale gas has increased rapidly in the US since
the early 2000s, helping the US become the world’s largest gas pro-
ducer since 2009 [1,2]. The abundance and low cost of shale gas
resources have spurred growing interest in routes to convert light
hydrocarbon gases into liquid chemicals and transportation fuels
[3,4]. Dehydrogenation of light alkanes to form alkenes and their
subsequent oligomerization to heavier hydrocarbons is an attrac-
tive strategy to upgrade shale gas feedstocks into valuable chemi-
cals and fuels. The use of Brønsted acidic zeolites to convert light
alkenes into heavier oligomers was originally described in the
Mobil olefin-to-gasoline and distillate (MOGD) process as a
replacement for solid phosphoric acid catalysts [5–9]. In this reac-
tion, Brønsted acid sites react with double bonds in alkenes to form
carbocationic surface intermediates. These surface-bound species
are reactants in the elementary steps of oligomerization reaction
sequences and in side-reactions, including isomerization and
cracking. These side-reactions add complexity to alkene conversion
routes catalyzed by Brønsted acids that are typically described by
large and highly interconnected reaction networks.

Kinetic models play an important role in reaction engineering
for the development and optimization of chemical processes and
design of novel catalytic materials. Several lumped kinetic models
have been proposed in the literature to describe the oligomeriza-
tion of alkenes [10–12]. The typical approach of these studies is
to group several species based on their carbon number. While this
strategy efficiently simplifies the structure of the models, it intro-
duces several limitations to their broad applicability because of the
multi-component nature of each group and the nature of certain
assumptions used such as the assignment of one or more rate-
determining steps. The microkinetic model methodology over-
comes such limitations in typical pathways-level models by
accounting for the rate of every elementary reaction involved in
the network without assuming a rate-determining step. Microki-
netic models are considered to have improved accuracy when
applied to predict catalytic behaviour over wider ranges of operat-
ing conditions, but it comes at the expense of the increased compu-
tational time required for their solution.

Recently, we developed a microkinetic model for propene
oligomerization on medium-pore, ten-membered ring (10-MR)
MFI zeolite (i.e., ZSM-5) [13]. In this work, we extend this microki-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2021.01.018&domain=pdf
https://doi.org/10.1016/j.jcat.2021.01.018
mailto:s.vernuccio@sheffield.ac.uk
https://doi.org/10.1016/j.jcat.2021.01.018
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


S. Vernuccio, E.E. Bickel, R. Gounder et al. Journal of Catalysis 395 (2021) 302–314
netic model methodology to describe the propene oligomerization
process over the large-pore, 12-MR Beta zeolite. The reaction net-
work that was originally built for ZSM-5 is used without any fur-
ther adjustment. A set of zeolite framework specific catalyst
descriptors were estimated with the aid of theoretical and experi-
mental insights. The identification of these descriptors allows facile
adaptation of the model to zeolites of different topology and acid
strength. These properties influence the relative energies of reac-
tion intermediates, transition states, and products, and thereby
zeolite reactivity and selectivity.

The microkinetic model was validated by optimizing to product
formation rates measured experimentally under different temper-
atures (483–503 K), pressures (122–319 kPa C3H6), catalyst load-
ings (0.01–0.05 g), and reactant flow rates (1.0–3.0 mol C3H6

(mol H+ s)�1). A microkinetic analysis elucidates the impact of
these operating conditions on the dominant reaction pathways of
the oligomerization network and thus was used to predict the
effect of propene pressure on conversion and selectivity with the
objective of providing insight into opportunities for process opti-
mization. The effects of the stabilization enthalpies of surface-
bound intermediates on the oligomerization kinetics are also
investigated in detail. This predictive analysis can aid in efforts
to design catalytic materials for process optimization and
intensification.
Table 1
Expressions of kinetic constants (k) and reaction rates (r) for physisorption, surface
reaction, and desorption steps.

Kinetic Constant Reaction Rate

Physisorption k ¼ A r ¼ kpi
1st order Surface Reactiona

k ¼ A � exp � Ea
RT

� �
r ¼ k#i

2nd order Surface Reactionb
k ¼ A � exp � Ea

RT

� �
r ¼ kp�i #j

Desorption
k ¼ A � exp � DHphysj j

RT

� �
r ¼ kp�i

a The steps identified as 1st order surface reactions include deprotonation, b-
scission, and the isomerization steps (hydride shift, methyl shift, a-PCP-branching
and b-PCP-branching).

b The steps identified as 2nd order surface reactions include protonation and
oligomerization.
2. Methods

2.1. Computational methods

2.1.1. Mechanism generation
The construction of the reaction network for Brønsted acid-

based oligomerization chemistry is described in detail previously
[13,14], and an abridged summary of the methodology used is pro-
vided herein. A set of physisorption/desorption steps describe the
physical interaction of molecular species with acid sites.
Physisorption steps involve the formation of a p-complex upon
interaction of the double bond of an alkene with a Brønsted acid
site [17]. The following protonation of the physisorbed alkene
leads to the formation of a chemisorbed intermediate. Thus, the
chemisorption enthalpy of an alkene is defined as:

DHchem ¼ DHphys þ DHprot ð1Þ

where DH is the enthalpy difference and the subscripts chem, phys,
and prot indicate chemisorption, physisorption and protonation.
The microkinetic model developed in this work treats chemisorbed
species using a continuum approach and expresses the reaction
rates in terms of surface coverages. The surface chemistry of the
oligomerization process is described by eight surface reactions: pro-
tonation/deprotonation, oligomerization/b-scission, hydride shift,
methyl shift, a-, and b-protonated cyclopropane (PCP) branching.
It is worth noting that the chemisorbed intermediates could also
undergo hydride transfer and cyclization reactions leading to the
formation of alkanes, dienes, naphthenes and aromatics. However,
among these species, only a negligible amount of alkanes was
experimentally detected (<5 mol%). Thus, in order to limit the size
of the network and the computational cost of the associated simu-
lations, these additional reaction steps were not included in the
model. Every reaction family is mathematically identified by a reac-
tion operator in matrix form. This work employed the reaction gen-
erator NetGen [15,16] to automatically generate the kinetic
network by applying the reaction operators to the connectivity
matrices that represent the reactants and their progeny. Reaction
rules were implemented to only consider and include molecular
and chemisorbed species with carbon number lower than or equal
to 9, because products of carbon number greater than 9 were not
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detected experimentally in significant quantities under the condi-
tions studied. Due to the exponential increase of the number of gen-
erated species and reactions as a function of the termination
criterion [14], an extension of the network to C12 species would
result in a much larger network involving over 9 k species and over
60 k reaction steps. The increased computational cost that would be
required for these simulations is not justified by the observed
experimental results in the investigated range of low conversions.
An extension of the model to predict higher conversion experimen-
tal results would require the inclusion of heavier species in the
reaction network. The mechanism generation process resulted in a
kinetic network composed of 269 gas-phase molecular species,
269 physisorbed molecular species, 371 chemisorbed intermediates
and 4243 elementary reactions. The graphs of the molecules and the
chemisorbed intermediates included in the network, divided based
on carbon number and species type, are provided in Figs. S13–S26
of the Supporting Information.

We note that chemisorbed intermediates can have predomi-
nantly covalent (i.e., alkoxide) or ionic (i.e., carbenium ion) charac-
ter dependent upon temperature, acid site geometry, and the
degree of branching in the carbon backbone [17]. In this work, ter-
tiary intermediates were treated as carbenium ions because their
high degree of branching stabilizes positive charge more effectively
than primary or secondary carbon centres. Primary and secondary
chemisorbed intermediates were treated as alkoxides because they
are more effectively stabilized via covalent bonding to zeolitic oxy-
gen [18]. This treatment has significant implications for the fre-
quency factors and the activation energies of the model because
of the different enthalpies and entropies characteristic of covalent
or ionic species. We note that all chemisorbed species are referred
to using the symbol Rþ.
2.1.2. Kinetic parameter determination
Table 1 lists the expressions of kinetic constants and reaction

rates for the four categories of elementary steps included in the
model: physisorption, 1st order surface reactions, 2nd order sur-
face reactions, and desorption. The steps identified as 1st order
surface reactions include deprotonation, b-scission and the isomer-
ization steps (hydride shift, methyl shift, a-PCP-branching, and b-
PCP-branching). The steps identified as 2nd order surface reactions
include protonation and oligomerization. In Table 1, k is the reac-
tion rate constant of an elementary step, and has units of measure-
ment of 1/s for 1st order surface reactions and 1/(Pa s) for 2nd
order surface reactions. r is the reaction rate, A is the frequency fac-
tor, Ea is the activation energy, R is the ideal gas constant, T is the
temperature, DHphys is the physisorption enthalpy, pi is the partial
pressure of species i in the gas phase, p�

i is the pore pressure of spe-
cies i, #i is the fractional coverage of surface species i or the fraction
of empty sites.



Fig. 1. Theoretical physisorption enthalpies of n-alkanes [23] and 1-alkenes [24] as
a function of the carbon number in MFI and Beta.
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The dependence of rate constants on temperature was
described by the Arrhenius equation for each elementary step
except for physisorption steps, which were considered to be non-
activated processes. Therefore, for thermodynamic consistency,
the activation energy of desorption of surface species i was equal
to the physisorption enthalpy of the corresponding gas phase
species.

The activation energy Ea of each elementary step was related to
the reaction enthalpy according to the Evans� Polanyi relationship
[19]:

Ea ¼ E0 þ aDHrxn for DHrxn � 0 ð2Þ

Ea ¼ E0 þ 1� að ÞDHrxn for DHrxn > 0 ð3Þ
where E0 is an intrinsic energy barrier, DHrxn is the reaction
enthalpy, and a is the transfer coefficient of protonation, oligomer-
ization, and forward isomerization that indicates the position of the
transition state along the reaction coordinate. The general expecta-
tion is that more exothermic reactions are characterized by early
transition states (a ! 0) while more endothermic reactions are
characterized by later transition states (a ! 1). In case a negative
activation energy was predicted using Eq. (2) or (3), Ea was set to
0 for exothermic reactions or to DHrxn for endothermic reactions.
In order to ensure thermodynamic consistency, the same value of
the intrinsic energy barrier E0 was selected for pairs of forward/re-
verse reaction families such that:

Ea;forward � Ea;reverse ¼ DHrxn ð4Þ
To reduce the number of fitted parameters in the microkinetic

model, we use the common assumption that elementary steps
belonging to the same reaction family share the same kinetic
parameters (A, E0, a) and thus differ only by DHrxn. The value of a
was assigned based on the ranges of the reaction enthalpies of
every family [20]. A value of a ¼ 0:1 was assigned to the oligomer-
ization family that represents a class of highly exothermic reaction
steps with DHrxn > �34 kcal/mol. A slightly higher value of a ¼ 0:3
was assigned to the moderately exothermic protonation family
that includes reaction steps with DHrxn > �22 kcal/mol. Eq. (3)
was used for their reverse steps, the endothermic b-scission and
deprotonation. A sensitivity analysis depicted in Figs. S10 and
S11 of the Supporting Information shows that the model predic-
tions in terms of selectivity and conversion are markedly affected
by the value of the transfer coefficient a of the coupled protona-
tion/deprotonation and oligomerization/b-scission reaction fami-
lies. Forward and reverse isomerization reactions were assigned a
value of a ¼ 0:5, assuming a transition state located equidistant
to reactants and products. The ratio of the intrinsic energy barrier
for deprotonation of a tertiary carbenium ion and deprotonation of

a secondary/primary alkoxide E0;carbenium
E0;alkoxide

was fixed to 0.3 to match the

activation energy values reported for protonation of isobutene over
acidic zeolites [32]. The sensitivity analysis depicted in Fig. S9 of
the Supporting Information demonstrated that variations of this
parameter within the interval [0,1] have a minor impact on the
performance of the model. An analogous constraint was applied
to protonation to respect the microscopic reversibility of the
mechanism.

The reaction enthalpy DHrxn of each elementary step was
expressed as:

DHrxn ¼ DHrxn;g �
X
i

mi � Dq Rþ
i

� �þX
j

mj � DHphys RHj
� � ð5Þ

where DHrxn;g is the enthalpy of reaction in the gas phase, Rþ
i and RHj

are respectively a generic chemisorbed intermediate and molecular
species, m indicates the positive (for products) or negative (for reac-
tants) stoichiometric coefficient of each species in the elementary
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step, and Dq and DHphys respectively represent the change in
enthalpy due to stabilization of chemisorbed and physisorbed inter-
mediates on the zeolite lattice. Note that DHphys is a negative quan-
tity. The reaction enthalpy in the gas phase DHrxn;g was calculated
based on Benson’s group additivity method [21] using the group
additivity values reported in a previous study [22]. Fig. 1 shows
the theoretical physisorption enthalpies of n-alkanes [23] and 1-
alkenes [24] as a function of the carbon number in ZSM-5 (MFI
framework) and Beta (*BEA framework). The physisorption enthal-
pies of both alkanes and alkenes are systematically less negative by
~5–10 kJ mol�1 in Beta than in MFI because the smaller micropore
size of MFI provides more effective van der Waals interactions
between confined adsorbates and the zeolite lattice [25–27].

The physisorption enthalpies of the 269 neutral species
included in the network were estimated using a group contribution
method based on the type of each carbon atom. To determine the
contribution of each single-bonded carbon atom to the physisorp-
tion enthalpy of a neutral species in Beta zeolites, we regressed the
theoretical physisorption enthalpies of n-alkanes to carbon num-
ber (Fig. 1) to estimate a value of 0.53 kcal mol�1 for each sp3 car-
bon atom. To determine the contribution of each sp2 carbon atom,
we subtracted the contribution of the sp3 carbon atoms from the
theoretical physisorption enthalpies of the normal alkenes
reported in Fig. 1, to estimate that each sp2 carbon atom provides
an average contribution of 1.29 kcal mol�1 to the overall
physisorption enthalpy of the molecule.

The physisorption enthalpy calculated using this group contri-
bution method describes the physisorption of a gas-phase mole-
cule on an empty site. However, it is reported in the literature
that the physisorption enthalpy depends on the surface coverage
of the zeolite and, when a site is occupied by an adsorbedmolecule,
a subsequent molecule has a weaker interaction with the pore of
the zeolite. According to DFT studies, this reduced physisorption
enthalpy can be estimated as 60% of the theoretical value calcu-
lated for an empty site [29,30]. Based on a sensitivity analysis over
the ranges of operating conditions adopted in this work, surface-
bound alkyls were verified to be present at saturation coverages.
This is in agreement with the similar chemisorption free energies
reported for propene in MFI and Beta [24] and the significantly
higher propene pressures used in this work (122–319 kPa C3H6)
at the same temperature (503 K) [28]. Sarazen et al. observed the
disappearance of the Brønsted OH stretch by in situ IR measure-
ments during propene oligomerization (503 K, 10 kPa C3H6) on



Fig. 2. Relative stabilization enthalpies for secondary alkoxides as a function of the
carbon number in the range 3 � nC � 9 over Beta and MFI. The dashed lines are
regression lines to fit the relative stabilization enthalpies that are computed in
Table 2 using Eq. (8).
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H-form MFI zeolites, suggesting surface-bound alkyls were present
at saturation coverages under these conditions [28]. For this rea-
son, and based on the examples reported in the literature, the
physisorption enthalpies of gas-phase molecules were estimated
in this work as 60% of the theoretical value that is calculated by
the group contribution method previously described.

The stabilization enthalpy of the chemisorbed intermediates is
defined as the enthalpy difference between the gas-phase ionic
species and the chemisorbed complex. This quantity can be calcu-
lated for every chemisorbed intermediate Rþ

i as:

Dq Rþ
i

� � ¼ Dq Hþ� �� DHchem Rið Þ � PAðRiÞ ð6Þ

where DHchem is the chemisorption enthalpy of the gas-phase alkene
Ri, PA is the proton affinity of the alkene, and Dq Hþ� �

is the proton
stability of Beta zeolite that is assumed to equal 272 kcal/mol [31].
The stabilization enthalpy of a chemisorbed species relative to that
of a proton (relative stabilization enthalpy, DDq Rþ

i

� �
) is defined as:

DDq Rþ
i

� � ¼ DHchem Rið Þ þ PAðRiÞ ð7Þ
Table 2 displays the literature values for chemisorption enthal-

pies and proton affinities of C2-C9 alkenes and the relative stabi-
lization enthalpies calculated according to Eq. (7). The
chemisorption enthalpy of C2-C8 alkenes decreases linearly with
carbon number because larger alkyls benefit more from van der
Waals interactions with the confining zeolite pore. Extrapolation
of this trend allows the estimation of the chemisorption enthalpy
of 1-nonene. Fig. 2 shows a comparison between the calculated
stabilization enthalpies of the secondary alkoxides of C2-C9 linear
alkenes on Beta zeolite in this work and MFI zeolite from our prior
work [13].

The chemisorption enthalpy of a given linear alkene on MFI is
~10 kJ mol�1 [24] more negative than on Beta, again a consequence
of the smaller pore size of MFI compared to Beta [24]. The stability
of covalently bound alkoxide adsorbates also depends on the lat-
tice AlObSi angle in the chemisorbed complex, where Ob is the oxy-
gen of the zeolite framework that is bonded to the carbon of the
alkoxide [33]. This angle decreases much more significantly for
adsorbates in MFI compared to Beta, suggesting greater lattice dis-
tortion is necessary for the formation of alkoxides in zeolites with
smaller pores [24,34].

The relative stabilization enthalpy of the chemisorbed interme-
diates can be expressed as a function of the species type (i.e., pri-
mary, secondary, tertiary) and the carbon number according to
[13]:

DDq Rþ� � ¼ DHtype þ a � nC þ b � n2
C with 3 � nC � 9 ð8Þ

where nC is the carbon number of the chemisorbed intermediate.
Eq. (8) considers two different contributions for the stability of
the chemisorbed intermediates: a large contribution depending on
the ion type DHtype, and a much smaller contribution that is
expressed as a function of the carbon number and accounts for
Table 2
Chemisorption enthalpies and proton affinities of C2 to C9 alkenes and relative stabilizatio

species p-complex ? r-complex DHchem[kcal/mol] Re

primary ethene ? ethoxy –28.5 [24
secondary propene ? propoxy –30.4 [24

1-butene ? 1-butoxy –31.6 [24
1-pentene ? 1-pentoxy –33.5 [24
1-hexene ? 1-hexoxy –35.4 [24
1-heptene ? 1-heptoxy –37.1 [24
1-octene ? 1-octoxy –38.5 [24
1-nonene ? 1-nonoxy –40.2 Est

a Calculated using Eq. (7).
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the stabilization effect of the alkyl chain in the distribution of the
positive charge along the carbon backbone.

The dashed lines in Fig. 2 are best-fit regression of the relative
stabilization enthalpies of secondary alkoxides (Table 2) to Eq.
(8) to estimate parameters of DHsec ¼ 130:0 kcal

mol, a ¼ 8:6, and
b ¼ �0:7. The parabolic trend depicted in Fig. 2 for secondary spe-
cies over Beta was scaled to match the stabilization enthalpies for
the transformation of ethane to ethoxy (Table 2) by estimating
DHprim ¼ 124:7 kcal

mol. The parameter DHtert was fixed to
158.0 kcal mol�1 by analogy with the trend reported in [13]. The
higher values of the relative stabilization enthalpies on Beta with
respect to the values previously calculated for MFI [13] are a con-
sequence of lower chemisorption enthalpies for the larger pore
Beta framework. We note that the parabolic trends in Fig. 2 apply
specifically to alkoxides with carbon number 3 � nC � 9. For heav-
ier hydrocarbons (nC > 9), the stabilization enthalpy could possibly
be expressed as a linear function of the carbon number by extrap-
olating the trends of chemisorption enthalpy and proton affinity of
the alkenes reported in Table 2; however, we did not explore this
aspect further because the maximum carbon number of the species
considered in this study is nC = 9.
2.2. Experimental methods

2.2.1. Characterization and pretreatment of beta zeolites
A Beta zeolite sample (Si/Al = 11) in NH4-form was obtained

from Zeolyst International. The number of Brønsted acid sites
was quantified to be 9.0 � 10�4 mol H+ g�1 by NH3 temperature
n enthalpies of the corresponding alkoxide or carbenium ion on Beta zeolite.

f PA[kcal/mol] Ref DDq Rþ� �a [kcal/mol]

] 168.4 [35] 140.0
] 179.5 [36] 149.3
] 184.7 [35] 153.3
] 188.1 [35] 154.8
] 192.4 [36] 157.2
] – – –
] 191.0 [35] 152.6
imated 191.0 Estimated 150.9



Fig. 3. Molar flow rates of C6 products (circles) and C9 products (triangles)
produced from propene reactions (503 K, 169 kPa C3H6) on H-Beta (Si/Al = 11,
Zeolyst). Dashed lines represent regression of the data to Eq. (S1), used to
extrapolate formation rates of products of each carbon number (Ci) to zero time-on-
stream to estimate initial rates.
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programmed desorption on the sample after aqueous-phase
exchange with NH4 cations at ambient temperature (1 M NH4NO3,
Sigma Aldrich, 98%).

In a typical propene oligomerization experiment, a sample of
NH4-form zeolite was pelleted and sieved to retain particles of
180–250 lm diameter. The sieved zeolite sample (0.01–0.05 g)
was diluted with SiO2 (Sigma-Aldrich, high-purity grade, 180–
250 lm) at zeolite/SiO2 weight ratios of 0.05–0.15, and loaded into
a stainless-steel reactor (9.5 mm i.d.) supported by quartz wool
plugs and stainless-steel rods on both sides of the catalyst bed.
The bed temperature was monitored with a K-type thermocouple
placed in a concentric thermowell that extended through the axial
center of the reactor such that the tip of the thermocouple was
located at the center of the catalyst bed. The reactor was held
within a furnace (Applied Test Systems, Series 3210) equipped
with a temperature controller (Eurotherm 2408). An oxidative pre-
treatment (1.7 � 10�5 mol s�1 flowing air (air zero, THC < 1 ppm,
Indiana Oxygen) and 5.1 � 10�5 mol s�1 flowing Ar (99.999% Indi-
ana Oxygen)) was performed prior to oligomerization experiments.
During pretreatment, the furnace temperature was increased to
823 K (1.5 K min�1) for 5 h before cooling to reaction temperature
(483–503 K).

2.2.2. Measurement of product formation rates for propene
oligomerization

Reactant flows were composed of 75 mol% propene (99.9%,
Matheson), 5 mol% methane (99.97%, Matheson), and 20 mol% Ar
(99.999%, Indiana Oxygen). The pressure upstream of the catalyst
bed was adjusted using a back-pressure regulator located down-
stream. Space velocity at a fixed propene partial pressure was
adjusted (1.0–3.0 mol C3H6 (mol H+ s)�1) by changing the flow rate
of propene (4.8 � 10�5–1.1 � 10�4 mol s�1) and the mass of cata-
lyst in the packed bed (0.01–0.05 g). Fresh catalyst was used for
each experiment. The reactor effluent was sent to a gas chro-
matograph (Agilent 7890A) equipped with a flame ionization
detector (GS GasPro column, 0.320 mm i.d. � 60 m � 0 lm, Agi-
lent) through lines heated to 390 K via resistive heating tape.

Products were quantified using methane as an internal standard
every 28 min beginning at 10 min time-on-stream. The uncertainty
in product molar flowrates was estimated based on the fluctuation
of the reactant peak area relative to the internal standard peak area
in GC analysis of the reactant stream performed when the reactor
was bypassed. A representative product distribution is shown in
Fig. S1 and Table S1 of the Supporting Information. Small amounts
of alkanes (<5 mol%) were detected and lumped with alkenes of the
corresponding carbon number for the estimation of selectivities.
Product formation rates decreased as the catalyst deactivated with
time-on-stream. Product molar flow rate transients were fit using
an exponential decay model and extrapolated to zero time-on-
stream to calculate selectivities and conversion prior to catalyst
deactivation. Thus, all reported selectivities and conversions reflect
product formation rates prior to catalyst deactivation and can
therefore be interpreted on the basis of ex-situ H+ site counts
[37]. An example of transient formation rate data fitted to Eq.
(S1) is shown for C6 and C9 products in Fig. 3.

The initial selectivity to primary products (i.e., C6) decreased
and the selectivity to secondary and higher rank products (i.e.,
C9, b-scission products) increased with decreasing space velocity
(Fig. S2, Supporting Information), consistent with previous reports
and with predictions of the selectivity dependences of secondary
and higher rank products on space velocity from a reaction path-
way analysis [38,39].

Dimerization turnover rates were estimated by assuming all
products originated from a dimerization step (Eq. (S3), Supporting
Information) for the purpose of assessing bed-scale transport arti-
facts and in order to benchmark to previous literature reports.
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Dimerization rates were extrapolated to zero time-on-stream
using an exponential decay model to allow normalization of rates
by ex-situ H+ site counts (Fig. S3, Supporting Information) [37]. Ini-
tial dimerization turnover rates were independent of space veloc-
ity (Figs. S4 and S5a, Supporting Information) and extent of
dilution with SiO2 (Figs. S4 and S5b, Supporting Information), indi-
cating that bed-scale temperature and propene concentration gra-
dients were absent. Additionally, initial dimerization rates at 503 K
plotted against propene partial pressure and fit with a first-order
kinetic model (Fig. S6, Supporting Information) resulted in a first-
order propene dimerization rate constant (1.0 � 10�4 mol (mol
H+ s kPa)�1) that is within 2 � of a first-order propene dimerization
rate constant at 503 K measured previously by Sarazen et al. on the
same commercial H-Beta sample (5.8 10�5 mol (mol H+ s kPa)�1)
[28]. This factor of 2 � difference between our data and the previ-
ous data of Sarazen et al. on H-Beta zeolite is similar to the factor of
2 � difference in first-order rate constant (503 K) between our
respective measurements for H-MFI (Fig. S7) [13,28]. Taken
together, these observations indicate that the experimentally mea-
sured selectivities and conversion in this study are not corrupted
by bed-scale heat and mass transfer artifacts and are quantitatively
benchmarked to prior literature reports.

An apparent first-order dependence of propene dimerization
rates on propene pressure would be consistent both with kinetic
rate laws derived from proposed propene dimerization mecha-
nisms [28] and with the presence of intracrystalline propene con-
centration gradients. An estimate of the Weisz-Prater criterion
(Supporting Information S.3.) suggests that intracrystalline pro-
pene concentration gradients do not influence experimentally
measured dimerization rates on the H-Beta sample used in this
study, consistent with the conclusions of previous work at 503 K
on the same sample [28]. These data cannot exclude the possibility
of intracrystalline concentration gradients for higher molecular



Fig. 5. (a) Surface coverage profiles at 503 K and feed propene pressure = 141 kPa of
C3+, C6+, and C9+ species on Beta (solid lines) and MFI frameworks (dashed lines,
[13]). Propene pressure is 75% of the total pressure. (b) Fraction of C9+ oligomers
that originate from the addition of C6 physisorbed molecules to propoxides (black)
and from C3 physisorbed molecules to C6 chemisorbed intermediates (green) on
Beta (solid line) and MFI (dashed line, [13]).
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weight products that participate in secondary and higher rank
reactions (e.g., C6), which have been proposed to influence selectiv-
ity to b-scission products [38]. For the purposes of this study,
changes in rates of formation of all species in the reaction network
are considered to be kinetic in origin.

3. Results

3.1. Model execution

The reaction rate forms listed in Table 1 were implemented into
the design equation of a plug-flow reactor to reproduce the exper-
imental results. The resultant set of differential and algebraic equa-
tions describing the change in partial pressure, pore pressure, and
surface coverage was integrated via DDASAC [40], and frequency
factors and intrinsic energy barriers tuning was performed using
the gradient-based local optimizer GREG [41] by minimizing an
objective function defined as:

u ¼
Xn
i¼1

X9
k¼4

SexpCk;i
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where X is propene conversion defined as:

X ¼
P9

k¼4k � FCk

3FC3H6

ð10Þ

with FCk
being the molar flow rate of the lumped species Ck and

FC3H6 is the molar flow rate of propene fed to the reactor. SCk
is

the selectivity to the species Ck defined as:

SCk
¼ k � FCkP9

k¼4k � FCk

ð11Þ

In Eq. (9), n ¼ 6 is the number of experimental runs involved in
the estimation procedure. The subscripts exp and cal refer to
experimental and calculated values. The values of the frequency
factors (A) previously estimated for propene oligomerization on
ZSM-5 [13] were initially assumed in this study. Optimization of
these initial estimates (allowed to vary by one order of magnitude)
was performed using five of the six experimental data sets mea-
sured at 503 K (Fig. 4) and one experimental data set at 483 K
(Fig. 6), in order to account for the possible entropy differences
Fig. 4. Experimental (symbols) and calculated (lines) selectivity (left) and propene
conversion (right) as a function of the ratio of propene pressure [kPa] and propene
space velocity [molC3(molH+ s)�1] at 503 K. Propene pressure is 75% of the total
pressure in the reactor. Experimental errors are 2% for selectivity and 0.1% for
conversion.
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engendered by the different zeolite frameworks. The sixth data
set depicted in Fig. 4 (ratio of propene pressure and propene space
velocity = 96.1 (kPa molH+ s)/molC3) was used to assess the quality
of the model prediction and as model validation. The selection of
this data set for the validation procedure was randomized between
the two sets with closest abscissa values, respectively 95.5 and
96.1 (kPa molH+ s)/molC3. An additional constraint was imposed
to maximize the alkoxide surface coverage of the zeolite during
oligomerization in accordance with IR spectroscopy studies [28].
Each elementary step within a reaction family was considered to
be characterized by the same entropy difference between reactants
and transition states. This results in the same frequency factor for
each elementary step of the same family.

The estimation converged when the relative change of each
parameter was smaller than 10�5. Overall, a total of 42 experimen-
tal points was used to estimate the 16 kinetic parameters listed in
Table 3 together with their 95% confidence intervals. The frequency
factors for deprotonation, oligomerization, b-scission, and isomer-
ization reported in Table 3 are referenced to elementary steps
involving alkoxides as reactants. The corresponding frequency fac-
tors for carbenium ions can be obtained by multiplying the values
reported in Table 3 by 10�5 [32].



Fig. 6. Comparison of model results and experimentally-observed (a) selectivity and (b) conversion at 483 K. Propene pressure = 169 kPa; space velocity = 1.35 molC3/(molH+

s).

Table 3
Estimated Arrhenius frequency factors and Evans-Polanyi intrinsic energy barriers
with 95% confidence intervals.

Reaction Family A [1/(Pa s) or 1/s]c E0 [kcal/mol]

Protonationa (9.2 ± 1.0)�104 19.0 ± 0.6
Deprotonationa,b (1.0 ± 0.5)�1014
Oligomerizationb (1.5 ± 0.1)�104 19.1 ± 0.2
b-Scissionb (1.0 ± 0.2)�1014
Hydride Shiftb (6.0 ± 0.5)�1013 18.0 ± 3.0
Methyl Shiftb (1.2 ± 0.4)�1013 10.1 ± 1.5
a-PCP-Branchingb (1.0 ± 0.2)�1013 16.0 ± 2.0
b-PCP-Branchingb (7.6 ± 0.6)�1013 8.0 ± 2.5
Physisorption (1.1 ± 0.5)�101 –
Desorption (9.4 ± 0.6)�107 –

a The intrinsic energy barrier E0 for protonation and deprotonation is referred to
elementary steps involving alkoxides.

b The frequency factors for deprotonation, oligomerization, b-scission, and iso-
merization are referred to elementary steps involving alkoxides as reactants.

c Frequency factors of first-order reactions and desorption have the units 1/s.
Frequency factors of second-order reactions and physisorption have the units 1/(Pa
s).
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The frequency factors for oligomerization on Beta are approxi-
mately 10 � lower than the corresponding values estimated for
MFI, consistent with apparent entropy losses when going from
the physisorbed alkene to the transition state that become more
negative as the zeolite pore size increases (MFI < MOR < FAU) as
reported by Nguyen et al. [32]. All frequency factors were of order
of magnitude 1013 for unimolecular isomerization steps, consistent
with the assumption of no entropy change between reactants and
isomerization transition states. The order of magnitude of 10�7 for
the ratio Aphys=Ades is in good agreement with reported physisorp-
tion entropies of C3-C8 linear alkenes on Beta that range between
–23.4 and �28.5 cal mol�1 K�1 [32].

No significant difference was observed in the intrinsic energy
barriers E0 that were estimated for Beta and MFI. The difference
of E0 of the reaction family pairs protonation/deprotonation and
oligomerization/b-scission was estimated to be insignificant indi-
cating that the difference in the activation energies of these reac-
tions is mainly dictated by the differences in the reaction
enthalpies rather than by the intrinsic nature of these elementary
steps. In the same way, given the similarity of the reaction families,
we would have expected the values of E0 for hydride shift and
methyl shift to be similar. However, forcing these values to be clo-
ser to each other resulted in larger discrepancies of the frequency
factors, which have a more solid theoretical foundation, as they are
related to the entropy of the species along the reaction coordinate
according to the transition state theory.

The kinetic parameters for the isomerization kinetics listed in
Table 3 were estimated using the Evans-Polanyi relations and
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regressions to experimental data at varying temperature to provide
estimates of energy barriers. Detailed experimental data regarding
the selectivity toward different isomers would be valuable infor-
mation to validate the isomer distribution predicted by the
microkinetic model and to reduce the relatively large uncertainties
on the isomerization intrinsic energy barriers.

Fig. 4 shows the trend of experimental (symbols) and calculated
(lines) conversions and selectivities as a function of the ratio of
propene pressure and propene space velocity at 503 K. The quan-
tity on the x-axis was chosen to combine the effects of space veloc-
ity and reactant pressure, in the form expected for a first-order rate
law, on the selectivity and conversion. Increasing the propene
pressure and decreasing the space velocity both result in increas-
ing the ratio on the x-axis of Fig. 4, which leads to higher conver-
sion for a fixed mass of catalyst. The model is able to capture the
dependence of reactant conversion and the corresponding selectiv-
ity to different products (nC = 4–9) on space velocity and pressure
with an overall mean absolute error (MAE) of 32.3%. We note that
this error largely arises from the higher than expected selectivity to
b-scission products and lower than expected selectivity to C6 prod-
ucts observed for the data set at 61 (kPa molH+ s)/molC3 (Fig. 4). The
influence of intracrystalline mass transfer limitations on the egres-
sion of higher molecular weight oligomers from the zeolite may
account for the deviations observed in this data set at high space
velocity (i.e., low conversion) [38].

The microkinetic model can be used to estimate the detailed
partial pressures and surface coverages of all isomers included in
the network, even though the experimental data used to optimize
the model provided selectivities based on lumped rates of forma-
tion of alkenes of different carbon number. Fig. 6 shows a compar-
ison of calculated and experimental conversion and selectivity in
which the model simulation was extended to a different tempera-
ture of 483 K.

The microkinetic models developed in the present paper (for
Beta zeolite) and in our previous contribution (for MFI, [13]) were
used to compare the performance of the zeolite frameworks in pro-
pene oligomerization. Fig. 5(a) shows the simulated surface cover-
age profiles of C3+, C6+, and C9+ at 503 K on Beta zeolites (solid lines
– this study) and on MFI (dashed lines, [13]). In both cases, the
fraction of empty sites is O(10�3) (data not shown) indicating that
the surface of the zeolite is fully covered with chemisorbed species.
The MFI framework exhibits a higher surface coverage of C6+ and
C9+ species than the Beta framework. Such trends might reflect
the ability of MFI to better stabilize larger intermediates by van
der Waals interactions, due to its smaller pore size than BEA, which
would result in a higher coverage of C6+ and C9+ at equivalent pres-
sure in the MFI framework. This analysis reveals an important find-
ing regarding the origin of C9 oligomers during propene
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oligomerization on Beta and MFI. Fig. 5(b) shows the fraction of C9+

oligomers that originate from the addition of C6 physisorbed mole-
cules to propoxides (black) and from propene to C6 chemisorbed
intermediates (green) on Beta (continuous line) and MFI (dashed
line). C9 oligomers form predominantly through the addition of
C6 molecules to propoxides for both frameworks because of the
dominant surface coverages of propoxides; however, Fig. 5(b) sug-
gests that a much higher fraction of C9 oligomers are formed by
addition of propene to C6 chemisorbed species on MFI than on
Beta.

A comparison of the kinetic and thermodynamic parameters of
the microkinetic models of propene oligomerization on Beta and
MFI frameworks is reported in Table S2 of the Supporting
Information.
Fig. 8. Effect of the feed propene pressure on the surface coverage at constant
propene conversion of 3.0% and 503 K. Propene pressure is 75% of the total pressure.
The green line (empty) indicates the fraction of empty sites.
3.2. Effect of the operating pressure

Fig. 7 depicts the simulated effect of propene pressure (75% of
the total pressure) on the reaction selectivity at a constant propene
conversion of 3.0%. Several simulations were conducted at 503 K by
changing the operating pressure and adjusting the space velocity in
the plug flow reactor to maintain constant conversion. Increasing
the operating pressure results in a higher selectivity toward C9 spe-
cies at the expense of C6 species. Furthermore, increasing the oper-
ating pressure has a negative effect on the occurrence of cracking
side-reactions, as indicated by the lower selectivity toward C4, C5,
C7 and C8 species.

During the simulations at different pressure, the model predicts
that the acid sites are nearly fully covered with propoxides as
depicted in Fig. 8, which shows the surface coverage at the point
in the catalyst bed at which the conversion is 3.0% as a function
of the feed propene partial pressure. The surface coverage of C9

chemisorbed intermediates is significantly greater (by a factor
103) than that of C6 intermediates and increases with operating
pressure. The higher coverage of C9 intermediates compared to
that of C6 is a result of the lower relative stabilization enthalpy
(DDq) of C9 chemisorbed intermediates or, in other words, of their
more negative chemisorption enthalpies. This observation can be
related to an analysis of the net rates that govern the oligomeriza-
tion process. Fig. 9 shows a small section (44 pairs of forward/re-
verse reactions) of the oligomerization network including
primary and secondary oligomerization steps of propene to C6
Fig. 7. Effect of the feed propene pressure on the selectivity of the oligomerization
process at constant propene conversion of 3.0% and 503 K. Propene pressure is 75%
of the total pressure.
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and C9 species with the arrows pointing to species with a positive
net rate of formation. The isomerization steps and the deprotona-
tion of C9 chemisorbed species are not shown for simplicity. The
net rates are expressed in 1/s and are calculated at 503 K, a feed
propene pressure of 141 kPa (black), 340 kPa (green) and
538 kPa (red), and a propene conversion of 3.0%. The values at dif-
ferent pressures are indicated in cases that the net rates at 141 and
538 kPa differ of a factor greater than 2�; otherwise only the value
at 141 kPa is indicated. As indicated in Fig. 9, C9 species can be gen-
erated by i) addition of propene to C6 chemisorbed species or ii)
addition of propoxides to C6 physisorbed species. Under the inves-
tigated operating conditions and at a propene conversion of 3.0%,
positive net rates of b-scission of C9 species to C6 chemisorbed
intermediates (path i) were calculated, as depicted in Fig. 9. These
reactions result in the formation of a C6 alkoxide/ion and a mole-
cule of propene from a C9 species. This is consistent with the differ-
ent surface coverages of C9 and C6 intermediates, as previously
discussed in Fig. 8. The rates of these b-scission steps are not signif-
icantly affected by propene pressure. In the case of addition of
propoxides to C6 molecules (path ii), both positive and negative
net rates of reactions were calculated for oligomerization to C9 spe-
cies in Fig. 9. Positive net rates of oligomerization (net rates
towards heavy products), for example, justify the formation of 5-
nonoxy, 5-methyl-4-octoxy, 3-isopropyl-2-hexoxy, 2,4-dimethyl-
3-heptoxy, and 2-methyl-4-octoxy in Fig. 9. In these cases, increas-
ing the propene pressure promotes the oligomerization of C6 mole-
cules as indicated in Fig. 9. In the case of positive net rates of b-
scission, on the other hand, the kinetic constant of b-scission of
C9 species is greater than the kinetic constant of oligomerization
to form such C9 species. Oligomerization steps have lower barriers
than b-scission steps; however, entropic contributions can lead to
higher rate constants for the latter steps. The exemplary oligomer-
ization pathway highlighted in the red box in Fig. 9 is reported in
Fig. 10 showing the oligomerization pathway of propene to 2,3-
dimethyl-1-heptoxy and to 5-nonoxy through dimerization of pro-
pene to 2-hexoxy. We deduced that, in the low conversion regime
investigated here, the predominant secondary oligomerization
products originate from C9 chemisorbed species that are formed
upon addition of C6 molecules (i.e., primary oligomerization prod-
ucts) to propoxides.

The net rates of formation of 1-hexene (n3), 2,3-dimethyl-1-
heptoxy (n4) and to 5-nonoxy (n5) are reported in Fig. 11 as a func-



Fig. 9. Section of propene oligomerization pathway showing primary and secondary oligomerization steps to C6 and C9 species. The isomerization steps and the
deprotonation of C9 chemisorbed species are not shown for simplicity. Net rates of reaction are calculated at 503 K, at propene conversion of 3.0% and at a feed propene
pressure of 141 kPa (black), 340 kPa (green), and 538 kPa (red). Values at different pressures are indicated in case that the net rates at 141 and 538 kPa differ of a factor greater
than 2�; otherwise only the value at 141 kPa is indicated. The arrows point to the species with a positive net rate of formation.

Fig. 10. Reaction pathway highlighted in the red box in Fig. 9 showing the exemplary oligomerization of propene to 2,3-dimethyl-1-heptoxy and to 5-nonoxy through
dimerization to 2-hexoxy. Pathway n3 + n5 indicates deprotonation of 2-hexoxy and oligomerization of 1-hexene to a C9 through addition of 1-propoxy. Pathway n4 indicates
oligomerization of 2-hexoxy to a C9 through addition of propene.

Fig. 11. Effect of the feed propene pressure on the net rates of formation/
disappearance of 1-hexene (n3), 2,3-dimethyl-1-heptoxy (n4) and 5-nonoxy (n5)
with reference to the oligomerization pathway depicted in Fig. 10. Tempera-
ture = 503 K; Propene conversion = 3.0%.
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tion of propene pressure. Increasing the operating pressure linearly
increases the net rate of protonation of propene and the subse-
quent oligomerization to 2-hexoxy (Fig. S8, Supporting Informa-
tion). The rate of protonation of 1-hexene to 2-hexoxy is 3 orders
of magnitude greater than the reverse deprotonation rate in the
range of investigated operating pressures. For this reason, the net
rate of 1-hexene protonation/deprotonation n3 can be approxi-
mated as:

n3 � kpp�
C6
#0 ð12Þ

where kp is the kinetic constant of 1-hexene protonation, p�
C6

is the
pore pressure of 1-hexene, and #0 is the fractional surface coverage
of vacant sites. Increasing the operating pressure of the reactor
increases the partial pressure of 1-hexene resulting in the trend of
n3 as a function of propene partial pressure depicted in Fig. 11.

2-Hexoxy can oligomerize to 2,3-dimethyl-1-heptoxy through
addition of a physisorbed propene. However, the rate of b-
scission of this chemisorbed C9 species is 4 to 5 orders of magni-
tude greater than the reverse oligomerization rate in the range of
investigated operating pressures. Therefore, the net rate of this for-
ward/reverse elementary step can be approximated as:



Fig. 12. Effect of the catalyst descriptor DHsec on the surface coverage at constant
feed propene pressure of 252 kPa, propene conversion of 4.0%, and 503 K. DHsec is
shown on the x-axis but DHprim and DHtert are changed accordingly to keep the
differences DHtert � DHsec and DHsec � DHprim constant. The dash-dotted vertical line
indicates the value of DHsec for the zeolite framework (Beta) considered in this
work. The green line (empty) indicates the fraction of empty sites. The gray line (b-
scission) indicates the sum of the fractional surface coverages of C4+ and C5+

chemisorbed species. The dashed curved line (right axis) indicates the number of
active sites considered in the simulations.
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n4 � kb4#Cþ
9

ð13Þ

where kb4 is the kinetic constant of 2,3-dimethyl-1-heptoxy b-
scission to 2-hexoxy, and #i is the surface coverage of ionic species
i. The trend of n4 as a function of propene pressure in Fig. 11 is pro-
portional to the surface coverage of the C9 alkoxide and follows the
increasing trend of C9 chemisorbed intermediates reported in Fig. 8.

Another oligomerization pathway to obtain C9 species is
through addition of a propoxide to a C6 physisorbed neutral spe-
cies. As an example, the rate of oligomerization of 1-hexene to 5-
nonoxy has the same order of magnitude of the corresponding rate
of b-scission. The net rate of 1-hexene oligomerization/b-scission
n5 can be expressed as:

n5 ¼ kop�
C6
#
Cþ
3
� kb5#Cþ

9
ð14Þ

where ko and kb5 are the kinetic constants of 1-hexene oligomeriza-
tion and 5-nonoxy b-scission, respectively. Increasing the operating
pressure results in an increase of both terms of Eq. (14), but the
oligomerization rate is more affected by the pressure increase than
the b-scission rate, resulting in the pressure dependence of n5
depicted in Fig. 11. Higher pressures favor the oligomerization of
C6 physisorbed molecular species with propoxides over the reverse
b-scission reaction, resulting in a more sustained production of C9.
It is worth noting that according to the net-rate analysis depicted
in Fig. 10/11, 1-hexene is more rapidly consumed by protonation
to 2-hexoxy and by oligomerization to 5-nonoxy than it is produced
by the reverse deprotonation and b-scission steps. However, the
overall oligomerization network includes many other reactions that
generate 1-hexene and that are not included in Fig. 10 (e.g. b-
scission of C9 species, some of them illustrated in Fig. 9).

Overall, analysis of this exemplary oligomerization pathway
provides mechanistic insight to rationalize the oligomerization
selectivity profiles as a function of propene pressure. Higher pres-
sures promote the oligomerization of C6 to C9 species through
addition of physisorbed alkenes to propoxides, resulting in a more
selective process toward C9 species. This analysis confirms that, in
the low conversion regime investigated in the present study, the
oligomerization of propene on acidic zeolites is driven by the addi-
tion of C6 physisorbed species to propoxides that cover the surface
of the zeolite.

3.3. Effect of the stabilization enthalpy

The application of microkinetic models to catalyst design and
discovery is related to the identification of a set of parameters that
are often referred to as ‘‘catalyst descriptors” that account for the
influence of critical material properties (e.g., bulk and atomic-
scale structure and composition) of the catalyst on the kinetics of
the process [42,43]. The microkinetic model-based search for
new catalytic materials focuses on the optimization of these
descriptors according to the desired optimal performance of the
catalyst. In this work, the developed microkinetic model was used
as a tool for preliminary catalyst optimization toward developing a
more efficient oligomerization process. One of the main targets of
the alkene oligomerization processes is the production of a product
mixture that can be used as a gasoline blendstock, and a key metric
in determining its economic value are research and motor octane
numbers. In a recent contribution, some of the authors combined
a microkinetic and octane number modelling approach to estimate
the octane number of the effluent of an alkene oligomerization
reactor. This study showed that, with specific reference to propene
oligomerization over acidic zeolites, both research and motor
octane numbers increase with increasing conversion because of
the higher selectivity of the process to species with higher degree
of branching [44]. For this reason, the selectivity of the process
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toward C9 species was selected as the key parameter to identify
optimized catalyst performance.

The translation of an optimal descriptor value into a physical
property of the catalyst is a required next step in closing the cata-
lyst design cycle [45]. It is worth noting that when translating the
value of an optimized descriptor (e.g., the stabilization enthalpies
of chemisorbed species) into a physical property of the catalyst,
other catalyst descriptors (e.g. physisorption enthalpy, concentra-
tion of active sites) may also change and result in changes to the
rates of various steps in the network. These final steps in closing
the catalyst design cycle are beyond the scope of the present work.

The stabilization enthalpies of chemisorbed intermediates were
selected as the primary catalyst descriptor of reference in this
study because they depend directly on the acid strength of the zeo-
lite framework. Furthermore, these parameters have a strong
impact on the acid-catalysed oligomerization kinetics. As shown
in this section, small changes in the values of the stabilization
enthalpies result in a significant effect on propene conversion
and process selectivity. For this analysis, the microkinetic model
previously developed and experimentally validated was used to
simulate the process selectivity of a plug flow reactor by varying
the stabilization enthalpies at 503 K and at a feed propene pressure
of 252 kPa. Several simulations were conducted by tuning the
space velocity in order to obtain a constant conversion of 4.0% at
the reactor outlet. In every simulation, the differences
DDHt ¼ DHtert � DHsec and DDHs ¼ DHsec � DHprim were held
constant.

Fig. 12 shows the catalyst surface coverage as a function of the
species type-dependent stabilization enthalpies DHtype (only DHsec

is shown on the x-axis). The dash-dotted vertical line indicates
the value of DHsec for the zeolite framework (Beta) considered in
this work. The green line (empty) indicates the fraction of empty
sites. The gray line (b-scission) indicates the sum of the fractional
surface coverages of C4+ and C5+, chemisorbed species. The species
type-dependent stabilization enthalpy is related to the relative sta-
bilization enthalpy (DDq) through Eq. (8). Higher relative stabiliza-
tion enthalpies of the chemisorbed intermediates result in a less
exothermic chemisorption enthalpy of the corresponding molecu-
lar species (DHchem) according to Eq. (7) and, as a consequence, in a



Fig. 14. Effect of the stabilization enthalpy of chemisorbed species on the reaction
enthalpies of b-scission (DHb , continuous line) and deprotonation (DHdp , dashed
line) of an exemplary secondary alkoxide (4-methyl-3-octoxy) and tertiary carbe-
nium ion (2,3-dimethyl-2-heptoxy ion). Deprotonation of both these chemisorbed
intermediates leads to the formation of 4-methyl-2-octene. b-Scission of these
intermediates leads to the formation of 1-butoxy and a C5 alkene. DHsec is shown on
the x-axis, but DHprim and DHtert are changed accordingly to keep the differences
DHtert � DHsec and DHsec � DHprim constant. The dash-dotted vertical line indicates
the value of DHsec for the zeolite framework (Beta) considered in this work.
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reduced total coverage of the acid sites. The fractional coverage of
C6 intermediates is always negligible compared to the correspond-
ing coverage of C9 species, which reflects the more favorable free
energy of chemisorption of C9 species. The coverage of propoxides
is generally dominant due to the high partial pressure of propene
in the reacting system.

The process selectivity is depicted in Fig. 13 as a function of the
species type-dependent stabilization enthalpy DHtype (only DHsec is
shown on the x-axis). The gray line (b-scission) indicates the sum
of the selectivity of the process toward C4 and C5 species. Increas-
ing the stabilization enthalpy of the chemisorbed intermediates
drives the selectivity of the process toward production of C9 spe-
cies at the expense of C6 and b-scission species. The effect of
DHtype on the net rates of formation of 1-hexene (n3), 2,3-
dimethyl-1-heptoxy (n4) and 5-nonoxy (n5) depicted in Fig. 10 is
reported in Fig. S12 of the Supporting Information. At high relative
stabilization enthalpies of the chemisorbed intermediates, these
net rates tend to zero as a consequence of the lower coverage of
the acid sites and the reduced activity of the catalyst.

The trend in Fig. 13 can be explained by the diagram in Fig. 14
that shows b-scission and deprotonation enthalpies of an exem-
plary C9 secondary alkoxide (4-methyl-3-octoxy) and a tertiary
C9 carbenium ion (2,3-dimethyl-2-heptoxy ion) as a function of
the stabilization enthalpies. DHsec is indicated on the x-axis; as in
the previous analysis, DHtert and DHprim were changed accordingly
to keep the differences DDHt and DDHs constant. Negative enthal-
pies of reaction for deprotonation were set to 0.

The deprotonation of both these chemisorbed species leads to
the formation of 4-methyl-2-octene, while the corresponding b-
scission leads to the formation of 1-butoxy and a C5 alkene.
According to Eq. (4), the reaction enthalpy of b-scission is not
affected by changes in stabilization enthalpy if the differences
DDHt and DDHs remain constant. On the other hand, the reaction
enthalpies of deprotonation linearly decrease with increasing the
relative stabilization enthalpy (Eqs. (5)–(7)), indicating a weaker
chemisorption of C9 molecular species. Thus, designing a catalyst
with a higher relative stabilization enthalpy DDq (e.g., lower acid
strength), would selectively disfavour tertiary ion chemisorption.
Note that the relative stabilization enthalpy is defined by Eq. (7)
Fig. 13. Effect of the catalyst descriptor DHsec on the process selectivity at constant
feed propene pressure of 252 kPa, propene conversion of 4.0%, and 503 K. DHsec is
shown on the x-axis but DHprim and DHtert are changed accordingly to keep the
differences DHtert � DHsec and DHsec � DHprim constant. The dash-dotted vertical line
indicates the value of DHsec for the zeolite framework (Beta) considered in this
work. The gray line (b-scission) indicates the sum of the selectivities of the process
toward C4 and C5 species. The dashed curved line (right axis) indicates the number
of active sites considered in the simulations.
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as a positive number. This would determine higher rates of forma-
tion of the molecular species that are directly derived from these
reaction intermediates, resulting in an improvement of the selec-
tivity of the process toward C9 species. The acidity of the catalyst
indicated by the range of DHsec 2 ½126;142� is sufficient to catalyse
propene oligomerization and reach a conversion of 4.0%. However,
further increases in the stabilization enthalpy would eventually
significantly favour the deprotonation of primary species as well,
resulting in a catalyst with acid strength insufficient to prefer
any chemisorption and, therefore, any oligomerization chemistry.

It is worth noting that this analysis focuses on the optimization
of the catalyst activity to obtain a higher selectivity of the process
toward C9 species, but does not consider aspects related to the
reactor design. In order to maintain the conversion constant at
4.0% along the x-axis in Figs. 12 and 13, the space velocity in the
reactor was drastically reduced. This was practically achieved by
increasing the number of active sites in the fixed bed from 1019

to 1022 during the simulations, as indicated by the dashed curved
lines in Figs. 12 and 13. Thus, for the sake of completeness, this
solution should be associated with an economic analysis of the
reactor design.
4. Conclusions

The microkinetic model developed in this work is able to cap-
ture the kinetic behaviour of propene oligomerization on acidic
Beta zeolite at a variety of operating conditions. The physisorption
and chemisorption enthalpies of the alkenes depend on van der
Waals interactions, which become more negative with increasing
carbon chain length and decreasing zeolite pore size. This work
demonstrates how the fundamental nature of microkinetic analy-
ses enables their broad applicability to different operating condi-
tions and catalytic materials, such as varying zeolite frameworks.
The extension of the model to additional frameworks is facilitated
by identifying the key catalyst descriptors (physisorption enthal-
pies, stabilization enthalpies, frequency factors) that account for
the effects of different catalyst material properties on the kinetics
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of various elementary steps in the reaction network. An analysis of
the effect of operating pressure shows that increasing propene
pressure, at fixed conversion, results in a higher selectivity toward
C9 species. This occurs because the oligomerization step of C6 to C9

species is driven by the addition of chemisorbed propoxides to
physisorbed C6 alkenes, in the low conversion regime investigated
in this study. A comparison of the simulated performance of MFI
and Beta frameworks in the oligomerization of propene showed
that on MFI a more significant quantity of C9 oligomers is formed
through addition of propene to C6 chemisorbed species. This
results from the ability of MFI to better stabilize larger intermedi-
ates through van der Waals interactions.

The last part of the work was dedicated to an analysis of the
effect of the stabilization enthalpy towards the prospect of catalyst
optimization. This study showed that the acid strength, which is
directly related to the stabilization enthalpy of chemisorbed spe-
cies, could be altered to selectively disfavour tertiary ion
chemisorption resulting in an improvement of the selectivity of
the process toward C9 species.
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