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ABSTRACT: The construction of a computational frame-
work that describes the kinetic details of the propylene
oligomerization reaction network on Brensted acidic zeolites
is particularly challenging due to the considerable number of
species and reaction steps involved in the mechanism. This
work presents a detailed microkinetic model at the level of
elementary steps that includes 4243 reactions and 909 ionic
and molecular species within the C,—C, carbon number
range. An automated generation procedure using a set of eight
reaction families was applied to construct the reaction
network. The kinetic parameters for each elementary step
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were estimated using transition state theory, Evans—Polanyi relationships, and thermodynamic data. The reaction mechanism
and its governing kinetic parameters were embedded into the design equation of a plug-flow reactor, which was the reactor
configuration used to experimentally measure reactant and product concentrations as a function of propylene conversion and
temperature on a representative H-ZSM-S (MFI) zeolite. The resulting mechanistic model is able to accurately describe the
experimental data over a wide range of operating conditions in the low propylene conversion (<4%) regime. The agreement
between experimentally measured propylene conversion and product selectivities and the model results demonstrates the
robustness of the model and the approach used to develop it to simulate the kinetic behavior of this complex reaction network.
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1. INTRODUCTION

The direct conversion of light olefins into heavier oligomers
over Bronsted acid catalysts is an economically attractive
strategy to upgrade shale gas feedstocks into liquid products.
The increased availability of shale resources and their
consequent decreased cost over the past decade have attracted
significant interest in their conversion into chemicals and
liquid transportation fuels.'™* A typical process for the
conversion of light olefins to gasoline range products (<Cy,)
is based on the use of sha?e-selective Bronsted acidic zeolites
such as H-ZSM-5 (MFI),”° because Bronsted acid sites that
charge-compensate framework Al atoms in zeolites are reactive
toward unsaturated olefinic molecules. The application of this
family of zeolites was originally proposed as a potential
replacement for solid phosphoric acid catalysts, in the olefins-
to-gasoline process developed by Mobil to convert light olefins
from fluid catalytic cracking (FCC).” "'

The olefin oligomerization reaction sequence over acidic
zeolites can be rationalized in terms of alkylation chemistry,
where the first step is the protonation of a physisorbed olefin
by a Brensted acid site to form an ionic intermediate, followed
by addition of an olefin to form a higher carbon number
intermediate, and finally deprotonation to form a heavier
product olefin. This process is highly exothermic and results in
a net decrease in the number of molecules'” upon the
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formation of true oligomers, which are the products expected
from dimerization and subsequent oligomerization reactions of
the olefin monomer reactant.'” These oligomers can further
undergo skeletal isomerization and cracking via S-scission,
resulting in a mixture of olefins including carbon numbers that
are not integer multiples of the initial monomer. These
reactions contribute to modifying the molecular weight
distribution of the products, resulting in large and highly
interconnected reaction networks.

The typical approach that is applied to study these complex
reacting systems is “pathways-level modelling”, which consists
of lumping of several reactions into a single one describing the
conversion of a reagent into a product and disregarding any
reaction intermediate(s)."*™'® In lumped kinetic models,
several compounds are grouped together based on their
molecular properties, such as the carbon number. These
models are relatively easy to develop because the number of
lumps and the number of reactions considered are limited;
however, molecular information is obscured by the multi-
component nature of each lump. Furthermore, the use of these
models is usually associated with several assumptions, for

Received: May 18, 2019
Revised:  August 13, 2019
Published: August 21, 2019

DOI: 10.1021/acscatal.9b02066
ACS Catal. 2019, 9, 8996—9008


pubs.acs.org/acscatalysis
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.9b02066
http://dx.doi.org/10.1021/acscatal.9b02066

ACS Catalysis

Research Article

Table 1. List of Reaction Families Proposed for the Oligomerization of Propylene on Acidic Zeolites at Low Conversion®

Protonation R—/R;, + H" ———» HR—R,"
Deprotonation HR——R," ———» R—/—R, + H'
Oligomerization R™ + R, R; ——> R—R,—R;’
B-Scission R—R,—R;” ——— R’ + R,=™R
Hydride Shift HR—R," «<—> 'R R,H
CH,4 CH,
+ +
Methyl Shift R——R,——R;—R, <——> R——Ry—R;—R,
R;H
a-PCP-Branching - +
R, R,—R;—R,H—R; <—> R, R,—R,—R
RyH
+ +
Ry Ry—R;—RH—R; —> R—R,—R;—R;

S-PCP-Branching

“Extracted from ref 17. Copyright 2019 by John Wiley & Sons, Inc., or related companies.

example, concerning the nature of the rate-determining
step(s). This affects the predictive power of the model,
rendering its application beyond the range of conditions for
which it was specifically developed limited. The alternative
proposed in this paper is based on the development of a
microkinetic model, which is an attractive method to elucidate
the complexity of a large and highly interconnected reaction
network. Substantial progress has been made in recent decades
regarding automated generation of reaction mechanisms
applied to many different types of chemistries and disparate
processes.'” In this work, a detailed reaction network was
automatically generated to include each elementary reaction
occurring at the Bronsted acid sites in the zeolite catalyst. The
reaction rate of each step was expressed by an elementary rate
law containing specific kinetic coefficients. All of the involved
kinetic parameters are specified based on theoretical
considerations and are, for this reason, independent of
operating conditions and feed.

The resulting model is able to describe with very good
accuracy the salient kinetic details of propylene oligomeriza-
tion measured experimentally on a representative commercial
H-ZSM-S zeolite at low conversion. The dominant reaction
pathways that consume propylene and form oligomeric
products are revealed based on net rate analysis.

2. AUTOMATED KINETIC NETWORK GENERATION

The first step in building a microkinetic model to describe the
oligomerization of propylene was the automated generation of
a reaction network. In this work we employed NetGen, a
software package developed by Broadbelt et al."®"’

The elementary steps proposed to describe the oligomeriza-
tion mechanism of the generic olefin C,H,, are listed below:*’

CnHZn(g) < CnHZn(P) (1)

C,H,,(p) + H & CnH2n+l+(P) (2)
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C,H,,11"(p) + C,H,,(p) < Cy,H,,.. " (p) (3)
CyHypyy (p) < i-CyHypyt ' (p) (4)
Cy,Hyi'(p) < CyHy,(p) + HY )
C,,H,,(p) © C,,H,(g) (6)

The suffixes (g) and (p) indicate the gas phase and the pores
of the zeolite, respectively. After physisorption of the olefin
from the gas phase into the pores of the zeolite (step 1), an
ionic intermediate is generated through protonation (step 2).
The exact nature of the ionic intermediates (carbenium ion or
alkoxide) depends on the specific structure of the bound
species, temperature, and geometry of the active site.”’ The
resulting chemisorbed ionic intermediate can increase its
hydrocarbon chain length by undergoing oligomerization with
a physisorbed olefin (step 3) or it can isomerize (step 4),
where the symbol i before the olefin (step 4) indicates a
particular isomer. B-Scission is the reverse step of oligomeriza-
tion, and it forms a smaller olefin and a smaller ionic species
from a larger oligomer. The oligomer product deprotonates
(step S) and desorbs (step 6) from the pore of the zeolite into
the gas phase.

The chemical reactions that a physisorbed species can
undergo, as specified in steps 2—S5, were grouped into reaction
families and are listed in Table 1 (extracted from ref 17). The
ionic intermediates are referred to herein as carbenium ions for
convenience, although their nature can reflect more carbenium
ion or more alkoxide character. The isomerization steps
include hydride shift, methyl shift, and @ and f protonated
cyclopropane (PCP) branching. This last isomerization step is
postulated to proceed via a PCP intermediate with the charge
delocalized over the ring.”” The subcategories @ and 3 depend
on the bond to be broken in the three-membered ring
intermediate. These ionic intermediates can also undergo
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hydride transfer steps to form paraffins, but since the
experimental data collected in this study at low conversion
(<4%) showed the presence of only minor amounts of
paraffins (Figure S1, Table S1, <0.2% of the overall product
distribution), the list of reactions considered in Table 1
excludes hydride transfer steps. In this regard, paraffins are
considered side products during oligomerization and cracking
of light olefins on acidic zeolites.”>~>* In some cases, during
the mechanism generation processes, the minor amounts of
paraffins that are detected experimentally are lumped with the
olefins of the same carbon number in order to reduce
calculation efforts,”>*® which was the approach used here.

In principle, the automated generation process is infinite
because oligomerization leads to the formation of higher
molecular weight ionic species through consecutive additions
of monomers, and the reaction family can be subsequently
applied to each product. In this study, a carbon- and rank-
based termination criterion ¢; — rj27 was applied, where i = 9
and j = O are, respectively, the maximum number of carbon
atoms and the highest rank of the species allowed to react.
However, as expected, imposing this termination criterion
resulted in the generation of several ionic species of rank 0 and
carbon number >9 that were not allowed to react further
because of their failure to meet the carbon number criterion.
This is a direct consequence of the oligomerization process
that produces heavier ionic oligomers that are not associated
with any increase in rank. In order to avoid the presence of
these unwanted intermediates, the reaction network was
limited to ionic and molecular species with a carbon number
lower or equal to 9.

3. KINETIC PARAMETER DETERMINATION

3.1. Frequency Factors. The kinetic constants for the
elementary steps (1—6) were expressed as a function of
temperature following an Arrhenius dependence:

B,
k= A, EXP(__)

RT 7)
with
0 i = physisorption
B, = {|AH, | i = desorption
E,, otherwise (8)

where k is the rate coefficient, A is the Arrhenius pre-
exponential factor, R is the universal gas constant, T is the
temperature, AH,,, is the physisorption enthalpy, and E, is
the activation energy. The reverse of physisorption is denoted
as “desorption” in eq 8.

The pre-exponential factors were estimated using transition
state theory, assuming that every elementary step proceeds
through the formation of a transition state or activated
complex:**

A

(kB_T] eAs*/R e1—An*(Co)An*
h )

where kg is Boltzmann’s constant, & is Planck’s constant, AS¥ is
the entropy change between the reactants and the activated
complex, An* is the change in the number of moles in going
from the reactants to the transition state, and ¢ is the standard
state concentration (1 M).
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The first term in eq 9 (kzT/h) represents the vibrational
frequency along the reaction coordinate, and it is followed by
an expression derived from the equilibrium constant between
the reactants and transition state. The entropy changes for
some of the reactions involved in the network were obtained
from data tabulated by Nguyen et al.*’ for isobutene on H-
ZSM-S at 300 K. That study reports an entropy loss in going
from physisorbed isobutene and chemisorbed tert-butyl ion to
the transition state. Vice versa, an entropy gain is reported in
going from chemisorbed tert-butoxy ion to the transition state.
This indicates that, at industrially relevant temperatures (T >
300 K), the formation of tertiary alkoxides is not entropically
favored. Furthermore, in this temperature range, the entropic
contribution to Gibbs free energies outweighs the enthalpic
contribution of covalent bond formation. As a consequence,
the formation of tertiary alkoxides is less favorable than the
formation of tertiary carbenium ions within the pores of the
zeolite.”"” Secondary species, on the other hand, were
reported to remain stable as alkoxides in a temperature range
of 300—600 K. However, at higher temperatures, the formation
of a covalent bond in the alkoxide state introduces an entropic
penalty that is not compensated for by the enthalpic gain,
resulting in formation of a carbenium ijon being more
favorable.”’ According to this finding, in the present work
which covers a temperature range of 483—523 K, secondary
intermediates were treated as alkoxides, while tertiary
intermediates were treated as carbenium ions. Primary
carbenium ions are commonly not considered as candidate
intermediates due to their highly unstable nature,’”’' but they
can be stabilized by interaction with the zeolite framework. For
this reason, all primary intermediate species were treated as
alkoxides in this study.

The entropy change between reactants and transition states
was assumed to be the same for each elementary step within a
reaction family involving ionic intermediates with the same
alkoxide or carbenium ion character as the reactants. The
estimates of the order of magnitude of the frequency factors
are listed in Table 2, together with the entropy changes used in

Table 2. Order of Magnitude of the Frequency Factors
Estimated at 503 K According to Transition State Theory”

As*
reaction Umol' K1  Anf  0(4) [-]
protonation —54 -1 10* Pals7!
deprotonation (carbenium =71 0o 10° s
ion)
deprotonation (alkoxide) 23 0 "% s
isomerization (alkoxide) 0 0 108 7!

“AS* for protonation and deprotonation are reported in ref 29.

the calculation. The frequency factor for alkoxide isomerization
was estimated assuming that the entropy change between
reactants and transition states is zero. The ratio of frequency

Aphys

factors for physisorption and desorption was estimated to

des

be O(1077) according to an entropy loss of 116 J mol™' K" in
going from gas-phase isobutene to the physisorbed state.””

A generalization of these entropy values for unimolecular
and bimolecular reactions resulted in the application of the
frequency factors calculated for protonation and deprotonation
to oligomerization and f-scission by analogy. The frequency
factors for all the elementary steps that involved carbenium
ions as reactants were calculated from the corresponding ones
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involving alkoxides by applying the same scaling factor of 107
specifically calculated for deprotonation (Table 2).

3.3. Reaction Enthalpies. The enthalpy of reaction on the
surface of the zeolite is defined as the sum of the enthalpies of
formation of products and reactants, weighted by their
stoichiometric coefficients. For example, for a typical
oligomerization step between a molecule RH and a protonated
intermediate Rj:

RH + R} — R} (10)
the enthalpy of reaction AHy is expressed as
f f £
AI{R = Athys(R;) - Athys(RT) - AI{phys(lll_l) (11)
where AHi,hyS are the enthalpies of formation of the species in

their physisorbed states. The latter can be related to the
enthalpies of formation in the gas phase by means of

AH!

phys(RH) = AHgf(RH) - AI_Iphys(R‘[_I) (12)
AHE, (R}) = AHI(RY) — Aq(RY) (1

where AH! is the enthalpy of formation of the species in the
gas phase, AH ;... is the enthalpy change of a neutral molecular
species in going from the gas phase to its physisorbed state
within the zeolite pore, and Agq is the stabilization enthalpy of a
protonated intermediate.”> Combining eqs 11—14, the

enthalpy of reaction can be finally expressed as

AHy = AHIRD) — Aq(R]) + Aq(R}) — AHI(R})

— AHJ(RH) + AH,; (RH) (15)
or concisely as
AHg = AHg, — Aq(R]) + Aq(R{) + AH,, (RH)
(16)

where AHy , is the reaction enthalpy in the gas phase.
Generalizing, the reaction enthalpy of every elementary step
can be expressed as

AHg = AHy, + ) 5-Aq(R]) + ). v AH, (RH))

j

(17)
where Rfand RH, are, respectively, a generic ionic intermediate
and a generic molecular species. v is the stoichiometric
coeflicient of each species in the elementary step and is defined
as positive for products and negative for reactants. The
reaction enthalpy in the gas phase was calculated based on
Benson’s group additivity method using the group additivity
values reported in a previous study.”*

The physisorption enthalpies of the neutral species were
estimated depending on the molecule type from linear
relationships between physisorption energies and carbon
number reported in the literature. From these statistical
thermodynamic studies, we deduced that in H-ZSM-S$ zeolites,
each single-bonded carbon atom provides a contribution of 3.0
kcal mol™,* while each double-bonded carbon atom provides
a contribution of 5.6 kcal mol™*° to the overall physisorption
enthalpy of a molecule. However, bimolecular reactions require
coadsorption of two molecules at the same Bronsted acid site.
After the physisorption of the first molecule, the second
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molecule adsorbs on the active site-adsorbate complex with a
reduced energy (approximately 60% of the physisorption
energy of the first molecule at an uncovered Brensted acid
site).””*® For this reason, the physisorption energy of this
second molecular species involved in the network was
calculated as

AH

ohys = €(3.0'ng + 5.6:1p)

(18)
with ¢ = 0.6 and where ng and np represent, respectively, the
number of single-bonded and double-bonded carbon atoms.

For calculation convenience, we introduced a quantity
defined as the stabilization enthalpy of a protonated species
relative to the deprotonation enthalpy of the zeolite (Aq(H")
= 295 kcal mol™*?), defined as

AAg(R") = Aq(HY) — Aq(RY) (19)

ZeO™ + H* + Ry

7
PA
ZeO™ + R},
Aq(H+) (@)
7}
ZeOH i}ﬁg)_ _____
AHphys AHchem Aq(RY)
L A
physisorbed complex
AHprot
A\ 4

chemisorbed complex

Figure 1. Energy levels used for the estimation of the stabilization
energy of the ionic intermediates. Adapted from ref 29. Copyright
2012 American Chemical Society. R in the diagram denotes an olefin.

According to the enthalpy diagram depicted in Figure 1, the
stabilization enthalpy of the ionic intermediate R" can be
expressed as

Agq(R") = —(AH,

chem

— Aq(H™) + PA) (20)

where AH,,,, is the chemisorption enthalpy of a gas-phase

olefin and PA is its proton aflinity. As reported in ref 36,

physisorption and chemisorption enthalpies can be considered

equal to the corresponding electronic energies in the

temperature range 300—800 K. The relative stabilization

enthalpy results in the expression in eq 21 accordingly:
AAgq(R") = AH,,, + PA

chem

(1)

The chemisorption enthalpies and the proton affinities of the
olefins from C, to C,, together with the calculated relative
stabilization enthalpies for the corresponding alkoxides or
carbenium ions on H-ZSM-S, are listed in Table 3.

The chemisorption enthalpy of 1-nonene was estimated by
extending the linear trend reported for olefins from C, to C, in
ref 36. The increasing trend of the proton affinity with the size
of the olefin is rationalized by the electron-donating effect of
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Table 3. Chemisorption Enthalpies and Proton Affinities of C, to Cy Olefins and Relative Stabilization Enthalpies of the

Corresponding Alkoxide or Carbenium Ion on H-ZSM-$

species 7-complex — o-complex AH ., [keal/mol]
primary ethene — ethoxy - 311
secondary propene — propoxy - 33.7
1-butene — 1-butoxy =351
1-pentene — 1-pentoxy -37.3
1-hexene — 1-hexoxy -37.0
1-heptene — 1-heptoxy -37.8
l-octene — 1-octoxy -39.9
1-nonene — l-nonoxy —40.6
tertiary isobutene — t-butyl - 172

ref PA [kcal/mol] ref AAg(R*) [kcal/mol]

36 168.4 40 137.3
36 179.5 41 145.8
36 184.7 40 149.6
36 188.1 40 150.8
36 192.4 41 155.4
36

36 191.0 40 151.1
estimated 191.0 estimated 150.4
29 195.3 40 178.1

the alkyl chain to stabilize the positive charge of the donated
proton. However, this electron-donating effect tends to
become attenuated once the alkyl chain of the olefin becomes
sufficiently long, as demonstrated by the PA values for olefins
between C; and Cg in Table 3. For this reason, the proton
affinity of 1-nonene was set equal to that of 1-octene.

The relative stabilization enthalpy of an ionic intermediate
depends on the energy level of the protonated species in the
gas phase. Thus, it was expressed as a function of the nature of
the ionic intermediate and its carbon number using a
polynomial expression:

AAg(RY) = AH" + a-ng + bong” (22)
where AH"P® represents the large contribution of the ionic
species type (primary, secondary, or tertiary) to the relative
stabilization enthalpy, and n is the carbon number of the ionic
intermediate. The much smaller contribution a - nc + b - nc” to
the species’ stability accounts for the stabilization effect of the
alkyl chain on the distribution of the positive charge.”” The
parameters a, b, and AH™" were estimated by fitting the data
presented in Table 3 for secondary species with eq 22. The
resulting equation was scaled to match the relative stabilization
energies of primary and tertiary species, by estimating AHP"™
and AH*". The result of the described fitting procedure is
shown in Figure 2 with the parameters listed in Table 4.

It is worth noting that the polynomial expression (eq 22)
was specifically referred to the range of carbon number 3 < n¢
< 9. The trend of the relative stabilization enthalpy of heavier

190 . . ; .
180 - eI .
170 1
=160 F :
: O
=150 P e SR Q-0 -
© PP -~
£ 140 N ]
- o
J130+ 1
1201 & Primary
110 (@] SecFmdary |
A Tertiary
100 . . . .
0 2 4 6 8 10

Carbon Number

Figure 2. Relative stabilization enthalpies for primary, secondary, and
tertiary ionic intermediates as a function of the carbon number in the
range 3 < nc < 9. The dashed lines are regression lines to fit the
relative stabilization enthalpies listed in Table 3 using eq 22.

9000

Table 4. Parameters Estimated by Fitting the Relative
Stabilization Enthalpies Listed in Table 3 with Equation 22

parameter value [-]
a 8.4
b - 0.6
AHPI™ 122.7 kcal/mol
AH™*¢ 126.4 kcal/mol
AH" 154.7 kcal/mol

oligomers would be linear with a negative slope dictated by the

chemisorption enthalpy change. For this reason, in the event

that oligomers with higher carbon number should be included

in the model, the following expression is recommended to fit
the data:

type . . 2 .

AAg(RY) = AH? + ap-ne + byng if3<n.<9

AH® + a,nc ifne>9

(23)

3.2. Activation Energies. According to the Evans—

Polanyi relationship, the activation energies were expressed

as linear functions of the enthalpy changes associated with the

chemical transformations:

E,=E;+ aAHy for AHp <0

E,=Ey+ (1 —a)AH, for AHR >0 (24)

where Ej, is the intrinsic energy barrier and AHp, is the enthalpy
of reaction. a is the transfer coefficient (0 < a < 1) that
characterizes the position of the transition state along the
reaction coordinate, such that more exothermic reactions have
earlier transition states (a closer to 0) and more endothermic
reactions have later transition states (& closer to 1).

For endothermic reactions, the value of E, was automatically
set equal to the enthalpy of reaction, in the event that eq 24
predicted a value lower than the enthalpy of reaction itself. For
exothermic reactions, the value of E, was set equal to zero, in
cases where eq 24 predicted a negative value for the activation
energy. For thermodynamic consistency, the same value of the
energy barrier E, was selected for the forward and reverse
reaction families (e.g., protonation/deprotonation or oligome-
rization/f-scission) such that

E Ea,reverse = AHR (25)

aforward

The values of the transfer coefficient & were fixed according to
the typical reaction enthalpies of the elementary steps included
in each reaction family. Values of 0.1 and 0.3 were selected,
respectively, for oligomerization and protonation according to
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the general expectation for highly and moderately exothermic
elementary steps.”” A value of 0.5, which is consistent with a
symmetric transition state that has both reactant and product
character, was assigned to the isomerization steps.*

The intrinsic energy barrier for protonation/deprotonation
was distinguished depending on whether the protonated
species was an alkoxide (primary or secondary ionic
intermediate) or a carbenium ion (tertiary ionic intermediate),
to match the experimental observation reported in the
literature for isobutene protonation,”” such that

E 0, carbenium

=03

EO, alkoxide (26)

where Ej cpenium and Ep aioxide are, respectively, the energy
barriers for deprotonation of a carbenium ion or an alkoxide
(or of the corresponding protonation). For oligomerization
and f-scission, an energy barrier of 19 kcal mol ™" was selected
by analogy with ref 43. The values of E; for the remaining
reaction families were estimated during the estimation
procedure described in section 5.2.

With the introduction of the Evans—Polanyi relationship,
each reaction family can be described by a set of three
parameters: a frequency factor A, an intrinsic barrier Ej, and a
transfer coeflicient a. Estimation of these three parameters
required only the calculation of the reaction enthalpy of each
elementary step to identify the corresponding reaction rate
constants.

4. EXPERIMENTAL METHODS

4.1. Characterization and Pretreatment of MFI
Zeolites. The MFI zeolite sample (CBV2314, Si/Al = 13)
was obtained from Zeolyst International in NH, form. The
number of Bronsted acid sites was calculated to be 9.9 X 107*
mol H*/g (0.85 H*/Al) as quantified by NH; temperature
programed desorption (TPD) of the NH,-form MFI sample
after aqueous phase ion-exchange with NH, cations at ambient
temperature. Silica (Sigma-Aldrich, high-purity grade, 180—
250 um) was physically mixed with the NH,-form catalyst
(pelleted and sieved to retain 180—250 pm diameter particles)
at zeolite—SiO, weight ratios of 0.05—0.17, loaded into a
stainless-steel reactor (9.5 mm i.d.), and secured by quartz
wool plugs and stainless-steel rods on both sides. A concentric
thermowell (stainless-steel, 1/8 in. diameter) with a K-type
thermocouple extended through the axial center of the reactor.
Samples were pretreated in flowing air (1.7 X 107> mol/s, zero
air, THC < 1 ppm, Indiana Oxygen) and argon (5.1 X 107°
mol/s, 99.999%, Indiana Oxygen) prior to C;H, oligomeriza-
tion catalysis to remove physisorbed water and convert the
catalyst to its H-form. The reactor temperature was controlled
by a furnace (Applied Test Systems series 3210) with a
Eurotherm temperature controller (Eurotherm 2408). During
pretreatment, the furnace temperature was ramped at 1.5 K/
min to 823 K and held for 5 h before cooling to reaction
temperature (483—523 K).

4.2. Measurement and Analysis of Oligomerization
Rates and Selectivities. Reactant flows were composed of
75% propylene (99.9%, Matheson), 20% argon (99.999%,
Indiana Oxygen), and 5% methane (99.97%, Matheson) used
as an internal standard. Reactor effluent was flowed through
lines heated to 390 K using resistive heating tape (Omegalux)
and insulating wrap to a gas chromatograph (Agilent 7890A)
equipped with a flame ionization detector (GS GasPro column,
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0.320 mm id. X 60 m X O um, Agilent) for reactant and
product quantification. Reactant space velocity was varied from
1.2 to 9.0 mol C; (H' s)™" by changing both propylene flow
rate (4.8 X 107°)—(1.1 X 107* mol/s) and catalyst mass (10—
90 mg) at a fixed propylene partial pressure (165 kPa of
propylene, 220 kPa total pressure). Fresh catalyst was loaded
for each experiment.

The deactivation profile of molar flow rates of products by
carbon number were fit with an exponential decay function**
and extrapolated to zero time-on-stream for calculation of
initial selectivities on a per carbon basis. Conversions were also
fit with an exponential decay function and extrapolated to zero
time-on-stream. Thus, all reported results reflect initial product
formation rates on catalysts prior to deactivation, enabling
normalization by ex-situ H* site counts.

For benchmarking purposes, measured turnover rates on the
H-ZSM-5 sample studied here (Si/Al = 13, Zeolyst) were
compared to previously reported dimerization turnover rates
by Sarazen and co-workers’ on MFI zeolites at 503 K. All
products were assumed to originate from a C; dimerization
step (i.e., C4 formation, or products formed from a subsequent
reaction of Cg). Dimerization turnover rates (mol C4 (H*s)™")
were corrected for deactivation using an exponential decay
model (Figure S2) in order to estimate initial turnover rates
that can be normalized rigorously by ex-situ H' site counts.”*
Initial dimerization rates (503 K) were independent of space
velocity (Figure S3) and first-order in propene partial pressure
(Figure S4), in agreement with previous reports.”’ The
apparent first-order dimerization rate constant measured in
this work (1.2 X 107 m*® C¢ (H' s)™!) is comparable to
previously reported values (4.8 X 107 m* C4 (H" s) 7').”° In
addition, the selectivity toward secondary products (of f-
scission) increases with increasing propylene conversion,
consistent with prior work."> The consistency of these results
with literature reports, and with the current mechanistic
understanding of propylene oligomerization at these temper-
atures and moderate pressures (0—400 kPa propene), indicate
that the H-ZSM-S sample studied here behaves as a
representative MFI zeolite. Thus, we used this sample to
measure experimental rate and selectivity data at varying
temperatures (483—523 K) and propylene conversions (0—
4%) to generate data to compare with and aid in the
development of the microkinetic model in this study.

Previous work has reported data to indicate that the rates of
the initial propylene dimerization step in the oligomerization
network are kinetically limited, but that the influence of
intrazeolite diffusion on selectivity toward secondary products
can be significant.”® A study from Sarazen et al."> showed that
the selectivity toward secondary oligomerization products
(Cy), as well as the selectivity toward f-scission products,
increase as a function of increasing diffusion parameter (a
component of the Thiele modulus) but is independent of
deprotonation energy (the intrinsic strength of a Brensted acid
site), suggesting that increasing intracrystalline residence times
of primary products influence the observed rates of secondary
product formation. Therefore, the product selectivity of olefin
oligomerization networks may also depend on the zeolite
topology and crystallite size because of the influence of
intracrystalline mass transfer restrictions that become more
pronounced for higher molecular weight products. In this
study, we chose not to incorporate transport and diffusion
phenomena into the model predictions because the exper-
imental conditions tested led to product distributions (Figure
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S1, Table S1) containing a majority of dimer products (>65%)
and only a minority of secondary oligomerization (~20%) and
P-scission products (<5%).

5. RESULTS AND DISCUSSION

5.1. Reaction Network. Figure 3 summarizes the
distribution of the 269 gas-phase molecular species and the
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Figure 3. Number of molecular species and ionic intermediates
included in the reaction network.

Table 5. Number of Elementary Reactions Included in the
Reaction Network

elementary step no.
protonation 531
deprotonation 531
oligomerization 406
P-scission 406
hydride shift 524
methyl shift 218
a-PCP-branching 504
P-PCP-branching 585
physisorption 269
desorption 269
total 4243

Table 6. Estimated Arrhenius Frequency Factors and
Evans—Polanyi Intrinsic Energy Barriers with 95%
Confidence Intervals®

reaction family A [-] E, [kcal mol™!]
protonation (8.6 + 1.4) x 10* Pa!s7! 18.7 = 1.0
deprotonation (1.1 £ 02) x 10™ s 18.7 + 1.0
oligomerization (9.7 + 1.7) x 10* pPa~'s™! 19.0 + 0.6
B-scission (1.0 £ 0.1) x 10" st 19.0 + 0.6
hydride shift (1.1 £ 02) x 10" st 19.8 + 4.0
methyl shift (8.1 £ 1.1) x 108 57! 9.0+ 1.9
a-PCP-branching (5.8 £0.5) x 10" st 12.5 + 1.0
B-PCP-branching (3.7 £ 0.7) x 101 st 113 +22
physisorption (9.9 + 1.3) x 10° Pa~!s7!
desorption (5.6 +02) x 107 st

“The frequency factors for deprotonation, oligomerization, f-scission,
and isomerization are referred to elementary steps involving alkoxides
as reactants. The intrinsic energy barrier for protonation (deproto-
nation) is referred to as elementary steps involving alkoxides as
products (reactants).
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371 ionic intermediates included in the reaction network, as a
function of carbon number. The same number of molecular
species was used to represent the adsorbed-phase molecules.
The distribution of the number of generated species shows a
typical exponential trend as a function of the carbon number.

A detailed list of the elementary reactions included in the
mechanism is presented in Table 5. S-PCP-branching
represents the only irreversible steps.

As an interesting point of comparison, a similar network was
generated by Shahrouzi et al. for the oligomerization of C,
olefins on acidic zeolites including 6897 species with a
maximum carbon number of 12 and over 35000 elementary
reactions.” That study only includes ionic intermediates and
gas phase molecules, without specifically taking into account
the physisorbed species and the physisorption/desorption
steps. The application of a ¢;, — 7, termination criterion to the
network generation algorithm that is presented in this study
would result in the generation of 9015 species and 58542
elementary steps (without including physisorbed species and
physisorption/desorption elementary steps). The larger size of
this network is related to the presence of primary ionic
intermediates which are neglected in the reaction network
developed by Shahrouzi et al.**

5.2. Parameter Estimation. The reaction rate RR of a
generic species i included in the reaction network was
expressed in the form:

RR; = z iAj-exp[—%] H C,
j

h (27)

and incorporated into the design equation of a plug flow
reactor. The symbol C, represents the partial pressure of the
hth molecular species or the fractional coverage of the hth
ionic intermediate.

The resulting system of 909 ordinary differential equations,
describing the change in concentration of each species
included in the model, and 1 algebraic equation, describing
the mass balance for the surface coverage, was integrated using
the DDASAC solver.*® Parameter estimation was performed
using a gradient-based local method (GREG),"” by minimizing
an objective function ¢ obtained as the sum of the squares of
the errors between experimental (6°F) and calculated (o)
conversions and selectivities and expressed as

m n

EDIPN T Cramls

j=1 i=1 (28)
with the weighting factors w; ; defined as
o]
RCE (29)

where 7 is the number of experimental points, consisting of the
product selectivities toward the lumped species C; (4 <k <9)
and propylene conversion (n = 7). m is the number of
experimental runs included in the estimation procedure,
conducted at different temperatures, propylene flow rates,
and catalyst masses (m = 6). The errors between simulated and
experimental selectivities were calculated in terms of lumped
products (from C, to C,). However, it is worth noting that the
model allows the calculation of all the individual product
distributions. The conversion of propylene X was expressed as
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9
_ Zk:4 k.FCk
3Fc h,

X
(30)

while the selectivity to the lumped species C; was calculated as
3 k-Fc,
TN

Zk=4 k'FCk (31)

where F¢,_is the molar flow rate of the lumped species C; and

Se,

Fc g, is the molar flow rate of propylene fed to the reactor.

During this estimation procedure, the frequency factors and
the intrinsic barriers E, were tuned to fit the experimental data.
A total of n'm 42 experimental data points at two
temperatures (503 and 523 K), varying propylene flow rates,
and catalyst loadings (as described in section 4) were used to
estimate 19 parameters (10 Arrhenius frequency factors, 8

9003

intrinsic energy barriers, and the ratio of frequency factors for
all the elementary steps that involved carbenium ions and
alkoxides as reactants). The estimation process converged once
the relative change of each parameter was smaller than 107°.

The values of the kinetic parameters resulting from the
estimation procedure are listed in Table 6 with their 95%
confidence intervals, where the frequency factors for
deprotonation, oligomerization, f-scission, and isomerizations
are referred to elementary steps involving alkoxides as
reactants. The intrinsic energy barrier for protonation, reported
in Table 6, is referred to as elementary steps involving
alkoxides as products. In the same way, the energy barrier for
deprotonation is referred to elementary steps involving
alkoxides as reactants. The corresponding values for carbenium
ions can be calculated using eq 26. The estimated intrinsic
energy barriers range between 9 and 20 kcal mol™, in
reasonable agreement with those reported in the literature.””**
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The ratio of frequency factors for all the elementary steps
that involved carbenium ions and alkoxides as reactants,
respectively, A penium a0d Ajjroxido Was estimated to be

A .
—carbenium _ (1.4 + 0.3) X 10°°

Alkoxide (32)

The values of the estimated frequency factors fall within an
order of magnitude of those calculated using transition state
theory, with the only exception being that for S-scission
(difference of 1 order of magnitude). This slight disagreement
was ascribed to the termination criterion used during the
automated generation of the reaction network. The termi-
nation criterion described in section 2 generates C, ionic
intermediates that are not allowed to react with propylene. The
occurrence of f-scission reactions transforms these species into
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smaller ionic intermediates that react with propylene
molecules, resulting in higher conversion. As a consequence
of the truncated reaction network, a higher value of the
frequency factor for [-scission resulted in overestimated
conversions that were not in agreement with the observed
experimental data. We note that the values obtained for E; of
hydride and methyl shift reactions might be expected to be
closer, given the general similarity of these reaction families.
However, forcing them to be closer resulted in a larger
discrepancy of the frequency factors compared to estimates
using transition state theory, so their initial estimates were
retained. A detailed study using theory to specifically examine
these two reaction families would be valuable to explore these
E, values further.
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addition of 1-propoxide to physisorbed 2-hexene and formation of S-
methyl-3-octene. Thin horizontal lines indicate transition states.

5.3. Model Execution. Comparison of the experimental
selectivities and conversion values and the best fit of the
microkinetic model are presented in Figure 4 (503 K) and
Figure S (523 K). Increasing propylene conversion results in a
lower selectivity to C4 species and in a higher selectivity to
secondary oligomerization products (Co) and to cracking
species (C,, Cs, C; Cg). Cq olefins represent the most
abundant products with a significant prevalence of isomers
containing internal double bonds (~70%) over those
containing terminal double bonds.

The proposed model is able to capture the reactant
conversion and the selectivity of the process to major and
minor products with very good accuracy over the range of
operating conditions that was investigated. It is worth noting
that the model describes significant variations in the product
selectivity that result from minor changes in propylene
conversion over a narrow range (0—49%).

Figure 6 shows a small section of the oligomerization
network that involves primary and secondary oligomerization
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steps of propylene to Cg and C, species with net rates
expressed in s~'. Isomerization steps and deprotonation of Cy
molecular species are not shown for simplicity. The arrows
point to species with a positive rate of formation. The quasi-
equilibrated formation of primary and secondary propoxides
that differ in the carbon atom bound to the zeolite framework
occurs after interaction of propylene with the acid sites. The
model shows that at low propylene conversion (<4%), these
species coexist at comparable coverages near saturation
(>90%), in agreement with propylene dimerization rates that
result in an apparent first-order dependence on propylene
pressure (Figure S4). This is confirmed by infrared spectros-
copy data reported by Sarazen et al. showing that the
protonation of propylene at moderate pressure (10—500
kPa) on MFI leads to equilibrated mixtures of primary and
secondary propoxides with similar energies of formation.”” The
first oligomerization step results in the formation of four
alkoxides after addition of a molecule of propylene to a
propoxide: 2-methyl-1-pentoxide, 2-hexoxide, 2,3-dimethyl-1-
butoxide, and 4-methyl-2-pentoxide, with a preferential
formation of secondary alkoxides. The subsequent secondary
oligomerization of a Cg ionic intermediate to a C,, in the range
of investigated conditions resulting in low conversion, is less
favorable than its corresponding deprotonation and results in

kdp > kolig'p(%H6

(33)
where kg, and k,y, are, respectively, the rate constants of a Cq

alkoxide deprotonation and oligomerization, and pc 4y, is the

propylene partial pressure in the pores of the zeolite.

This suggests that, at low conversion, the formation of C,
species is driven by the addition of propoxides to physisorbed
C¢ molecules. Figure 7 shows an exemplar reaction coordinate
diagram for the oligomerization pathway of propylene to form
4-methyl-2-octene (in red) through addition of propylene to 2-
hexoxide and to form S-methyl-3-octene (in blue) through
addition of 1-propoxide to 2-hexene. The symbol (g) indicates
molecular species in the gas phase. The blue pathway is
thermodynamically disfavored because it requires the endo-
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thermic deprotonation of 2-hexoxide. However, it is kinetically
favored as demonstrated in Figure 6, wherein S-methyl-4-
octoxide is formed with a rate of 1.7 X 107> s™". At low
conversion, the primary and secondary propoxides are present
at saturation coverage on the surface of the zeolite. For this
reason, in the range of investigated conditions, a physisorbed
molecule of 2-hexene preferentially undergoes oligomerization
and not protonation, resulting in

koo,

propox

> kpt'SO (34)

* .
olig
where kfj;, and k,, are the rate constants of oligomerization and
protonation of a C4 molecular species, and 8., and 9, are
the fractional surface coverages of propoxides and vacant sites,
respectively.

5.4. Model Validation. A validation of the microkinetic
model was conducted by extending the simulation to
additional experiments that were not included among those
previously used during parameter estimation, at an additional
operating temperature (483 K) outside of the range used
during estimation. During this phase, the estimated values for
the parameters were used to predict the experimental values
without any additional adjustment. Comparison between
experimental data and model prediction are shown in Figure 8.

6. CONCLUSIONS

In this work, a microkinetic model was developed to describe
the oligomerization of propylene on a representative H-ZSM-5
zeolite over a conversion range lower than 4%. An automated
network generation mechanism was applied to build a reaction
mechanism consisting of 4243 elementary steps and 909
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species including ionic intermediates and gas-phase and
physisorbed molecular species within the C,—C, carbon
range. The collected experimental results helped elucidate
the prevalent elementary steps that were grouped into eight
reaction families. Each reaction family was described by a set of
three parameters: a frequency factor A, an intrinsic barrier E,,
and a transfer coeflicient a. With these parameters specified,
only the calculation of the reaction enthalpy of each
elementary step was required to identify the corresponding
reaction rate constants. Both experimental and modeling
results indicated that increasing propylene conversion results in
a lower selectivity toward dimer species (C4) and a higher
selectivity toward secondary oligomerization products (C,)
and to cracking species (C,, Cs, C;, Cg).

The model revealed the presence of bound alkoxides at near
saturation coverages during the oligomerization process at low
conversion. Analysis of resultant net rates showed that, at low
conversion, the addition of propoxides to physisorbed Cg
olefins drives the oligomerization process toward C, species.

Very good agreement with experimental conversions and
selectivities over a wide range of operating conditions
demonstrated that the model is robust and suggests that it is
The
developed microkinetic model is a powerful tool to simulate

extendable to additional olefins and acidic zeolites.

the behavior of the Brensted acid-based oligomerization
process, predict the product distribution, and facilitate catalyst
design efforts to achieve a more tailored product specification.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on September 4, 2019
with missing molecules in Figure 7. Figure 7 was replaced, and
corrected version was reposted on September 6, 2019.
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