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Hydrocarbon Products Occluded within Zeolite Micropores Impose
Transport Barriers that Regulate Brgnsted Acid-Catalyzed Propene
Oligomerization
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Bronsted acid zeolites catalyze alkene oligomerization Products occluded within zeolite micropores govern D,y,...

to heavier hydrocarbon products of varied size and branching. Propene 0.05
dimerization rates decrease monotonically with increasing crystallite %004 | Rate Kot Dot
size for MFI zeolites synthesized with fixed H-site density, revealing i+ ®
the strong influence of intrazeolite transport limitations on measured S o0 :
rates, which has gone unrecognized in previous studies. Transient z B ]
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conditions that favor the formation of heavier products. Together with o 150 300 450 600 780
effectiveness factor formalisms, these data reveal that product and C,H, Pressure / kPa
reactant diffusion, and consequently oligomerization rates and
selectivity, are governed by the composition of hydrocarbon products
that accumulate within zeolitic micropores during alkene oligomerization. This occluded organic phase strongly influences rates and
selectivities of alkene oligomerization on medium-pore zeolites (MFI, MEL, TON). Recognizing the coupled influences of kinetic
factors and intrazeolite transport limitations imposed by occluded reaction products provides opportunities to competently tailor
rates and selectivity in alkene oligomerization and other molecular chain-growth reactions through judicious selection of zeolite
topology and reaction conditions.

...and thereby oligomerization rate and selectivity

deactivation, diffusion, zeolites, oligomerization, heterogeneous catalysis

composed of hydrocarbon products that accumulate within the
micropores of medium-pore (e.g,, 10-membered ring, 10-MR)
zeolites during alkene oligomerization reactions.

Propene oligomerization on Brensted acid zeolites proceeds

Bronsted acidic zeolite catalysts are ubiquitous in converting
carbon-based feedstocks such as methanol to olefins and
hydrocarbons,’ biomass to fuels and chemicals,”’ alkane

cracking to lighter hydrocarbons,” and alkene oligomerization via a complex reaction network to form alkene products of
to transportation fuel-range molecules.””® Zeolites are varied size and branching. Selectivities to higher-molecular-
inorganic crystalline frameworks that confine acid sites (HY) weight products (e.g, Cy) and isomers with high degrees of
within microporous voids. The sizes and shapes of these voids branching (e.g., 2,3-dimethylbutene) have been proposed to
influence the intrinsic kinetic behavior of H* sites”'* and also depend on properties of 10-MR zeolites (e.g., pore
regulate the diffusion of reactant and product molecules, as connectivity, crystallite size, H*-site density) because the rate
well established in concepts of shape selectivity.”'""'* The of egress of such products is restricted by diffusion barriers
coupled effects of H-site reactivity and diffusional constraints imposed by the inorganic zeolite framework.>>*’ In contrast,
imposed by the inorganic zeolitic framework are well net rates of propene oligomerization (i.e., C; consumption)

documented to influence rates, selectivity, and catalyst lifetime
for various zeolite-catalyzed reactions including toluene
disproportionation,13n-heptane isomerization,“n-parafﬁn
cracking,15 methanol to olefins and hydrocarbons,lé*19 and
cumene synthesis.”’ This recognition has spurred advances in
the synthesis and modification of zeolite crystallites with
altered diffusion properties, including engineering changes in
crystal size and habit, mesoporosity, and crystallite-scale H*-
site distributions.”' 7*® Here, we provide evidence that
additional transport barriers are imposed by an organic phase

have been proposed to depend solely on zeolite properties that
influence intrinsic kinetic constants for dimerization and
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trimerization steps (e.g, pore size, acid strength, H'-site
proximity).’°~>* Yet, prior studies report different depend-
ences of propene oligomerization rates (per H*, 503—533 K)
on H*-site density’””"** in MFI zeolites for rates measured at
different pressures (22—75 kPa C;H), observations that
cannot be rationalized solely by kinetic considerations.

In this work, we synthesized a suite of MFI zeolites with
fixed H*-site density (~0.3 per unit cell (u.c.)), but with varied
crystallite sizes (0.13—2.65 um), to directly assess the relative
contributions of diffusion and reaction phenomena to
measured propene oligomerization rates and product selectiv-
ity. The dependence of propene oligomerization rates on
crystallite size, in conjunction with effectiveness factor
formalisms, reveals that rates are strongly limited by intra-
zeolite diffusion. Moreover, transient changes in dimerization
rates upon step-changes in reaction temperature or propene
pressure indicate that these diffusion limitations become
increasingly severe under reaction conditions that preferen-
tially form heavier alkene products. We show that transport
barriers are imposed by hydrocarbon products that accumulate
within zeolitic micropores during propene oligomerization,
even at nominally differential conversions (X < 1%). Occluded
hydrocarbon products reversibly change in composition in
response to changes in reaction conditions, resulting in
complex dependences of rate and selectivity on reaction
conditions and reaction time in medium-pore zeolites, which
have not been previously recognized or reported. These
findings reveal that propene oligomerization rates and
selectivity depend not only on the structural properties of
the inorganic zeolite framework but also on the composition of
occluded organic phases formed during reaction, the latter of
which becomes preeminent for the medium-pore (10-MR)
zeolites often chosen for practical alkene oligomerization
applications.”® The approach in this study also provides a
general methodology through which similarly strong influences
of product-imposed intrazeolite transport restrictions can be
recognized in other zeolite-catalyzed molecular chain-growth
reactions.

MFI zeolites were synthesized with approximately fixed Al content
(Si/Al ~ 250) by adapting previously reported methods.**** A
detailed experimental procedure for the synthesis of each sample is
reported in the Supporting Information (Section S1.1). Powder X-ray
diffraction (XRD) and micropore volumes calculated from N,
adsorption isotherms were used to verify the topology and crystallinity
of MFI samples. Temperature-programed desorption of NH; was
used to quantify the number of Bronsted acid sites on each sample.
The fraction of proximal Al was assessed by performing an aqueous
ion exchange with Co(NO;), solution following the procedures
outlined in a previous report.”® The amount of Al and Si present in
each sample was quantified using elemental analysis. Detailed
procedures for all characterization methods are discussed in the SI
(Section S1.2). Propene reactions were performed in a stainless-steel
tubular reactor with a gas chromatograph (GC) to analyze the effluent
composition. A detailed description of the reactor setup and
approaches used for product analysis are provided in the Supporting
Information (Section S1.3).

MFI samples were synthesized with fixed H" content (H*/u.c.
~ 0.3, Si/Al ~ 250) and varied crystallite sizes (0.13—2.65
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um) by adapting previously reported methods.”*** Crystallite
size distributions for each sample were measured from SEM
images (Figure la—d) and the average length (>40 crystallites)
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Figure 1. Representative SEM images and crystallite size distributions
measured on (a) MFI-250-0.1, (b), MFI-250-0.3, (c¢) MFI-250-0.9,
and (d) MFI-250-2.7. (e) Dimerization rates (per H,") measured at
503 K and 315 kPa C;Hg on MFI-250-0.1 (circles), MFI-250-0.3
(diamonds), MFI-250-0.9 (squares), and MFI-250-2.7 (triangles).
Dashed lines are fits to a first-order exponential decay model. Inset in
(e): initial (open symbols) and steady-state (filled symbols)
dimerization rates on MFI samples of Si/Al ~ 250 plotted against
inverse crystallite size (L™").

of the shortest crystallite dimension is reported as the mean
crystallite size. Samples are denoted MFI-X-Y (X
approximate Si/Al, Y = mean crystallite size in pm) (Table
1). XRD patterns (Section S2, SI) and micropore volumes
measured from N, adsorption isotherms (Section S3, SI) for
MFI-X-Y samples were consistent with the MFI topology. The
number of H sites on each sample was quantified by NH,
temperature-programmed desorption (TPD) (Section S4,
SI)*” to be similar to the total Al content (H/Al > 0.91,
Table S1, SI), indicating that most Al in these samples was
present as framework Al. Fractions of proximal Al sites, largely
comprising two Al substituted in five- and six-membered rings,
were quantified using previously reported Co®' titration
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Table 1. Physicochemical Properties of MFI Zeolite
Samples of Dilute H* Content Used in This Study

sample” Si/Al”  H/uct lengthd (um)  std. dev.® (um)
MFI-250-0.1 290 0.3 0.13 0.02
MFI-250-0.3 343 0.3 0.31 0.04
MFI-250-0.9 298 0.4 0.89 0.13
MFI-250-2.7 222 0.4 2.65 0.32

“Sample nomenclature is MFI-X-Y, X = approximate Si/Al ratio, Y =
average length of the shortest crystallite dimension in pm.
*Determined by ICP-OES. “Number of H*-sites per unit cell (u.c.)
estimated from NH;-TPD. dAverage length. “Standard deviation of
the shortest crystallite dimension estimated by SEM; particle size
distributions in Figure 1.

procedures™ to be < 0.08 for most samples, indicating that
framework Al were predominantly isolated (Table S1, SI).
Thus, these samples comprise a suite of MFI materials with
essentially a fixed number of H* sites per unit cell (u.c.), low
fractions of extra-framework Al, predominantly isolated H*
sites, and varied crystallite size.

Scheme 1 shows a simplified reaction network for propene
reactions on Brensted acid sites that is sufficient to describe

Scheme 1. Propene Oligomerization Reaction Network on
H-Zeolites”
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“Oligomerization products are defined as those whose carbon
numbers are integer multiples of propene (i.e., C3,Hy3,), n = 2, 3,
4,---) (shown in green).

product distributions observed under the conditions of this
study (Section SS, SI). Propene enters the reaction network
through the oligomerization pathway, which results in the
formation of alkene products with carbon numbers that are
integer multiples of the monomer (i.e, C3,Hg, n = 2, 3, 4,--).
These oligomer products can undergo S-scission reactions to
form alkenes of other carbon numbers. Propene can also enter
the reaction network through co-oligomerization reactions
between propene and an alkene product of a p-scission
reaction,””*® also resulting in the formation of alkene products
with carbon numbers that are not integer multiples of 3.

The rate of propene dimerization can be related to product
formation rates via the stoichiometry of the reaction network
(additional discussion in Section S6, SI). Dimerization rates
normalized by the number of H* sites quantified ex situ (H,*")
were measured at different temperatures and pressures for the
MFI-250-Y samples and are shown for a representative set of
reaction conditions (503 K, 315 kPa C;Hy) in Figure le as a
function of time-on-stream. Dimerization rates decreased with
increasing time-on-stream for all H-MFI samples, regardless of
the reaction conditions studied, and over the timescale of
several hundred turnovers (Figure S10, SI). Such a large
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number of turnovers required to reach steady state is
inconsistent with transient rate changes caused by equilibration
of surface intermediates with external fluid-phase product
concentrations, which should occur on a characteristic kinetic
timescale (ca. 1 turnover), but is consistent with some form of
catalyst deactivation or evolution to a less reactive state.
Additionally, dimerization rates (per Hy*) measured at fixed
reaction conditions (503 K, 315 kPa C;Hy, X < 1%) decreased
monotonically with increasing crystallite size for a given time-
on-stream (Figure le), indicating that intracrystalline mass
transfer limitations influence measured rates, since other
sample properties (e.g, H*/u.c, H*/Al, H" proximity) are
fixed among the suite of MFI-250-Y samples (Table S1, SI).
This dependence of rate on crystallite size also could not be
rationalized by differences in H" sites located at extracrystalline
surfaces among these samples (further discussion Section S13,
SI).

The relative extent of diffusion limitations on rates was
further substantiated through effectiveness factor (1) formal-
isms. The effectiveness factor was derived in terms of the
Thiele Modulus (®) for propene dimerization catalyzed by H-
MFI samples of a slab geometry, assuming reaction rates that
are intrinsically first-order in propene pressure (detailed
justification and derivation in Section S9, SI). In the limit of
strong diffusion limitations, the measured dimerization rate
(Fgimmeas) (per Hy") can be expressed in terms of the fluid-
phase concentration of propene (Cs,), the initial H*-site
density (number of H* sites per crystallite volume, [H,*]), the
effective kinetic rate constant of dimerization (per Hy") (k.g),
the characteristic diffusion pathlength (L/2), and the effective
intrazeolite diffusivity of propene (D,)

keffDe
[Hg]

rdim, meas —

2
C3s_
L (1)

Equation (1) describes the dependence of measured rates on
inverse crystallite size. Initial dimerization rates were estimated
by extrapolating dimerization rate transients to zero time usin
an exponential decay model as in previous reports’® ™"
(further discussion in Section S8, SI). Steady-state dimeriza-
tion rates were taken to be that measured when rates varied
less than 4% over 3 ks at each reaction condition. Both steady-
state and initial dimerization rates measured at fixed propene
concentration increased linearly with inverse crystallite size for
MFI-250-Y samples (Figure le, inset), consistent with eq (1)
and a strong influence of intracrystalline diffusion on measured
rates for all reaction times.

At first glance, intracrystalline diffusion limitations are not
expected based on estimates of the Weisz-Prater criterion,*'
which appears to be satisfied (107°—1072 < 1, Section S10, SI)
for the samples in this study. Estimates of the Weisz-Prater
criterion, however, depend on the value of effective molecular
diftusivity, typically assumed to be the single-component
effective diffusivity of the reactant in the zeolite micropores.
The effective diftusivity of propene will be lower than its single-
component effective diffusivity when other species physisorbed
or chemisorbed within the zeolitic micropores impose barriers
to diffusion,** as documented for coke species within MFI
micropores that decrease the self-diffusivity of methane and
benzene.*~* Decreases in the effective diffusivity of propene
and products with increasing reaction time would also be
consistent with the smaller slope of the linear regression for
steady-state rates compared to initial rates (by ca. 4X, Figure
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Figure 2. (a) Dimerization rates measured (503 K) initially on MFI-250-0.1 (circles) and after regeneration in flowing Ar (47 ks, triangles) at 503
K. (b) Dimerization rates measured (503 K) on MFI-250-0.1. Black dashed lines represent step-changes in the pressure. I: 315 — 470 kPa, II: 470
— 315 kPa, 1II: 315 — 150 kPa, IV: 150 — 315 kPa. (c) Dimerization rates measured (315 kPa C;Hy) on MFI-250-0.1. Black dashed lines
represent step-changes in the temperature. I: 503 K — 483 K, II: 483 K — 503 K, III: 503 K — 523 K, IV: 523 K — 503 K. Blue dashed lines
represent an interpolation of data at 315 kPa. Error bars reflect absolute error.

le, inset) versus inverse crystallite size (eq (1)). To assess the measured during step-changes in the inlet propene pressure
possibility of changes in effective intrapore diffusivity with without intervening regeneration. A step-increase in propene
reaction time, we next evaluate the mechanistic origin of the pressure should increase rates of oligomerization preferentially
decrease in measured rates with time during propene to rates of f-scission (Scheme 1) because bimolecular
oligomerization. oligomerization reactions have higher kinetic orders in propene

C o . 29,48,49
pressure than monomolecular p-scission reactions™ ™

(further discussion in Section S11, SI), in turn resulting in
the formation of heavier alkene products with increasing
propene pressure. Thus, step-changes in propene pressure
result in varying the molecular weight of hydrocarbons formed
and occluded within zeolite micropores during catalysis. A

To identify products responsible for the decrease in measured
rates with time observed during propene oligomerization, MFI
samples were treated in flowing inert gas (Ar, 47 ks) at the dimerization rate transient was measured at 315 kPa until the
reaction temperature (503 K) after exposure to propene (503 sample had reached steady state. The propene pressure was
K, 16 ks). This inert treatment led to nearly full recovery of then increased to 470 kPa and held for ~25 ks (Figure 2b, I),

both initial rates (within 1.07X) and their transient decay with and then decreased to 315 kPa (Figure 2b, II) and held for
reaction time (Figure 2a). The removal of highly unsaturated ~50 ks. Next, the propene pressure was decreased to 150 kPa
products (e.g, polyaromatics) should have 6required high- (Figure 2b, III) and held for ~25 ks, before increasing to 315
temperature (>793 K) oxidative treatments;" moreover, the kPa (Figure 2b, IV). Dimerization rates initially increased upon
small quantity of hydride-transfer co-product alkanes (<5% for increasing the pressure to 470 kPa from 315 kPa, as expected
all conditions) in product distributions further indicates that for rates that are positive-order in propene pressure,’”” and
aromatics were not formed in significant quantities (Section then continued to decrease with time-on-stream, indicating
85, SI). The ability to fully regenerate MFI samples in flowing continued deactivation at this higher pressure. A subsequent
inert gas at the reaction temperature indicates that apparent decrease in the propene pressure back to the initial condition
deactivation reflects the intrapore accumulation of hydro- (315 kPa) led to dimerization rates that were initially lower
carbon products of low degrees of unsaturation (e.g, alkenes) than the steady-state rate that was measured immediately prior
that are reversibly physisorbed or chemisorbed within zeolite to the step-change increase to 470 kPa, but rates gradually
micropores during reaction but not deactivation by irreversible increased to this value over the course of many (~90)
H-site-poisoning. These conclusions are consistent with turnovers (Figure 2b, II). Similarly, dimerization rates
previous studies that report occluded products after alkene decreased upon lowering the pressure to 150 kPa and
oligomerization on H-MFI at similar temperatures (393—548 increased with time (Figure 2b, III). A subsequent increase
K) predominantly consisted of large alkenes (Clo—C35),46'47 in propene pressure back to the initial condition (~315 kPa)
and the near complete removal of occluded hydrocarbons from led to dimerization rates that were initially higher than the
H-MFI after propene and butene oligomerization at similar steady-state rate that was measured immediately prior to the
temperatures (393—548 K) upon high-temperature (673 K) step-change to 150 kPa, and rates gradually decreased to this
inert or vacuum treatments.’*’” Moreover, samples tested at value over the course of many (~60) turnovers (Figure 2b,

other propene pressures could also be regenerated with an V).
inert gas, indicating these findings are extensible over the range Similar experiments were also performed with step-changes
of reaction conditions evaluated herein (15—630 kPa C;Hj) in reaction temperature at fixed propene concentration (31
(Section S8, SI). kPa C;H,). Higher temperatures favor f-scission and the
To assess the mechanism by which accumulating alkene formation of lighter alkene products, while lower temperatures
species lead to decreases in measured rates with time on H- favor the formation of higher-molecular-weight products®®**>°
MFI samples during reaction, dimerization rates (503 K) were (further discussion in Section S11, SI); thus, varying
2588 https://doi.org/10.1021/jacsau.2c00462
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temperature also serves to influence the molecular weight of
hydrocarbons formed and occluded within the MFI micro-
pores during oligomerization catalysis. The dimerization rate
was measured at 503 K until steady state was achieved, the
temperature was decreased to 483 K (Figure 2c, I) and held for
~25 ks. The temperature was then increased back to 503 K for
~50 ks (Figure 2¢, II), increased again to 523 K (Figure 2c,
III) for ~4S ks, and decreased back to 503 K (Figure 2¢, IV).
Dimerization rate transients similar to those observed upon
step-changes in propene pressure at fixed temperature were
observed upon step-changes in reaction temperature. Dimeri-
zation rates decreased upon lowering the temperature to 483 K
and continued to decrease with time, indicating continued
deactivation at this lower temperature. A subsequent increase
in temperature back to the initial condition (503 K) led to
dimerization rates that were lower than the steady-state rate
measured immediately prior to the step-change decrease to
483 K, and gradually increased over many turnovers (~200)
with time to reach the steady-state rate measured previously at
503 K (Figure 2c, II). Likewise, when the temperature was
subsequently increased again from 503 to 523 K, rates
gradually increased with time to reach a new pseudo-steady
state (Figure 2c, III). When the temperature was decreased to
503 K, rates were initially higher than the steady-state value
previously measured and decreased over many turnovers
(~120) to reach the steady-state rate previously measured at
503 K (Figure 2c, IV).

Rates that are lower than the expected steady-state rate upon
a step-decrease in propene pressure or step-increase in reaction
temperature and then increase with time to reach that rate
indicate that the heavier hydrocarbon products formed at
higher propene pressures and lower reaction temperatures
inhibit dimerization rates. These heavier products gradually
diffuse (or undergo f-scission and diffuse) out of crystallites
over the course of many catalytic turnovers en route to
establishing a lighter composition of occluded hydrocarbons
that is characteristic of the lower propene pressure (Scheme
2iii—v) or higher reaction temperature. Likewise, dimerization
rates that are initially higher than the expected steady-state rate
upon a step-increase in propene pressure or step-decrease in
reaction temperature and then gradually decrease to the
expected steady-state rate indicate that the lighter intracrystal-
line product composition established at lower pressure
(Scheme 2, vi) and higher reaction temperature gradually
evolve to form the heavier intracrystalline product composition
characteristic of the higher propene pressure (Scheme 2, iii) or
higher reaction temperature, which inhibits dimerization rates
to a greater extent.

The inhibition of dimerization rates by higher-molecular-
weight products is consistent with the imposition of intra-
zeolite diffusional constraints on reactants and products by
higher-molecular-weight products present within zeolitic
micropores. Such inhibition indicates that the effective
diffusivity of propene during oligomerization catalysis is
much lower than the single-component effective diffusivity of
propene in otherwise vacant micropores of the inorganic MFI
framework and depends on the composition of the organic
phase of hydrocarbon products occluded within the micro-
pores. This explanation is also consistent with the large
number of turnovers required to reach steady-state upon a
step-change in propene pressure, which exceeds the kinetic
timescale (ca. ~1 turnover), and with the larger number of
turnovers required to reach steady-state upon a decrease
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Scheme 2. Proposed Depiction of the Changes in Alkene
Products Accumulated the MFI Micropores during Propene
Oligomerization upon Step-Changes in C;H¢ Pressure at a
Fixed Reaction Temperature”

“Images outlined by solid lines represent the catalyst at steady state
for a given pressure. Images outlined with a dashed line depict the
state of the catalyst immediately following a step-change in pressure to
31S kPa from the previous state, denoted with curved arrows. (i)
empty MFI pore at 0 kPa C;Hg, the steady-state composition of
occluded products expected at (iii) 315 kPa C3Hg, (iv) 470 kPa C3Hj,
and (vii) 150 kPa C;Hg A depiction of the expected identity of
occluded products immediately upon a step-change in C;Hg pressure
to (ii) 0 — 315 kPa CyHy, (v) 470 — 315 kPa C3Hg, and (vii) 150 —
315 kPa C;Hy. Darker gray shading indicates that accumulated species
are expected to be composed of heavier products. Italicized Roman
numerals correspond to step-changes in C3Hg pressure in Figure 2.

compared to an increase in propene pressure or an increase
compared to a decrease in reaction temperature of similar
magnitude (e.g., Figure 2b, II vs IV), which indicates slower
rates of diffusion at higher pressures. While inhibition of
dimerization rates by heavier products could also result if such
products reversibly adsorbed to active H sites to increase the
surface coverages of intermediates of lower reactivity, this
possibility is inconsistent with transients observed in product
formation rates upon pressure step-changes and with apparent
reaction orders for product formation rates (further discussion
Section S14, SI). Thus, we conclude that accumulated alkene
products within the MFI micropores during propene
oligomerization impose barriers to the intrazeolitic diffusion
of propene and other products, resulting in the apparent
deactivation of MFI samples with time. The composition of
this occluded organic phase is sensitive to reaction conditions,
leading to increased diffusional constraints at higher propene
pressures and lower reaction temperatures because these
conditions favor the formation of heavier products.

To explore the consequences of occluded hydrocarbon
products for the dependence of dimerization rate on propene
pressure, steady-state dimerization rates were measured over a
range of propene pressures (15—630 kPa C;H) at a fixed
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temperature (503 K) on a representative MFI sample (MFI-
250-0.1). Rates are plotted against propene pressure in Figure
3a. Dimerization rates decreased with increasing propene
pressure in the low-pressure regime (15—315 kPa C;H,) but
became more positive-order at higher pressures (>470 kPa
C;Hg). A negative-order dependence of dimerization rates on
propene pressure is inconsistent with kinetic rate laws derived
from propene dimerization mechanisms, which predict rates
will be first order in the limit of a propene- or product-covered
surface (further discussion in Section S9, SI). Instead, such a
negative-order dependence reflects the influence of alkene
products occluded within the zeolitic micropores on reactant
and product diftusion.

Higher propene pressures result in higher intrinsic rates of
dimerization because kinetic rate laws are positive order in
propene pressure (further discussion in Section S9, SI), but
also favor the formation of increasingly heavy alkene products
occluded within the catalyst micropores that result in lower
effective diffusivities. To further substantiate this, dimerization
rates were measured on the MFI-250-Y samples listed in Table
1 over a range of propene pressures (15—630 kPa C;Hy),
plotted against inverse crystallite size, and fit to eq 1 for each
propene pressure (Figure S13, SI). A parameter a can be
extracted from fits to eq 1 at each propene pressure. This
parameter depends on the initial H*-site density, which is a
measurable quantity, the effective dimerization rate constant,
and the effective diffusivity of propene

kD

€

[H]

2)

The value of « is plotted against propene pressure in Figure
3b; a decreased monotonically with increasing propene
pressure over several orders of magnitude (by >10?X, Figure
3b), indicating that the effective dimerization rate constant or
effective diffusivity decreased systematically with increasing
propene pressure. The effective dimerization rate constant is a
function of the intrinsic kinetic rate constant for dimerization,
and equilibrium constants for adsorption (eqs S38—S40, SI).
This constant depends on the strength of H'-sites (i.e.
deprotonation energy) and void size,” but is expected to
remain constant with propene pressure and among MFI
samples of fixed H*-site density (further discussion in Section
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S13, SI); consequently, changes in this variable cannot
rationalize changes in a with propene pressure. Thus, the
decreasing value of @ with increasing propene pressure is best
explained by a decrease in the effective diffusivity of propene.
Importantly, the results of this analysis independently
corroborate the results of the propene pressure step-change
experiment shown in Figure 2, which also indicate products
formed at higher propene pressures increasingly restrict
intracrystalline diffusion. This analysis also illustrates the
ability of rate measurements to assess the state of the catalyst in
operando, which cannot be accurately inferred ex situ (e.g,
thermogravimetric analysis on spent catalyst samples) because
sample exposure to such conditions alters the quantity and
composition of the occluded organics, and is further hindered
by a dearth of in situ approaches able to distinguish among
alkene products of different size and branching in the complex
mixtures of products formed herein. We conclude that the
convoluted pressure dependences of kinetic rates and transport
limitations imposed by the intraporous organic phase results in
the strong deviation of apparent rates from the expected
kinetic first-order dependence on propene pressure. More
positive-order dimerization rates at higher propene pressures
reflect the attenuated decrease in effective diffusivity at higher
propene pressures (Figure 3b). Together, these results reveal
that in addition to the intrinsic kinetic rate constant dictated by
properties of the inorganic zeolite framework, propene
oligomerization rates are strongly influenced by the entrained
organic phase composed of reaction products, which together
with the inorganic framework governs the effective diffusion of
propene and products.

We next evaluate the presence and influence of occluded
organic phases within H-zeolites of other topologies and pore
sizes (TON, MEL, *BEA, FAU), some of which are also of
interest for practical alkene oligomerization processes.”’ A
suite of 10-MR (TON, MEL) and 12-MR (*BEA, FAU)
zeolites were obtained from commercial sources (character-
ization data summarized in Table S4, SI), and dimerization
rates were measured at fixed conditions (503 K, 315 kPa
C3Hg) (Figure S18, SI). For each sample, dimerization rates
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decreased with time-on-stream, but all samples could be
regenerated (within 1.2X) with flowing inert gas (Ar, 47 ks) at
reaction temperature (503 K), indicating that these zeolite
topologies also deactivate due to the accumulation of alkene
products (Figure S18, SI). Propene pressure step-change
experiments analogous to those performed for MFI (Figure 2)
were also performed for these samples (Figure 4) to evaluate
the mechanism by which these alkene products led to catalyst
deactivation. For MEL and TON, a step-decrease in propene
pressure led to dimerization rates that were initially lower than
the expected steady-state rate and increased gradually with
time to reach expected values, and vice versa with a step-
increase in propene pressure. Moreover, transient changes in
rates upon step-changes in propene pressure persisted over
many turnovers for these 10-MR topologies (Table S3). These
observations, together with the regeneration experiments in
inert environments, indicate the formation of an occluded
organic phase within medium-pore 10-MR topologies that
regulates reactant and product diffusion during oligomerization
catalysis and changes in composition with propene pressure.
In sharp contrast to observations on medium-pore zeolites,
transient changes in dimerization rate were not observed upon
step-changes in propene pressure for large-pore 12-MR zeolites
(FAU, *BEA, Figure 4c,d). The absence of transients on large-
pore zeolites suggests that either products do not accumulate
within the micropores of these topologies in quantities
sufficient to influence intracrystalline diffusion, or that the
composition of occluded products changes on a timescale
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faster than the first rate measurement upon a step-change in
propene pressure. Either rationalization is consistent with
intrazeolite diffusion limitations that are less severe for large-
pore zeolites (FAU, *BEA) compared to medium-pore zeolites
(TON, MFI, MEL). Notably, alleviated intrazeolite diffusion
limitations for larger-pore zeolites would be expected given the
lower intrinsic kinetic rate constants for FAU compared to
MFI as estimated by DFT (by ca. 2X at 503 K)*' and the
higher self-diffusivities of propene in FAU than MFI (e.g, by
ca. 5X at 673 K),** which together suggest a higher rate of
diffusion relative to reaction in FAU than in MFI Together,
the transient response of dimerization rates to propene
pressure step-changes among zeolites of different topologies
indicates that oligomerization rates in medium-pore zeolites
are governed by the composition of alkene products that
accumulate within micropores during catalysis because these
products restrict the diffusion of propene and products,
whereas such effects are mitigated in large-pore zeolites
because they facilitate the slower growth and more facile
egress of heavy alkene products.

The consequences of occluded hydrocarbon products for
product selectivity were assessed by measuring selectivities
during catalyst deactivation at a representative set of reaction
conditions (503 K, 315 kPa C;Hy) in experiments performed
at different space velocities (per Hy*) and is plotted as a
function of propene conversion for FAU and MFI (Figure S)
and for TON, MEL and *BEA (Figure S19, SI). For all
topologies, the selectivity to the primary product (Cg)
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Figure 5. Selectivity to C4 (circles) C, (triangles), and f-scission products (squares) measured at 315 kPa C;H4 and 503 K plotted against
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for samples tested at different space velocities plotted against the time-on-stream at which they were measured for (b) MFI-250-0.1 (X = 0.1%) and

(d) FAU (X = 0.4%).

increased and the selectivity to higher-rank reaction products
(Cy and p-scission products) decreased with decreasing
conversion. Decreasing selectivity to higher-rank products
with decreasing conversion is expected when rates are
kinetically controlled because higher conversions lead to
higher partial pressures of the primary product at downstream
positions in the catalyst bed, and thereby higher rates of
formation of higher-rank products.” Selectivity was measured
at fixed conversion and different extents of catalyst deactivation
by varying the space velocity. Selectivities measured on *BEA
and FAU were similar when compared at fixed conversion,
regardless of time-on-stream at which the selectivity was
measured (Figures 5d, S19 SI), suggesting product selectivity is
influenced primarily by reactant conversion rather than the
extent of catalyst deactivation. The near-invariant selectivity
with extent of deactivation observed for *BEA and FAU is
consistent with product formation rates that are less controlled
by intrazeolite diffusion and with deactivation that occurs by a
site-poisoning mechanism, because in such cases, product
formation rates should depend predominantly on effective
kinetic constants for their formation and on fluid-phase
concentrations of propene and products, which are governed
by reactant conversion.
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In sharp contrast to *BEA and FAU, the selectivity to Cg4
measured on MFI (Figure Sa) and MEL (Figure S19b, SI)
compared at fixed conversion increased with catalyst
deactivation (e.g, by ~35% for C; at X ~ 0.1% for MF],
Figure Sb), indicating that product selectivity on these
topologies is strongly influenced by catalyst deactivation.
Moreover, the selectivity for MFI at a given time-on-stream is
similar, regardless of the corresponding propene conversion
(Figure S20, SI), indicating that the increasing selectivity to Cg
with decreasing conversion is predominantly a consequence of
deactivation rather than a decrease in fluid-phase propene
concentration. The weaker dependence of product selectivity
on conversion for MEL and MFI is consistent with strong
intrazeolite diffusion limitations for these topologies. In the
limit of kinetic control, higher-rank products (e.g, C,) may
form both during the egress of primary products out of the
crystallite in which they were formed and from subsequent
reactions within crystallites located downstream in the catalyst
bed; however, the latter route will be suppressed when
transport limitations disproportionately restrict larger products
from diffusing into crystallites located at downstream positions
in the catalyst bed. Thus, in the limit of strong intrazeolite
diffusion limitations, product formation rates predominantly
reflect outcomes from the sojourn of reactants and products
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through a single crystallite, thereby rendering selectivity less
sensitive to fluid-phase propene conversion.

The increasing selectivity to C4 products and decreasing
selectivity to Cy and p-scission products during the
deactivation of medium-pore topologies (MFI, MEL, TON)
indicates that the accumulation of hydrocarbon products
within their micropores during propene oligomerization leads
to the selective formation of Cg alkenes. More severe
intrazeolite diffusional constraints lead to longer intracrystal-
line residence times for reactants and products, and
consequently should have led to higher selectivities of
higher-rank products and lower selectivities to the primary
product (C4). Thus, the selective formation of C4 during
catalyst deactivation cannot solely reflect increasingly severe
mass transfer limitations with catalyst deactivation, and instead
suggests that occluded hydrocarbon products also influence the
rates of formation of Cy and higher-rank products relative to
the rates of formation of dimers, possibly by restricting the
amount of void space available for the formation of larger
transition states (e.g., Co, C;5). The influence of the occluded
organic phase on the formation of larger transition states (e.g.,
C,) suggests that this phase might also influence the stability of
the dimerization transition state, and consequently the effective
kinetic rate constant for dimerization (further discussion in
Section S16, SI). Overall, the dependence of selectivity on
time-on-stream observed for medium-pore zeolites reveals the
critical role of the organic phase occluded within zeolitic
micropores during propene oligomerization in governing the
rates of product formation and thereby product selectivity for
these topologies.

Herein, the synthesis of zeolite samples with varied crystallite
size (0.13—2.65 um) and fixed active site density in the limit of
H*-site isolation (~0.3 per u.c.), together with kinetic studies
conducted over a wide range of reaction conditions (483—523
K, 15—630 kPa C;Hj), revealed the critical and ubiquitous
influence of intrazeolite diffusional constraints on the rates and
product selectivity of propene oligomerization on MFI zeolites.
Effectiveness factor formalisms and Weisz-Prater criterion
analyses indicate that such diffusional constraints arise because
of the formation of an intrazeolite organic phase, which
decreases the effective diffusivity of propene and alkene
products within zeolite micropores during reaction. Complete
regeneration of catalysts after treatment in inert gas at reaction
temperature, together with transient changes in rate in
response to propene pressure and temperature step-changes,
indicate that the composition of this organic phase changes
reversibly in response to changes in reaction conditions,
becoming heavier in composition with increasing propene
pressure and decreasing reaction temperature. Consequently,
effective diffusivities of propene and products monotonically
decrease (>10°X) with increasing propene pressure (15—630
kPa), leading to a complex dependence of rates on propene
pressure that cannot be rationalized by mechanism-derived
kinetic rate laws alone. The occluded organic phase also
restricts the growth and egress of heavier oligomers (e.g., C,),
resulting in selectivities to C4 that monotonically increase with
increasing extent of deactivation.

Analogous regeneration and propene pressure step-change
experiments performed on zeolites of other topologies (TON,
MEL, *BEA, FAU) reveal that occluded hydrocarbons impose
strong intrazeolite diffusional constraints and thereby influence
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rates and product selectivity for other medium-pore (10-MR)
zeolites (MEL, TON). In contrast, such effects are attenuated
on large-pore (12-MR) zeolites (*BEA, FAU), likely because
larger micropores facilitate the slower growth and faster
egression of bulky and higher-molecular-weight products.
Consequently, the product selectivity on a given large-pore
zeolite sample is governed predominantly by reactant
conversion, which governs fluid-phase product concentrations.

Overall, these findings demonstrate that oligomerization
rates and selectivities on medium-pore zeolites depend not
only on the properties of the zeolite framework that govern
kinetic rate constants and on the transport barriers character-
istic of a given zeolite topology but also on the identity of a
pernicious organic phase composed of alkene products that
forms within catalyst micropores during reaction and imposes
diffusional constraints on propene reactants and alkene
products. In contrast to deactivation through a site-poisoning
or pore-blocking mechanism, the observed decreases in
reaction rate with time-on-stream during alkene oligomeriza-
tion reflect the evolution of this occluded organic phase to a
steady-state composition. The composition of occluded
products depends on reaction conditions, leading to transient
changes in rates that persist over many turnovers upon step-
changes in reaction conditions that alter relative rates of chain
growth and f-scission (e.g, propene pressure, temperature),
reflecting the gradual evolution of the occluded organic phase
to a steady-state composition characteristic of the new reaction
conditions. Consequently, rates and selectivities of propene
oligomerization cannot be interpreted as kinetic in origin when
this occluded organic phase is present, even at low reactant
conversions and the earliest stages of reaction.

These new insights into the working state of zeolite catalysts
during alkene oligomerization reaction conditions reveal that
the consequences of both catalyst properties and the
composition of the intrazeolite organic phase formed in-situ,
which depends on the specific reaction conditions chosen,
should be considered in strategies to design and operation of
more efficacious alkene oligomerization catalysts. More
broadly, these findings show that intrapore diffusional
constraints in zeolite-catalyzed reactions can arise not only
from the inorganic zeolite framework but also from occluded
products, even in topologies where such constraints are not
expected from single-component effective diftusivities of the
reactant because heavier product molecules that diffuse slowly
out of zeolite micropores persist in the zeolitic micropores
during steady-state catalysis and restrict the -effective
diffusivities of other species. Such phenomena are also
expected to influence rates and selectivities of other classes
of molecular chain-growth reactions (e.g., aldol condensation,
Fisher—Tropsch synthesis) that take place within confined
porous environments and reactions for which intrazeolite

diffusion is known to influence measured rates (e.g., methanol
to olefins)."®"”

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00462.

Hydrothermal synthesis methods to prepare MFI
zeolites (Section S1); full description of characterization
methods (XRD, N, adsorption, NH; temperature-
programmed desorption, elemental analysis), as well as
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