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Acid-catalyzed alkene oligomerization is often masked by artifacts of transport limitations. Implications of
these limitations on turnover rates and selectivity have been assessed on zeolites with diverse frameworks
(MFI, MTW, TON) and crystal sizes over a wide range of temperatures (423-573 K). Measured kinetic data,
together with Weisz-Prater estimates, show that reactant diffusion limitations can prevail at high
oligomerization temperatures (523-573 K). These data also suggest, through transition state theory
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Accepted 26th July 2023 oligomerization but does affect profoundly the activation entropy. Isomer speciation of oligomers reveals
that the degree of branching increases with the pore diameter and decreases with diffusion limitations. The

observed selectivity trends were found to be consistent with sorption transients of structurally relevant
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1. Introduction

Transport fuels derived from crude oil comprise thousands of
hydrocarbons of which a significant portion forms soot
pollutants upon combustion in spark-ignition engines.
Incomplete combustion of unsaturated hydrocarbons releases
photochemically reactive substances to the atmosphere,
increases particulate matter and ozone formation potentials,
and produces polynuclear aromatics of carcinogenic
tendency."”” Regulatory organizations such as the U.S.
Environmental Protection Agency have made efforts to reduce
olefin and aromatic content in gasoline.” Nonetheless, fossil
fuels and their combustion products remain a major source
of air pollution.

Synthetic fuels, on the other hand, are a key element of
the next energy transition.*” Synthetic fuels will not only help
decentralize energy resources, but also contribute to net-zero
emissions when derived from CO,. The key to produce
synthetic fuels is converting small molecules to larger ones
through catalytic processes. Methanol-to-Gasoline (MTG)®
and Mobil Olefin to Gasoline and Distillate (MOGD)”*® are
prominent examples of processes that underpin such
conversions. MOGD offers the advantage of producing fuels
free of aromatics. Ideal, paraffinic fuels can be attained by
hydrogenation of MOGD products.
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MOGD is catalyzed by microporous aluminosilicate
materials with strong Brgnsted acid character, commonly
known as zeolites. Distinguishing them from other classes of
porous materials, zeolites tend to discriminate molecules
based on shape.” Weisz and Csicsery'®'" were the first to
observe that reactants, transition states, and products are
subject to shape selectivity in zeolites. Product shape
selectivity, which manifests mass transfer limitations, has
been widely accepted in the literature to regulate the rates of
oligomer formation in MOGD catalysis. In other words,
hindered diffusion of bulky oligomerization products creates
intracrystalline gradients in zeolites, thus affecting
oligomerization rates and selectivities. Product diffusion
limitations were proposed to explain the low activation
barrier observed in butene oligomerization over zeolite
beta.'*> Corma et al' observed that -catalytic activity
decreases with crystallite size of ZSM-5 and attributed that to
diffusion limitations of oligomerization products. The
authors also stated that product diffusion limitations
influence deactivation rates and the chain length of
oligomers. Similar observations were made by Van Grieken
et al™ and O'connor et al'® when studying alkene
oligomerization over ZSM-5. Recently, products accumulating
within zeolite micropores were found to impose diffusion
limitations on reactants during propene oligomerization.™®
Prior to this study, the role of reactant diffusion limitations
in alkene oligomerization had been understated.

Shape selectivity has also been reported to affect the
degree of branching in oligomers. Quann et al.® attributed the
deviation from equilibrium in hexene isomers formed on
ZSM-5 to shape selectivity effects. Wilshier et al.’” observed

This journal is © The Royal Society of Chemistry 2023
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that shape selective oligomerization takes place inside ZSM-5
channels, favoring the formation of linear oligomers over
branched ones. Chen and Bridger'® studied the backbone
structure of oligomers formed on ZSM-5 and made similar
conclusions. However, to the best of our knowledge, a clear-
cut discrimination between transition state and product
shape selectivity has not been made.

Here, we systematically study how changes in
intracrystalline diffusion lengths of microporous solid acids
(MFI, MTW, TON) influence alkene oligomerization turnover
rates and selectivity. Particularly, we examine the effects of
reactant diffusion limitations at a wide range of temperatures
(423-573 K). This aspect has not been investigated extensively
in the existing literature on alkene oligomerization.
Throughout our examination, we observed that intrinsic rates
differ considerably among zeolites but proceed at similar
activation energies. We interpret this result in terms of
transition state theory to discern the role of entropy in
determining the reactivity of zeolites. Furthermore, we
examine how different classes of shape selectivity influence
branching during oligomerization. Our results, supported by
transient sorption measurements, demonstrate that transition
state and product shape selectivity can limit the formation of
highly branched oligomers (e.g., dimethylbutenes).

2. Experimental

2.1 Materials synthesis

Tetraethyl orthosilicate (TEOS, Sigma-Aldrich), colloidal silica
(LUDOX® AS-40), aluminum nitrate nonahydrate (Sigma-

Aldrich), sodium aluminate (Sigma-Aldrich), aluminum
sulfate octadecahydrate (Acros Organics),
tetrapropylammonium hydroxide (40% TPAOH, Alfa Aesar),
tetraethylammonium hydroxide (35% TEAOH, Sigma-
Aldrich), tetraethylammonium bromide (TEABr, Sigma-
Aldrich), 1,6-hexanediamine (Thermo Scientific), sodium
hydroxide (Sigma-Aldrich), potassium hydroxide (Sigma-

Aldrich), and ammonium nitrate (Sigma-Aldrich) were used
as received. Deionized water was filtered by means of a
Thermo Scientific GenPure Pro™ purification system.

ZSM-5, ZSM-12, and ZSM-22 samples with MFI, MTW, and
TON topologies, respectively, were prepared following
reported procedures in the literature.">* The gel
composition and crystallization time were varied to achieve
crystals of different sizes. Table 1 summarizes the conditions
used in zeolite synthesis (see Section S1 of the ESIf for
further details).

Table 1 Synthesis conditions for preparation of zeolite samples
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2.2 Structural and chemical characterization

X-ray diffraction (XRD) patterns were collected using a Bruker
D8 Advance diffractometer equipped with a Cu Ko radiation
source. Measurements were conducted in the 26 range of 5-
60° at a rate of 0.03° s' and compared against reference
patterns from the International Zeolite Association.**
Nitrogen physisorption measurements at 77 K were
performed on a Micromeritics ASAP 2420 system. Total and
micropore surface areas were calculated using the Brunauer—
Emmett-Teller (BET) and t-plot methods, respectively.
Scanning Electron Microscopy (SEM) images were acquired
using an FEI Teneo microscope equipped with a Nicole field
emission gun. The samples were placed on carbon tape and
coated with platinum nanoparticles as needed. >°Si and *’Al
MAS NMR spectra were collected on a Bruker Avance 400
MHz spectrometer equipped with a 4 mm probe. The flip
angle was n/2 and the spinning frequency was 14 kHz for
both analyses. Chemical shifts in 2°Si and *’Al were
referenced to [(CH3),SiO]; and AICl;-6H,0, respectively.
Temperature-programmed desorption (TPD) of ammonia was
performed on a Micromeritics AutoChem 2950 system. NH, -
exchanged samples were pretreated in flowing helium at 423
K for 4 h and then heated to 1123 K at 10 K min™". Desorbed
ammonia was quantified by a Hiden Analytical mass
spectrometer.

2.3 Transient sorption measurements

Transient sorption of 2,3-dimethylbutane (Sigma-Aldrich) and
2,2-dimethylbutane (TCI America) on samples was studied
using a Micromeritics ASAP 2020 system. The samples (150-
250 pm, 10-50 mg) were evacuated (<1 Pa) at 673 K for 4 h
and then cooled to the sorption temperature. The manifold
was dosed with 5.0 cm® (STP) ¢! of sorbate and transient
sorption was recorded as the sample is exposed to the
manifold. Sorption isotherms were collected at 303 K up to 5
kPa of sorbate pressure.

2.4 Catalytic testing

Alkene oligomerization was performed in fixed beds
comprised of zeolite samples (150-250 pm, 1-100 mg)
supported by quartz wool. Tubular, quartz reactors (2 mm
ID) were utilized for catalyst screening in an Avantium
Flowrence XD high-throughput system. The catalysts were
activated under nitrogen (Air Liquide, Grade 5) at 823 K for 1
h prior to reaction and then cooled to the reaction
temperature. Oligomerization reactions were carried out at

Sample Zeolite Gel composition Temperature, K Time, h Rotation speed, rpm
1 ZSM-5 $i0,:0.01A1,0,:0.25TPAOH:0.05Na,0:10H,0 443 24 60
2 ZSM-5 $i0,:0.01A1,0,:0.25TPAOH:0.05Na,0:100H,0 443 24 60
3 ZSM-12 80Si0,:A1,05:12.7TEAOH:Na,0:770H,0 433 132 —
4 ZSM-12 80Si0,:Al,05:10TEABT:3.6Na,0:770H,0 433 120 —
5 ZSM-22 918i0,:Al,03:27NH,(CH,)sNH,:13K,0:3640H,0 453 48 50
6 ZSM-22 91Si0,:Al,05:27NH,(CH,)sNH,:13K,0:4440H,0 453 48 50

This journal is © The Royal Society of Chemistry 2023
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423-573 K and atmospheric pressure. Liquified propylene
(AHG, 99.95%) was passed to the reactors at 1-8 g h™" and
diluted with helium (Air Liquide, Grade 5) to reach the
desired alkene pressure (50 kPa). The alkene residence time
was short enough that differential conversion is achieved.
The reactor effluent was analyzed by an Agilent 8890 gas
chromatograph equipped with GS-GasPro (60 m x 0.32 mm)
and HP-InnoWax (30 m x 0.32 mm x 0.5 um) columns.
Detailed analysis of product distribution was performed
using a polydimethylsiloxane column (DB-Petro, 100 m x 0.25
mm x 0.5 pm) connected to a PID Eng & Tech reactor (further
details in Section S27). The elution order and retention times
of Cs-Cg hydrocarbons were determined from GC/MS
(Agilent, 7890A/5975C) analyses and known retention indices
on similar columns.>**”

3. Results and discussion
3.1 Structural and chemical characterization

Table 2 lists the structural and chemical characterization
results for zeolite samples. XRD patterns (Fig. S1-S3}) confirm
crystallization of desired phases with high purity. SEM images
(Fig. 1) show cubic, spherical, and needle-like morphologies for
MFI, MTW, and TON samples, respectively. *°Si MAS NMR
spectra (Fig. S47) of all samples exhibit chemical shifts between
-103 and -115 ppm which correspond to Si(0Al) and Si(1Al)
silicon environments.*® >’Al MAS NMR spectra (Fig. S57) reflect
resonances at ca. 0 and 56 ppm attributed to octahedrally and
tetrahedrally coordinated aluminum species, respectively, in
the zeolite framework.

3.2 Effects of crystallite size on alkene oligomerization
turnover rates

The activation energy is a useful measure to ascertain
whether transport limitations disguise kinetics. For an
irreversible, nth-order reaction, the apparent activation
energy approaches half the intrinsic value under severe
diffusion limitations.® This approximation is applicable in
alkene oligomerization given the low diffusional activation
barriers of respective alkanes.** Experimental studies on
alkene oligomerization report an intrinsic activation energy
of 53 k] mol™ and attribute values lower than that to
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oligomerization proceeds through an Eley-Rideal mechanism
whose rate takes the form:
. kKiPlz
T 14 KP;

(1)

where k is the kinetic rate constant, K; is the adsorption
equilibrium constant of species i, and P; is the partial
pressure of species 1.

eqn (1) translates to first-order kinetics under surface
coverage of reactants. IR studies conducted by Sarazen and
Iglesia,>® in which spectra were collected upon contact of
propene and isobutene with TON at 503 K, showed that
saturation coverage is reached at 10 kPa of alkene pressure,
suggesting first-order dependence of oligomerization rates.
Similar dependence was observed for MTW and TON samples
when varying propene pressure between 50-80 kPa at 523 K
(see Fig. S6t). Hence, catalytic activity can be expressed in
terms of first-order rate constants. By contrast, a negative-
order dependence was measured on MFI, in consistency with
observations by Bickel and Gounder."® The observed product
distribution on MFI (Fig. S71) reflects a complex series-
parallel reaction system in which propene undergoes
secondary reactions with oligomerization and f-scission
products. This phenomenon makes it difficult to estimate
kinetic parameters of relevance from propene consumption
rates. Therefore, catalytic activity in MFI samples will be
expressed in terms of initial rates.

Fig. 2 shows first-order rate constants calculated for propene
oligomerization on MTW and TON samples at 423-573 K.
These parameters were estimated from initial rates considering
an exponential decay model of catalyst activity (see Section
S27). Rate constants (per H') were found to be independent of
crystallite size in TON (0.5-5.0 um) at 423-523 K. Such
invariance with crystallite size reflects that rates are under
kinetic control. As temperature increased above 523 K, rate
constants began to vary with crystallite size, which signifies the
prevalence of transport limitations under these conditions. In
agreement with theory, the activation energy observed for 5.0
um crystals of TON at 523-573 K (i.e., 19 k] mol ") approaches
one half the intrinsic value reported by Ngandjui and
Thyrion.®® In fact, the observed activation energy closely
matches the value reported by Peratello et al** (18 kJ mol™)

transport limitations.'>*' These studies suggest that alkene  when describing diffusion limitations in  propene
Table 2 Structural and chemical characterization results

Sample Framework Crystallite size,” pm (Si/Al)g” Alg,¢ % Sper,” m? g7t Smicropore,” M> g Cy," mmol cm™
1 MFI 0.15 41.5 92.9 500 370 0.37

2 MFI 1.5 43.4 92.2 465 383 0.48

3 MTW 0.5 38.0 97.2 509 395 2.5

4 MTW 2.5 44.2 98.4 375 260 1.9

5 TON 0.5 45.0 99.0 80 58 0.57

6 TON 5.0 47.5 98.0 121 66 0.76

“ Estimated from SEM images. ” Framework silicon-to-aluminum ratio determined from 2°Si MAS NMR spectra using Lownstein's rule.?®
¢ Framework aluminum content determined from >’Al MAS NMR spectra. ¢ Surface area calculated from nitrogen physisorption measurements.
¢ Bronsted acid site concentration quantified by TPD and multiplied with molecular weight per unit cell volume using chemical formulae for

each framework.>’

2778 | React. Chem. Eng., 2023, 8, 2776-2784
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Fig.1 SEM images for MFI, MTW, and TON samples.
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Fig. 2 Temperature dependence of propene oligomerization on MTW
and TON samples. [Pc 4, = 50 kPa, Xc 1, < 0.1].

This journal is © The Royal Society of Chemistry 2023

oligomerization over mesoporous silica-alumina. Rate
constants were found to be invariant with crystallite size in
MTW (0.5-2.5 um) over the entire range of temperatures
studied. The insignificant transport effects can be attributed to
the lower reactivity and higher propene diffusivity®® in MTW
than in TON. These findings, overall, demonstrate that reactant
diffusion limitations can be promoted at high temperatures.
Weisz-Prater criteria corroborate the presence of reactant
diffusion limitations. The Weisz-Prater parameter is given by

2
_ robch

WP —
CsDe

(2)

where rops is the observed rate of alkene consumption, L. is
the characteristic length, Cg is the surface alkene
concentration, and D. is the effective alkene diffusivity.
Measures greater than unity for this parameter denote
significant transport effects.*® Considering a slab geometry
for zeolite particles, where the characteristic length is one
half the crystallite size, and an effective propene diffusivity
in TON of 1.3 x 10" m?® s (adopted from ref. 36 and

React. Chem. Eng., 2023, 8,2776-2784 | 2779
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scaled to 573 K using Chapman-Enskog theory), the Weisz-
Prater parameter for 5.0 um crystals of TON was evaluated
as 160. This value is strongly indicative of the presence of
transport limitations.

A similar effect to that of TON was observed for MFI,
where initial rates (estimated considering exponential decay
of catalyst activity) varied significantly with crystallite size at
573 K (see Fig. 3). Weisz-Prater estimates for 1.5 um crystals
of MFI (adopting effective propane diffusivity from ref. 37)
denote that such effects of crystallite size arise as
consequences of reactant diffusion limitations (Cwp = 6).
Remarkably, initial rates varied, but less significantly, with
crystallite size at considerably lower temperatures (473-523
K), which conflicts with Weisz-Prater criteria (Cwp < 1).
Bickel et al.'® made similar observations and proposed that
products accumulating within MFI pores obstruct the
transport of reacting species, causing diffusion limitations
even at low temperatures. The authors further demonstrated
that the composition of accumulating products becomes
lighter as temperature increases, suggesting that diffusion
limitations caused by this phenomenon are particularly
prevalent at low temperatures.

3.3 Effects of pore diameter on alkene oligomerization
turnover rates

Confinement in zeolites results in an enhanced reactivity
towards alkene oligomerization. Sarazen et al.*® rationalized
this by the ability of confining voids to stabilize transition
states through van der Waals interactions. The influence of
confinement on propene oligomerization rates is apparent
from rate constants which increased with decreasing pore
diameter (see Table 3). We interpret this result in terms of
transition state theory to determine how enthalpy and entropy
changes reflect confinement effects on oligomerization rates.

104
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107

Initial rate of propene consumption, mol (mol,,. s)!
5
ul
-]

1.6 1.7 1:8 1:9 2:0 21 2.2
1000/T, K

Fig. 3 |Initial rates of propene consumption on MFI samples as a
function of temperature. [Pc 4, = 50 kPa, Xc 1, < 0.3].
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Table 3 shows activation energies and entropies calculated for
propene oligomerization on MTW and TON at 523 K using
transition state theory formalisms (see derivations in Section
S3t). Measured activation energies were nearly invariant on
MTW and TON (73-76 kJ mol™"), reflecting similar
stabilization of transition states and their precursors by these
zeolites. Their values are in agreement with activation
enthalpies reported in microkinetic modeling studies of
propene oligomerization.*®?° Measured activation entropies,
on the other hand, varied by 21 J mol™* K between MTW
and TON, reflecting differences in their ability to confine
transition states and their precursors. These findings
demonstrate that confinement effects on oligomerization
rates arise predominantly from entropy changes.

3.4 Transient sorption measurements

Transport limitations in zeolite crystals were studied by
monitoring the transient uptake of 2,3-dimethylbutane (5.8
A) and 2,2-dimethylbutane (6.2 A) on MFI, MTW, and TON
samples. MFI has straight (5.4 x 5.6 A) and sinusoidal
channels (5.1 x 5.6 A) which form a three-dimensional pore
network, while MTW (5.7 x 6.1 A) and TON (4.6 x 5.7 A) have
unidirectional pore systems. If sorption of probe molecules is
slow, transport is likely to be controlled by micropore
diffusion and the uptake rate can be used to estimate
micropore diffusional time constants (R*/D).*° Fast sorption
of probe molecules is indicative of intrusion from surface or
macropore resistances. If the size of the probe molecule is
significantly larger than that of the zeolite pores, sorption
will take place only on the external surface of crystals, which
was the case for 2,3-dimethylbutane and 2,2-dimethylbutane
sorption on TON samples (see Fig. S87).

Fig. 4 depicts the uptake profiles of 2,3-dimethylbutane
and 2,2-dimethylbutane on MFI and MTW samples. The
uptake of 2,3-dimethylbutane by 1.5 um crystals of MFI was
found to be controlled by micropore diffusion. The fractional
uptake can be formulated by the solution of the transient
diffusion equation for spherical particles with a time-
dependent boundary condition:*%*°~**

exp(
=1-
622%/1A

where M, is the quantity adsorbed at time ¢, M,, is the quantity
adsorbed at equilibrium, D is the intracrystalline diffusivity, R
is the crystallite radius, A is the fraction of sorbate ultimately
adsorbed, and p, represents the non-zero roots of

PADt/R?)
+(1-A)p;

(3)

t i
anPn 34+ (1/4-1)p2

The model assumes linearity of the system such that diffusivity
is constant over the range of concentrations measured. Eqn (3)
and (4) were regressed against the uptake curve using a
hundred summations () and the intracrystalline diffusivity of
2,3-dimethylbutane in MFI at 303 K was calculated as 9.9 x
1077 m? s™'. This value is in agreement with the reported

This journal is © The Royal Society of Chemistry 2023
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Table 3 Rate constants and activation energies and entropies calculated for propene oligomerization on MTW and TON at 523 K. [Pc 4, = 50 kPa,

XC3H6 < 0.1]

Sample Framework Pore dimensions, A k, umol (moly. s Pa™) AE,e,” k] mol ™t ASqer, J mol P K
4 MTW 5.7 X 6.1 0.059 73 -117

6 TON 4.6 X 5.7 0.63 76 -96

¢ Measured in the temperature range of 423-523 K.

mym,,
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Fig. 4 Transient sorption of (a) 2,3-dimethylbutane and (b) 2,2-dimethylbutane on MFI and MTW samples. [T = 303 K, P < 0.05 kPa]. Solid lines

represent fits from nonlinear regression.

diffusivity in Silicalite-1 (MFI topology) at 400 K, considering a
diffusional activation energy of 57 k] mol *.>° The uptake of
2,3-dimethylbutane by 0.15 um crystals of MFI is faster and
considered to be controlled by a combination of micropore and
surface resistances. The dual-resistance model describes the
uptake in such a complex system:

M. 1_6iLZZexlz(—ﬁfLDt/R2) )
M. = P [ﬂn +L(L_1)}

where L = k.R/D, k. is the mass transfer coefficient, and f,
represents the roots of

BncotB,+L-1=0 (6)
The L parameter, which resembles the Sherwood number, was
computed as 1.4, supporting the argument that more than
one resistance is involved. The sorption of 2,3-dimethylbutane
on MTW was unaffected by crystallite size, which suggests
that macropore diffusion is rate-controlling.

The uptake of 2,2-dimethylbutane by 0.15 pm crystals of
MFI was found to be controlled by micropore diffusion. At
303 K, the intracrystalline diffusivity of 2,2-dimethylbutane in
MFI was measured as 1.6 x 102 m? s, which matches
closely the value reported by Yu et al.** Micropore resistance
was also significant in 2,2-dimethylbutane sorption in 2.5 pm

This journal is © The Royal Society of Chemistry 2023

crystals of MTW. The intracrystalline diffusivity of
2,2-dimethylbutane in MTW at 303 K was calculated as 1.3 %
107 m* s7'. The uptake of 2,2-dimethylbutane by 0.5 um
crystals of MTW was found to be controlled by surface or
macropore resistance (L > 2).

3.5 Effects of crystallite size on alkene oligomerization selectivity

Propene was reacted over zeolite samples at 523 K to study
the effects of crystallite size on alkene oligomerization
selectivity. The residence time was varied between 1-40 moly.
s mol™ to measure selectivity under iso-conversion (5-10%).
Table S17 lists the product selectivity (on a carbon basis) for
propene reactions on Samples 1-6. Fig. 5 shows the skeletal
arrangement of propene dimers formed.

Olefin isomers undergo rapid hydride and methyl shifts
during oligomerization so that thermodynamic equilibrium is
established among isomers of a given size.** Deviation from
equilibrium can be caused by shape selectivity effects, restricting
the formation of certain isomers. We examine these effects by
studying how the distribution of hexene isomers is affected by
crystallite size. The conversion levels were high enough to
establish equilibrium, as hexene isomers approach their
equilibrium concentrations on MTW (further discussion in
Section 3.6). The isomer distribution was not affected by catalyst
deactivation in the initial hours of time-on-stream (TOS).

React. Chem. Eng., 2023, 8, 2776-2784 | 2781
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Fig. 5 Skeletal arrangement of propene dimers as a function of
crystallite size. [T = 523 K, Pcy, = 20 kPa, Xc 4, = 0.05-0.1, TOS = 1 h].

As shown in Fig. 5, dimethylbutene selectivity decreased from
5.4 to 2.7% as the crystallite size of MFI increased from 0.15 to
1.5 um. This suggests that dimethylbutenes, which are slow
diffusing species, suffer from product shape selectivity in MFI
crystals. This observation is in line with transient sorption
measurements which show that dimethylbutanes diffuse slowly
in MFI (Fig. 4). Such analogies can be made given the similar
diffusivities of dimethylbutanes and dimethylbutenes.*
Methylpentene selectivity decreased from 64.0 to 62.1% as the
crystallite size of MFI increased, suggesting that methylpentenes
also undergo product shape selectivity. Dimethylbutene
selectivity decreased insignificantly from 12.6 to 12.3% as the
crystallite size of MTW increased from 0.5 to 2.5 pum, reflecting
the absence of product shape selectivity towards
dimethylbutenes. This observation is consistent with the fast
sorption of 2,3-dimethylbutane in differently sized MTW crystals
(Fig. 4a). The significant differences in shape selectivity
exhibited by MTW and MFI towards dimethylbutenes can be
ascribed to the higher diffusivity of 2,2-dimethylbutane in MTW
than in MFI (ie., varies by a factor of 10* at 303 K). A low
selectivity towards dimethylbutenes (2.2%) was observed with
5.0 um crystals of TON. Decreasing crystallite size from 5.0 to
0.5 um resulted in no considerable change to this selectivity.
This suggests, together with the weak sorption of
dimethylbutanes on TON samples (Fig. S81), that transition state
shape selectivity restricts the formation of dimethylbutenes.

3.6 Effects of pore diameter on alkene oligomerization
selectivity

Measurement  of  intrinsic  selectivity in  alkene
oligomerization is a challenging task owing to diffusion
limitations of oligomerization products. Therefore, probing
the effects of pore diameter on selectivity under influences of
mass transfer can be misleading. In cases where mass
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transfer limitations govern selectivity, Weitkamp and Ernst*®
recommend comparing zeolites of the same intracrystalline
diffusion length. We accordingly compare the hexene isomer
distribution on zeolites of similar crystallite size (0.15-0.5
pm) with an aim to correlate the degree of branching with
the topology of these zeolites. Descriptors developed by First
et al”’ such as the pore limiting diameter (PLD) are
employed to make such correlations.

Fig. 6 compares the hexene isomer distribution on MFI,
MTW, and TON at fixed conversion levels (5-10%). The inset
shows the equilibrium distribution of hexene isomers at 523 K
adopted from ref. 48. The twelve-membered ring zeolite, MTW,
showed enhanced selectivity towards dimethylbutenes (12.6%),
close to that dictated by thermodynamics (13.9%). This
demonstrates that large pore openings can accommodate highly
branched dimers of propene. TON showed low selectivity
towards dimethylbutenes (2.3%), suggesting that transition
states required to form these species are too bulky to fit inside
the ten-membered ring channels of TON. This observation is
consistent with the results reported by Smit and Maesen,*” who
found that TON contributes positively to the Gibbs free energy
of formation of double-branched alkanes. Pore-mouth catalysis,
as evidenced in alkane isomerization over Pt/ZSM-22,°°"! offers
a plausible explanation for the observed selectivity. Another
plausible explanation would be reactions on the external surface
of TON crystals. MFI showed moderate selectivity towards
dimethylbutenes (5.4%), reflecting an ability for these species to
be formed within the MFI structure. Such bulky molecules are
likely to be formed at the intersections of MFI channels, but
ultimately, they experience diffusion limitations in the ten-
membered ring channels of MFIL. As shown in Fig. 7, a strong
correlation is found between the selectivity to dimethyl-
branched dimers (relative to linear dimers) and the number of
n-membered rings in zeolite channels.
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Pc.n, = 20 kPa, Xc 4y, = 0.05-0.1, TOS = 1 h, crystallite size = 0.15-0.5
puml]. The trans forms are shown for simplicity. The inset represents the
equilibrium distribution of hexene isomers at 523 K adopted from ref.
48. Isomers in the inset follow the same order in the figure.
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MFI showed a methylpentene selectivity of 64.0%, which
is lower than the equilibrium concentration of
methylpentenes (75.4%). Such deviation can be ascribed to
diffusion limitations imposed on methylpentenes in MFI
channels, as demonstrated in Section 3.5. TON exhibited a
methylpentene selectivity of 84.1%, which far exceeds
equilibrium. This is likely a result of the spatial limitations
imposed on dimethylbutenes that lead to preferential
formation of methylpentenes. The fact that methylpentanes
diffuse faster in TON than in MFI*® explains the significant
differences in methylpentene selectivity shown by TON and
MFI. MTW exhibited a methylpentene selectivity of 76.9%,
which is close to equilibrium. The absence of spatial or
diffusion limitations led to such equilibration. The best
correlation for the selectivity to methyl-branched dimers
(relative to linear dimers) is found in terms of the PLD of
zeolites (see Fig. 7).

4. Conclusions

The effects of crystallite size and pore diameter on alkene
oligomerization rates have been studied on MFI, MTW, and
TON zeolites at a wide range of temperatures (423-573 K).
Turnover rates varied significantly with crystallite size in
medium-pore zeolites (MFI, TON), a strong indication of the
presence of reactant diffusion limitations. These limitations
were found to be prevalent mostly at high oligomerization
temperatures (523-573 K). In the absence of diffusion
limitations, turnover rates varied considerably among zeolites
which differ in their unidirectional channel size (MTW,
TON). Interpretation of this result in terms of transition state
theory suggests that structural effects on oligomerization
rates arise solely from entropy changes.

This journal is © The Royal Society of Chemistry 2023
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Branching in alkene oligomerization depends on the void
environment in which oligomers form and egress. The MTW
framework featuring twelve-membered ring channels allows
the formation of highly branched oligomers such as
dimethylbutenes without constraints of shape selectivity.
Intracrystalline diffusion of dimethylbutenes is so rapid in
MTW channels that their selectivity is unaffected by changes
in crystallite size. The MFI framework featuring intersecting
ten-membered ring channels imposes shape selectivity
constraints on dimethylbutenes. These constraints are
diffusional in origin and increase with increasing crystallite
size of MFI. The TON framework featuring non-intersecting
ten-membered ring channels restricts by transition state
shape selectivity the formation of dimethylbutenes.
Consequently, methylpentenes are formed at fractions
beyond thermodynamic equilibrium of hexene isomers.
Understanding how branching is affected by topology, taking
into consideration influences of crystallite size, is key to
design more selective materials for applications in olefins-to-
gasoline catalysis.
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