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Bronsted acid zeolites catalyze alkene oligomerization reactions,
an important route to produce fuels and chemicals from light
hydrocarbon feedstocks. Propene dimerization rates (per H*,
503 K) decrease monotonically with increasing crystallite size in
MFI zeolites because heavy oligomer products remain occluded
within microporous voids and restrict intrazeolite diffusion of
reactants and products. Here, we show that the preferential
zoning of framework Al centers and their associated H* sites
toward exterior surfaces of MFI crystallites in an “egg-shell”
architecture minimizes the extent of diffusion-enhanced second-
ary reactions within a given crystallite, which increases both
propene dimerization rates (per H*) and selectivity to true oligo-
mer products. These results show that tailoring Al distributions
to be spatially zoned toward external surfaces of medium-pore
zeolite crystallites is efficacious at minimizing diffusion path
lengths to increase alkene oligomerization rates and selectivity
to true oligomer products.

Zeolites are inorganic crystalline frameworks that confine acid
sites (H") within microporous voids. Brensted acidic zeolites
are used to convert carbon-based feedstocks to fuels and
chemicals via routes such as methanol to hydrocarbons
(MTH)," alkene (Cs.) cracking to smaller hydrocarbons,” and
alkene (C,-Cs) oligomerization to larger fuel-range
molecules.’™® These routes involve complex reaction networks
wherein measured reaction and deactivation rates and product
selectivity are influenced by coupled reaction-diffusion
phenomena at the zeolite crystallite scale, described by the
Thiele modulus (®):”*
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where k is the effective kinetic rate constant, D, is the effective
diffusivity, and ¥ is a lumped diffusion parameter defined as:

¥ = [H'L2 (2)

The diffusion parameter (¥) combines two material struc-
tural properties of the inorganic zeolite framework that influ-
ence coupled reaction—-diffusion within a single crystallite, the
volumetric proton density ([H']) and the -characteristic
diffusion path length (L).*'° If the H'-site density is assumed
to be homogeneously distributed throughout the zeolite crys-
tallite volume, L is typically taken as half the crystallite size
(e.g., radius for a spherical particle) along the direction impos-
ing the weakest resistance to intracrystalline diffusion.
Increasing values of ¥ lead to decreasing reaction rates in
coupled reaction-diffusion systems, as shown by Bickel et al.
for propene oligomerization rates (per H', 503 K, 315 kPa
C;Hg) that decreased systematically with increasing crystallite
size (0.13-2.65 pm) on MFI zeolites of fixed H'-site density (Si/
Al =250).8

Increasing values of ¥ also strongly influence measured
product selectivities, as shown by Sarazen et al. who studied
the influence of intracrystalline diffusional constraints
imposed by the inorganic zeolite framework (e.g., undulation
factor, pore dimensionality, crystallite size) on propene oligo-
merization catalysis (75 kPa C;Hs, 503 K).” The true oligomer
selectivity (y, eqn (3)) describes the fraction of all carbon
atoms in converted propene reactants that are retained in true
oligomer products that egress from the catalyst bed before
undergoing fB-scission:

L 3)

Toligo

r=1-

where ry is the total rate of formation of all species with
carbon atoms that are non-integer multiples of the reactant (3
carbon atoms in propene) and g, is the total rate of for-
mation of true oligomers (e.g., Cg, Co, C1,). The MFI topology
has three-dimensional pore connectivity containing large
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channel intersections (~0.70 nm diameter) that allow the for-
mation of large oligomers whose diffusion is restricted by
smaller channels (~0.55 nm diameter), thus favoring
pB-scission events to form smaller oligomers that more readily
diffuse through smaller apertures in the microporous
network.” Among commercial MFI samples (Si/Al = 14-140),
the true oligomer selectivity decreases systematically as ¥
increases because of increased extents of diffusion-enhanced
secondary reactions (e.g., p-scission).” In contrast, zeolites with
one-dimensional pore topologies without undulation (e.g:,
TON) prevent the formation of oligomers that would be too
large to diffuse out of the microporous network and thus lead
to true oligomer selectivity close to unity (~0.8-1).” In
addition, Noh et al. observed significant differences in product
selectivity during isomerization and f-scission reactions of 2,4-
dimethylpentane and n-heptane (H,/alkane = 2.5-300, 548 K,
<10% alkene conversion) among mesoporous materials
(MCM-41), large-pore (12-MR: MCM, FAU, BEA) and medium-
pore (10-MR: SVR, MFI, MEL) zeolites."" The selectivity to iso-
merization and f-scission was independent of zeolite topology
in mesoporous materials and large-pore zeolites, while
medium-pore zeolites with undulations are influenced by sec-
ondary reactions that favor f-scission products, which
increases the selectivity to p-scission of primary isomers on
their way out of crystallites."!

Synthetic methods to alleviate diffusional constraints typi-
cally rely on decreasing L by decreasing the crystallite size,
introducing mesoporous voids within microporous crystallites
to create hierarchical pore networks, and preparing two-
dimensional sheet-like materials and other related
architectures.'>” Zeolites, however, often contain Al distri-
butions that are spatially heterogeneous throughout the crys-
tallite volume and at external crystallite surfaces, and such het-
erogeneities have been reported to influence reaction and de-
activation rates and product selectivity for various Brensted
acid-catalyzed reactions."®'®?* Le et al. crystallized a suite of
MFI samples with varied spatial distributions of Al, both
enriched and depleted at external surfaces, and crystallite sizes
(1.1-12.0 pm) using a mixture of tetrapropylammonium
(TPA"), Na" and K" structure-directing agents (SDAs) at various
crystallization temperatures (373-463 K).?* Longer catalyst life-
times and higher product selectivity to ethene (relative to the
sum of 2-methylbutane and 2-methyl-2-butene) during MTH
reactions (11.5 kPa CH3;OH, 673 K) were measured for MFI
samples with Al enriched toward crystallite interiors, which
was attributed to the alleviation of diffusion restrictions and
the suppression of coke formation at the Si-rich external sur-
faces.?” Popov et al. reported that initial rates (per g) of butene
oligomerization (1.5 MPa C,4Hg, 573 K) increased with increas-
ing numbers of external Bronsted acid sites (per g) in MFI zeo-
lites (Si/Al = 30), which was varied by decreasing the crystallite
size (0.2-3 pm).'®* Corma et al treated commercial MFI
samples (Si/Al = 11-34) using post-synthetic treatments in
acidic media (0.8 M oxalic acid, 2 h, 343 K) to preferentially
dealuminate external surfaces and reported lower propene con-
version (<65%) and faster catalyst deactivation for dealumi-
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nated MFI samples during propene oligomerization (4000 kPa
C;3H,, 473 K) at high conversions (X = 90%).>?

Heterogeneous Al spatial distributions within a zeolite crys-
tallite is referred to as “zoning”, described as a gradient in H'-
site concentration from the center (or “core”) to the external
surface, and can originate during zeolite crystallization or be
introduced via post-synthetic growth modifications.>***> The
conditions of zeolite crystallization including temperature,*®
the silicon and aluminum sources** and SDAs used,>**” and
post-synthetic ~ treatments including acid or base
leaching,*****® have been reported to influence the extent of
Al zoning. Here, we adapted a two-step synthetic method from
Rimer and co-workers®® (details in Section S1, ESI{) to prepare
core@shell MFI zeolite architectures and to investigate the
effects of heterogeneous crystallite-scale H'-site distributions
on propene oligomerization rates and product selectivities. By
creating a core@shell architecture, the boundary between
regions in the zeolite crystallite containing high and low H'-
site density are more well-defined than the “zoned” regions
that may form inherently during crystallization of a single crys-
tallite, and thus can be resolved more accurately from
TEM-EDX characterization. In such core@shell architectures
(Si-MFI@AI-MFI), Al is preferentially located at external zeolite
crystallite surfaces (in an “egg-shell”), while the center is cata-
Iytically inert and composed of silica (Fig. 1a). The shell thick-
ness is expected to be the effective diffusion path length gov-
erning coupled reaction-diffusion networks, as this region is
where the active H' sites are concentrated in the core@shell
architecture.

To investigate the effect of crystallite-scale H'-site distri-
butions, we also synthesized two comparative MFI samples of
similar bulk Si/Al ratio and more homogeneous Al spatial dis-
tributions, using synthesis gel compositions of tetrapropyl-
ammonium (TPA') and Na' reported to mitigate Al zoning
(e.g., TPA™/(TPA" + Na®) = 1),>* but crystallite sizes that are
similar to either the overall crystallite radius or only the thick-
ness of the shell in the Si-MFI@AI-MFI material (Fig. 1a-c).
Samples are denoted MFI-X-Y, where X is the average crystallite
size in nm and Y denotes the spatial distribution of acid sites
(H = homogeneous, Z = zoned); salient characterization data
are summarized in Table 1. MFI-183-Z (Si/Al = 56, 183 nm),
MFI-158-H (Si/Al = 41, crystallite size = 158 nm), and MFI-22-H
(Si/Al = 47, crystallite size = 22 nm) were synthesized using the
procedures detailed in Section S1 (ESIt). Powder X-ray diffrac-
tion (XRD) and N, physisorption data show that all samples
possess characteristics expected of the MFI framework (Fig. S1
and S2, ESIY).

The siliceous core (MFI-208) for Si-MFI@AI-MFI (MFI-183-Z)
had a crystallite size of 208 + 21 nm and showed a spherical
morphology (Fig. S3a, ESIT). SEM images of MFI-183-Z showed
a single crystal morphology of similar particle size (183 =
25 nm, Table 1) as the siliceous core (208 + 21 nm, Table 1),
within error, and did not show a bimodal distribution of par-
ticle sizes (Fig. S3b and Section S4, ESI}), indicating the Al-
rich shell grew on top of the siliceous core without parallel
nucleation of a separate and distinct AI-MFI phase. XRD pat-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Depiction of MFI samples with different diffusion path lengths (L) for (a) MFI-183-Z, (b) MFI-158-H, and (c) MFI-22-H. TEM-EDX images of Al
(red) and Si (green) of (d) MFI-183-Z, (e) MFI-158-H, and (f) MFI-22-H (agglomerate of nanocrystallites). Inset in (f): HAADF mapping to highlight
crystallites (yellow hexagonal shapes) in the agglomerated particles for MFI-22-H. TEM-EDX line-scans along the cross-section of a single particle of
(g) MFI-183-Z (green line highlights the shell region), (h) MFI-158-H, and (i) area #1 in MFI-22-H.

terns (Fig. S1, ESIT) showed less intense (101) and (020) diffrac-
tion peaks after growth of the Al-rich shell onto the core
(MFI-208) to form the Si-MFI@AI-MFI material (MFI-183-Z).
These peaks index to the c-direction of MFI and have been
attributed to coffin-like morphologies formed after shell
growth;*° thus, their lower relative intensities are consistent
with the formation of spherical morphologies in Si-MFI@AI-
MFI as observed by SEM (Fig. 1d). SEM images of MFI-158-H
(Fig. S3c, ESIt) showed a spherical single-crystal morphology

This journal is © The Royal Society of Chemistry 2024

with a monomial particle size distribution around 160 nm
(Table 1). On the other hand, MFI-22-H shows nanosized crys-
tallites (10-30 nm) agglomerated together, as observed by SEM
(Fig. S3d, ESIt) and STEM-EDX (Fig. 1f), similar to the pre-
vious synthesis method using this germini-surfactant.’
STEM-EDX mapping (Fig. 1d) and line scans (Fig. 1g) show an
Al-shell thickness of ~10 nm in MFI-183-Z, evidenced by a Si/
Al ratio that increases from ~5 at the surface to ~25 at the
center, similar to previously reported syntheses;>" in contrast,
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Table 1 Physicochemical properties of MF| zeolite samples used in this study

Average crystallite  Diffusion pathlength  Diffusion parameter

Sample” SIAY  Hy /A Heor /U.C.5 Vinjero /em® 70 Hexe'/Heoe ¢ diameter//nm (L)/nm (¥)/Heoe nm ™"
MFI-208 [ — — — — 208 £ 21 — —

MFI-183-Z 56 0.98 1.86 0.14 0.009 183 + 25 10 2984
MFI-158-H 41 0.50 1.51 0.15 0.087 158 + 23 79 1803
MFI-22-H 47 0.74 1.33 0.17 0.117% 22+7 11 31

“Sample nomenclature: MFI-X-Y. X = average crystallite size in nm. Y denotes crystallite-scale Al distribution: Z = zoned, H = homogeneous.
b Determined by ICP-OES. © Estimated by NH; TPD. ? Micropore volumes (Vimicro) determined by finding the minimum of the semilogarithmic
plot of d(V,4s)/0(In(P/P,)) versus In(P/P,). ¢ Estimated using the predicted He," content from measured mesiSylene benzylation rate constants (per

total Al; Fig. S81) and the total H' from NH; TPD (per g zeolite). Uncertainties range from +25% to +40%.

particles. € Reported in Ezenwa et al.**

MFI-158-H (Fig. 1e and h) and MFI-22-H (Fig. 1f and i) have a
more uniform Si/Al ratio as a function of single crystallite posi-
tion. Additionally, XPS characterization of the MFI-183-Z
sample showed an Si/Al ratio of 8 (Section S8, ESIT), similar to
the value determined by STEM-EDX line scans (Fig. 1g), corro-
borating the presence of an Al-rich shell region. We note that
the Si/Al ratio quantified by STEM-EDX is systematically lower
than that measured by ICP-OES, likely because the former ana-
lyzes the composition of a single crystallite in the sample
while the latter is representative of the bulk composition over
all crystallites in the sample; however, the relative change in
Si/Al ratio within the STEM-EDX line scans provide evidence of
spatial heterogeneities of elemental composition within a
given crystallite.

The number of H" sites (per g) was quantified by NH;
temperature-programmed desorption (Fig. S4 and Section S5,
ESIT) and all MFI samples had Hy, /Al > 0.5 as shown in
Table 1. Mesitylene benzylation was used as a probe reaction
to quantify the number of external acid sites, as described else-
where by Ezenwa et al.>” The fraction of external acid sites
(Hey'/Al) was higher for MFI-22-H than the other samples
(Table 1), as expected for its smaller crystallite size (<100 nm)
that leads to higher surface area-to-volume ratios.*

The diffusion parameter was calculated using eqn (2) with L
assumed to be equal to half of the crystallite diameter and is
shown in Table 1. MFI-183-Z and MFI-158-H have similar ¥
values because these samples have similar H'/u.c. and L. The
¥ value is lower for MFI-22-H because this sample has a
smaller crystallite size. This set of samples allows investigating
the influence of Al spatial distribution (i.e., zoning) and the
diffusion path length on propene oligomerization catalysis. In
the propene oligomerization reaction network, oligomerization
forms alkene products with carbon numbers that are whole-
number multiples of the monomer (termed “true oligomers”)
as shown in Scheme 1. These oligomer products can sub-
sequently undergo p-scission reactions, producing alkenes
with different carbon numbers. Additionally, propene can
enter the reaction network through co-oligomerization reac-
tions involving both propene and another alkene formed
from a f-scission reaction, resulting in the generation of
alkene products with carbon numbers that are non-integer
multiples of 3.

12060 | Dalton Trans., 2024, 53,12057-12063
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Scheme 1 Propene oligomerization network on H-zeolites.

Figure adapted with permission from Bickel and Gounder.®
Oligomerization products are defined as those carbon numbers that are
integer multiples of propene (i.e. C3,He,, Wheren = 2, 3, 4, ..).

Dimerization rates normalized by the number of H' sites
quantified via ex situ NHj; titration methods (H,') were
measured at 315 kPa C;Hg and 503 K as a function of time-on-
stream for each of the MFI samples and were estimated from
rates of product formation accounting for the formation of
products other than dimers as shown in eqn (4):®

1
rdim:r6+r9+r12+5(7‘4+7‘5+r7+r8+r10+7‘11)~ (4)

Dimerization rates (per H,') were higher for MFI-22-H
when compared to MFI-158-H (Fig. 2a) at these conditions
(315 kPa C3Hg, 503 K), as expected given the smaller crystallite
size of MFI-22-H and its similar H'-site density as MFI-158-H.
Bickel et al. reported that propene dimerization rates (per Hy',
315 kPa C3;Hs, 503 K) systematically decreased with increasing
crystallite size on MFI of fixed H'-site density (H'/u.c.),
because the influence of intrazeolite diffusional restrictions
imposed by the inorganic zeolite and its associated diffusion
parameter (¥).>'° Dimerization rates (per H,") for MFI-183-Z
and MFI-158-H were similar, despite differences in their extent
of Al zoning and the shorter effective diffusion path length in
the “egg-shell” region (<10 nm) of MFI-183-Z than the average
crystallite radius of MFI-158-H (79 nm; Fig. 2a); however, as
observed from STEM-EDX line scans (Fig. 1d and e), the Al-
rich shell region of MFI-183-Z has a 3x lower Si/Al ratio than
its core or than MFI-158-H (~1.5 H'/u.c., Table 1). Bickel et al.
reported propene dimerization rates (per H,') were lower on
MFI samples of higher H'-site density (e.g;, 6 H'/u.c.) than

This journal is © The Royal Society of Chemistry 2024
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(a) Propene dimerization rates (plotted on a logarithmic axis) measured at 503 K, 315 kPa CzHg against time on stream for MFI-183-Z (@),

MFI-158-H (m), and MFI-22-H reproduced from Bickel et al.° (A). (b) True oligomer selectivity (7, eqn (3)) as a function of conversion at 503 K, 315

kPa CsHg on MFI-183-Z (¢), MFI-158-H (@), and MFI-22-H (A).

lower H'-site density (e.g., 1 H'/u.c.) because H'-site density
influences the relative rates of oligomerization (chain-
lengthening) and p-scission (chain-shortening) reactions,
which lead to changes in the composition of the hydrocarbons
that remain occluded within micropores during catalysis and,
in turn, the diffusion restrictions this occluded organic phase
introduces in addition to those imposed by the inorganic
framework (described in ¥).’® Such changes to the compo-
sition of the intrapore occluded hydrocarbon phase should
also be reflected in changes in the distribution of products
that egress from zeolite crystallites, as quantified from reactor
gas-phase effluents.

The propene oligomerization true oligomer selectivity (y) is
plotted in Fig. 2b as a function of conversion, which varied as
MFI samples deactivated with time-on-stream. On all samples,
x increased as conversion decreased (Fig. 2b), consistent with
higher fluid-phase concentrations of the primary product at
higher conversions that increase rates of secondary reactions.**
At a fixed conversion, y values are lower for MFI-158-H than
MFI-22-H, because smaller crystallites have a smaller diffusion
parameter and thus a shorter intracrystalline residence time,
facilitating the egression of oligomers from crystallites intact
before undergoing p-scission events as reported by Sarazen
et al.” Interestingly, at a fixed conversion, MFI-183-Z shows a
significantly higher y value than MFI-158-H despite their
similar crystallite size, which we conclude reflects the “egg-
shell” Al distribution (i.e., Al zoning toward the surface) in
MFI-183-Z that decreases the effective diffusion path length to
a length scale characteristic of the shell thickness, and conse-
quently decreases the effective diffusion parameter of the
material. This results in similar y values for MFI-183-Z and
MFI-22-H (Fig. 2b), despite the latter having an 8x smaller crys-
tallite size.

This journal is © The Royal Society of Chemistry 2024

In summary, core@shell zeolite architectures provide a syn-
thetic strategy to manipulate the spatial distribution of Al
centers and their associated active H' sites independently of
crystallite size, in turn affording influence over the rates and
selectivities of coupled reaction—-diffusion networks. Rates of
propene oligomerization (per H,") are characteristic of the
local composition (H'/u.c.) of the Al-rich shell region, and
product selectivities are characteristic of the shorter diffusion
path length characteristic of the shell thickness. As a result,
zeolite materials with framework Al (and H'-sites) zoned pre-
ferentially toward external surfaces allow suppressing the
extent to which diffusion-enhanced secondary reactions would
otherwise occur, which are p-scission reactions (chain-shorten-
ing) in the context of alkene oligomerization networks. These
findings are reminiscent of the enhancement of Fischer-
Tropsch synthesis rates and Cs. product selectivities on sup-
ported Co catalysts prepared in “egg-shell” architectures to
alleviate CO diffusional restrictions.® Overall, these findings
provide guidance on how to alter the spatial distribution of
active sites within catalyst particles to influence the rates and
selectivities of coupled reaction-diffusion networks.
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