<]
TUDelft

Delft University of Technology

Influence of Nanoscale Intimacy and Zeolite Micropore Size on the Performance of
Bifunctional Catalysts for n-Heptane Hydroisomerization

Oenema, Jogchum; Harmel, Justine; Vélez, Roxana Pérez; Meijerink, Mark J.; Eijsvogel, Willem;
Poursaeidesfahani, Ali; Vlugt, Thijs J.H.; ZeCevi¢, Jovana; De Jong, Krijn P.

DOI
10.1021/acscatal.0c03138

Publication date
2020

Document Version
Final published version

Published in
ACS Catalysis

Citation (APA)

Oenema, J., Harmel, J., Vélez, R. P., Meijerink, M. J., Eijsvogel, W., Poursaeidesfahani, A., Vlugt, T. J. H.,
Zecevic, J., & De Jong, K. P. (2020). Influence of Nanoscale Intimacy and Zeolite Micropore Size on the
Performance of Bifunctional Catalysts for n-Heptane Hydroisomerization. ACS Catalysis, 10(23), 14245-
14257. https://doi.org/10.1021/acscatal.0c03138

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1021/acscatal.0c03138
https://doi.org/10.1021/acscatal.0c03138

Downloaded viaTU DELFT on December 28, 2020 at 11:03:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

This is an open access article published under a Creative Commons Non-Commercial No B

ACS
AUTHORCHOICE

<<

pubs.acs.org/acscatalysis

Research Article

Influence of Nanoscale Intimacy and Zeolite Micropore Size on the
Performance of Bifunctional Catalysts for n-Heptane
Hydroisomerization

Jogchum Oenema, Justine Harmel, Roxana Pérez Vélez, Mark J. Meijerink, Willem Eijsvogel,
Ali Poursaeidesfahani, Thijs J.H. Vlugt, Jovana Zecevic, and Krijn P. de Jong*

I: I Read Online

Article Recommendations ‘

Cite This: ACS Catal. 2020, 10, 14245-14257

ACCESS |

ABSTRACT: In this study, Pt nanoparticles on zeolite/y-AL,O; composites (50/50 wt)

were located either in the zeolite or on the y-Al,O; binder, hereby varying the average “Tinseone’  montinser’ Physcasixure o rama.
distance (intimacy) between zeolite acid sites and metal sites from “closest” to “nanoscale”. e £
The catalytic performance of these catalysts was compared to physical mixtures of zeolite
and Pt/y-Al,O; powders, which provide a “microscale” distance between sites. Several Activity

beneficial effects on catalytic activity and selectivity for n-heptane hydroisomerization were  suboptimal ~ Optimal ~ Suboptimal ~ Low
observed when Pt nanoparticles are located on the y-Al,O; binder in nanoscale proximity Isomer Selectivity

with zeolite acid sites, as opposed to Pt nanoparticles located inside zeolite crystals. On
ZSM-S-based catalysts, mostly monobranched isomers were produced, and the isomer
selectivity of these catalysts was almost unaffected with an intimacy ranging from closest to microscale, which can be attributed to
the high diffusional barriers of branched isomers within ZSM-5 micropores. For composite catalysts based on large-pore zeolites
(zeolite Beta and zeolite Y), the activity and selectivity benefitted from the nanoscale intimacy with Pt, compared to both the closest
and microscale intimacies. Intracrystalline gradients of heptenes as reaction intermediates are likely contributors to differences in
activity and selectivity. This paper aims to provide insights into the influence of the metal—acid intimacy in bifunctional catalysts

[l Metrics & More | @ Supporting Information

_ Increasing Metal-Acid Intimacy
<

Suboptimal Optimal Optimal Low

based on zeolites with different framework topologies.

KEYWORDS: bifunctional catalysts, intimacy, diffusion, zeolites, alkane hydroisomerization, molecular modeling

1. INTRODUCTION

Solid bifunctional catalysts, that combine two independent
catalytic functions within one catalyst particle, are a popular
class of catalysts, which typically have unique properties that
cannot be obtained by the use of monofunctional catalysts.' ™
For example, bifunctional metal—acid catalysts find application
as highly stable catalysts in large-scale hydrocracking and
hydroisomerization processes in oil refineries for the
production of transportation fuels and chemicals.® Bifunctional
catalysts are also investigated for the hydro-deoxygenation and
subsequent hydrocracking of biomass-derived feedstock
toward hydrocarbons.”® Other investigated applications are
in the hydrogenation of CO or CO, where beneficial effects on
product selectivity toward lower olefins (C,—C,) and
aromatics are reported for bifunctional catalysts.”~*’
Bifunctional catalysts, used for the conversion of hydro-
carbons, consist of a metal function catalyzing (de)-
hydrogenation, which can be highly active noble metals such
as platinum or palladium, or more abundant but less active
metal sulfides such as nickel and nickel-molybdenum sulfide or
cobalt-molybdenum sulfide. The acid function for industrial
catalysts is commonly obtained using halogenated alumina,
zeolites, or amorphous silica-alumina and is responsible for
alkene protonation and subsequent isomerization and crack-
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ing.'’ Catalysts for industrial hydroisomerization processes are
based on either Pt supported on chlorinated Al,O; (6—7 wt %
Cl) or Pt supported on Mordenite zeolite. The latter catalyst
operates at higher temperature that is unfavorable in view of
the thermodynamic equilibrium of the isomerization reac-
tion,"" but with the advantage of being less sensitive to sulfur
and water.

Zeolites are crystalline aluminosilicate materials possessing a
regular structure of micropores (<2 nm in diameter) that are of
a similar size as hydrocarbon molecules, and when the kinetic
diameter of a molecule approaches the size of a micropore, its
diffusivity may vary greatly.'”"’ Hampered intracrystalline
diffusion in micropores may lead to concentration gradients
within zeolites crystals, compromising catalytic activity and/or
selectivity, for example, by promoting undesired secondary
cracking reactions.'*™' Several studies report methods to
overcome intracrystalline diffusion limitations in zeolites, for
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Pt nanoparticles in zeolite Pt nanoparticles on binder

Intimate physical mixture Physical mixture of grains

Ptly-Al,O /zeolite composite  Pt/y-Al,0 /zeolite composite

Ptiy-Al,0, +zeolite Pti/y-Al,0, +zeolite

Figure 1. Schematic representation of the investigated samples. Pt/y-Al,O5/zeolite composite catalysts with Pt nanoparticles located in the zeolite
provide the “closest” intimacy between metal sites, while catalysts with Pt nanoparticles located on the y-Al,O; binder provide a “nanoscale”
intimacy. In this case, by placing Pt nanoparticles closely outside zeolite crystals, an intimacy between metal and acid sites between 5—500 nm is
created. As comparison, an intimate physical mixture and a physical mixture of grains are prepared, which provide a “microscale” metal—acid
intimacy. The alumina component is indicated in orange, zeolite is indicated in blue, and Pt nanoparticles are indicated in gray.

example, by shortening the average micropore length using
nanocrystalline zeolites'~ or using postsynthesis treatments to
create mesopores in zeolite crystals that act as highways of
diffusion."* !

A zeolite possesses shape-selective properties when the
fitting of a hydrocarbon molecule in a zeolite pore directly
influences its conversion.”” For example, in hydroisomerization
of n-hexane or n-heptane over medium-pore ZSM-5-based
catalysts, the terminally monobranched isomers (e.g, 2-
methylpentane) are preferentially formed over the internally
monobranched isomers, which is attributed to the faster
diffusion in ZSM-S micropores of the former (i.e., product
shape selectivity).” Bulky dibranched hexanes and heptanes
are formed to a limited extent over these catalysts because of
steric constraints and fast cracking of these molecules in ZSM-
S micropores.””** Large-pore (12-membered ring) zeolites
such as zeolite Beta and zeolite Y impose much less steric
constraints on branched isomers of hexane and heptane and
are therefore often considered to be “nonshape-selective”
zeolites for these processes, with an isomer product
distribution that is close to thermodynamic equilibrium.***®

Hydrocarbon adsorption and diffusion in zeolites have been
studied by a variety of experimental techniques: pulsed field
gradient nuclear magnetic resonance,”® uptake rate measure-
ments (e.g, combined with a tapered element oscillating
microbalance),”””® and also single-molecule fluorescence
microscopy has been employed to determine the diffusion
coefficient of a fluorescent hydrocarbon probe in a zeolite
matrix.”” Theoretical studies have also often focused on
hydrocarbon diffusion, either by establishment of a micro-
kinetic model of a catalytic process'¥*’ or by molecular
modelin§ using (dynamically corrected) transition state
theory,3 Monte Carlo simulations,””*"** or molecular
dynamics.*

For bifunctional metal—acid catalysts, the diffusivity of the
alkene intermediates between metal and acid sites determines
the maximum distance between these sites before the activity
or selectivity is affected by diffusion limitations.”**> Micro-
porous all-silica materials have been used to study alkene
adsorption and diffusion, where the alkene properties are very
similar to their alkane equivalents.36 However, the strong
adsorption and high reactivity of alkenes on protonic sites
hinder such studies in H-zeolites, often used for catalysis, but a
significantly lower diffusivity of alkenes versus the alkane
equivalent is to be expected.’’ Another factor that may
contribute to this difference in diffusivity is the dipole—dipole
interaction between a polar aluminum-rich zeolite and the C=
C bond of alkenes, causing the alkene to interact more strongly
than the alkane equivalent.***”

Noh et al. have recently studied different ZSM-S crystal sizes
in n-C, hydroisomerization, whereby the metal function was
provided by physical mixing with Pt/SiO, and was thus located
outside the zeolite crystals.'” For a range of differently sized
ZSM-S5 crystals, a constant turnover frequency per acid site was
obtained, but the use of the largest ZSM-5 crystals led to a
lower turnover frequency, which was attributed to the limited
diffusion of heptenes between extracrystalline regions and the
intracrystalline zeolite acid sites. A number of examples have
also indicated that for large-pore zeolites, hampered diffusion
of alkenes may also impact selectivity, as was inferred by
Zecevic et al. using a zeolite Y/y-Al,O; composite (50/50 wt)
as a support for Pt nanoparticles, which were either located in
zeolite Y or on the y-Al,O; binder, closely outside (i.e., within
nanoscale proximity) the zeolite Y crystals.*” In the conversion
of n-Cjy and n-Cjo, both catalysts had a similar catalytic
activity, indicating that the rate of the reaction was not limited
by intracrystalline diffusion limitations of linear alkenes, but
favorable effects on isomer selectivity were reported for the
catalyst with Pt nanoparticles located on the y-Al,O; binder. It
was suggested that the formation of branched alkene
intermediates, formed on Pt nanoparticles inside the zeolite
crystals, led to higher concentrations in the zeolite, resulting in
enhanced cracking. Whenever Pt nanoparticles are located on
the y-Al,O; binder, alkene intermediates coming from
“outside” may react in the outer layers of the zeolite crystals
and branched alkenes may quickly diffuse out. Similar favorable
effects on selectivity were reported in the conversion of n-
heptane, a hydrocarbon with relatively high diffusivity, when Pt
nanoparticles were located closely outside zeolite Beta crystals
on a zeolite Beta/Al, O, composite,41 and for one-dimensional
7ZSM-22 and mordenite zeolites,*> but not for ZSM-S over a
range of crystallite sizes.'”

A number of recent studies have reported innovative
approaches to prepare bifunctional catalysts with varying levels
of metal—acid intimacy at the nanometer length scale, such as
preferential adsorption of a Pt complex on a composite

#07% or impregnation of previously synthesized Pt
colloids to locate the metal function outside zeolite crystals.'”
Easy-to-prepare physical mixtures of a supported metal catalyst
and zeolite are a more “traditional” method to vary the metal—
acid intimacy at the micrometer or millimeter length scale,
which are being applied in the form of fine powders, grains, or
stacked beds."'**~*” This approach is only suitable to obtain
catalysts with a metal—acid intimacy at the micrometer len§th
scale and often leads to suboptimal catalytic performance.**’
Locating the metal function in the zeolite crystallite'”*"***’
provides a very close metal—acid intimacy, but for catalysts
with high metal loadings, this could affect the acid function of
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the zeolite, which compromises a direct comparison with
catalysts with the metal function outside the zeolite.””’

In this study, we evaluated the effects of intimacy between
metal and acid sites for the zeolite-based catalyst in n-heptane
hydroisomerization, using commercially available zeolites
(ZSM-5, zeolite Beta, and zeolite Y) that have three-
dimensional pore structures and different micropore sizes.
Pt/y-Al,O3/zeolite composite catalysts with a 50/50 wt ratio
between the zeolite and y-Al,O; component were used, while
the location of Pt nanoparticles was varied from inside the
zeolite crystals (closest intimacy) to on the y-Al,O; binder and
thereby providing an intimacy in the range of 5—500 nm
(nanoscale). These catalysts were compared to physical
mixtures with similar bulk composition: an intimate physical
mixture of Pt/y-Al,O; and zeolite prepared by mixing in a
mortar followed by pelletizing (pressure: 650 kg cm™) or a
physical mixture of grains (75—212 um) (Figure 1).
Furthermore, using molecular simulations, diffusion coeffi-
cients of mono- and dibranched heptane isomers in the straight
channels of the ZSM-5 zeolite were computed, which shows to
be a determining factor in the isomer product distribution of
this zeolite. The results of this study provide new insights into
factors, viz., zeolite acidity, micropore size, shape selectivity,
and metal—acid intimacy, that determine the catalyst perform-
ance and are of great relevance for the preparation of zeolite-
based metal—acid catalysts.

2. EXPERIMENTAL METHODS

2.1. Composite Preparation. H-ZSM-5/y-Al,0; and H-
zeolite Beta/y-Al,O; composites were prepared by adding 50
wt % ZSM-$ zeolite powder (Zeolyst CBV3024E, Si/Al = 15
at/at, particle size ~20—200 nm) or zeolite Beta powder
(Zeolyst CBV814E, Si/Al = 12.5 at/at, particle size ~20—50
nm) with 50 wt % pseudo-boehmite (HMPA, Shell) in a
mortar. Additional properties of the zeolites are reported in
Table S1. Then, 2 wt % (based on the total mass of the solid
components) acetic acid (Alfa Aesar, glacial, 99+%) and
distilled water were added and mixed for ~5 min, resulting in a
homogenous and viscous paste. Acetic acid was added as a
peptizing agent for the boehmite particles, to aid in mixing and
adhesion with the zeolite particles.”” The mixture was dried
overnight at 120 °C in static air followed by calcination at 550
°C for 2 h with a ramp of 5 °C min™". Afterward, the product
was crushed and sieved to obtain grains of 212—500 pm
diameter. The zeolite Y/y-Al,0O; composite (based on Zeolyst
CBV760, Si/Al = 30 at/at, particle size ~200—1000) was
obtained from Shell Technology Center in the form of
extrudates. The extrudates were crushed and sieved toward a
fraction of 212—500 um and used as such for Pt deposition.

2.2. Catalyst Synthesis. 2.2.1. Pt/y-Al,O05/Zeolite Catalyst
with Pt Nanoparticles Located inside Zeolite Crystals.
Zeolite/y-AlL,O; particles (1 g) were suspended in 300 mL of
Milli-Q water at room temperature and stirred for 1 h (~500
rpm). Aqueous solution (40 mL) containing 10.2 mg of
Pt(NH;),(NO;), (Sigma-Aldrich, 99.995% purity) was added
dropwise to the suspension (intake 0.5 wt % Pt). After 3 h of
stirring, the suspension was filtered and washed with 150 mL
of Milli-Q water and dried in static air overnight at 120 °C.
The dried catalyst was calcined in a flow of 20% O,/N,
(GHSV ~ 8500 h™") at 350 °C with a ramp of 0.2 C min~}, a
procedure based on Graaf et al. for the preparation of highly
dispersed Pt nanoparticles.’® Afterward, the catalyst was

reduced in a flow of H, (GHSV ~ 3300 h™') for 3 h at 600
°C, using a ramp of 5 °C min™".

2.2.2. Pt/y-Al,Oy/Zeolite Catalyst with Pt Nanopatrticles
Located on the y-Al,0; Binder. Zeolite/y-Al, O, particles (1 g)
were suspended in 300 mL of Milli-Q water at room
temperature and stirred for 1 h (~500 rpm). Aqueous solution
(40 mL) containing 12.5 mg of H,PtCls-6H,0 (Merck, ~40
wt % Pt) was added dropwise to the suspension (intake 0.5 wt
% Pt). After 3 h of stirring, the suspension was filtered and
washed with 150 mL of Milli-Q water and dried in static air
overnight at 120 °C. The dried catalyst was reduced in a flow
of H, (GHSV ~ 3300 h™") for 3 h at 600 °C with a ramp of §
°C min~'. When preparing smaller amounts of catalysts, the
volume of Milli-Q water in the suspension was proportionally
decreased, while using similar GHSV’s.

2.2.3. Pt/y-Al,O; + Zeolite Physical Mixtures. Physical
mixtures were prepared using y-Al,O; in powder form as a
support using the Pt deposition procedure as described above
for locating Pt nanoparticles on y-Al,O;. After Pt deposition,
the support was pressed and sieved into a sieve fraction of
212—500 ym in diameter and reduced in H, (GHSV ~ 3300
h™") for 3 h at 500 °C, with a ramp of § °C min™". To produce
H-ZSM-5 and H-Beta for physical mixtures, the parent zeolites
in ammonium form were calcined in static air at 550 °C for 2
h. Intimate physical mixtures were prepared by mixing the Pt/
7-ALO; powder (0.8 wt % Pt) with the zeolites in a 50/50 wt
ratio in a mortar, resulting in an overall Pt loading of 0.4 wt %.
The resulting mixture was then pelletized (pressure: 650 kg
cm™2) and crushed and sieved into a fraction of 75—212 ym to
be used for catalytic testing. For a physical mixture of grains,
Pt/y-Al,O5 powder and zeolite powder were separately pressed
and sieved into a fraction of 75—212 pm and were carefully
mixed with a spatula before loading the reactors.

2.3. Characterization. Elemental analysis of Pt was
performed at Kolbe Mikroanalytisches Laboratorium using an
inductively coupled plasma-optical emission spectrometer
(ICP-OES, PerkinElmer) after sample dissolution according
to standard in-house procedures. N, physisorption measure-
ments of the supports were conducted on a Micromeritics
TriStar 3000 at liquid nitrogen temperature. The samples were
dried overnight at 300 °C in N, flow before measurements.
Ammonia temperature-programmed desorption (NH;-TPD)
was performed on a Micromeritics AutoChem II equipped
with a thermal conductivity detector (TCD) calibrated for
ammonia. The catalyst (80—100 mg) was dried in a He flow
for 1 h at 600 °C (10 °C-min™"). The temperature was then
decreased to 100 °C, and ammonia (10 vol % in He) was
adsorbed in a pulsewise manner until oversaturation. The
physisorbed ammonia was removed by flowing He for 2 h at
100 °C, after which ammonia desorption was monitored up to
600 °C with a ramp of 10 °C-min~'. Quantification of
ammonia desorption was performed by deconvolution of the
TCD signals with three Gaussian functions. HAADF-STEM
imaging was performed on an FEI Talos F200X transmission
electron microscope, equipped with a high-brightness field
emission gun (X-FEG). For these analyses, catalysts were
embedded in Epofix resin, left to cure in air overnight at 60 °C,
and cut to 70 nm sections using a Reichert-Jung Ultracut E
ultramicrotome with a Diatome Ultra 35° diamond knife.
Sections were deposited on carbon/Formvar-coated copper
TEM grids.

2.4. n-C; Hydroisomerization. Catalytic experiments
were conducted in an Avantium Flowrence 16 parallel fixed-
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bed reactor setup. Stainless-steel reactors (internal diameter =
2 mm) were loaded with 25 mg of the catalyst in a sieve
fraction of 75—212 pm. The product stream coming from the
reactors was analyzed using an online GC (Agilent 7890A or
Agilent 7890B) where the hydrocarbon products were
analyzed on an Agilent J&W PoraBOND Q or HP-PONA
column, respectively, connected to an FID. Before catalytic
tests, catalysts were reduced at 300 °C (2 h; § °C min™") in a
25% H,/He flow. n-C, hydroisomerization tests were
performed with the following conditions: a moly, moln,c;l

ratio of 9, a feed rate of 2.6 g,,_c7-gcat_l'h_1, and a total pressure

of 10 bar. n-Heptane was obtained from Acros Organics (99+
%, pure). He 5.0, N, 5.0, and H, 6.0 gases were obtained from
Linde gas. Results from catalytic tests were obtained by taking
the average of two GC measurements performed under
identical conditions. No catalyst deactivation was observed in
the described experiments. The definitions of #-C, conversion,
product yield, and selectivity are provided in Supporting
Information 1.

2.5. Molecular Modeling. The free energy profiles and
diffusion coefficients of different heptane isomers along the
straight channels of ZSM-5 zeolite at zero loading are
computed from Monte Carlo simulations in the canonical
ensemble. The RASPA software package is used for the
simulations.””* Heptane isomers are modeled using the
TraPPE force field. Interactions between heptane isomers
and the zeolites are described by Lennard-Jones interactions,
which are truncated and shifted at 12 A. No tail corrections are
applied. The simulation box consists of 2 X 2 X 2 unit cells
with periodic boundary conditions. The zeolite structure was
taken from the IZA database.” The zeolite is modeled as a
rigid structure. Simulations are performed at 207, 255, 294,
and 387 °C. The length of the channels is divided into 1000
bins, and the probability that a heptane isomer is in each of
these slices is calculated. To compute the free energy profiles
along a channel, the possible positions for the molecule are
restricted to a single channel, and trial moves attempting to
move the molecule outside the channel are automatically
rejected. The free energy of the molecule at each slice is given

by
E = —kyT In(p)

where T is the absolute temperature, kg is the Boltzmann
factor, and F,; and p; are the Landau free energy at slice i and
the probability of a molecule being in slice i, respectively.
Transition state theory is used to calculate the upper bound for
the diffusion coefficient of each of the heptane isomers. A
molecule at the top of the free energy barrier is in equilibrium
with the surrounding; therefore, the velocity distribution is
according to the Maxwell distribution in this temperature. It is
assumed that half of the molecules that reach the top of the
barrier pass. Consequently, the hopping rate is given by

kT
KT = [ 2 p(q%)
2mm

where m is the mass of the molecule, p(g*) is the probability of
being on the top of the free energy barrier, and g* is the
reaction coordinate at the top of the free energy barrier. Upper
estimates for diffusion coefficients follow then from

DTST — /?'ZkTST

where / is the distance between two free energy barriers. More
details re%arding the simulation techniques can be found
elsewhere.>>>¢

3. RESULTS AND DISCUSSION

3.1. Acidity and Pt Nanoparticle Location of Zeolite
Composite Catalysts. The prepared Pt/y-Al,0/zeolite
catalysts (survey including designations shown in Table 1)

Table 1. Properties of the Prepared Composite Catalysts
with Their Sample Designation”

Pt nanoparticle Pt Pt weight total acidity

sample location nanoparticle loadin, (mmolyy,:
designation (TEM) size (nm) (wt %% gm_l)
Pt-Z/A ZSM-S zeolite 1.8 +£0.8 0.4 0.76
Pt-A/Z  y-ALO, binder 1.1 + 0.2 04 0.80
Pt-B/A zeolite Beta 14 £03 0.4 0.73
Pt-A/B 7-ALO, binder 1.0 + 0.3 0.4 0.75
Pt-Y/A Zeolite Y 12 +£02 0.2 0.51
Pt-A/Y 7-Al,O; binder 1.1 +02 0.2 0.54

“Location and size of Pt nanoparticles were determined by HAADF-
STEM analysis, while the Pt weight loading was determined by ICP
after sample destruction. Total acidity was determined by NH;-TPD
in the range of 100—600 °C.

were based on three commercially available zeolites whose
properties (product code, Si/Al ratio, ring size, pore diameter
and pore tortuosity, and particle size) are indicated in Table S1
and the structural properties obtained from N, physisorption
are provided in Figure S1 and Table S2. The zeolite Beta and Y
used in this study possessed intercrystalline and intracrystalline
mesoporosity, respectively, as evident from the hysteresis loop
and pore size distribution, whereas the ZSM-5 crystals were
almost exclusively microporous. When the parent zeolites were
transformed into zeolite/y-Al,O; composites, a bimodal
porosity was obtained in all cases, displaying both zeolite
microporosity and mesoporosity, which is mostly attributed to
the y-Al,O; binder.

After the preparation of the composite supports, the location
of Pt nanoparticles could be controlled using a previously
reported methodology.”’ Pt was selectively deposited inside
zeolite crystals by ion exchange of [Pt(NH,),]*" (aq) with
zeolite protons (pH ~ 5), while strong electrostatic adsorption
at pH ~ 3 of the [PtCl]*” (aq) complex was used to
selectively deposit Pt on the y-Al,O; binder. Considering the
range in zeolite particle sizes (Table S1), locating Pt
nanoparticles on the y-Al,O; binder results in a bifunctional
intimacy between S and 500 nm. Although, in earlier work,>” it
has been suggested that Pt particles may end up at the external
surface of zeolite crystals when [Pt(NH;),]** (aq) is used as a
precursor, we have taken great care during ion exchange and
thermal pretreatments in combination with extensive charac-
terization of the location of the Pt nanoparticles’® to assure
that they predominantly reside inside the zeolite crystals of the
zeolite/y-Al,O; composites. To prevent overlap of the zeolite
and y-AlL,O; components in HAADF-STEM images, the Pt/y-
Al,O;/zeolite catalyst was ultramicrotomed into 70 nm
sections before analysis. In Figure 2, the HAADF-STEM
images of the composite catalyst are provided and point out
that Pt nanoparticles were predominantly located in the zeolite
component for the catalyst prepared with [Pt(NH;),]** (aq)
or on the y-AL,O; binder for the catalyst prepared with
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Figure 2. HAADF-STEM images of 70 nm-thick microtome cut
sections of the Pt/y-Al,0;/zeolite composite catalysts. Catalysts with
the Pt nanoparticles located in the zeolite: Pt-Z/A, ZSM-5 (a); Pt—B/
A, zeolite Beta (c); and Pt—Y/A, zeolite Y (e). Catalysts with Pt
nanoparticles located on the y-Al,0, binder: Pt-A/Z, ZSM-S (b); Pt-
A/B, zeolite Beta (d); and Pt-A/Y, zeolite Y (f). Pt nanoparticles
appear as bright white dots, while y-Al,O; has a needle-like structure,
and zeolite crystals have a more uniform contrast. The ZSM-$ crystals
were relatively large with a rectangular shape (a,b), while zeolite Beta
crystals were smaller and spherical (c,d). Zeolite Y had large
mesopores (>S5 nm) that are clearly visible within the zeolite Y
component in images (e,f).

[PtCls])*~ (aq). The relatively large white areas present in the
7-Al,0; component of Figure 2e are caused by overlapping y-
Al,O; needles that result in a strong contrast with respect to
the dark background.

The prepared catalyst exhibited a Pt nanoparticle size of 1-2
nm with narrow size distributions (Table 1), while previous
studies have shown that such HAADF-STEM Pt particle sizes
show good agreement with bulk techniques such as
EXAFS.”* The Pt loadings were between 0.2 and 0.4 wt %
Pt (Table 1), and discrepancies in Pt weight loading between
the composite catalysts can be attributed to variations of the
uptake of the Pt precursor during the catalyst preparation.
Despite differences in Pt weight loading between catalysts
based on different zeolites, earlier research on the effect of Pt
to the acid site ratio on Al-rich zeolites (Si/Al = 3 at/at) has
pointed out that with a Pt loading of >0.2 wt % Pt, the rate of
the reaction on the metal sites is not rate limiting and the

performance is not affected.’”®" Furthermore, the high

hydrogen pressures applied in the catalytic experiments will
further advance establishment of a quasi equilibrium between
paraffins and olefins.”> In Table 1, the total acidity of the
catalysts is provided, which was obtained from NH;-TPD over
a temperature range of 100—600 °C. In the Supporting
Information, the desorption profiles of the Pt/y-Al,O;/zeolite
catalyst and composite supports are provided, which were
however too ill-defined to distinguish individual contributions
(Figure S2, Table S3). Besides the composites, the single
components (parent zeolites and y-Al,0;) were also studied
with NH;-TPD, and the desorption profiles of the zeolites
could be deconvoluted, revealing the presence of low- and
high-temperature bands (Figure S3, Table S4). The high
temperature band (300—400 °C) is commonly assigned to
ammonia desorption from Brensted acid sites and shows a
correlation with the Si/Al ratio.”” The band maximum of the
high-temperature NH; desorption is at a higher temperature
for ZSM-S (Figure S3a) than for zeolite Beta and zeolite Y
(Figure S3b,c), which is indicative of slower transport of
ammonia out of the smaller micropores of the relatively large
ZSM-$S particles (Table S1). The desorption of ammonia at
lower temperatures can be attributed to weakly adsorbed
ammonia on Lewis acid sites or weakly acidic hydroxyl groups
such as those observed on the y-AlL,O; binder (Figure S3d,e).
More detailed studies on the acidities of the different
components of composite catalysts can be found in the
literature.*>*

When comparing the total acidities of the Pt/y-Al,O;/zeolite
composite catalysts, prepared with either [PtCls]*~ (aq) or
[Pt(NH;),]*" (aq), a slight but systematic higher total acidity
is observed for the former (Table 1). The use of [Pt(NH,),]**
(aq) yields catalysts with Pt nanoparticles inside the zeolite
crystals, but the three-dimensional pore structures of the
zeolites combined with low Pt weight loadings (<0.4 wt % Pt)
cannot explain alterations in the zeolite acid function, for
example, pore blockage by Pt nanoparticles. Rather, the higher
NHj; uptake for the catalyst prepared with [PtCl]*~ (aq) is
pointing toward a partial chlorination of the surface of the y-
Al)Oj; binder enhancing its acidity. In a recent paper on Pt/y-
Al,O;/zeolite composite catalysts, the effect of residual
chlorine from the Pt precursor was studied in detail using
(pyridine) FTIR and NH;-TPD, revealing that acidity from
residual chlorine had no consequences for catalysis.®

For ZSM-5, zeolite Beta, and zeolite Y, numerous acidity
studies are available in the literature, using NMR®” or FTIR
with basic probe molecules (e.g, CO, pyridines, and
acetonitrile)68’69 sometimes in conjunction with catalytic
tests,”® to describe the various acidic sites of these zeolites.
There is general agreement that the strong Bronsted acid sites,
resulting from a bridging hydroxyl group of charge-balancing
tetrahedrally coordinated aluminum atoms (AI**) with a silicon
atom (Al-OH-Si), are the active sites for isomerization and
cracking reactions of hydrocarbons. Recent computational
studies have suggested that the acid strength of these sites on
high-silica zeolites (Si/Al > 10 at/at), such as those used in this
study, is independent of framework or the location of the acid
site within the framework.”' ="

3.2. Catalytic Activity and Isomer Vs Cracking
Selectivity in n-Heptane Isomerization. The n-heptane
hydroisomerization experiments of the Pt/y-Al,O5/zeolite
composite catalysts and physical mixtures of the parent zeolites
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Figure 3. Catalytic activity of the Pt/y-Al,0;/zeolite composite catalysts (a), n-heptane conversion as a function of temperature, at a feed rate of
2.6 g,.c e 7, a total pressure of 10 bar, and 9 moly, mol, . ~'. Weight-based product yields toward monobranched isomers (closed symbols),

dibranched isomers (asterisks), and C; and C, cracking products (open symbols) as a function of conversion for the ZSM-S-based catalyst (b),
zeolite Beta-based catalyst (c), and zeolite Y-based catalyst (d). Catalysts with Pt nanoparticles located in the zeolite are indicated in blue, while
catalysts with Pt nanoparticles located on the y-Al,O; binder are indicated in orange. The differences in temperature of samples based on the same
zeolite are within a margin of 5—10 °C, while differences between catalysts based on ZSM-5 and zeolite Y are ~50 °C.

and Pt/y-Al,O; were performed at a feed rate of 2.6 gn,c7-gcat_1-
h™!, a total pressure of 10 bar, and 9 moly /mol, ¢ .

As is apparent from Figure 3a, the catalytic activity of
composite catalysts followed a trend of ZSM-S-based catalysts
as the most active, followed by zeolite Beta and zeolite Y. As
stated in the Introduction, the activity of zeolite-based catalysts
is highly dependent on its accessibility which is determined by,
for example, the porosity and zeolite crystal size. The lower
relative activity of the zeolite Y-based catalysts can be
attributed to the lower number of acid sites on this zeolite
because of the relatively high Si/Al ratio. However, for the
hydroisomerization of light n-alkanes, a high relative activity
for ZSM-S with smaller micropores, followed by zeolite Beta
and zeolite Y, is more often observed, and the origin has been
debated.""'>”> Noh et al. have attributed the higher reactivity
for zeolites with smaller micropores to stronger van der Waals
interactions between the carbocation and the zeolite frame-
work, leading to a more stable transition state.'”> In other
studies, the trend in activity is attributed to the stronger
adsorption (a more negative enthalpy of adsorption) of n-
hydrocarbons on zeolites with smaller micropores, which
lowers the net activation energy.”*’® Denayer et al. have
reported adsorption enthalpies of n-heptane at zero coverage:
—79.6 k] mol™ for ZSM-S, —72.6 k] mol™! for zeolite Beta,
and —50.1 kJ mol™! for USY zeolite.”””” However, from the
apparent activation energies that were calculated from the
catalytic data (Figure S4, Table SS), we do not find that the
adsorption enthalpy only can explain the trends in activity of
the zeolites.””’® Furthermore, composite catalysts with Pt
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nanoparticles located on the y-Al,O; binder displayed, in all
cases, a higher catalytic activity than the catalysts with Pt
nanoparticles located inside the zeolite crystals (Figure 3a),
while apparent activation energies were similar between the
composite catalysts based on the same zeolite (Table SS). We
postulate that these differences in catalytic activity are caused
by intracrystalline concentration gradients in heptenes, as a
result of the different locations of Pt nanoparticles which will
be discussed in more detail in Section 4.

In Figure 3b—d, the yields toward monobranched and
dibranched isomers and cracking products (propane and
butanes) are plotted as a function of conversion for the
composite catalysts, which were observed to be the main
reaction products for all catalysts, indicative of the predom-
inance of acid-catalyzed isomerization and cracking (Figure
$5).'%%° Earlier research has pointed out that for hydro-
isomerization of n-alkanes on zeolite-based bifunctional
catalysts, such isomer/cracking yield curves are unique
functions of conversion over a broad range of reaction
temperatures, because the overall isomerization and cracking
rates increase simultaneously upon an increase in temper-
ature.”””” From Figure 3b and Table 2, it can be observed that
both ZSM-5-based catalysts had a virtually identical selectivity
toward monobranched isomers and cracked products, while
only a limited amount of dibranched isomers were formed.

Similar findings for ZSM-5 have been reported before in the
literature; more specifically, Kim et al. have observed that the
location of Pt nanoparticles for ZSM-S-based catalysts (inside
or outside zeolite crystals) did not impact the isomer selectivity
below a zeolite crystallite size of 300 nm (this study: 20—200
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Table 2. Maximum Yield (%) of Mono- and Dibranched
Heptane Isomers Obtained over Pt/y-Al,0;/Zeolite
Catalysts at a Feed Rate of 2.6 G,,_C;gcat_l'h_l, a Total

Pressure of 10 bar, and 9 moly /mol, ¢,

Pt-“zeolite”/A Pt-A/“zeolite”

mono (%) di (%) mono (%) di (%)
ZSM-5 28.5 0.4 289 0.4
zeolite Beta 53.9 9.4 59.4 11.1
zeolite Y 52.7 9.6 58.7 11.1

nm), while the zeolite porosity, Si/Al ratio, and zeolite particle
size did show to influence the total isomer yield that could be
obtained.”** For the large-pore zeolite Beta and zeolite Y
(Figure 3c,d), locating Pt nanoparticles on the y-Al,O; binder
had a beneficial effect on isomer selectivity, both to mono- and
dibranched isomers. Considering the maximum isomer yields
of these catalysts (Table 2), zeolite Beta and zeolite Y perform
similarly, despite the significant structural differences such as
micropore size, zeolite particle size, porosity, and Si/Al ratio
between the zeolites. Earlier research has pointed out that
there are no great differences in diffusivity of skeletal heptane
isomers 1n the micropores of these 12-membered ring
zeolites.”* Zeolite Y-based catalysts were studied before using
an n-Cyy feed, resulting in a larger enhancement in isomer
selectivity (~50%) by locating Pt nanopartlcles outside zeolite
Y than those observed here for n-C,.*" The relatively high
diffusivity of the branched heptane isomers allows relatively
quick diffusion of the zeolite, and therefore, catalysts with Pt
nanoparticles located in the zeolite also have a high isomer
yield.

3.3. Isomer Product Distribution of Composite ZSM-5
Zeolite-Based Catalysts. The formation of isomers of
heptene is commonly attributed by the protonated cyclopropyl
mechanism (PCP), which consists of relatively fast reaction
steps for the formation and shift of methyl groups.” In large-
pore zeolites, the reaction is nonselective with respect to the
isomer formed, and therefore, in principle, the distribution
between either monobranched or dibranched isomers is
dictated by the thermodynamic equilibrium.”* The isomer
product distribution on medium-pore ZSM-S catalysts is
subjected to shape selectivity, which has been studied in
various previous studies.””** The isomer product distribution
for Pt-Z/A and Pt-A/Z, catalysts with the Pt nanoparticles in
ZSM-5 or on the y-Al,O; binder, respectively, is provided in
Figure 4, showing that the catalysts had a high selectivity

toward 2- and 3-methylhexanes and minute amounts of 2,3-
and 2,4-dimethylpentane were formed. Meanwhile, on zeolite
Beta and zeolite Y catalysts, mono-, di-, and tribranched
isomers were formed (Figure S6), while the ratio between the
2-methylhexane and 3-methylhexane was ~0.7, in good
agreement with the ratio predicted by the thermodynamic
equilibrium (Figure S7). The results of the ZSM-S catalysts
show clear evidence of shape selectivity in n-heptane
hydroisomerization, resulting in a very low selectivity to di-
and tribranched isomers and a 2-methylhexane/3-methylhex-
ane ratio that is deviating from the equilibrium value.”
Previous research has pointed out the that the isomer product
distribution of ZSM-5 is mainly governed by the free energy
barriers for diffusion of different heptane isomers within
micropores, that is, product shape selectivity.”* The isomers
formed within the zeolite with a high free energy barrier for
diffusion are more likely to undergo cracking and leave the
zeolite as fast diffusing propane and i-butane. The extent to
which the slower diffusing isomers are formed with respect to
the faster diffusing isomers is known to change as a function of
zeolite crystallite size.'”'”** Based on the free energy barriers,
upper limits of the diffusion coeflicients for different heptane
isomers were computed at different temperatures and are
provided in Table 3. One methyl side group in heptane caused
the diffusion coeflicient in the straight channels of ZSM-$ to
drop by approximately 2—3 orders of magnitude. The data
confirm that the internally branched 3-methylhexane is slower
diffusing than the terminally branched 2-methylhexane, leading
to a deviation in the ratio between the two, which changes as a
function of crystallite size.'* Dibranched isomers with geminal
methyl groups (2,2- and 3,3-dimethylpentane) have very low
diffusion coeflicients. For isomers with vicinal methyl groups
(2,3-dimethylpentane), the diffusion coefficient is higher and
increases further for the isomer with more isolated methyl
groups (2,4-dimethylpentane). These trends are reflected by
the isomer selectivities of the ZSM-5 catalysts, in Figure 4,
showing that small amounts of the 2,3 and 2,4-dimethylpen-
tane were formed, whereas no 2,2- and 3,3-dimethylpentane
were observed. Furthermore, the 2-methylhexane/3-methyl-
hexane ratio does not differ between Pt-Z/A and Pt-A/Z
catalysts (Figure S7). These observations are therefore
indicative of the large diffusional differences between skeletal
isomers of heptane in ZSM-S that determine the isomer
product distribution.'***** The results also show that the
product distribution is not affected by the location of Pt
nanoparticles in composite supports.80
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Figure 4. Isomer product distribution for the Pt/y-AL,O;/ZSM-S catalyst: Pt-Z/A (a) and Pt-A/Z (b). The Y axis denotes the selectivity, that is,
the fraction of the total products formed at a certain conversion level. Data between brackets are the total isomer yield and total n-heptane

conversion at the indicated temperature.

14251

https://dx.doi.org/10.1021/acscatal.0c03138
ACS Catal. 2020, 10, 14245—-14257


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03138/suppl_file/cs0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03138/suppl_file/cs0c03138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03138/suppl_file/cs0c03138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03138?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03138?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 3. Upper Bounds of Diffusion Coeflicients of the Heptane Isomers in the Straight Channels of ZSM-5 Zeolite,

Computed with Transition State Theory

diffusion coefficients (m*s™")

C, isomer 207 °C 255 °C 294 °C 387 °C
n-heptane 43 x 1078 42 x 1078 42 x 1078 4.1 x 107
2-methylhexane 1.1 x 107" 2.0 X 10710 3.1 x 1071 6.1 X 1071
3-methylhexane 1.8 x 107! 3.0 x 107! 49 x 107" 9.7 x 107!
2,2-dimethylpentane 1.1x 1077 9.4 x 107" 45 %107 3.9 x 107"
2,3-dimethylpentane 1.3 x 107" 4.1 x 107 82 x 107 3.3 x 1078
2,4-dimethylpentane 5.0 x 107" 1.0 x 1071 19 x 1071 44 x 107
3,3-dimethylpentane 3.5 x 1078 1.8 x 1077 9.8 x 1077 9.5 x 1071¢
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Figure S. Ratio of dimethylheptanes over i-butane as function of n-C, conversion (a) and the ratio between i-butane and n-butane as a function of
C, cracking conversion (b). The composite catalyst with Pt nanoparticles located in the zeolite is indicated in blue, the catalyst with Pt
nanoparticles located on the y-Al,O; binder is indicated in orange, ZSM-5-based catalysts are indicated as triangles, zeolite Beta-based catalysts are
indicated as circles, and zeolite Y-based catalysts are indicated as squares. Different n-C, conversion or C, cracking conversion levels were obtained
by changing the temperature of the reactor between 200 and 350 °C. Differences in temperature in between catalysts based on the same zeolite are

within 10 °C difference at isoconversion.

3.4. Cracking Product Distribution of Composite
Zeolite-Based Catalysts. Because of their high octane
number, dibranched heptane isomers are more desired
products than monobranched isomers for heptane hydro-
isomerization. However, neighboring methyl groups enable
energetically favorable (f-scission, type B) cracking reac-
tions,'* and their slow micropore diffusivity further increases
the probability of cracking,">** and consequently, they are only
formed to a limited extent. To get more insight into the
cracking behavior of the composite catalysts, the dimethyl-
pentanes/i-butane ratio is plotted, which scales the amount of
dimethylpentanes that are able to leave the zeolite micropores
relative to those being cracked on acid sites, toward propane
and i-butane (Figure Sa). For ZSM-S-based catalysts, almost
no dibranched products were observed (Section 3.3), and
therefore, the ratio is close to zero for the entire conversion
range. For the large-pore (Beta, Y) zeolites, placing Pt
nanoparticles on the y-Al,O; binder significantly suppresses
the cracking of dibranched isomers, that is, by a factor of 2—3,
over a broad conversion range. Furthermore, the plot shows
that below a conversion level of ~80%, for both zeolite Y-based
catalysts, less dibranched isomers are cracked than on the
zeolite Beta catalyst. Poursaeidesfahani et al. have shown that
such a difference in isomerization versus cracking tendency
depends on the height of the free energy barriers of diffusion
and/or the micropore length as determined by zeolite crystal
size.”* Here, both zeolite Beta and Y possess  significant
mesoporosity, while zeolite Beta consists of smaller zeolite
particles than zeolite Y that, in principle, should lead to a lower
cracking tendency.'” The higher cracking tendency of zeolite
Beta with respect to zeolite Y is therefore expected to be
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caused by a combination of micropore size and higher acid site
density. In Figure Sb, the ratio between n-butane and i-butane
is plotted as a function of cracking conversion, that is, the
amount of C, that is cracked toward propane and butanes.
This ratio can be used as an indication of the cracking of
monobranched versus dibranched isomers: i-butane and
propane are formed from cracking (f-scission, type B) of all
dibranched isomers, except 2,3-dimethylpentane, while n-
butane is either formed by the cracking of monobranched
isomers or 2,3-dimethylpentane (f-scission, type C) or
hydrogenolysis (metal-catalyzed cracking).”’ At a cracking
conversion of >10%, a ratio of 10 or higher is observed for all
studied catalysts, indicative of the predominance of acid-
catalyzed cracking, which is further confirmed by the cracking
product distribution patterns in Figure S6, showing negligible
methane and ethane formation from hydrogenolysis. The
higher relative i-butane production for the ZSM-5 catalysts
compared to zeolite Beta and zeolite Y may be explained by the
preferential formation of geminal dibranched isomers,
especially 2,2-dimethylpentane, which is unique for the ZSM-
$ framework.”"*® Because of the high free energy barrier of
diffusion of geminal dibranched isomers in ZSM-S, they are
subsequently cracked toward i-butane and propane. The large-
pore zeolite Beta and Y do not possess such shape selectivity,
which might therefore result in slightly more contributions of
Type C f-scission reactions of 2,3-dimethylpentane, yielding n-
butane. For all studied catalysts with Pt nanoparticles located
on the y-Al,O; binder, it is apparent that more i-butanes are
formed over n-butanes compared to catalysts with Pt
nanoparticles in the zeolite. A similar difference has been
observed for ZSM-22 catalysts and shows to be more subtle for
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Figure 6. Conversion for each zeolite at a fixed temperature (ZSM-S, 230 °C; zeolite Beta, 250 °C; and zeolite Y, 270 °C) (a) and maximum
heptane isomer yield (b) with metal—acid intimacy ranging from closest to microscale. ZSM-S-based catalysts are indicated as blue triangles, the
zeolite Beta-based catalyst is indicated as orange circles, and zeolite Y-based catalysts are indicated as black squares.

the zeolites with a three-dimensional pore structure and larger
micropores.”” These observations point out that when Pt
nanoparticles are located in the zeolite, the acid cracking
reactions are prone to more pronounced confinement effects
(shape selectivity) within the zeolite micropores, leading to the
formation of n-butane. To assess if the isomerization of the i-
and n-butanes influences the i-butane/n-butane ratio, the ratios
from Figure Sb were compared to the equilibrium ratio (Figure
S8), which should be approached upon secondary isomer-
ization. Previous studies have confirmed that shape selectivity
is absent for butanes in ZSM-5, zeolite Beta, or zeolite Y
because of the relatively small size of the C, hydrocarbons.*”
The i-butane/n-butane ratios obtained in the -catalytic
experiments were significantly higher than the equilibrium
value, while the slight downward trend at higher cracking
conversions might be attributed to conversion of i-butane
toward n-butane. Nevertheless, the systematically high i-
butane/n-butane ratio over a broad cracking conversion
range confirms the relative inertness of butanes under the
conditions of n-C, hydroisomerization. Furthermore, from the
product distributions, it is apparent that to a limited extent, the
so-called bimolecular reactions took place for zeolite Beta- and
Y-based catalysts (Figures S6, S8), resulting in the formation of
3-ethylpentane and Cs—Cy cracking products, while hardly any
of these product were observed for ZSM-5.%"%

3.5. Catalytic Performance of Composite Catalysts
and Physical Mixtures. In Figure 6, trends in activity (a) and
maximum heptane isomer selectivity (b) are shown for the
different catalysts over a broad intimacy range, and in the
Supporting Information, the cracking product distribution
(Figure S6) and more detailed catalytic data (Figure S9) are
provided. Comparing catalytic activity of the physical mixtures
to the composite catalysts, it is apparent that a close metal—
acid intimacy is crucial for all catalysts, and catalysts with Pt
nanoparticles on the y-Al,O; binder, with a metal—acid
intimacy at the nanoscale, were optimal for catalytic activity.
Interestingly, the catalytic activity for the intimate physical
mixture of Pt/y-Al,O; and ZSM-S was higher than that for the
ZSM-5 composite catalyst with Pt nanoparticles located inside
the zeolite crystal, while for the other zeolites, a worse
performance of the physical mixtures was observed. The
apparent activation energies for the intimate physical mixtures
with respect to the composite catalysts were similar (ZSM-5,
zeolite Beta) or slightly higher for the zeolite Y-based physical

mixtures (Figure SS, Table SS). The physical mixtures of grains
had a significantly lower catalytic activity than the composite
catalysts and intimate physical mixtures, and all displayed a
lower apparent activation energy that can be attributed to
diffusion limitations as a result of the large distance between
metal and acid sites.”* The intimate physical mixtures appeared
to be in a transition zone between the composite catalysts and
the physical mixtures of grains: the apparent activation energies
were not directly affected by diffusion limitations, but the
greater average distance between metal and acid sites
compared to the composite catalysts negatively affects the
catalytic activity. The maxima in isomer yield for the composite
catalysts and physical mixtures are provided in Figure 6b and
show that the selectivity of the ZSM-5-based catalyst was
rather constant over the intimacy range from Pt nanoparticles
in ZSM-S zeolites to intimate physical mixtures of Pt/y-Al,O;
and ZSM-S zeolite. For zeolite Beta and zeolite Y, the intimate
physical mixtures have similar selectivity toward isomers as
catalysts with Pt nanoparticles located on the y-Al,O; binder,
although higher temperatures are required to obtain the
optimum isomer yield. The isomer yield for the physical
mixtures of grains was worse for all zeolites. Considering both
catalytic activity and isomer selectivity, catalysts with Pt
nanoparticles located outside the zeolite, but in close
(nanoscale) vicinity to zeolite acid sites, are optimal for
catalytic performance.

4. GENERAL DISCUSSION

In the foregoing sections of the paper, we have discussed the
effect of the metal—acid intimacy in zeolite-based bifunctional
catalysts (composite catalysts and physical mixtures based on
ZSM-S, zeolite Beta, and zeolite Y) on differences in the
performance in n-heptane hydroisomerization. We observed
that the metal—acid intimacy, altered by varying the location of
Pt nanoparticles, for zeolite-based catalysts plays its role for
catalyst activity and selectivity. Of all catalysts based on the
same zeolite, the composite catalysts with Pt nanoparticles on
the y-AL,O; binder had the highest catalytic activity and
optimal isomer selectivity. For large-pore zeolite Beta and
zeolite Y, locating Pt nanoparticles in the zeolite was
detrimental for isomer yield, whereas for the ZSM-S-based
catalysts, the isomer yield was rather constant ranging from the
closest intimacy to the microscale of the intimate physical
mixture. Finally, for all composite catalysts, locating Pt
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nanoparticles in the zeolite increased the amount of n-butanes
formed over i-butanes.

To explain the enhancement in activity and isomer
selectivity, we argue that the average reactant diffusion pathway
and related reaction events on the composite catalysts with Pt
nanoparticles on the y-Al,O; binder are different with respect
to catalysts with Pt nanoparticles located in the zeolite. The
heptenes formed on Pt nanoparticles outside the zeolite upon
entering the zeolite may adsorb and react on the first Bronsted
acid site they encounter, while still being close to the zeolite
outer surface. After conversion to a methyl branched heptene,
we propose that it is “easier” for the isomer to diffuse out than
to diffuse into the zeolite crystal, that is, there is an anisotropy
in the diffusion coefficient based on direction, as was earlier
proposed for Pt/y-Al,05/ZSM-22 catalysts.”* This implies that
the heptene isomers in the outer surface layer should
“remember” the zeolite pore entrance to rapidly diffuse out
and subsequently be hydrogenated on Pt nanoparticles on the
7-Al,O; binder. This mechanism effectively decreases the
average residence time in the zeolite micropores of heptenes
formed outside the zeolite, with respect to heptenes formed on
Pt nanoparticles inside the zeolite, which has shown to be a
determining factor in the catalyst selectivity.'> We anticipate
that, on average, heptenes formed inside the zeolite are located
deeper in the zeolite with lower diffusion coeflicients, resulting
in cracking reactions and producing quickly diffusing butenes
and propene. This reaction mechanism is beneficial for the
catalyst activity, for the large-pore zeolite Beta and zeolite Y,
and also for the selectivity toward branched isomers.

For ZSM-5, the 10-membered ring pores of the zeolite
impose such strict confinement on heptene intermediates that
the yield and product distribution of isomers remain unaftected
for the catalysts with a different Pt nanoparticle location
(inside or outside the zeolite). This behavior can be attributed
to the presence of a three-dimensional micropore network and
intersections that facilitate isomerization and cracking and
erase the “memory effect” mentioned above and is therefore
fundamentally different from one-dimensional 10-membered
ring zeolites such as ZSM-22 that have generally high
selectivities toward branched isomers.'®** Other evidence of
the impact of concentration gradients in heptenes in the
zeolites being affected by Pt location is the higher i-butane/n-
butane ratio when Pt nanoparticles are placed outside the
zeolite, with respect to inside, which was observed for all
composite catalysts.42

For the physical mixtures, the greater distance between
metal and acid sites may lead to concentration gradients of
heptenes.*® Nevertheless, optimal isomer selectivity could also
be obtained using intimate physical mixtures, which can be
attributed to a similar transport of olefins with the zeolite as for
the composite catalysts with Pt nanoparticles on the y-Al,O;
binder. The large metal—acid distances present in the physical
mixtures of grains negatively affected both the activity and
isomer selectivity for all catalysts.

The results of this study are therefore in general agreement
with previously reported results where beneficial effects have
been reported when Pt nanoparticles located are outside
zeoliae(:) igystals and in nanoscale intimacy with zeolite acid
sites.”

5. CONCLUSIONS

In this study, beneficial effects on activity for heptane
hydroisomerization were observed when Pt nanoparticles are
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placed on the y-AlL,O; binder of zeolite/y-Al,O; composite
supports as opposed to Pt located inside zeolite crystals. The
activity of the ZSM-S-based catalyst appeared to be rather
unsensitive for Pt nanoparticle location within the nanoscale to
microscale range, while the catalytic activity of large-pore
zeolites benefitted from a nanoscale metal—acid intimacy. For
both zeolite Beta- and zeolite Y-based catalyst, beneficial effects
on isomer selectivity were observed while cracking was
suppressed when Pt nanoparticles were placed on the y-
Al O; binder. The enhanced selectivity of large-pore zeolites
toward isomers is ascribed to the shorter residence time of
intermediates in zeolite micropores as a consequence of
concentration gradients of heptenes. For ZSM-S, no significant
differences in selectivity were observed between catalysts over
a range of metal—acid intimacies, which can be explained by
the large diffusional barriers of heptane/heptene isomers in the
ZSM-5 zeolite that dictates the product distribution. In
general, it is concluded that the catalytic performance of the
zeolite-based bifunctional catalyst for the conversion of
hydrocarbons is affected by pore-mouth mechanisms and
intracrystalline diffusion of reaction intermediates in zeolite
crystals.
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