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Abstract

Among the possible on-purpose technologies for propene production, direct conversion
of butene-rich fractions to propene represents an attractive alternative to conventional
routes such as steam cracking or fluid catalytic cracking (FCC). Here we present an
approach for designing an efficient ZSM-5 based catalyst for the selective cracking of
butenes to propene by properly balancing diffusional and compositional effects. Instead
of the large coffin-shaped ZSM-5 crystallites with very high Si/Al ratios generally
reported, the optimal catalyst in terms of propene selectivity and catalyst life was found
to be a ZSM-5 zeolite with squared morphology, sub-micron sized crystals (0.8 x 0.3 x
1.0 pm), and Si/Al molar ratio around 300. For this crystal conformation, the short
dimensions of both, sinusoidal and straight channels, facilitate propene diffusion and
reduce its consumption in consecutive reactions, limiting the formation of Cs: oligomers
and aromatics and maximizing propene selectivity. Coffin-type ZSM-5 crystals, with
higher diffusional restrictions than square-shaped crystals, show faster catalyst
deactivation than the latter, independently of crystal size and Al content. However, among
the ZSM-5 zeolite crystallites with coffin morphology, the one presenting intergrowths
on the (010) face, with larger proportion of sinusoidal channels, shows lower aromatics
selectivity and deactivation rate, whereas the other two, with straight channels open to
the clean (010) faces, favour the formation of aromatics by direct cyclisation-

dehydrogenation of oligomeric intermediates.

Keywords: Butene catalytic cracking, propene, ZSM-5 zeolite, crystallite size,

morphology, zeolite composition.



1. Introduction

Propene is one of the key building block chemicals in the petrochemical industry, mainly
used in the production of plastics and chemicals. Its global production exceeds 100 Mt/yr

since 2017 and its demand is forecasted to be over 150 Mt/yr in 2050".

Propene is mainly produced as a by-product in ethene and fuel manufacture by steam
cracking of naphtha and fluid catalytic cracking (FCC), respectively. The yield of propene
produced depends on the specific refinery product slate and the operation severity of the
process. Purification of propene and ethene derived from the classical processes accounts
for 0.3 % of the global energy use?, and new materials and selective adsorption processes
for separation of ethene and propene are intensively researched®®. Furthermore, the
volumes of propene produced by thermal and catalytic cracking have been substantially
reduced in recent years due to the emergence of shale gas, as the shift to lighter feedstocks
increases ethene production at the expense of propene make. To address this shortfall,
several on-purpose routes to propene are gaining interest, such as propane
dehydrogenation, ethene-to-propene, methanol-to-olefins (MTO), or olefin metathesis of
low value butene fractions coming from FCC and thermal cracking’-®. The upgrade of Ca+
olefinic streams by catalytic cracking also represents an interesting option to increase the
propene production. It has been integrated into technologies comprising a multi-stage
catalyst system, for instance, the UOP/Total petrochemical olefin process, which
integrates a cracking step with the MTO process to convert by-product Cs+ alkenes into
ethene and propene’, or the metathesis of butenes combined with the cracking of the Ca+

by-products in a second step’!%13

. In addition to the previous approaches, direct
conversion of a butenes-rich fraction to propene by catalytic cracking in the presence of

a highly selective catalyst, stable towards deactivation, represents an attractive

alternative.



In recent years, there has been an increasing research effort in the production of propene
by catalytic cracking of linear butenes on acid zeolite catalysts and ZSM-5, with 10-ring
medium pores (MFI), standing out as the main zeolite studied. According to the butenes
cracking mechanism!# 16, high yields of propene could be obtained by dimerization of
butenes and selective cracking of the octyl carbenium intermediates to propene and
pentenes, provided that other bimolecular reactions, such as hydride transfer, cyclisation
and aromatization, are restricted. Recent research has been focused on the benefits of
modified ZSM-5 catalyst!” or zeolite structures other than MFI'®. As compared to ZSM-
5, large pore zeolites such as mordenite, beta or Y present higher initial activity due to
enhanced diffusion of reactants and products, but suffer from fast deactivation due to the
promotion of undesired hydride transfer and aromatization reactions leading to coke
formation'”. Zeotype structures presenting cavities, such as the CHA structure of SAPO-
34, with large internal cavities connected by narrow 8-ring apertures’, exhibit high initial
propene selectivity as compared to a ZSM-5 zeolite, but limited diffusion of reactants and
aromatic products results in low catalytic activity and faster coking rates. MCM-22
zeolite, with two independent pore systems, one formed by large supercages accessible
through 10-ring windows, and a second one formed by a 2D sinusoidal 10-ring channel
system (4.1 x 5.1 A), presents similar propene selectivity as high silica ZSM-5, but lower
activity and stability at long reaction time?!?2. One dimensional 10-ring zeolites with
TON topology, such as ZSM-22, ZSM-23, ZSM-35 and ZSM-482%23 hampered hydride
transfer and oligomerization reactions because of steric hindrance within their structure,
thus leading to good propene selectivity, but pore blocking by coke also led to faster

deactivation.

The acidity of the zeolite also plays a crucial role on the performance of the butenes

cracking reaction. It is well established that high Bronsted acid site density promotes



undesired consecutive reactions of hydrogen transfer and aromatization, thus increasing
aromatics and paraffins selectivity?*?*. Higher Si/Al ratios and, thus, lower amount of
acid sites are preferred for increasing propene selectivity. In this line, ZSM-5 zeolites
have been prepared with reduced number of Bronsted acid sites (BAS), either through

15,25,26

selective dealumination or by incorporating alkali ions within the ZSM-5 lattice?”

30 Phosphorus incorporation into ZSM-53! was also demonstrated to be an efficient way
to reduce hydride transfer activity and to improve propene selectivity!16-25:28.32-34
Furthermore, the phosphorous addition improves the hydrothermal stability of the

framework Al312234

and will benefit the catalyst performance upon cycles of catalyst
regeneration at the industrial scale. Not only does the acid site density but also the location
of these acid sites plays a key role in selective olefin cracking to propene. In fact, recent
findings have shown that it is possible to significantly prevent undesired bimolecular

reactions in n-hexene cracking by preferential location of Al in the 10-ring channels,

leading to higher propene selectivity>>.

Increasing the accessible fraction of the zeolite crystal and reducing the diffusional path
lengths either by hierarchical pore systems or by adjusting particle size and shape has
been also investigated. In particular, the post-synthetic modification of the ZSM-5 by
desilication was shown to improve the catalyst stability and light olefin selectivity*®. The
effect of reducing the crystallite size of ZSM-5 helps to ensure stability regarding catalyst
deactivation for long-term butenes cracking reactions!®. Finally, some studies have
investigated the effect of catalyst morphology on the cracking activity and selectivity of
ZSM-5 based catalysts. Although earlier works comparing ZSM-5 crystals with coffin or
rounded-boat morphology but similar size did not give differences in product selectivity
for pentene cracking®’, a recent work with ZSM-5 comprising spherical, sheet-, plate- and

noodle-shaped particles showed that the sheet-like crystallites gave the best performance



for cracking a mixture of Css°®. This was tentatively ascribed to diffusion benefits of the
straight pores running along the b-axis over the sinusoidal pores along the a axis of the

ZSM-5 structure, the former being shorter for the sheet-like morphology.

According to the state-of-the-art, catalysts based on ZSM-5 zeolite with high Si/Al ratios
(>150) and large crystal size (>10 um) are believed to be the most adequate in terms of
propene selectivity and catalyst life for the butenes cracking reaction'®*°, Although the
low amount of Bronsted acid sites leads to low catalyst activity, a larger active site density
would increase the number of undesired consecutive reactions within the micropores and,
consequently, lead to faster deactivation. While it is true that larger crystallites should
lead to a larger number of recracking events, shorter crystallites should improve diffusion
and favour catalyst life, provided that unselective reactivity at the external surface is
minimized. Moreover, it is shown that other factors such as intergrowth and shape of the

4243 can also

crystallites*! or preferential orientation of crystals, layers or even membranes
have an influence on diffusion and, therefore, on reactivity. On that basis, we decided to
study here the interplay of diffusional effects, dictated by zeolite crystal size and crystal
morphology, with the compositional effect related with Al content, and the objective of
maximizing catalyst activity, selectivity to propene and catalyst life. We will present here
that it is possible to prepare ZSM-5 samples, out of the conventional range employed for
cracking butenes, with a better catalytic behaviour to maximize propene by “butenes
cracking”. In this way, ZSM-5 samples with very high Si/Al ratios (>200) and sub-micron
sized crystallites with square shaped morphology lead to very active catalysts, presenting
high yields to propene and high stability towards coke and hydrothermal deactivation,

whereas ZSM-5 with coffin-shaped morphology deactivated faster, independently of their

crystal size, due to larger diffusional restrictions.



2. Experimental
2.1.  Zeolite synthesis
2.1.1. ZSM-5 zeolites with different crystallite size and morphology with Si/Al 400

prepared in alkaline medium

The first set of samples comprises ZSM-5 zeolites with crystal sizes ranging from 1 to >
10 pm and either coffin or square morphology, but similar Si/Al ratio in the synthesis gel
of ca. 400. Two zeolites with coffin-shaped (cf) morphology were prepared under alkaline
medium. The first one with large crystals (/, 10-35 um) was synthesized adapting the

procedure described by Bressel et al.**

using the colloidal silica suspension Ludox AS-40
as silica source. A second zeolite, with reduced crystal size, was prepared by seeding
(intermediate sized, i, 1.5-3.5 um). The zeolites with large and intermediate crystal size
and coffin morphology were named as MFI400l-cf and MFI400i-cf, respectively. A
zeolite composed of crystals of intermediate size (i, 3-3.5 um), but with square-shaped

morphology (sq), was synthesized following the same procedure as for MFI4001-cf, but

using fumed Aerosil as silica source. This zeolite was coded MFI400i-sq.

A reference ZSM-5 zeolite (MFI2000) with very large crystals (16-60 um), coffin-type

morphology and Si/Al ratio in the gel of 1000 was prepared under fluoride medium.

Synthesis details of the three methods are given in Table 1 and in the Supporting

Information (S1-S2).
2.1.2. ZSM-5 zeolites with small size crystals and square morphology

A series of three zeolites with the same crystallite size (small < 1 um, s), similar
morphology (square-shaped tablets, sq) and increasing Si/Al ratios in the gel (200, 400
and 600) have been prepared. These zeolites were synthesized adding different amounts

of Al to the synthesis gel by adapting a reported procedure*. For comparison purposes, a



pure silica zeolite with the same size and shape was also prepared. The zeolites obtained

were coded as MFIxs-sq, where x is the Si/Al ratio in the zeolite synthesis gel and sg

states for the square-shaped morphology. Synthesis parameters are given in Table 1 and

in the Supporting Information (S3).

Table 1

Synthesis parameters for the ZSM-5 zeolites investigated.

Code gel Si OSDA! Mine- Gel
Si/Al  source ralizer = composition
MFI2000 1000 Aerosil  TPABr NH4F 1Si0;: 0.0005A1,03:

MFI4001-cf 400 Ludox  TPABr NaOH
MFI400i-cf> 400 Ludox  TPABr NaOH
MFI400i-sq 400 Aerosil TPABr NaOH
MFI200s-sq 200 TEOS  TPAOH NaCl
MFI400s-sq 400 TEOS  TPAOH NaCl

MFI600s-sq 600 TEOS TPAOH NaCl

0.08 TPABr: 0.1NH4F: 21H,0
1Si02: 0.00125A1,03:
0.05TPABr: 0.24NaOH: 36H,0O
1Si02: 0.00125A1,0s:
0.05TPABr: 0.24NaOH: 36H,O
1Si02: 0.00125A1,03:
0.05TPABr: 0.24NaOH: 36H,0
1Si02: 0.0025A1,03:
0.2TPAOH: 0.005NaCl: 70H,O
1Si02: 0.00125A1,0s:
0.2TPAOH: 0.005NaCl: 70H,O
1Si02: 0.000625A1,03:
0.2TPAOH: 0.005NaCl: 70H,O

!'Organic structure directing agent.

2Prepared by addition of 10 wt. % seeds of MFI600s-sq to the MFI4001-cf synthesis

gel.

2.2.  Calcination and ion exchange

All the as-prepared samples were calcined at 580 °C for removal of the organic

compounds. Then the zeolites were NH4" exchanged to levels of Na>O below 0.05 wt.%

using a 2.5 M NH4Cl solution at 80 °C for 2 h and 1:10 solid-to-liquid ratio (wt/wt), and

finally calcined in a muffle oven at 500 °C for 3 h, to obtain the acid zeolite.

2.3.  Catalyst characterization




The structure and crystallinity of the zeolites was followed by Powder X-Ray Diffraction
(PXRD) and the Si/Al ratio was determined by Inductively Coupled Plasma (ICP). The
size and morphology of the crystals was investigated by means of FESEM. Textural
properties were obtained from the nitrogen adsorption isotherms measured at 77 K.

Details of the characterization techniques are found in the Supporting Information (S4).
2.4. Catalytic tests for cracking of butenes

All the catalytic tests were performed at 550 °C and atmospheric pressure in a fixed bed
continuous reactor system. Before each reaction, the catalyst was activated within the
reactor at 550 °C for 1 h under 50 mL/min nitrogen flow. Then, a mixture of 16 vol.% 1-
butene (99.6 %, Praxair Spain) in nitrogen was fed to the reactor. The contact time was
varied by changing the total flow and/or the amount of catalyst in order to obtain different
butene conversions. The reaction outlet was analysed with a Bruker 450 GC
Chromatogram equipped with TCD detector, a BR-Al,03/Na;SO4 (50 m, 0.53 mm ID)
and a CP-Sil-PONA (50 m, 0.21 mm ID) capillary columns connected to two FID
detectors. Particular aspects of the reaction procedure are given in the Supporting

Information (S5).

The butene isomerization rate at 550 °C in the presence of an acid ZSM-5 catalyst is very
fast and the butene isomer distribution rapidly reaches the equilibrium concentrations*S.
Therefore, 1-butene isomerization products have not been considered as reaction
products; rather the disappearance of butenes has been considered for determination of

the 1-butene conversion. .

3. Results and discussion



In this work we have started from the hypothesis that the catalyst descriptors for butene
cracking are zeolite composition (Si/Al ratio) and diffusional catalyst factors such as
crystal size and crystal morphology. Then, to differentiate the effect of each parameter on
activity and selectivity during the cracking of butenes, we have attempted to synthesize
zeolite catalysts wherein the above named descriptors were varied one at a time, while
maintaining the rest of the catalyst features constant. The objective has been achieved by
an adequate synthesis strategy (Section 2.1) and monitored through the characterization
results presented below. Finally, the effect of these parameters on the catalytic behaviour
of the different ZSM-5 samples for the cracking of butenes will be presented in Section

3.2.
3.1. Characterization of the ZSM-5 zeolites

The diffusion of reactant and product molecules to and from the acid sites within the
zeolite crystal is controlled by the way in which the microporous channels are
interconnected. All the catalysts studied in this work present an MFI topology, as
confirmed by the PXRD patterns shown in Figure 1. Then, the channel configuration
consists of sinusoidal channels running along the direction of the a axis (intersecting the
[100] plane) interconnected with straight channels along the b axis (intersecting the [010]
face), and a tortuous and inaccessible path running along the ¢ axis*’. However, when
zeolites are used as heterogeneous catalysts, the diffusion of reactant and product
molecules to and from the acid sites within the zeolite crystal is controlled, not only by
the pore structure, but also by the morphology and size of the crystallites. In the case of
ZSM-5, the diffusional path lengths of the straight and sinusoidal channels and the
number of openings to these pores will depend on the size of the crystals along the a and
b axis, respectively, whereas the size along ¢ will only affect the amount of channel

intersections (see Figure 2).
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Figure 1. PXRD patterns of the different ZSM-5 zeolites.

Table 2
Properties of the ZSM-5 based catalysts.

1
5 10 15 20 25 30 35 40

Code Si/Al'  Vmicro® = SBET’ Sext” Crystallite a/c*  a/b’ Crystallite
(em®¢")  (m?g1) (m?g')  size (um) morphology
MFI12000 786 0.16 338 6 16x10x35-60 0.3-0.5 1.6 coffin
MF14001-cf 278 0.16 362 8 11x6x20-35  0.3-0.6 1.8 coffin
MFI1400i-cf 301 0.17 386 12 1.5x0.5x3.5 0.4 3.0 coffin
MFI1400i-sq 282 0.19 398 13 3x2x3.5 0.9 1.5 square
MFI200s-sq 152 0.17 433 21 0.7x0.3x0.8 0.9 23 square
MFI1400s-sq 289 0.16 405 18 0.8x0.3x1 0.8 2.7 square
MFI1600s-sq 515 0.17 424 17 0.9x0.4x1.1 0.8 23 square

from the ICP analysis of the acid zeolites.
Yfrom the ¢-plot method.
3from the BET analysis subjected to the Rouquerol criterion®,.

““aspect ratio” defined as a/c dimensions from the (a x b x c¢) crystallite size values.
S“aspect ratio” defined as a/b dimensions from the (a x b x c) crystallite size values.
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Different synthesis methods may lead to MFI zeolites with different crystal shapes and
morphologies®®*#>49-31 In line with this approach, we have synthesized ZSM-5 zeolites
with different crystal sizes and morphologies, as evidenced by the FESEM images
presented in Figure 3. MFI2000 zeolite is composed of coffin-shaped crystals, with sizes
ofabout 16 x 10 x 35-60 um (a x b x ¢). Zeolites MFI4001-cf and MFI400i-cf, synthesized
with Ludox in alkaline medium, present crystals of 11 x 6 x 20-35 pum and 1.5 x 0.5 x 3.5
um, respectively, and comparable width-a/length-c ratio (“aspect ratio”) as MFI12000 (ca.
0.4). Particularly, MFI400l-cf shows intergrowth structures covering the [010] facet of
the main crystal, which are rotated by 90° with respect to the common crystallographic
orientation*!273% Regarding the main crystal, the pores opened to the zig-zag channels
(at the lateral faces) are retained, but the access to the straight channels is largely blocked
by the intergrowth subunits. The twined crystal, in turn, exposes mainly the sinusoidal
channel mouths at the top face, being the other end of these pores intercepted by the main
crystal. This configuration results in a higher proportion of sinusoidal channel pore
openings. Zeolite MFI400i-sq has crystals of square-shaped morphology and similar
dimensions (3 x 2 x 3.5 um) as compared to MFI400i-cf in the ¢ direction. However, the
length along the other two axis (a and b) of zeolite MFI400i-sq is double than those of
MFI400i-cf, resulting in double the a/c “aspect ratio”, from ca. 0.4 to 0.8, and in longer
straight and sinusoidal pores. The shape of MFI400s-sq crystals is similar to that of
MFI400i-sq, the former showing a smaller average size of 0.8 x 0.3 x 1 um. Finally, the
three zeolites prepared with different Si/Al ratio (see Table 2), MFI1200s-sq, MFI1400s-sq
and MFI600s-sq, show a homogeneous crystal size distribution of approximately 0.8 x
0.3 x 1 pm and a square-shaped morphology with rounded confronted faces. It is
noteworthy that while both coffin- and square-shaped crystals expose [100] and [010]

surface orientations, the former present tips at the extremes of the crystals along ¢
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5539 not present in the square-type morphology. These

exposing [101] and [10-1] surfaces
tips were seen to constitute separate segments within the crystals, and the interfaces
between the tips and the main crystals could act as diffusion barriers®®. These

discontinuities ascribed to the coffin-shaped crystals may involve diffusional limitations

to both, reactants and products.

b [0kO]
Straight
channel
a[h00]
c [001]
Sinusoidal
channel
[TOU
Inaccessible path

Figure 2. Projections of the channel directions and orientations in a ZSM-5 crystallite (adapted

from reference®).

The chemical composition and textural properties of the different zeolites are compared

in Table 2. The MFI2000 sample has a Si/Al ratio of 786, as expected for this high silica

zeolite. The four ZSM-5 synthesized under different conditions but maintaining a Si/Al
molar ratio in the synthesis gel of 400, MFI400l-cf, MFI400i-cf, MFI400i-sq and
MFI400s-sq, have comparable Si/Al ratios in the final solid, close to 300, and this will
allow the study, in an isolated way, of the influence of the crystal size and morphology.
The three small-crystal ZSM-5 samples, MFI1600s-sq, MFI400s-sq and MFI200s-sq,
present Si/Al ratios of 515, 289 and 152, respectively. All three zeolites exhibit a total

surface area close to 400 m?/g, a micropore volume of ca. 0.17 cm®/g, and roughly the
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same external surface area, around 20 m?/g. The invariance in their textural properties
and the high homogeneity of their crystals (Figure 3) will allows us to assess, in an
independent way, the influence of the Si/Al ratio for this series on the catalytic cracking
of butenes. MFI2000 zeolite shows a slightly lower total surface area of 338 m?*/g
accompanied by the lowest external surface area. As the exposed surface of the zeolites
is higher for smaller crystals (MFI400s-sq and MF1400i-cf), their external surface area is
higher as compared to their square- and coffin-shaped analogues (MFI400i-sq and

MFI4001-cf, respectively) with larger crystals.
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Figure 3. FESEM micrographs of the ZSM-5 zeolites. Note the different scale for the two top
images (MFI2000 and MFI4001-cf).
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3.2.  Catalytic performance for the butenes cracking reaction

The butenes cracking reaction over acid ZSM-5 catalysts is a complex process. It involves
oligomerization-cracking reactions yielding propene and ethene accompanied by side
reactions leading to undesirable products, such as aromatics and paraffins (Scheme 1). In
a first step, 1-butene is protonated by reacting with the Bronsted acid site of ZSM-5
leading to the formation of a C4" carbenium, which readily isomerizes into the other
butene isomers. The direct cracking of the C4" is energetically disfavoured, since it
involves the formation of unstable primary carbeniums, so a preferred route follows a
bimolecular dimerization with a second butene molecule to form different octyl
carbocations, depending on the combination of the C4~ isomers. The Cg" intermediates
can then crack via beta-scission into either two C4 molecules, C3 + Cs or Ca + Ce. In this
step, C3 and C; tend to remain as alkenes, especially ethene, whereas Cs and Cs
intermediates can desorb as the corresponding alkenes or further crack into lighter olefins,
since they both hold a C-C bond to be cleaved by beta-scission. Additionally, the Cs-Cg
carbeniums may oligomerize leading to Ce-+ olefins that can further crack on the Bronsted
acid sites. The Ce+ alkenes can also be transformed by hydrogen transfer into an olefin,
also holding a carbocation, which will cycle into naphthenic compounds that will be
involved in hydrogen transfer, dehydrogenation, alkylation/de-alkylation and
condensation reactions leading to aromatics and ultimately to coke. Whereas Cs+ alkanes
are mainly formed by hydride transfer from the corresponding alkenes, methane and
ethane are produced, preferentially, by protolytic cracking of iso-paraffins or of the side-

chains of alkyl-aromatics®*%363,

16



Legend

Reactants Paraffins
Primary products. Aromatics
Secondary products Intermediates

(Coke)

Alkylation
Hydrogen Transfer
Dehydrogenation
Isomerization
Cyclization

Scheme 1. Possible reaction routes for the butenes cracking over ZSM-5 catalysts on the basis

of the most abundant products identified.

Taking into account the reaction mechanism described above, the optimal catalyst should
be the one that, while being stable towards deactivation, will promote the propene
selectivity by minimizing reactions leading to side-products, such as aromatics and
alkanes. When cracking 1-butene, the thermodynamic equilibrium yield of propene and
ethene increases with increasing reaction temperature  and decreasing total

14,17,27,30,46,

pressure % When catalysed by ZSM-5, optimum yields are obtained at reaction

temperatures in the range of 500-580 °C and butenes partial pressure of 0.02-0.05 MPa,
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or at higher temperatures if partial pressure is increased. This is expected since increasing
the reaction temperature favours the endothermic cracking steps over the exothermic
hydrogen transfer reactions, while increasing pressure will favour kinetically the
bimolecular reactions leading to hydrogen transfer. The 1-butene cracking tests described
in the following sections were performed at 550 °C and atmospheric pressure in a fixed

bed reactor system.
3.2.1. Influence of diffusional factors at comparable Si/Al ratios

Decreasing the crystal size of samples with comparable morphology and a/b and a/c
“aspect ratios” will reduce the length of the sinusoidal and straight channels, facilitating
diffusion and decreasing the extension of consecutive reactions, but will also increase the
external surface exposed and the number of pore openings to the external surface, with
possible consequences in product selectivity and coking*>®"-%%. The number of channel
intersections will also be reduced, and this may affect the product distribution because in
these crossing points the formation of aromatics will be favoured, as well as that of
branched oligomers that will either crack to smaller products, or remain at the intersection
leading to coke precursors®. Moreover, although according to DFT studies performed for
Al-ZSM-5, Al has no thermodynamic preference for a specific framework position and
Al siting will depend mainly on the synthesis procedure®’, reducing the number of
intersections will also reduce the amount of Al in these positions, reducing the extension
of undesired bimolecular reactions. On the other hand, coffin- and square-shaped
morphologies differ not only in their relative a/b and a/c dimensions but also in the
continuity of the channels within the crystals. Coffin-type crystals have been described
as being formed by different segments, including the tips at the extremes of the crystals
along c or the twinned sub-units growing on the (010) surfaces of the main crystals, that

will hinder the diffusion of reactants and products*!-¥. These segments or components
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are separated by interfaces that may also act as diffusion barriers. Thus, the stronger
diffusional limitations of coffin-type crystals are expected to result in faster deactivation

as compared to the square-shaped morphology.

The intrinsic activity of the four ZSM-5 with Si/Al=300, both coffin- and square-shaped,
is compared in Figure 4a with that of the large coffin-shaped ZMS-5 synthesized under
fluoride media (MFI2000) with lower Al content (Si/Al=786). Considering the three
coffin-shaped zeolites, the initial butenes conversion increases when increasing crystal
size, and the sample synthesized under F- media is by far the most active. This may be
due to an enhancement of possible consecutive reactions involving the starting butenes
and to higher diffusional restrictions within the larger crystal, increasing the residence
time of the molecules within the micropores. However, when comparing the stability of
these catalysts with time on stream (TOS) at the same contact time of 0.73 h (see Figure
4b), MFI2000 deactivates significantly faster, especially during the initial stages of the
reaction. This can be a direct consequence of its larger crystals, which will promote the
formation of coke precursors, especially at short TOS, when the activity of the catalyst is
maximum. Moreover, taking into account that deactivation in micron-sized ZSM-5 has
been related to external coke formation*?, the small external surface and small number of

pore openings will also contribute to its fast deactivation.
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Figure 4. Initial butenes conversion at different contact times (a) and evolution of butenes
conversion with TOS at contact time of 0.73 h (b) for MFI2000 and ZSM-5 catalysts with

different size and morphology and Si/Al 300.

The sharp activity loss observed for MFI2000 at this contact time of 0.73 h is
accompanied by a substantial drop of propene yield after 2-3 h TOS (see Figure 5a).
Although the maximum propene yield obtained with MFI12000, 42.3 mol % (39.8 wt %)
is, to the best of our knowledge, the highest propene yield reported over unmodified ZSM-
5 zeolite catalyst under similar reaction conditions!#!%-2332333970 it suffers a constant
decrease after 2 hours on stream to values below 41.6 mol %. The decrease in propene
yield is even more pronounced for catalyst MFI4001-cf, despite presenting comparable

initial values, and for the third coffin-type ZSM-5, MFI1400i-cf.
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Figure 5. Propene evolution with TOS for the MFI2000 and the ZSM-5 catalysts with different
size and morphology and Si/Al 300 at a contact time of 0.73 h (a) and under conditions of
maximum propene yield (t = 0.73 h for MF12000 and MFI400s-sq and T = 1.45 h for MFI14001-
cf, MFI400i-cf and MFI400i-sq) (b).

The two square-shaped ZSM-5, MFI400i-sq and MFI400s-sq, with intermediate and
small crystal size, respectively, are also compared in Figures 4 and 5. The trend in terms
of initial activity is the opposite as for the coffin-shaped catalysts, and reducing the crystal
size from the micron- to the sub-micron size for the square morphology results in a huge
increase of the initial butenes conversion. In fact, sample MFI400s-sq, with the smallest
crystal size, is as active as the reference MFI2000 (see Figure 4a) but presents the
additional advantage of being significantly more stable with TOS, despite its higher Al
content (see Figure 4b), not only towards deactivation but also in terms of propene yield
(maintaining ca. 41.6 mol % after 2 hours on stream). Moreover, MFI400s-sq stands out
for yielding the highest propene, not only when comparing with the rest of the catalysts
at the same contact time (Figure 5a) but also under conditions of maximum propene
production (Figure 5b). As will be discussed later in more detail, increased number of

pore mouths and shorter diffusional paths for both straight and sinusoidal channels in this
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sample are the reason for this better performance. Regarding the influence of crystal
morphology, coffin-shaped ZSM-5 present higher deactivation rates than square-shaped
samples, independently of the crystal size, as could be expected from their larger
diffusional limitations. Moreover, among the zeolites with coffin-type morphology, the
one with intergrowths, MFI4001-cf, presents a lower deactivation rate than the other two

zeolites with clean (010) surfaces and accessible straight channels.

The molar yield of the primary reaction products is plotted versus butenes conversion in
Figure 6 for the MFI2000 and the four catalysts with Si/Al~300, tested at different contact
times. At similar conversion ranges, these plots allow comparing the catalysts in terms of
molar selectivity. Please note that in these graphs, the yield at the highest conversion data,
obtained at a given contact time, corresponds to the yield observed at initial TOS (closed
symbols). In this way, and taking propene as example (Figure 6a), the rest of the points
(open symbols) correspond to the propene yields at increasing TOS in Figure 5 and,
therefore, affected by the deactivation of the catalyst. For all the catalysts, propene is the
dominant reaction product, followed by ethene, Cs+ aliphatics and aromatics. Figure 6a
shows a maximum in propene selectivity for a conversion range of 70-77% for all
catalysts except MFI400s-sq, where the maximum is expected to be shifted towards
conversions above 75%. The propene selectivity starts to decrease at higher conversion
values, and confirms its primary unstable nature. Propene yield declines in favour of an
increase in aromatics, which appear as secondary stable products and will, eventually,
drive into catalyst decay. Regarding ethene and Cs- aliphatics, according to the selectivity
curves, the former presents a primary plus secondary stable character, whereas the

aliphatic hydrocarbons are unstable for the conversion range considered.

Among the coffin-shaped catalysts, MFI2000 is the most selective to propene and ethene,

but also highly selective to aromatics, and presents the lowest selectivity to Cs- aliphatics.
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Thus, the Cs+ fraction, mainly alkenes, is converted to a larger extend in this large crystal
ZSM-5 with a higher proportion of channels intersections, either by cracking into the
desired light olefins, or by cyclisation and further conversion into aromatics. The rapid
activity loss of MFI2000 suggests that, although part of the aromatics are able to egress
the crystals, another fraction remains within the zeolite structure, participating in coking

reactions leading to deactivation.

As the crystal size of coffin-like crystals is decreased, propene selectivity decreases also,
especially for the sample with intermediate crystal size, MFI400i-cf, which, on the other
hand, maintains a high selectivity to aromatics, but also to Cs+ aliphatics. Taking into
account the crystal dimensions for these three samples it can be seen that, besides the
overall crystal size reduction, the relative length of the crystals along the a and b axis,
parallel to the sinusoidal and straight channels, respectively, and given by the a/b ratio
(see Table 1), also varies. In the three cases, the crystals are longer in the a direction than
in the b direction (a/b > 1) but MFI400i-cf has a significantly higher a/b ratio, and
therefore proportionally longer sinusoidal channels than the other two zeolites. Aromatics
will diffuse preferentially through the straight channels running along the b-axis, whereas
smaller hydrocarbons such as propene will egress the crystals through the sinusoidal
channels along a**%"%8, However, sinusoidal channels tend to deactivate faster due to the
formation of external surface coke species*?, decreasing the contribution of these channels
and, therefore, increasing the selectivity to aromatics when comparing MFI400i-cf with
MFI2000. The propene selectivity obtained with MFI4001-cf, although lower than that
corresponding to MFI2000 in the high conversion range (>75%), is similar to the latter
when comparing at lower conversions. Moreover, it shows lower aromatic selectivity as
compared to the other two coffin-shaped ZSM-5, and higher aliphatic Cs+ oligomers than

MFI12000 (with lower Si/Al). The main difference of MFI4001-cf as compared to the other
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two catalysts with this coffin-type morphology is that it presents intergrowths that will
reduce the number of pore mouths corresponding to the straight channels, while
increasing the proportion of openings giving access to the sinusoidal pores. Thus, the
contribution of the sinusoidal channels in this catalyst will be significantly higher.
According to a recent study, the formation of aromatics*? and their diffusion*' within the
zig-zag channels is less favoured than within the straight pores, and this could explain the
differences in selectivity observed for the twinned MFI400l-cf catalyst. On the other
hand, the other two coffin-shaped ZSM-5, without intergrowths, will have clean (010)
surfaces and open straight channels along b that will favour the diffusion of the aromatics
formed in the channel intersections, increasing the aromatic selectivity. Thus, in the case
of ZSM-5 catalysts with coffin-shaped crystals the highest propene and lowest aromatic
selectivity is obtained for sample MFI400l-cf, which is not the one with the smallest
crystals but the only coffin-type ZSM-5 with intergrown twinned crystals. For the non-
intergrown coffin-shaped zeolites, the higher the relative length of the crystal along a
(parallel to the sinusoidal channels) vs the crystal dimension along b (parallel to the

straight pores), the lower the propene.

Regarding the square-shaped ZSM-5, decreasing crystal size results in a higher propene
selectivity. As pointed out above, for the small crystal sized zeolite, MFI400s-sq, propene
selectivity follows an increasing trend with conversion, even for values over 75%. This
clearly differs from the rest of the zeolites compared, and could be related to the shorter
diffusional paths along both, the sinusoidal and the straight pores, which will enable
primary cracking products, such as propene, to egress the crystal before getting involved
in undesired consecutive oligomerization or oligomerization + cyclisation reactions that

will preferentially take place in the channel intersections®, present in a lower amount in
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the small MFI400s-sq crystals. This is in good agreement with the low selectivity of this

small-crystal ZSM-5, not only to aromatics, but also to aliphatic Cs+ products.

The crystal size and morphology study shows that it is possible to improve the catalytic

behaviour of the conventional large coffin-shaped high silica ZSM-5 crystals for the

production of propene through butene cracking by preparing samples with sub-micron

sized crystals, square morphology and Si/A1~300. These catalysts have shorter diffusional

paths and more pore openings, which favour the diffusion of propene out of the crystals

and reduce the extent of undesired consecutive reactions leading to aromatics or to an

accumulation of coke precursors in the micropore channels.
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Figure 6. Propene (a), aromatics (b), ethene (c¢) and Cs. aliphatic (d) molar yield as a function

of butenes conversion for MFI2000 and the ZSM-5 catalysts with different size and morphology
and Si/Al 300.

3.2.2. Influence of compositional factors for the small-crystal ZSM-5 catalysts.
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In a second approach, the effect of modifying the Si/Al ratio will be studied for the ZSM-
5 zeolite with small size square-shaped crystals, which is the best performing in terms of
activity, catalyst life and propene selectivity. Thus, two new samples, with Si/Al in the
final solid of ca. 500 and 150 (MFI600s-sq and MFI200s-sq, respectively) have been
compared with the best performing catalyst, MFI400s-sq, with Si/Al~300. According to
theoretical studies, Al has no thermodynamically preferred positions within the MFI
structure, and the higher the Si/Al ratio, the lower the differences among the energy values
obtained for the different possible locations®. Thus, Al siting will be mainly determined
by the synthesis procedure, such as the presence of Na or specific organic structure
directing agents (OSDA)’!, or competitive incorporation of other trivalent elements®.
Taking into account the low Al contents of the three ZSM-5 samples compared in this
section, and that have been synthesized following the same procedure, except for the
amount of Al precursor added to the synthesis gel, no significant differences are expected

regarding their Al distribution.

Despite the high Si/Al ratios (above 150), the intrinsic activity of the ZSM-5 catalysts is
significantly influenced by the aluminium content, and higher amount of Al results in
higher initial butenes conversion (Figure 7a). Moreover, an additional experiment carried
out with a silicalite analogue (Si/Al > 3000) under the same reaction conditions,
confirmed a virtually null 1-butene conversion into products different from butene

isomers (Table S1). Although previous studies'*”°

suggested that weak acidic silanol
groups are the catalytically active sites for the butenes cracking to propene and the more
acidic bridged OH groups promote secondary reactions towards alkane and aromatics, we
see that, under our reaction conditions, the presence of bridged hydroxyl groups are

needed to catalyse the butenes cracking reaction towards an appreciable propene

production.
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When the catalysts are tested at the same contact time (Figure 7b), although differences
are not large, the deactivation rate is lower for the catalyst with more Al (which is also
the most active). Although an increase in stability when increasing Si/Al ratio of ZSM-5
zeolites has been reported for zeolites with Si/Al <200, because zeolites with low density

of acid sites show lower coking formation tendency?*2°

, we observe the opposite trend
for our small-crystal square-shaped ZSM-5 zeolites with Si/Al > 200. This can be
explained on the bases that a catalyst with very low amount of active sites (very high
Si/Al ratio) will reduce drastically its initial activity when a number of acid sites are
deactivated with time on stream, as compared with a catalyst with more acid sites (lower
Si/Al ratio), which will retain longer its activity when losing the same number of acid
sites. Taking into account that for these zeolites the right crystal size and morphology
minimize the formation of coke precursors, the effect of reducing the Al content and,
therefore, the amount of active sites, will only have a negative influence on initial activity
and catalyst life under our conditions, and the larger amount of active sites in the sample
with higher Al content will result in a higher stability of this catalyst with TOS. In fact,
when compared at different contact times but comparable initial butenes conversion,
deactivation rates are rather similar for the three catalysts (Figure S1b). Thus, when
comparing catalysts with similar -and relatively small- crystal size, the Al content has a

significant influence on the activity for butene conversion, but the effect regarding

catalyst deactivation is minor for the TOS range considered.
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Figure 7. Initial butenes conversion at different contact times (a) and evolution of butenes
conversion with TOS at contact time of 0.73 h (b) for the small-sized crystals at different Si/Al

ratios.

However, the Si/Al ratio has an important effect on the product distribution at the reactor
outlet. Although the propene yield of the less active MFI600s-sq is the lowest, the most
active catalyst, MFI200s-sq, also produces less propene than the catalyst with
intermediate Al content, MFI400s-sq (Figure 8a). MFI400s-sq yields more propene than
the other two zeolites, not only at the same contact time of 0.73 h, but also under
conditions of maximum propene production (Figure 8b). Moreover, the stability of

propene yield with TOS is also the highest for this catalyst.
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Figure 8. Propene evolution with TOS for the small-sized crystals at different Si/Al ratios at a
contact time of 0.73 h (a) and under conditions of maximum propene yield (t = 0.73 h for

MFI400s-sq, T = 1.45 h and 0.36 h for MFI1600s-sq and MFI200s-sq, respectively) (b).

According to the molar selectivity plots (Figure 9), MFI600s-sq catalyst is less selective
to aromatics (as expected for the lower Al content) and to ethene, whereas the Cs+
aliphatic yield is increased with respect to MFI1400s-sq sample. The lower activity of this
small crystal catalyst with highest Si/Al ratio limits secondary reactions and thus the
transformation of the higher aliphatic oligomers into aromatics. Increasing the Al content
to the levels of MFI200s-sq enhances the cracking activity, but also promotes side
reactions causing a lower selectivity to propene, which is accompanied by an increase in
aromatics. Ethene and Cs aliphatics selectivity are rather similar than those of MFI1400s-
sq catalyst. Thus, the formation of aromatics is promoted at the expense of propene for
the catalyst with the highest Al content as compared with the other two catalysts of this
series. Although part of the aromatic molecules may form poly-alkylated species, which
will be retained in the pores of the crystals leading to catalyst decay, especially at short
TOS, the deactivation rate for the three catalysts of this series is lower as compared with
the ZSM-5 catalysts with crystals larger than 1 um. This underlines the beneficial effect
of reducing the crystal dimensions for the ZSM-5 catalyst in terms of catalyst stability,

regardless of the Al content.
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Figure 9. Propene (a), aromatics (b), ethene (c¢) and Cs: aliphatic (d) molar yield as a function

of butenes conversion for the small-sized crystals at different Si/Al ratios.

Summarizing, when modifying the Al content in small sized ZSM-5 catalyst with square
morphology, the catalyst stability is maintained, and the main influence of the Si/Al ratio
is on the catalytic activity, with higher butene conversions for higher Al contents, and on
propene selectivity, which is significantly penalized for the sample with the lowest Si/Al
ratio, MFI200s-sq. Thus, intermediate Al content (Si/Al ca. 300) leads to optimum

performance.

3.2.3. Influence of diffusional and compositional factors on potential butenes to

propene production routes.

30



In the previous sections, the catalytic results have been tentatively interpreted based on
general reaction routes involving the four main components, propene, ethene, aromatics
and Cs: aliphatics. According to this general mechanism, propene is obtained by
dimerization and selective cracking of octyl carbenium intermediates to propene and
pentenes and/or to ethene and hexenes, less favourable!®. Cracking of pentenes and
hexenes can yield additional propene, and other reactions such as hydride transfer,
cyclisation and aromatization, will lead to the formation of undesired aromatics and coke
precursors'*!>. When we compared the selectivity of the MFI catalysts with similar Si/Al
ratio, we observed a high selectivity to propene for the catalysts with large coffin-shaped
crystals, especially for MFI4001-cf. This catalyst, with higher proportion of sinusoidal
channels due to the intergrowth of twinning crystals, will present larger steric hindrance
disfavouring the formation and/or diffusion of aromatics, as compared to the other coffin-
shaped zeolites with clean [010] surfaces and open straight 10-ring channels. MFI4001-cf
is also the most stable towards deactivation among the coffin-shaped ZSM-5, in good
agreement with its lower aromatization selectivity. Larger crystals also imply higher
proportion of channel intersections (crossing between sinusoidal/a-oriented and
straight/b-oriented MFI channels) where the formation of branched oligomers, easier to
crack may be enhanced. The formation of the aromatics will also be favoured when
increasing the number of channel intersections, but their diffusion along the sinusoidal
channels will be severely hindered. In the case of crystals presenting open straight
channels (coffin-shaped without intergrowth) the aromatics formed may diffuse out of
the crystals, but may also be further converted into coke precursors, leading to faster
catalyst deactivation as compared to the ZSM-5 with square-type morphology, because
of the stronger diffusional limitations imposed by the interfaces within the coffin-shaped

crystals. Among the square-shaped zeolites, the catalyst with <1 pm crystals (MFI400s-
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sq) is highly selective to propene due to the fast diffusion of this product out of the small

sized zeolite crystals.

Except for small —sub-micron— crystals, intracrystalline diffusion will dominate the
transport of products in ZSM-5 zeolites, including that of the non-desired aromatics’>">,
Longer diffusional paths and, therefore, more channel intersections, may enhance
cyclization vs cracking, increasing the formation of aromatics. On the other hand, the
sinusoidal channels present stronger steric and diffusional limitations as compared to the
straight pores. Thus, a higher proportion of sinusoidal vs. straight pores may allow more
re-cracking events but will also prevent the formation and/or diffusion of large (poly)-
alkylated aromatic molecules. Finally, due to the molecular traffic control effect’* light
hydrocarbons such as ethene and propene will preferentially diffuse through the
sinusoidal channels without being further converted into bulkier products, while being

consumed in consecutive reactions along the straight channels®”-8

. Regarding the
influence of Si/Al ratio in small square-shaped ZSM-5 catalysts, intermediate aluminium

contents (Si/Al~300) were seen to maximize propene selectivity. Higher Si/Al ratios

penalize catalyst activity whereas lower Si/Al ratios will increase selectivity to aromatics.

In order to fully understand the role of the three catalyst descriptors (crystal size, crystal
morphology and Si/Al ratio) on the ability of ZSM-5 based catalyst for the selective
production of propene by butenes cracking, a more detailed analysis of the product

distribution has been performed (see Figures S2-S4).

The four main products described so far have been propene, ethene, aromatics, and the
Cs+ aliphatic fraction, which is composed mainly by Cs olefins for all catalysts (see Figure
S2). The most abundant among the different pentene isomers is 2-methyl-2-butene
(2M2B), produced by beta-scission of octyl carbenium ions following the most favoured

cracking reaction paths involving secondary-tertiary and secondary-secondary type of
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carbenium ions'>”® (see Scheme 1). The three catalysts that were more selective to
propene, MFI2000, MFI4001-cf and MFI400s-sq, show the lowest selectivity to 2M2B
(Figure S2c). Under our experimental conditions and in the presence of ZSM-5 catalysts,
bimolecular oligomerization of 2M2B with other olefins and further cracking of these
heavier oligomers to light olefins will prevail over its direct cracking by beta-scission’!,
and this agrees with low selectivity to ethene obtained with these three samples (see
Figure 6¢c). The lower production of Ce+ aliphatic hydrocarbons observed in all cases
suggests that they are more easily converted through secondary reactions before escaping
the zeolite pores, such as cracking and/or aromatization via C¢" olefin hydride elimination

and cyclisation, whereas pentenes, less reactive, escape the pores mainly as amylenes.

A thorough product distribution within the paraffinic fraction is given in Figure S3. The
first thing to remark is that catalyst MFI2000, which was highly selective to aromatic
hydrocarbons (see Figures 6 and S4a-d) is significantly less selective to paraffins (see
Figure S3a) than the other two coffin shaped ZSM-5. However, this is mainly due to lower
methane and ethane yields (see Figure S3b), which may be formed by protolytic cracking
of branched alkanes, but also by protolytic side-chain cracking of long-chain
alkylaromatics® 6. This suggests that these alkylaromatics, when formed in MFI2000,
are more likely to suffer condensation/cyclisation reactions than cracking when diffusing
through the long straight channels along 5. When comparing the catalysts synthesized
with Si/A1=400, the small-square-shaped crystal MFI400s-sq presents higher selectivity
to paraffins than the coffin-shaped ZSM-5, despite its lower production of aromatics (see
Figures 6 and S4a-d). It is, however, the less selective to C; and C», and this can be
explained by the easier diffusion of the alkylaromatics out of the short straight channels
in MFI400s-sq, that will reduce the probability of side-chain cracking, even for small

crystal ZSM-5 with higher aluminum content, such as MFI1200s-sq. However, MFI400s-
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sq yields the highest amount of C3+C4 paraffins, including i-Cs, not only when compared
to the square-shaped zeolite with intermediate crystal size, MFI400i-sq, but also when
compared to the coffin-shaped catalysts, and this fraction does increase with increasing
Al contents. The Cs+ paraffins will be formed, preferentially, by hydrogen transfer of
naphthenes to the corresponding olefins, leading in this way to the formation of aromatics.
Following this mechanism, the formation of one aromatic molecule from a C3-C¢ alkene
by successive HT and cyclisation should be accompanied, theoretically, by the formation
of three paraffin molecules’®”’. However, aromatics may also be formed by a direct
dehydrogenation-aromatization mechanism producing H»'"°, leading to lower paraffins to
aromatic ratios. Taking into account both routes leading to aromatics, the sum of paraffins
and H> should be three times the total moles of aromatics. This is, in fact, observed by
Lin et al'>, and when H; is not considered, the paraffin-to-aromatic molar ratios are below
2, in good agreement with those obtained under our conditions. Figure 10 shows that,
although the C3-Cg paraffins-to-BTX ratio is below 3 in all cases, the highest values in
the 70-80% conversion range are obtained for catalyst MFI400s-sq, indicating that for
this catalyst the hydrogen transfer mechanism is preferred over the formation of
aromatics. On the other hand, this ratio is particularly low for MF12000 and MFI400i-cf.
This suggests that for these two coffin-shaped catalysts, the formation of aromatics does
not proceed only by hydrogen transfer, but their formation following a direct

dehydrogenation-aromatization route is enhanced as compared to the rest of the catalysts.
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Figure 10. Paraffins-to-Aromatics molar ratio as a function of butenes conversion for the

different ZSM-5 catalysts.

Regarding the selectivity to BTX aromatics (see Figure S4), it is maximized for the small-
crystal MFI200s-sq with the highest Al content, which presented high selectivity to Cs+
paraffins, but also for the large crystal MFI2000 and for MFI400i-cf in the high
conversion range (>75 %). Zeolite MFI4001-cf, presenting intergrown crystals, is less
selective to aromatics than the other two coffin-shaped zeolites, due to the higher
proportion of sinusoidal channels in the former, which will limit the formation and/or
diffusion of aromatics, as discussed above. Aromatics distribution within the BTX
fraction also varies when comparing the different catalysts. Toluene, which can be formed
from C; intermediates via dimerization of propene and butene followed by hydrogen
transfer steps to the cycloalkane intermediate and further aromatization, is the main
aromatic compound in all cases (Figure S4c). As compared to the C; cyclisation to
toluene, Cs and Cg intermediates show lower tendency to form benzene and xylenes,

respectively. In fact, higher activation energies were reported for the closure of the Cs
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ring to benzene as compared to that to toluene for propane aromatization reactions over
modified ZSM-5 based catalyst’®. The two samples with a higher aromatization
selectivity, MF12000 and MFI1200s-sq, present higher selectivity to benzene than the rest
of the catalysts (see Figure S4b), and this agrees with their lower molar yield to
methylciclopentenes (see Figure S4e), which will be converted into benzene via ring
expansion to cyclohexenes followed by aromatization’®. In the case of MFI12000, the large
crystals (high number of channel intersections) and the long open straight pores will
favour aromatization even for very low Al contents (Si/Al=786 in the final zeolite),
leading to fast deactivation of the catalyst, and direct dehydrogenation will have an
important contribution to the formation of these undesired by-products. Moreover, the
large crystals will also impose more severe diffusion restrictions and the less hindered
aromatic compounds, such as benzene or toluene, will preferentially egress the
microporous structure, while bulkier aromatics will either dealkylate or further react
leading to coke prcursors'>. In the case of the small square-shaped ZSM-5, MFI1200s-sq,
with lower diffusional restrictions, the higher Al content does not penalize catalyst life
under our experimental conditions, but results in high selectivity to aromatics and C3-Cs
paraffins formed by hydrogen transfer reactions. Zeolite MFI400i-cf, with intermediate
coffin-shaped crystals but with sub-micron dimension along the b-axis, parallel to the
straight channels, of 0.5 um, is highly selective to aromatics at high conversion levels
where the formation of these aromatics is favoured, and presents the highest selectivity

to xylenes, which will easily egress the zeolite crystals through the short straight channels.

The reason for the differences in aromatics selectivity when comparing MFI12000 with
the rest of the catalysts can be deduced from the correlations enclosed in Figure 11, where
the accumulated yields to benzene, m+p-xylenes, o-xylene and trimethylbenzene (TMB)

are plotted vs the accumulated yield to toluene, the most abundant aromatic compound in
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all cases. These accumulated or integrated yields correspond to the amount of the
aromatic hydrocarbon produced during a certain time on stream and detected at the reactor
outlet, so the products trapped within the crystal micropores will not contribute. Since the
catalysts show a higher deactivation rate for the first 2 hours on stream, we compare the
diffusion of the less hindered molecules (benzene and toluene) with those that may be
more diffusion impeded (xylenes and TMB)*!->? during this period. The integrated yields
to toluene and benzene (Figure 11a) are very well correlated (R?=0.99), indicating that
they diffuse similarly through the channels of all the catalysts, including the large crystal
zeolites MFI2000 and MFI4001-cf. The same applies to the toluene versus m+p-xylene
correlation (Figure 11b) when excluding the large crystal MFI2000, which deviates from
the line, suggesting that m+p-xylene, especially m-xylene, suffer stronger diffusion
limitations in this catalyst. The longer intra-crystalline residence time in the very long
straight channels will enhance the participation of m+p-xylene in consecutive reactions
leading to coke precursors before desorbing from the crystal. It should be noted that the
benzene/toluene linear correlation gives a negative intercept, indicating, as pointed above,
that the formation and diffusion of toluene is faster than that of benzene. On the other
hand, the m+p-xylene/toluene line gives a positive intercept, that may be ascribed to the
faster diffusion of p-xylene with respect to toluene”. As the aromatic compounds get
bulkier (Figures 11c and d), not only catalyst MFI2000 but also the large crystal coffin-
shaped MFI4001-cf deviate from the general trend, evidencing increased transport
restrictions within the micropore system of this catalyst, with a higher proportion of
sinusoidal pores*!. In the case of catalyst MFI400i-sq, with long straight channels along
b but square-shaped crystals, the deviation is observed only for the correlation
corresponding to the bulkiest product analyzed, TMB. On the other hand, catalyst

MF1600s-sq, with small square-shaped crystals and lower Al content, presents higher o-
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xylene/toluene and TMB/toluene molar ratios than the rest of the catalysts. This can be
explained by the lower probability of primary aromatic products to be involved in

consecutive reactions, such as alkylation but also dealkylation reactions.
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Figure 11. Accumulated yields of benzene (a), m+p-xylene (b), o-xylene (¢) and TMB (d) as a
function accumulated toluene yield for the different ZSM-5 catalysts. Accumulated yields

obtained at TOS =2 h.

Along the whole work, it has been evidenced that all three catalyst descriptors affect the
deactivation behaviour of the ZSM-5 zeolites in different degrees. Table S2 encloses the
deactivation coefficients obtained by adjusting the activity vs TOS plots to a power law

decay function®® 8!

and the deactivation coefficients per active Al site (see Figure S5 and
Supporting Information, section S9 for more details). Figure S6 shows the correlation of

the latter with crystal size for coffin and square-shaped morphology, with crystal
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morphology and with Si/Al ratio for the small square-type ZSM-5, and the trends
observed summarize the results discussed so far. Thus, deactivation constants decrease
when reducing crystal size for both, coffin and square-shaped crystals, and are smaller
for ZSM-5 with squared-type morphology than with coffin-type crystals when comparing
intermediate-sized crystallites. The deactivation constant is higher for the coffin-type
sample with intermediate size (MFI400i-cf) than for the large coffin-shaped sample
(MFI4001-cf) and this is accordance to the abovementioned discussion. The former
showed relative longer crystal length along a (parallel to the sinusoidal channels) vs the
crystal dimension along b (parallel to the straight pores) and the sinusoidal channels tend
to deactivate faster due to the formation of external surface coke. Finally, when
comparing the small-squared-shaped ZSM-5 with different Al content, the variation in
the decay constant increases when increasing the Si/Al ratio. This unexpected behaviour
can be explained by the low coking capacity of these small ZSM-5 crystals. Thus,
reducing the Al content and, therefore, the amount of active sites, will only have a
negative influence on initial activity and catalyst life under our conditions, and the larger
amount of active sites in the sample with higher Al content will result in a higher stability

of this catalyst with TOS.

4. Conclusions

A rationalized synthesis strategy has enabled unravelling the independent effect of crystal
size, crystal morphology and Si/Al ratio of different ZSM-5 based catalyst on the butenes
cracking to propene. Thus, two sets of samples have been prepared under fluoride-free
media, a first one with comparable Si/Al ratio but different crystal size (Iengths from 1 to

10 um) and morphology (coffin vs. square-shaped crystals), and a second one where the
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Si/Al ratio has been varied from 150 up to 600 for ZSM-5 samples with comparable

square shaped crystallites with sizes below 1 pm.

According to the results obtained, an optimum ZSM-5 based catalyst for butenes cracking

to propene should meet the following diffusional and compositional descriptors:

- Crystals with square-shaped morphology and a/length-c, close to 1 are preferred
over coffin type crystals for maximizing catalyst life. The larger diffusional
limitations of the latter, caused by the presence crystal discontinuities (individual
components, such as tips, intergrowths, interfaces) result in enhanced
aromatization, preferentially following direct dehydrogenation routes, and faster
catalyst deactivation.

- Small crystal ZSM-5, with sub-micron crystal dimensions along the a and b axis,
parallel to the sinusoidal and straight channels, respectively, will enhance

diffusion of the desired propene before it gets involved in undesired consecutive

oligomerization reactions. Short dimension of the crystals along ¢ (£ 1 um) will

reduce the number of channel intersections and, consequently, the probability of
aromatics’ formation.

- Si/Al ratios around 300 have shown maximum propene yields. Reducing Al
content penalizes the initial activity of the catalyst, as could be expected because
of the lower amount of active sites, whereas reducing the Si/Al ratio to values

below 300 reduces propene selectivity in favour of aromatics.

Summarizing, this study presents the guidelines for increasing the efficiency of ZSM-5
based catalysts for butenes cracking to propene by properly adjusting crystal size,
morphology and Si/Al ratio of the zeolites. In contrast to the large ZSM-5 crystallites with

very high Si/Al ratios generally reported, the optimal catalyst in terms of catalyst activity,
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catalyst stability and propene selectivity was found to be a ZSM-5 zeolites with sub-
micron sized crystals (0.8x0.3x1 um), square-shaped morphology, and Si/Al ratio around

300.

Supporting Information

Supporting Information contains details on zeolite synthesis, characterization techniques
and catalytic testing, and figures on evolution of butenes conversion with TOS at similar
initial conversion, catalytic results obtained with silicalite ZSM-5, molar yields for the
products distribution within the C5+ olefins, paraffins and aromatics and naphthenes
fractions, as well as the fittings of activity curves to a deactivation function, the values

obtained for the deactivation constants and their correlation with catalyst descriptors.
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