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The oligomerisation of 1-butene was studied under high-pressure continuous-flow conditions (200
—250°C, 30—40 bar), in the presence of micro/mesoporous zeotypes based on the MFI topology, which
were prepared via different non-destructive bottom-up strategies: crystallization of silanized proto-
zeolitic units; co-templating with a dual function (polymeric) template; and using a sole structure
directing agent (non-surfactant and non-polymeric) to generate mesoporosity. The synthesis method
influenced the material properties and consequently the catalytic performance. In targeting hydrocar-
bons with boiling point ranges characteristics of diesel, the zeotypes benefited from regular morphology,
reduced crystallite size, mesoporosity and enhanced molar ratio of Lewis (L) to Brensted (B) acid sites (L/
B). In general, the zeotypes outperformed commercial zeolite ZSM-5. The best-performing zeotype was
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prepared according to the Serrano strategy based on the crystallization of silanized zeolitic seeds, and led
to 97% conversion and an average space-time yield of liquid products of 1077 mg geat h™', at 250°C,
40 bar. The zeotypes seemed more stable than the commercial zeolite, based on molecular level char-
acterization studies of the used/regenerated catalysts, with some differences in catalytic activity.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of developing and implementing efficient and
clean processes for fuel production is evident in an energy-
expanding world. Worldwide, transportation is largely based on
petroleum and other liquid fuels obtained from natural gas, coal, or
biofuels [1,2]. Projections for 2040 based on the International En-
ergy Outlook 2016 [1] indicate that gasoline (33%) and diesel/bio-
diesel (33%) remain the largest transportation fuels, followed by jet
fuel (14%), with the remaining 9% regarding electricity, residual fuel
oil and other liquids. The great dependence of society on fossil fuels
is believed to contribute to global warming, and in mitigating this
problem, the solutions may involve the use of renewable sources of
energy, and repurposing industrial byproducts for the production
of chemicals and fuels.

* Corresponding author.
E-mail address: atav@ua.pt (A.A. Valente).
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0960-1481/© 2019 Elsevier Ltd. All rights reserved.

Light olefins are byproducts of petrochemical or Fischer-Tropsch
processes [3—6], and, on the other hand, may be obtained from
renewable sources, e.g. butenes from carbohydrate biomass [7—9].
The oligomerisation of light olefins (C2-C5) may be a flexible
technology and attractive route to produce diverse products
including synthetic transportation fuels (gasoline, diesel, jet fuel)
with reduced content of sulphur and aromatic compounds, drugs,
detergents, lubricants and dyes [10,11]. Olefin oligomerisation is
favoured in the presence of acid catalysts, which should be
adequate for continuous-flow processes. In this sense, porous solids
possessing significant specific surface area available for the cata-
lytic reaction, are attractive. On the other hand, olefin oligomer-
isation involves the formation of relatively bulky products, and,
thus, to facilitate mass transport and maximize the portion of
effectively utilized catalyst in the process, it is desirable that the
solid acids possess sufficiently large pores [12—16].

Important industrial solid acid catalysts are porous alumino-
silicates. This category of materials is very versatile: amorphous or
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crystalline materials with different topologies, morphological,
textural and acid properties may be prepared [17—19]. Most suc-
cessful types of aluminosilicates applied in the industry include
zeolites, which are crystalline and microporous materials. Zeolites
may possess superior acid properties (e.g. stronger acidity) to
amorphous aluminosilicates such as, ordered mesoporous mate-
rials of the type MCM-41, SBA-15 or TUD-1; the latter possess less
rigid frameworks and silanol surface groups, albeit larger pores
than zeolites, advantageously allowing enhanced acid sites
accessibility [4,20—24]. Favourable compromise between textural
and acid properties of porous solid acids is important for maxi-
mizing product yields. Another important factor for maximizing
catalyst productivity is the catalyst stability. Zeolites possessing
the MFI topology (medium pore, with the channel sizes of
0.55 x 0.51 nm? and 0.56 x 0.53 nm?) are relatively robust indus-
trial catalysts [25,26] and used in commercial olefin oligomerisa-
tion processes [27—31]. However, they may present important
mass transfer limitations and suffer fast catalyst deactivation in
the oligomerisation of olefins such as butene [32]. Hence, great
attention has been drawn to the development of aluminosilicate
zeotypes with reduced crystallite sizes and/or enlarged pores. The
synthetic strategies for obtaining zeotypes possessing meso-
porosity may be classified as top-down or bottom-up approaches
[33—36]. Zeotypes prepared via top-down approaches were
studied for olefin oligomerisation, and possessed superior per-
formances in comparison to conventional microporous zeolites;
the zeotypes were based on the MFI [37—39], MOR [40,41], FAU
[42] and TON [43] topologies.

A main difference between the top-down and bottom-up ap-
proaches is that the former may be somewhat destructive
compared to the latter. Regarding the bottom-up approaches,
several specific strategies (e.g. with or without addition of
structure-directing agents) were reported for preparing zeotypes
based on different topologies and possessing mesoporosity
(2—50 nm). Wang et al. [44] and Yang et al. [45] reported the syn-
thesis of hydrothermally stable zeotypes based on the MFI topol-
ogy, via a (soft) co-templating protocol (denoted CoT), which
involved the simultaneous use of small and large cationic
ammonium-based hydrophilic templates. The mesoporosity could
be fine-tuned by changing the amount of the large cationic tem-
plate [44,45]. Serrano et al. [46—48] reported a strategy (denoted
PZSi) based on the crystallization of silanized zeolitic seeds (or
protozeolitic units) possessing MFI topology, which may be fol-
lowed by a treatment with a basic surfactant-containing solution
(PZSiS) to rearrange the zeolitic units over the mesopore surface.
Wan et al. [49] reported a method not requiring additional template
or zeolite seeding crystals (denoted noT). The hierarchical zeotypes
presented superior performances to conventional microporous
ZSM-5 for different acid-catalysed liquid or gas phase reactions,
under batch or continuous-flow operation. In particular, the syn-
thetic approach by Wan et al. [49] led to porous solid acids that
enhanced the conversion of methanol to gasoline, and was more
stable towards coking.

In this work, the oligomerisation of 1-butene was studied under
continuous-flow, and relatively high-pressure conditions (charac-
teristic of industrial olefin oligomerisation processes [27—31],
favouring the formation of oligomers which involves reduction of
the total number of moles of the system), in the presence of zeo-
types based on the MFI topology and possessing mesoporosity. The
zeotypes were prepared via different bottom-up approaches, based
on the strategies CoT, PZSi, PSZiS and noT referred above. The
zeotype catalysts were benchmarked (at 200°C, 30bar) with
commercial zeolite ZSM-5 possessing Si/Al ratio intermediate of
the zeotypes (Si/Al in the range 20—51). Special attention was given
to aspects of catalyst stability.

2. Experimental
2.1. Materials

All reagents and solvents were obtained from commercial
sources and used as received. For materials syntheses: aluminium
(1) isopropoxide (AiP; 98%, Aldrich), sodium aluminate (50—56%
Al>O3, Riedel de Haen), tetraethylorthosilicate (TEOS; 98%, Sigma),
tetrapropylammonium hydroxide solution (TPAOH; 40 wt¥% in wa-
ter, Alfa-Aesar), sodium hydroxide (97%, Sigma-Aldrich), poly(-
acrylamide-co-diallyldimethylammonium chloride) (PDD-AM; 10%
in water, Aldrich), [3-(phenylamino)propyl]trimethoxysilane
(PHAPTMS; Aldrich), hexadecyltrimethylammonium bromide
(CTAB; 98%, Aldrich), ammonium hydroxide (28—30%, Sigma-
Aldrich), and ammonium nitrate (98%, Aldrich).

For the catalytic tests: 1-butene (99.6%, Praxair), nitrogen (Air
Liquide), silicon carbide (SiC, @ 0.31 mm, SIKA), dichloromethane
(analytical reagent grade, Fisher Chemical), and n-pentane (95%,
Fluka).

The commercial zeolite NH4ZSM-5 (as reference, the molar ratio
Si/Al is 25, and the specific surface area equals 425 m?g~', Alfa-
Aesar) was tested as benchmark catalyst after calcination at
550°C (heating rate of 1°C min~') in static air during 5h. The
calcined material is denoted ZSM-5(29) where 29 is the molar ratio
Si/Al determined by EDS (discussed ahead).

2.2. Syntheses of the catalysts

The zeotype materials based on the MFI topology were syn-
thesised via bottom-up approaches, and the prepared materials
were denoted as hZSM-5(x)-y, where X is the Si/Al ratio giving by
EDS, and y is the abbreviation of the synthesis method. The syn-
thesis protocols were adapted from the literature [44,46,49]. The
protocols/conditions of the synthesised zeotypes are summarised
in Table 1.

2.2.1. Catalyst hZSM-5(31)-noT

The free template method was carried out following a similar
procedure to that described by Wan et al. [49] Specifically,
0.33 mmol of NaAlO,, 12.7 mmol of TPAOH solution (40% in H,0)
and 2148 mmol of milliQ-water were mixed and stirred at room
temperature for 30 min. Then, 32.9 mmol of TEOS was added
dropwise. The molar composition of the synthesis-gel was 1Al,05:
101Si03: 1.34Nay0: 39TPAOH: 7215 H,O0. The resulting mixture was
stirred at room temperature for 22 h in order to obtain a uniform
gel, followed by crystallization at 180 °C for 48 h in a PTFE-lined
stainless-steel autoclave, under static, hydrothermal conditions.
After cooling, the resultant product was recovered by centrifuga-
tion, washed thoroughly with milliQ-water and dried at 100°C
overnight. The solid was gently grinded using an Agate mortar and
pestle, and calcined at 550 °C in static air for 5 h (heating rate of 1 °C
min~'). The protonic form was obtained by ion-exchange with
1.0 M NH4NO3 aqueous solution (1 g of calcined sample per 10 mL
of solution), at 50 °C, under stirring. The solution was renewed two
times, every 24 h. Finally, the solid was centrifuged, washed with
milliQ water, dried at 100 °C over-night, and calcined at 500 °C in
static air for 5h (heating rate of 1°C min~'), giving a material
denoted hZSM-5(31)-noT (noT stands for no additional template).

2.2.2. Catalysts hZSM-5(x)-PZSi and hZSM-5(47)-PZSiS

The method of silanization of protozeolitic units was employed
following a similar procedure to that described by Serrano et al.
[46] Specifically, the precursor ZSM-5 solution was prepared by
mixing 8.11 mmol of TPAOH, 928 mmol of milliQ-water, 42.3 mmol
of TEOS and 0.71 mmol of AiP for hZSM-5(51)-PZSi or 1.41 mmol of
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Table 1
Protocols and synthesis conditions of the zeotypes based on the MFI topology.
Synthesis step noT PZSi CoT
Synthesis mixture TEOS, TPAOH?, NaAlO,, H,0 (50)° TEOS, TPAOH, AiP, H,0 (30 and 60)" TEOS, TPAOH, NaAlO,, H,0 (36)°
Aging (with stirring) 20 h, aT® 44 h/aT<; 22 h/90°C 3h, 100°C
Additional template None PHAPTMS, 90°C/6 h PDD-AM, aT‘/15h
Hydrothermal treatment 180°C, 2d¢, static 170°C, 7.7 d¢, static 180°C, 6d¢, static
Centrifugation, wash, dry 100°C 110°C 100°C
Calcination 550°C/5h 550°C/5h 550°C/5h
Ion-exchange; calcination (3x%) 1.0 M NH4NOs3, None (3x) 1.0M NH4NO3, 80°C/2 h; 550°C/4 h

50°C/24 h; 500°C/5h

Sample name hZSM-5(31)-noT

hZSM-5(x)-PZSi®

hZSM-5(31)-CoT

2 TPAOH as the structure-directing agent accounting for the hierarchical features.
b Si/Al ratio of the synthesis gel.

¢ aT = ambient temperature.

4 d = days.

€ x is the molar ratio Si/Al of the final material (x =20 or 51).

AiP for hZSM-5(20)-PZSi; the molar composition of the synthesis-
gel was 1Al,03: 120Si0,: 23TPAOH: 3000 H,0 for hZSM-5(51)-
PZSi and 1Al,03: 60SiO: 11.5TPAOH: 1500 H,0 for hZSM-5(20)-
PZSi. For the two materials, the mixture was aged at room tem-
perature for 44h and precrystallized under reflux and stirring
(100 rpm) at 90 °C for 22 h. The resulting protozeolitic units were
functionalized using 8 mol% of PHAPTMS (with respect to the silica
content in the initial gel), and the silanization reaction was per-
formed at 90 °C for 6 h, under reflux, followed by crystallization at
170°C for 184—186 h in a PTFE-lined stainless-steel autoclave, un-
der static, hydrothermal conditions. After cooling, the resultant
product was recovered by centrifugation, washed thoroughly with
milliQ-water and dried at 110 °C overnight. The solid was gently
grinded using an Agate mortar and pestle, and calcined at 550 °C in
static air for 5h (heating rate of 1°C min~'), giving a material
denoted hZSM-5(x)-PZSi (PZSi stands for ProtoZeolitic units sub-
jected to Silanization), where x stands for the Si/Al ratio of the
synthesis gel.

The resulting hZSM-5(51)-PZSi material was submitted to a
mesopore narrowing treatment. Specifically, 1.0 g of material was
dispersed in 62.8 g of a 0.37 M NH4OH aqueous solution containing
0.7 g of CTAB. The resulting mixture was stirred at room tempera-
ture for 30 min, and then subjected to a hydrothermal treatment
under static conditions, for 20 h at 150 °C in a PTFE-lined stainless-
steel autoclave. The resultant product was recovered by centrifu-
gation, washed thoroughly with milliQ-water and dried at 110°C
overnight. The solid was gently grinded using an Agate mortar and
pestle, and calcined at 550 °C in static air for 5 h (heating rate of 1 °C
min~!), giving a material denoted hZSM-5(47)-PZSiS$ (PZSi$S stands
for ProtoZeolitic units subjected to Silanization, followed by Sur-
factant treatment). This protocol does not require ion-exchange
since no alkaline source is used.

2.2.3. Sample hZSM-5(31)-CoT

The co-templating method was carried out following a similar
procedure to that described by Wang et al. [44]. Specifically,
0.43 mmol of NaAlO,, 9.8 mmol of TPAOH and 31.0 mmol of TEOS
were mixed with 1268 mmol of milliQ-water under stirring and
aged at 100 °C for 3 h. Then, 3.0 mmol of PDD-AM were added into
the reaction mixture. The molar composition of the synthesis-gel
was 1Al,03: 72Si05: 1.3 NayO: 23TPAOH: 4000 H,0. The mixture
was stirred for 15—16 h at room temperature, and then was trans-
ferred into a PTFE-lined stainless-steel autoclave for crystallization
at 180 °C for 144 h. The resulting product was collected by centri-
fugation, washed thoroughly with milliQ-water and dried at 100 °C
overnight. The solid was gently grinded using an Agate mortar and
pestle, and calcined at 550 °C in static air for 5 h (heating rate of 1 °C

min~"). The protonic form was obtained by ion-exchange with
1.0 M NH4NOs3 aqueous solution (1 g of calcined sample per 10 mL
of solution), at 80°C, under stirring. The solution was renewed
three times, every 2 h. Finally, the solid was centrifuged, washed
with milliQ water, dried at 100 °C over-night, and calcined at 550 °C
in static air for 4 h (heating rate of 1°C min~!), giving a material
denoted hZSM-5(31)-CoT (CoT stands for co-template).

2.3. Characterization of the catalysts

The PXRD data were collected on an Empyrean PANalytical
diffractometer (Cug, X-radiation, A=1.54060A) in a Bragg-
Brentano para-focusing optics configuration (45 kV, 40 mA). Sam-
ples were prepared in a spinning flat plate sample holder and step-
scanned in the range from 3 to 70° (26) with steps of 0.026°. A PIXEL
linear detector with an active area of 1.7462° was used with a
counting time of 68 s per step. The low angle (0.5—5° 26) PXRD data
were collected using the transmission mode, and with the sample
deposited between Mylar foils; the samples were step-scanned in
0.01° 26 steps with a counting time of 80 s per linear detector active
area of 2.0°.

SEM images, EDS analysis and elemental mappings (Al, Si) were
obtained on a Hitachi SU-70 SEM microscope with a Bruker
Quantax 400 detector operating at 20 kV. TEM was performed on a
Hitachi HD2700 instrument, and the samples were prepared by
spotting carbon-film-coated 400 mesh copper grids (Agar Scienti-
fic) with a suspension of the solid sample in ethanol.

Nitrogen adsorption-desorption isotherms were measured at
196 °C, using a Quantachrome instrument (automated gas sorption
data using Autosorb 1Q,). The samples were pre-treated at 300 °C
for 3 h, under vacuum (3 Torr). The external or mesopore surface
area (Sext, meso) and micropore volume (Vmicro), Were calculated by
the t-plot method. The pore size distributions (Dp) were deter-
mined by the DFT method (adsorption branch). Differential scan-
ning calorimetry analyses (DSC) were performed under air, from
room temperature until 800 °C, with a heating rate of 10°C min~’,
using a Shimadzu DSC-50 instrument.

The 27Al MAS NMR spectra were recorded at 182.432 MHz using
a Bruker Avance 700 (16.4T) spectrometer with a unique pulse, a
recycle delay of 1s and a spinning rate of 14 kHz. The acid prop-
erties were measured using a NexusThermo Nicolet apparatus (64
scans and resolution of 4 cm™!) equipped with a home-made vac-
uum cell, using self-supported discs (5—10 mg cm~2) and pyridine
as the basic probe. After in situ outgassing at 450°C for 3 h
(10-% mbar), pyridine (99.99%) was contacted with the sample at
200°C for 10 min and subsequently evacuated at the same tem-
perature or at 450 °C for 30 min, under vacuum (10~® mbar). The IR
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bands at =~1540 and 1455cm~!, which are related to pyridine
adsorbed on Brensted (B) and Lewis (L) acid sites, respectively,
were used for quantification [50]. The total amount of acid sites
(L + B) and the molar ratios L/B were determined at the lowest
desorption temperature (200 °C). The amount of strong acid sites
was evaluated by the molar ratios B4s0/B2go (B acid strength) and
L4s0/L200 (L acid strength), respectively, where Ly and Bt are the
amount of L and B acid sites, respectively, which remained in the
solid material after evacuation at T= 450 or 200 °C.

2.4. Catalytic tests

The catalytic oligomerisation of 1-butene (1C4) was carried out
under continuous-flow, high-pressure conditions, using a stainless
steel, fixed-bed reactor (10 mm internal diameter). A simplified
representation of the experimental setup is given in Fig. 1, indi-
cating the equipment used for controlling the feed flow rate (for
1Cy4, a syringe pump Chemyx, model Nexus 6000; and for Ny, a gas
mass flow controller Bronkhorst, EL-FLOW), pressure (backpressure
regulator located after the reactor; Equilibar, LF-Primary Research
Series) and temperature (furnace (Termolab), temperature
controller and thermocouple located inside the reactor). The
reactor was loaded with catalyst (150 mg) and silicon carbide
(diluent to enable a uniform temperature distribution along the

PT — Pressure transducer

Pl — Pressure indicator

TIC —Temperature controller and indicator
T| - Temperature indicator

TC — Temperature controller

@_

3

od

§<

catalytic bed); the total bed volume was ~1.8 cm>. The catalysts
were activated at 450 °C for 3 h under nitrogen flow (10 cm® min~—1)
prior to the catalytic reaction. Subsequently, the reactor tempera-
ture was set to the desired catalytic reaction temperature, and the
olefin was fed using nitrogen as the carrier gas (molar ratio of
1C4:N =15:85).

The gas phase (non-condensed compounds) was sampled in
regular intervals of =1 h, for a time-on-stream (TOS) of =7 h, using
loops (heated at 200°C) which were connected on-line to the
Master Fast GC gas chromatograph (DANI) equipped with a capil-
lary column (ValcoBond VB-1, 60 m x 0.25 mm X 1.50 um), FID de-
tector, and a split/splitless injector. Quantifications were based on
external calibration curves using pure 1Cy4; the experimental range
of error was less than 5%. The catalytic results were expressed as
conversion of butenes (Xc4) which did not react to give higher
molar mass products using the equation Xc4 (%) = fegp—Faau 100,
where Ficgin is the inlet molar flow rate of 1-butene, and Fcgoyt iS
the outlet molar flow rate of butenes. The values of Xc4 correspond
to the conversion at =7 h on-stream, excluding the values pre-
sented as a function of TOS where X¢4 is calculated for each point
(Fig. S5).

The liquid reaction products were condensed in a jacketed
cooling trap (cooling fluid at 5°C; pressure inside the trap was
~1bar), and the mixture was analysed using the same GC

O @

Fig. 1. Flow diagram of the lab-scale catalytic reactor setup. A — 1-Butene cylinder, B — Nitrogen cylinder, C - Mass flow controller, D - Syringe pump, E — Relief valve (Parker), F -
Fixed-bed reactor, G - Tubular oven, H - Back-pressure regulator, I - Jacketed cooling trap, ] - Gas chromatograph.
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instrument; concentrations were based on calibrations using ASTM
D2887 Quantitative Calibration mixture (n-alkanes Cg-C44), and
internal standard. The products lump distributions (PLD) curves
correspond to the products formed during =7 h TOS. These curves
are represent the set of values of selectivity (Scjy-,]) towards a lump
of compounds possessing y to z number of carbon atoms per
molecule (lump Cjy_,}, where z > y), which was calculated using the

equation Scpy-z) (%) = Z"Cgc’;z] x 100, where ncjy.z is the moles for

product lump Cjy-z}, and >"nc[y-z] is the total moles of products in
the range Cg-Cy4. The fractions corresponding to the 170°C cut
characteristic of naphtha products (NCut), and to the 170—390°C
cut characteristic of diesel products (DCut, corresponding approx-
imately to the Cy9-Cy4 n-paraffinic range) were determined ac-
cording to the ASTM D2887 method (Standard Test Method for
Boiling Range Distribution of Petroleum Fractions by Gas Chroma-
tography) [37,43,51]. These analyses were validated using the ASTM
D2887 Reference Gas Oil n° 1 (Supelco, sample 1, Batch 2) and the
results agreed, within the allowable difference ranges, with the
ASTM D2887 consensus boiling point values. It is worth mentioning
that Cqo type products (based on the temperature cut point) may be
distributed between the DCut and NCut fractions. The average
space time yields (STY, expressed as mg gzt h~!) were based on the
mass fractions of DCut and NCut of total liquid (condensed) prod-
ucts formed during =7 h TOS. In general, the material balances
closed in at least 85%. The catalytic performances were compared
based on Xc4 and STYs considering approximately steady-state
conditions within =7 h TOS.

The spent catalysts were thermally treated at 550°C (1°C
min~!) for 6 h, to burn-off carbonaceous matter, giving the recov-
ered solids, which were characterised or used for catalytic tests.
Details regarding the determination of the cetane number (CN,
based on 'H NMR spectroscopy), isoparaffinic index (I, based on 'H
NMR spectroscopy), aromatics content (%Ar, based on 'H NMR
spectroscopy) of the reaction products, the amount of coke (based
on elemental analysis) present in the spent catalysts, and checking
for operation under kinetic regime, are given in the Supplementary
Material.

3. Results and discussion
3.1. Characterization of the catalysts

Micro/mesoporous materials based on the MFI topology were
prepared via bottom-up approaches, under hydrothermal condi-
tions. The MFI features of the materials prepared were ascertained
by PXRD diffraction, which showed the characteristic reflections in
the range 7—57° 26, with the most intense peaks at 7-8° and 23-24°
20 (Fig. 2) [52,53]. Low angle PXRD showed a broad peak in the
range 0.5—1.5° 26, likely associated with the mesoporous features
of the zeotypes prepared (Fig. S1).

Fig. 3 shows the SEM and STEM images of the zeotypes. The noT
and the PZSi(S) protocols led to materials consisting of pseudo-
spherical aggregates (=200—400nm in size, Fig. 3-a,d,gj) of
nanocrystallites (=10—60nm, Fig. 3-c,fi,l), somewhat in agree-
ment with literature data for similarly prepared materials [46,49].
The PZSiS protocol involving a final surfactant treatment seemed to
lead to some coalescence (Fig. 3-k), forming larger nanocrystallites
of =30—60 nm compared to =10—20 nm for PZSi. The CoT protocol
led to irregular aggregates (ca. 1-1.5um) of nanocrystallites
(=30—40 nm), Fig. 3-m,n,0. Commercial ZSM-5 zeolite (ZSM-5(29))
consists of small microcrystals (100—300 nm, Fig. 3-p,q,r). EDS
(Table 2) and Si and Al mappings (Fig. S2) suggested that the ma-
terials possessed uniform dispersions of metal/metalloid surface
species, and the molar ratios Si/Al were in the range 20—51

Counts (a.u.)

26 (°)

Fig. 2. PXRD patterns for hZSM-5(31)-naT (a), hZSM-5(20)-PZSi (b), hZSM-5(51)-PZSi
(c), hZSM-5(47)-PZSiS (d), hZSM-5(31)-CoT (e), and ZSM-5(29) (f).

(Table 2).

The materials possessed BET specific surface area (Sggt) in the
range 308—853 m?g~! (Table 2), and both micro- and mesoporosity
(micropore sizes of 0.55—0.57 nm, and mesopore sizes of 2—10 nm,
Fig. 4). For the prepared zeotypes excluding hZSM-5(31)-CoT, the
portion of specific mesopore surface area (Smeso) Was in the range
43—-59%, and that of micropore volume was 7—12%. The material
hZSM-5(31)-CoT possessed highest Sger (853 m?g~1), albeit the
portion of microporous volume was considerable (52%). The com-
mercial zeolite ZSM-5(29) possessed the lowest Speso.

FT-IR spectroscopy of the dehydrated materials (self-supported
samples) showed a band centered at ca. 3743 cm ™', and a shoulder
at ca. 3730 cm™~ !, which seemed more pronounced for the zeotypes
than zeolite ZSM-5(29) (Figs. S3—A). The band at ca. 3743 cm™! is
assignable to the OH stretching vibration of isolated silanol groups,
and that at ca. 3730 cm~! may be due to weakly perturbed silanol
groups (e.g. defect sites) [54,55].

The materials were characterised at the molecular level by 27Al
MAS NMR spectroscopy to identify the types of Al species, and FT-IR
spectroscopy using pyridine as base probe to investigate the surface
acidity. 2’Al MAS NMR spectroscopy indicated that all materials
exhibited a main resonance centered at ca. 55 ppm assignable to
four-coordinated (framework) aluminum species (Alietra), and a
small resonance at ca. O ppm assignable to six-coordinated Al
species (Algcta) Which may be bonded or not to the framework
(Fig. S4, Table 3) [56]. The ratio Altetra/Alocta (determined via
deconvolution of the spectra and integration of the peaks) were in
the range 3—13 for the zeotypes and 16 for zeolite ZSM-5(29). The
lower Alietra/Alocta together with the above FT-IR spectroscopic re-
sults for the zeotypes, suggest that these may possess more defect
sites than the zeolite, which may be partly associated with the
reduced crystallite sizes of the zeotypes.

The acid properties measured by FT-IR spectroscopy of adsorbed
pyridine (base probe) are indicated in Table 3. All materials
exhibited bands at =~1540 and 1455 cm™! assigned to Brensted and
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Fig. 3. SEM (left column, a,d,g,j,m,p) and STEM (middle and right columns) images of hZSM-5(31)-noT (a, b, ¢), hZSM-5(20)-PZSi (d, e, f), hZSM-5(51)-PZSi (g, h, i), hZSM-5(47)-PZSiS
@, k, 1), hZSM-5(31)-CoT (m, n, 0), and ZSM-5(29) (p, q, 1).

Table 2

Elemental analyses and textural properties of the MFI-based materials.®
Sample Si/AlI? Textural properties

SBET (m2g71 ) SmesoIJ (ngq ) %Smeso Vp (Cm3g71 ) Vmicroc (Cm3g71 ) %Vmicro Dpcl (1’11’1’1)

hZSM-5(31)-noT 31 308 168 54 0.46 0.04 8 2-10
hZSM-5(20)-PZSi 20 721 308 43 0.74 0.09 12 2-5
hZSM-5(51)-PZSi 51 558 289 52 0.77 0.07 10 2-7
hZSM-5(47)-PZSiS 47 464 275 59 0.76 0.05 7 2-5
hZSM-5(31)-CoT 31 853 140 16 0.48 0.25 52 2-5
ZSM-5(29) 29 334 97 29 0.47 0.17 36 —

¢ Molar ratio determined by EDS.

b External/mesoporous specific surface area.

€ Micropore volume (calculated for p/po = 0.99).

4 Mesopore size range. For all materials, the micropore size distribution (based on DFT) indicated a median pore size in the range 0.55—0.57 nm.
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Fig. 4. Pore size distribution curves (DFT method) for hZSM-5(31)-noT (a, b), hZSM-
5(20)-PZSi (c, d), hZSM-5(51)-PZSi (e, f), hZSM-5(47)-PZSiS (g, h), and hZSM-5(31)-
CoT (i, j).

Lewis acid sites (Fig. S3—B) [50]. In general, the zeotypes and zeolite
ZSM5(29) possessed essentially strong Lewis acid sites (Lgs0/L200 in
the range ~0.5—1) and weak/moderate Breonsted acidity (Baso/
B20o <0.3) (Table 3). Zeolite ZSM-5(29) possessed the higher
amount of total acid sites (L + B) than the zeotypes. Of the zeotypes,
hZSM-5(31)-noT and hZSM-5(20)-PZSi possessed highest (and
similar) L + B (251—252 pmol g~ '). The noT and CoT protocols gave
materials possessing comparable or stronger acidity to zeolite ZSM-
5(29), whereas the PZSi protocol gave materials possessing weaker
acidity. Changing the Si/Al ratio of the materials prepared via the
PZSi protocol influenced L + B and the molar ratio L/B, without
affecting significantly the acid strength; L + B and L/B increased
with decreasing Si/Al ratio (Table 3). The zeotype hZSM-5(20)-PZSi
possessed the highest molar ratio L/B of 1.3, compared to < 0.6 for
the remaining materials.

3.2. Catalytic oligomerisation

3.2.1. General considerations

The MFI-based materials prepared via the bottom-up synthetic
approaches were tested for the oligomerisation of 1-butene (1C4),
under high-pressure (30bar) continuous-flow conditions, at
200°C, and weight hourly space velocity (WHSV) of 2.2 g1c4 Scat
h~1. Previous studies using Beta type catalysts (and the same
reactor setup) indicated that these conditions were a reasonable
compromise for targeting diesel cut products with low aromatics
content, operating under kinetic regime [57]. WHSV of 2.2 g1c4 Scar
h~! somewhat lies in the range of values of WHSV for olefin oli-
gomerisation technologies such as, Mobil Olefins to Gasoline and
Distillate (MOGD; WHSV of 0.5—2 h~! [58,59]). All materials pre-
pared were effective in converting 1-butene (1C4) to higher molar
mass products. The gaseous effluent stream contained essentially
unreacted 1C4 and its isomers cis-2-butene and trans-2-butene.
The conversion of total butenes (Xc4) was in the range 27—77%
(Fig. 5). For all catalysts, the molar ratio of (C4 isomer products):1C4
was in the range 5.0—5.7, and the ratio of cis:trans isomers was ca.
0.6. The predominance of the trans C4 isomer is in agreement with
literature data for the isomerisation of 1C4 [60]. The isomer dis-
tributions with chains of a given size may be independent of the
type of solid acid catalyst, and correspond to thermodynamic
equilibrium compositions [61]. On the other hand, alkenes pos-
sessing terminal C=C bonds may undergo faster oligomerisation
than alkenes possessing internal C=C bonds [62,63], contributing
to the predominance of the internal C4 isomers over 1C4.

The liquid product lump distribution (PLD) curves corresponded
to products possessing number of carbon atoms in the range C6-
C24, i.e. products with boiling point ranges corresponding to the
170 °C cut (Cg-Cqo) characteristic of naphtha type products (NCut),
and the 170—390°C cut (Cy9-Co4) characteristic of diesel type
products (DCut) (Fig. 6). A comparative study for all materials
indicated that the zeotypes possessed different catalytic activities
and led to different average space-time yields of liquid products
(STY). Higher catalytic activity seemed accompanied by a greater
production of higher molar mass products (Fig. 7). In general, the
zeotypes performed superiorly to commercial zeolite ZSM-5(29)
(Xca=27%, STY =58 mg geat h™!, Fig. 5). The best-performing zeo-
type was hZSM-5(20)-PZSi, which led to Xc4=77% and
STY =791 mg gt h™ !, with the predominance of DCut products
(mass ratio of DCut:NCut=2.1 and STYpcu=534mg geat h),
TOS =7h).

The overall reaction mechanism of these systems may be very
complex, involving for example, primary/secondary cracking and
alkylation reactions, besides isomerisation (e.g. double bond or
methyl shifts) and oligomerisation [64]. The relative amount of
aromatic products (H;r) and the isoparaffinic ratio (I), which reflects
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Table 3
Al-species and acid properties of the MFI-based materials.
Sample Al species® Acid properties®
%Alterra %Alocta L+ B (umol g ") L/B Laso/L200 Baso/B2oo
hZSM-5(31)-noT 91 9 252 0.19 1.01 0.25
hZSM-5(20)-PZSi 75 25 251 1.34 0.47 0.06
hZSM-5(51)-PZSi 81 19 132 0.59 0.61 0.04
hZSM-5(47)-PZSiS 93 7 147 0.33 0.59 0.04
hZSM-5(31)-CoT 88 12 152 0.26 1.02 0.14
ZSM-5(29) 94 6 365 0.22 0.85 0.21
2 Determined by 2’Al MAS NMR spectroscopy.
b Determined by FT-IR of pyridine adsorbed at 200 °C; B = Bronsted acid sites, L = Lewis acid sites, B -+ L = total amount of acid sites.
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Fig. 5. Conversion (*) and STY (bars) of NCut (dark colour) and DCut (light colour)
products for the MFI-based materials prepared and the benchmark catalyst ZSM-5(29).
Reaction conditions: 200 °C, 30 bar, WHSV = 2.2 g;c4 geat h™!, TOS =7h, catalyst
activation temperature =450 °C.

the degree of branching of the liquid products, were determined by
TH NMR spectroscopic analysis of the liquid reaction products
(details in the Supplementary Material). For all materials, Hyr <
0.2%, indicating very low aromatics content. The low aromatics
content and the absence of heteroatoms are advantages of light
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STYpcut (x), and STYycye (+)). Reaction conditions: 200 °C, 30 bar, WHSV = 2.2 g4 Zcat
h~1, TOS = 7 h, catalyst activation temperature = 450 °C.

olefin oligomerisation routes for synthesising clean fuels. The I
values were in the range 0.47—0.59, based on the O'Connor or
Kapur methods [65,66]. These results are advantageously lower
than that reported in the literature for a mesostructured zeotype
based on the BEA topology (I = 0.62) [57], tested under similar 1C4
reaction conditions. An estimation of the cetane number (CN, based
on the O'Connor method [65]) indicated values in the range 43—50
(noteworthy, without post-treatments such as hydrogenation that
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Fig. 6. PLD profiles for the liquid products of the reaction of 1-butene in the presence of the MFI-based materials: (a) hZSM-5(20)-PZSi (solid line), hZSM-5(51)-PZSi (dashed line),
hZSM-5(47)-PZSiS (dotted line), and (b) hZSM-5(31)-noT (solid line), hZSM-5(31)-CoT (dashed line), and ZSM-5(29) (dotted line). Reaction conditions: 200 °C, 30 bar, WHSV = 2.2

g1c4 Eeat h™1, TOS = 7 h, catalyst activation temperature = 450 °C.
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Table 4
Influence of the catalyst activation temperature (T,.¢) and reaction conditions (T, P) on the catalytic reaction.
Conditions Xca (%) STY (mg. g 'h™1) DCut/NCut
Tace (°C) T (°C) P (bar) NCut DCut Total
200 200 30 77 272 543 815 2.0
450 200 30 77 257 534 791 2.1
450 250 30 87 414 611 1025 1.5
450 250 40 97 408 669 1077 1.6

increase the CN [67]). Literature data for CN of diesel cuts produced
in commercial processes, and commercial diesel samples were in
the range 48—56 [28,66,68—70].

The most active catalyst hZSM-5(20)-PZSi was further tested
under different reaction conditions (Table 4). The catalyst activation
temperature (Tact) of 200 °C or 450 °C prior to the oligomerisation
reaction led to comparable catalytic results (similar Xc4 and STY at
200°C, 30 bar). Different results were reported in the literature for
micro-mesoporous zeotypes based on the BEA topology, for which
higher T, led to poorer catalytic results; T, may affect the coor-
dination environment (and configuration) of the Al species of the
BEA framework [57]. Conversion and STY increased with increasing
reaction temperature from 200 to 250 °C, whereas the mass ratio
DCut/NCut decreased from 2.1 to 1.5. Hence, the total productivity
may be favoured by increasing the temperature, albeit the relative
amount of DCut products decreases, which is consistent with the
fact that the oligomerisation reaction is exothermic. Increasing the
reaction pressure from 30 to 40 bar led to enhanced Xc4 (87 and
97%, respectively) and STYpcur (611 and 669 mg got h~, respec-
tively) at 250°C. These results are consistent with the fact that
oligomerisation leads to reduction in the total number of molecules
in the reaction system, and thus may be favoured with increased
pressure.

The results for the best-performing catalyst hZSM-5(20)-PZSi
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(Xca=77%, STY=791mg get h™', mass ratio DCut/NCut=2.1)
compare favourably to literature data for several types of alumi-
nosilicates, tested under similar 1C4 reaction conditions (200 °C.
30 bar): mesoporous aluminosilicates possessing amorphous pore
walls [24]; versions of (large-pore) zeolite Beta such as, micro-
crystalline or nanocrystalline zeolite Beta [57]; and a composite of
BEA nanocrystals embedded in a mesoporous siliceous matrix
(Table S1) [57]. Interesting results were reported for a hierarchical
zeotype based on the BEA topology (Tact = 200 °C) which led to Xc4
(54%), and STY of 502 mg get h™ !, and commercial zeolite ZSM-5
with Si/Al=15 (Tat=450°C) which led to Xc4=39% and
STY =523 mg gqt h™! [24,57]. Several studies reported 1C4 con-
version over commercial ZSM-5, under different reaction condi-
tions; one of the best results in terms of selectivity to diesel
products was reported by Schwarz et al. [71], specifically, 76 wt%
diesel selectivity at 99% 1C4 conversion (conversion of total bu-
tenes not specified), at 270°C, 50 bar (Table S1). Under roughly
comparable temperature and pressure conditions to those used by
Schwarz et al,, Li et al. [72] reported the conversion of butene
(isomer not specified), over a ZSM-5 type material synthesised
hydrothermally using hemicellulose, the initiator ammonium per-
sulphate and tetramethylethylenediamine, which led to 88% diesel
selectivity at 91% conversion, 40 bar, 270°C (WHSV=4.8 gica ggft
h~1) (Table S1); this material possessed 17% Smeso and 33% Vmicro
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Fig. 8. Influence of the acid properties measured at 200 °C on Xc4 (x), (a, b), STYpcy: (M) and STYncye () (¢, d), for the catalysts prepared according to the PZSi(S) protocols, namely
hZSM-5(20)-PZSi, hZSM-5(51)-PZSi, and hZSM-5(47)-PZSiS. Reaction conditions: 200 °C, 30 bar, WHSV = 2.2 g ¢4 geat h™, TOS =7 h, catalyst activation temperature = 450 °C.
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compared to 13% Smeso and 38% Vpicro for ZSM-5 prepared in a
conventional fashion, which together with the higher amount of
total acid sites of the former, led to improved catalytic performance
in relation to the conventional zeolite [72].

3.2.2. Influence of material properties

Conversion followed the order (Xcq): hZSM-5(31)-CoT
(27%) = hZSM-5(47)-PZSiS (28%) < hZSM-5(31)-noT
(54%) = hZSM-5(51)-PZSi (57%) < hZSM-5(20)-PZSi (77%). On the
other hand, the total STY followed the order (mg gzt h™1): hZSM-
5(31)-CoT  (43) < hZSM-5(47)-PZSiS  (235) < hZSM-5(51)-PZSi
(496) < hZSM-5(31)-noT (521) < hZSM-5(20)-PZSi (791). Direct re-
lationships between the catalytic activity and the textural or acid
properties could not be clearly established considering all materials
at once. The catalytic performance may result from complex
interplay of several properties including morphology, texture and
acidity, which, in turn, depend on the synthesis protocol. It is
important to reduce the number of variables in comparative studies
to gain insights into structure-activity relationships. The materials

prepared via the protocols CoT and noT possess the same molar
2 -1
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respectively), Table 3. Yet, their catalytic performances were very
different, with hZSM-5(31)-noT performing far superiorly to hZSM-
5(31)-CoT; Xc4 of 54 and 27%, and STY of 522 and 43 mg geat ™,
respectively. Zeotype hZSM-5(31)-noT possessed more regular
morphology (Fig. 3), lower Vpjcro and higher amount of acid sites
(Table 3) than hZSM-5(31)-CoT, which may result in a higher
amount of effective (accessible) active sites in the former case,
favouring the oligomerisation reaction.

Zeolite ZSM-5(29) possessed highest amount of acid sites, albeit
its catalytic activity was similar to the least active material prepared
namely hZSM-5(31)-CoT. The larger crystallite sizes (micron range)
and relatively low Speso Of ZSM-5(29) may account for longer
diffusional pathways and important steric hindrance effects. Hence,
nanocrystals, mesoporosity and regular morphology seem impor-
tant features to meet superior catalytic performances.

The materials based on the PZSi synthetic approach consisted of
pseudo-spherical aggregates of nanocrystallites of 10—60 nm in
size, and possessed comparable Vp, Vpico and  Smeso
(275-308m?g~!) and acid strengths. However, their catalytic
performances were different, which seemed to be related to the
relative amount of Lewis acid sites. Specifically, Xc4 and STY
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Fig. 9. Dependence of conversion (Xc4) on TOS for hZSM-5(20)-PZSi (A), hZSM-5(51)-PZSi (B) and ZSM-5(29) (C) in the first (x) and second cycle using the regenerated catalyst (—).
PLD curves for the two cycles (with matching symbols) for hZSM-5(20)-PZSi (D), hZSM-5(51)-PZSi (E) and ZSM-5(29) (F).
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increased with L/B, being highest for hZSM-5(20)-PZSi (Fig. 8).
Thus, the Lewis acidity seemed favourable for the catalytic reaction.
These results are in agreement with literature data for the oligo-
merisation of C4 olefins; e.g. 1C4 conversion over zeotypes pos-
sessing BEA topology [57], and isobutene conversion over
commercial zeolite Beta [73], dealuminated zeolite Y or zeolite Y-
supported AICl3 [42,74]. Since the material properties requirements
may be different for olefins of different carbon chain lengths [37],
comparisons have been restricted to C4 olefins. The post-synthesis
surfactant treatment of hZSM-5(51)-PZSi gave hZSM-5(47)-PZSiS,
which did not lead to improved Xc4 or STY (Fig. 5); these results
may be partly due to the lower L/B of hZSM-5(47)-PZSiS (Table 3).

Overall, the noT and PZSi synthetic strategies seem promising
for preparing zeotype catalysts for olefin oligomerisation. One of
the parameters that may be varied in all synthesis protocols is the
Si/Al ratio, which may influence the acid properties of the final
materials. The material prepared via the noT protocol (Si/Al =31)
possessed intermediate Si/Al ratio of the two PZSi based materials
(20—-51). Nevertheless, hZSM-5(31)-noT resembled somewhat
closely the catalytic performance of hZSM-5(51)-PZSi and was
outperformed by hZSM-5(20)-PZSi. The PZSi protocol seems to
advantageously give materials with enhanced L/B ratio and Speso
for butene oligomerisation.

3.2.3. Catalytic stability

The catalyst stabilities of hZSM-5(20)-PZSi and hZSM-5(51)-PZSi
were investigated, and compared to zeolite ZSM-5(29), at 200 °C,
30 bar. The originally pristine white solid catalysts turned brown in
colour after the catalytic reaction. The carbon content of the
washed/dried catalysts was ca. 13wt% C (based on elemental
analysis). DSC analysis of the used catalysts under air atmosphere
indicated an endothermic process occurring at temperature lower
than 200 °C, which was likely the desorption of physisorbed water
and other volatiles (exemplified for hZSM-5(20)-PZSi in Fig. S6).
Additionally, an exothermic process with an onset at ca. 280 °C
occurred for the used catalysts, but not for the unused ones. The
exothermic process was likely the combustion of coke deposits. The
catalysts were regenerated by the thermal treatment at 550 °C and
turned off-white in colour, suggesting that most of the coke was
removed.

The regenerated catalysts were characterised in what regards
the morphology (SEM, TEM), composition (EDS), crystal structure
(PXRD), textural properties (N, adsorption), surface Al species (>’Al
MAS NMR) and acid properties (FT-IR spectroscopy of adsorbed
pyridine). For the three catalysts, the MFI crystalline structure was
essentially preserved during the catalytic process (Fig. 9), and the
morphology (Fig. S7) and textural properties remained similar
(Table S2). For the zeotypes, the Si/Al ratio remained roughly con-
stant, and molecular level characterization studies indicated the
predominance of Aleetr, Species and comparable L/B ratio (Table S3).
The most pronounced difference was slight decrease of L + B for the
used catalyst hZSM-5(20)-PZSi. The commercial zeolite ZSM-5(29)
suffered drop in the Si/Al ratio, %Aletra and L + B, which was
accompanied by the appearance of five-coordinated Al species
(peak at ca. 25 ppm due to Alpenta) and slight increase in L/B. Based
on the results regarding the material properties, the zeotypes
seemed more stable than the zeolite.

The catalysts were used for two consecutive 7 h-on stream runs,
with an intermediate step of catalyst regeneration. From the first to
the second run it was verified partial catalyst deactivation, which
was more pronounced for the zeotypes (Xc4 at TOS = 7 h decreased
by a factor of ca. 1.44) than ZSM-5(29) (Xc4 decreased by a factor of
ca. 1.4) (Fig. 10). The drop in activity of ZSM-5(29) somewhat
correlated with the changes in surface Aleta Species and acid
properties of the used catalyst (discussed above). For the zeotypes,
the partial catalyst deactivation did not correlate with the charac-
terization results (which indicated that the physicochemical
properties of the materials were fairly well preserved, especially in
the case of hZSM-5(51)-PZSi).

The MFI based materials possess crystallographically different
Al species, for which the intrinsic activity and stability may be
different. Molecular-level changes may occur during the catalytic
process, which are difficult to track by the characterization studies
of the solids recovered after the catalytic reaction. Although the
original and used zeotypes exhibited similar 2’Al MAS NMR spectra,
it is important to consider that there may exist “NMR-invisible” Al
species [75—77]. Woolery et al. [56] reported for MFI zeolites that
treatment at high temperature may lead to the hydrolysis of Al-O
bonds (e.g. less stable Al species subjected to local stress in a
confined environment) and the formation of “NMR-invisible” Al
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Fig. 10. PXRD patterns (A) and 2’Al MAS NMR spectra (B) for hZSM-5(20)-PZSi (fresh (a); used (b)), hZSM-5(51)-PZSi (fresh (c); used (d)), and ZSM-5(29) (fresh (e); used (f)).
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species of Lewis type. The extent of the hydrolysis of the framework
species may increase with temperature [75]. Accordingly, the
temperature may affect the catalyst stability. The Alietra Species may
undergo hydrolysis to give framework-bonded Alyca Species;
however, the latter may react reversibly to give Aleera Species by the
interaction with base molecules such as pyridine [75], which was
used as probe for measuring the acid properties. Hence, although
the molecular-level characterization studies based on the spectro-
scopic techniques 2’Al MAS NMR and FT-IR of adsorbed pyridine
gave similar results for the original and used hZSM-5(51)-PZSi
catalysts, for example, this does not rule out the possibility of
occurring in situ changes of surface species; it is not trivial to track
these possible modifications, and assess the intrinsic activities and
relative amounts of the in situ modified surface species in order to
study their influence on the catalytic reaction.

4. Conclusions

Non-destructive bottom-up synthetic approaches led to MFI-
based zeotype catalysts with favourable morphological, textural
and acid properties for olefin oligomerisation to higher molar mass
products, under high pressure continuous flow conditions. In
general, the zeotypes consisting of morphologically regular aggre-
gates of nanocrystallites and possessing mesoporosity out-
performed microcrystalline zeolite ZSM-5 in 1-butene
oligomerisation, at 200°C, 30bar (even though the zeolite
possessed the highest amount of total acid sites). The best per-
forming zeotype was hZSM-5(20)-PZSi (Si/Al = 20), prepared via
the Serrano et al. [46—48] strategy (PZSi) based on the crystalliza-
tion of silanized protozeolitic units; 77% conversion of butenes,
average space time yield of liquid products of 791 mg gt h~! (7h
on-stream) and mass ratio DCut/NCut = 2. These results compared
favourably to literature data for several aluminosilicates tested
under similar 1-butene oligomerisation reaction conditions. The
materials prepared via the PZSi approach seemed to benefit from
enhanced mesoporosity and L/B ratio for butene oligomerisation.

Characterization studies indicated that the morphology, struc-
ture, composition, textural and acid properties of the zeotypes were
essentially preserved during the catalytic reaction and the catalyst
regeneration processes. Molecular-level characterization of the
zeotypes and the zeolite, suggested superior stability of the former
in what concerns the Al-species and acid properties. However,
partial drop in catalytic activity was verified for the regenerated
catalysts, possibly due to changes in surface chemical properties
occurring in situ, under the operating conditions. It is not trivial to
track these changes by characterization studies of the catalysts
recovered after the reaction. While envisaging zeotypes as prom-
ising catalysts for olefin oligomerisation, important future chal-
lenges include in situ high temperature characterization studies to
track possible changes in surface chemical species occurring under
the operating conditions, and gain more insights into effective
structure-activity relationships, which may aid in the improvement
of material properties to meet superior performances.
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