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ARTICLE INFO ABSTRACT

Keywords: The design of diverse Ni-zeolites has been performed attempting to control different physico-chemical properties
Olefin oligomerization of the zeolite supports as well as the Ni speciation to study their influence on the industrially relevant ethylene
Ethy_lene oligomerization reaction. In this sense, Ni-containing medium-pore MFI and large-pore BEA zeolites have been
I%I?::etle synthesized with different particle sizes, Si/Al molar ratios and following different Ni-incorporation strategies

(one-pot versus post-synthesis). Characterization techniques reveal the preferential presence of cationic Ni* and
NiO nanoclusters inside the zeolitic pores when Ni has been incorporated by post-synthesis impregnation or one-
pot approaches, respectively. The presence of Ni2* species, rather than other factors, mainly governs olefin
oligomerization under near-ambient pressures, guiding preferentially towards C4-Cg olefins as main products.
Crystal size, acidity and/or Ni incorporation methodology, on the other hand, play key roles under high-pressure
reaction conditions, resulting in the formation of heavier olefins, especially in zeolites containing less cationic
nickel, larger proportion of NiO clusters and higher Brgnsted acid site density.

1. Introduction

Light olefins (C3-Cg) are considered as key “building-blocks”, in-
termediates for the synthesis of highly demanded organic products and
fuels. Traditionally, these light olefins are mostly obtained by steam
cracking processes of different feedstocks, ranging from light hydro-
carbons (natural gas mixtures) to naphthas (petroleum distillates),[1,2]
as well as by direct transformation of methanol through the methanol to
olefins (MTO) or methanol to propylene (MTP) processes.|3] In addition
to fossil fuel based processes, new and more sustainable routes to obtain
these light olefins, mainly from biomass-derived products and CO», have
received increased attention in the last years.[2,4,5].

The oligomerization of light olefins is one of the most interesting
industrial pathways to produce either liquid fuels, such as gasoline, jet
fuel or diesel, plasticizers or solvents, thanks to its high flexibility in
terms of the starting olefin, and of the number of oligomerization steps
and range of molecular weight of the final products.[6-9] Acid zeolites
have been extensively employed as efficient heterogeneous oligomeri-
zation catalysts when using propylene and other olefins of higher mo-
lecular weight, and the acidity and the shape-selectivity defined by the
zeolite pore topology are known to strongly influence the formation of

* Corresponding authors.

products with specific characteristics.[6,10] On the one hand, medium
pore zeolites favour the formation of linear hydrocarbons with less
branched alkyl groups as compared to large pore zeolites, enhancing the
production of high-quality diesel fractions.[11-13] On the other hand,
highly branched bulkier products are preferentially achieved using tri-
directional large pore zeolites, which may lead to faster catalyst deac-
tivation by pore blocking.[14] Nevertheless, it has been shown that
shortening the diffusion pathways within large pore zeolites, as was
achieved in the case of nanosized Betas synthesized with crystal sizes in
the range of 10-20 nm, allows reducing significantly the catalyst deac-
tivation rates since large oligomers are able to diffuse out the zeolite
pores before being involved in undesired consecutive reactions.[15,16].

Unlike higher olefins, very low conversions are achieved with solid
acid catalysts when using ethylene as the reactant in oligomerization
processes.[6] In this case, different transition metal catalysts and, spe-
cifically, Ni-containing catalysts are known to be active for ethylene
dimerization and/or oligomerization.[17] In particular, Ni-containing
microporous zeolites, [6,18-20] or Ni supported on mesoporous mate-
rials, such as MCM-41 [21-23] have been widely studied. The tradi-
tional nickel incorporation methods are post-synthesis ion-exchange or
impregnation.
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In the presence of Ni-based catalysts, ethylene dimerization follows
the Cosse-Arlman mechanism, where two ethylene molecules interact
with a Ni active site forming a Ni-di-ethene complex, resulting in the
formation of 1-butene (coordination step). Then, other ethylene mole-
cules present in the media can be consecutively coordinated to the Ni
sites while the 1-butene formed is still attached, stepping towards higher
olefins (insertion step). Kinetic modelling and theoretical calculations
have shown that the presence of acid sites in the zeolite support can play
a key role for the Cosse-Arlman mechanism,[24] since their presence
would help stabilizing extra-framework Ni species as divalent cations by
adequately counterbalancing these positive charges with the negative
charges of trivalent aluminium atoms in zeolite framework positions.
[25] An alternative mechanism has been recently proposed by Moussa
et al.[26] for Ni-Beta zeolites based on coupled in situ FTIR spectroscopy
results and reaction kinetics, involving the coordination of ethylene to
the Ni% site via n-coordination and the formation of a nickel ethenyl
hydride intermediate. It is worth noting that once the olefin starts
growing on the Ni active site following any of the mechanism exposed
above, the resulting alkene can also be converted by the acid sites pre-
sent in the zeolite support, contributing to the final product distribution
with different side/consecutive reactions, such as co-oligomerization,
cracking, isomerization or alkylation, among others.[6,17] Thus,
developing zeolite-based catalysts with controlled acidities and/or
desirable Ni/Al ratios, with the proper pore topologies and/or crystal
sizes, will be highly desirable. In fact, these are some of the key prop-
erties to take into account in the design of Ni-containing bifunctional
zeolite-based catalysts for enhancing the yields towards desired oligo-
merization products of specific size and branching degree.[27].

Despite the existing controversy in earlier studies regarding the na-
ture of the nickel sites responsible for the activation of the ethylene
molecules, i.e. Ni(0),[28] or Ni*,[29,30], more recent works suggest the
preferential role of the divalent Ni2* species, based on infrared spec-
troscopy employing carbon monoxide as probe molecule.[21,22,31-33]
Still, not all the divalent nickel species behave in the same way, and
whereas Ni?* in ion exchange positions, with stronger Lewis acidity,
were seen to be highly active during the first stages of the reaction they
deactivate fast, leaving isolated silanol grafted Ni2* cations, with milder
acidity, as the sole active sites at longer times on stream.[26].

Ni species are generally incorporated in the zeolite-based supports by
post-synthesis methodologies, such as ion exchange or impregnation
methods.[21,22,31,32] In addition, a few works have also described the
post-synthetic heterogeneization of well-defined Ni-complexes on
different zeolites (i.e. Y, ZSM-5, Beta, and ITQ-2),[34-37] resulting in
good catalytic performances towards the ethylene dimerization reac-
tion. However, incorporation of Ni species via one-pot encapsulation on
high-silica zeolites, their characterization and their catalytic evaluation
for the ethylene oligomerization reaction has not been studied so far,
even though in the last years different one-pot metal addition ap-
proaches have been shown as very efficient methodologies to improve
metal dispersion and stability within microporous materials.[38,39].

Herein, we present the rational design of a set of Ni-containing
zeolitic materials and their catalytic evaluation for the ethylene oligo-
merization reaction. Thus, two different crystalline structures have been
selected (MFI and BEA), with different crystal sizes (from micron- to
nano-sized particles) and chemical compositions (Si/Al molar ratios
from 10 to 40) and two different Ni incorporation procedures, one-pot
synthesis employing N-ligands and a traditional post-synthesis
approach. The materials have been thoroughly characterized to un-
ravel not only the physico-chemical properties of the zeolitic supports,
but also the chemical state and distribution of the Ni species. Finally, the
Ni-containing zeolite-based catalysts have been tested for olefin
dimerization/oligomerization under low [32] and high pressure [40]
conditions aiming to establish the main structure/activity relationships
controlling the formation of different products, from 1-butene to larger
oligomers within the range of liquid fuels.
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2. Experimental section
2.1. Catalyst preparation

Three commercially available samples with MFI structure and
different Si/Al molar ratios (CBV3024, Si/Al ~ 15: MFI15; CBV5524, Si/
Al ~ 25: MFI25; and CBV8020, Si/Al ~ 30: MFI30) and one BEA zeolite
(CP814C, Si/Al = 11: BEA11), all of them supplied by Zeolyst, have been
selected as supports to post-synthetically introduce the Ni species. The
Ni incorporation within the two samples with the lowest Si/Al ratio
(CBV3024 and CP814C), was carried out by ion exchange employing an
aqueous solution of Ni(NO3)2-6H0 to theoretically introduce ~ 1 wt%
Ni, fixing a liquid/solid weight ratio of 40, and maintaining the mixture
under stirring overnight at 80 °C. The Ni incorporation within the
commercial zeolites with higher Si/Al ratios was carried out by wet
impregnation containing the required amount of Ni(NO3)2-6H20 to
obtain ~ 1 wt% Ni content in the material and a starting liquid/solid
weight ratio of 10. In both cases, after the Ni incorporation or wet
impregnation, the resultant samples were recovered, dried at 80 °C
overnight and calcined at 550 °C (1 °C/min) for 4 h in air.[33].

In addition to the commercially-available zeolites, different nano-
zeolites with the MFI and Beta structures were also synthetized using
simple organic molecules as organic structure directing agents (OSDAs)
and following the methodology described by Gallego et al.[41] On the
one hand, one nanosized MFI zeolite with a Si/Al molar ratio of ~ 30,
nMFI30, was synthesized using N-butyl-N-methylpyrrolidinium (BMP)
as OSDA under the conditions summarized in Table 1 (see detailed
synthesis procedure in ref. [41]). On the other hand, two nanosized Beta
zeolites with Si/Al molar ratios of ~ 15 and 30, nBEA15 and nBEA30,
were synthesized using N-butyl-N-methylhexamethyleneiminium
(BMH) as OSDA under the conditions summarized in Table 1 (see
detailed synthesis procedure in ref. [41]). The samples were calcined at
580 °C in air to remove the OSDA molecules for 4 h using an initial
heating ramp of 2 °C/min. After removing the OSDA molecules, an
incipient wetness impregnation procedure to incorporate a ~ 1 wt% Ni
was performed using an aqueous solution of Ni(NO3)2-6H20, following
the procedure described above to incorporate Ni in the commercial ze-
olites (Ni-nMFI30_ps, Ni-nBEA15 ps and Ni-nBEA30_ps). The Ni-
containing zeolites were finally calcined at 550 °C for 4 h in air using
an initial heating ramp of 1 °C/min.

The one-pot Ni-containing nanosized MFI and Beta samples were
obtained employing the same synthesis conditions described above for
the Ni-free nanozeolites, but including the required amount of Ni in the
synthesis gels to achieve a 1 %wt Ni in the resultant materials (Ni source:
NiCly-6H20, >97% Sigma-Aldrich) and ethylenediamine (reagent grade,
Sigma-Aldrich) as complexing ligand. The precise gel compositions and
synthesis conditions are detailed in Table 1 (see Ni-nMFI30_op, Ni-
nBEA15 op and Ni-nBEA30_op). The final solids were recovered by
filtration, washed with distilled water, and dried overnight at 80 °C.
After that, the solids were calcined at 550 °C in air for 4 h using an initial
heating ramp of 1 °C/min.

2.2. Characterization

Powder X-Ray diffraction (PXRD) measurements were performed
employing a multisample holder Philips X'Pert diffractometer fitted
with a graphite monochromator, running at 35 mA and 40 kV and a Cu
Ka radiation of 0.1542 nm of wavelength.

The chemical composition of the materials was determined by
Inductively Coupled Plasma - Optimal Emission Spectroscopy (ICP-OES)
using a Thermo-Scientific iCAP PRO spectrometer after dissolving the
solid samples in an acid mixture of HNO3: HCl: HF (1:3:1 volumetric
ratio).

The morphologies and crystal sizes of the different zeolites as well as
the presence/absence of Ni particles on the external surface of the
zeolite crystals were studied by High Resolution Field Emission
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Table 1
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Theoretical molar composition of synthesis gels. The employed OSDA molecules for the syntheses of the nanosized MFI and BEA zeolites were N-butyl-N-methyl-
pyrrolidinium (BMP) and N-butyl-N-methylhexamethyleneiminium (BMH), respectively.

SiO, Al,O3 OSDA EDA NiCl, T (°C) t(d) Stirring
nMFI30 1 0.017 0.4 (BMP) 0 0 150 10 Yes
Ni-nMFI30_op 1 0.017 0.4 (BMP) 0.11 0.01 150 10 Yes
nBEA15 1 0.033 0.4 (BMH) 0 0 150 14 No
Ni-nBEA15_op 1 0.033 0.4 (BMH) 0.11 0.01 150 14 No
nBEA30 1 0.017 0.4 (BMH) 0 0 150 14 No
Ni-nBEA30_op 1 0.017 0.4 (BMH) 0.11 0.01 150 14 No

Scanning Electron Microscopy (HR-FESEM) employing a ZEISS Gem-
iniSEM 500 microscope (ZEISS-Oxford Instruments) fitted with a Back-
scattered detector. Crystal size distribution of the nanozeolites was
determined based on images obtained by TEM (bright field), performing
around 60 measurements on different transmission microscopy images
and considering only isolated crystallites.

The presence/absence of encapsulated Ni clusters within zeolite
crystals was studied by High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM) employing a JEOL
JEM-2100F (JEOL-Oxford Instruments) running at 200 kV.

The textural properties of the zeolitic materials were obtained from
their Ny adsorption isotherms, measured in an ASAP2000 device
(Micrometrics) at —196 °C after being degasified at 400 °C overnight, by
employing the Brunauer-Emmet-Teller (BET) method.

The acidity of the materials was determined by using Fourier
Transformed Infrared Spectroscopy in a Nicolet 710 FTIR device and
using pyridine as the probe molecule. Self-supported wafers (10 mg/
cm?) of the samples were previously degasified overnight at 400 °C and
dynamic vacuum (1 0°® mbar). After activation, the base spectrum was
recorded and pyridine vapour (6.5 10? Pa) was admitted in the IR cell
and adsorbed onto the zeolite. Desorption of pyridine was performed
under vacuum over three consecutive one-hour periods of heating at
150, 250 and 350 °C, each of them followed by the IR measurement at
room temperature. All the spectra were normalized to the area of the
corresponding Si-O overtones (1755-2100 cm_l). The amount of
Brgnsted (BAS) and Lewis acid sites (LAS) was determined from the
intensities of the bands at ca. 1545 and 1450 cm ™}, respectively, using
the molar extinction coefficients given by Emeis.[42].

The nature and oxidation states of the Ni species in the samples were
studied by FTIR spectroscopy using CO as probe molecule. The spectra
were registered by a Nexus (Thermo) 8700 FTIR spectrometer employ-
ing a DTGS detector and measuring at 4 cm™!. The calcined samples
were pressed to self-supported wafers of 10 mg/cm?, and thermally
activated at 550 °C for 6 h (heating ramp of 5 °C/min). Ni speciation was
assessed by titration with CO upon cooling the sample to —176 °C under
dynamic vacuum of 10”> mbar and introducing the CO doses increasing
its partial pressure from 0.1 to 2 mbar.

The reducibility of the metal species was studied by Temperature
Programmed Reduction in Hy (H2-TPR) using a Micrometrics Autochem
2910 instrument. The samples were exposed to a gas flow of 50 mL/min
(10%Hs,, 90%Ar) and temperature was increased until 900 °C at a rate of
10 °C/min.

2.3. Catalytic tests

Catalytic tests were performed in a 10 mm internal diameter stainless
steel fixed-bed reactor. Zeolites were pelletized, crushed and sieved to
obtain a particle size between 0.2 and 0.4 mm and diluted in all cases in
SiC (0.6-0.8 mm particle size) to a total bed volume of 4.0 mL. Prior to
the catalytic test, the catalysts were activated in N5 flow (53.8 mL/min)
increasing temperature to 550 °C (heating ramp of 5 °C/min), main-
taining it for 6 h and, finally, cooling down to the reaction temperature.
[40].

Catalytic tests were performed at both low and high pressures (2.5
and 35 bar, respectively), using similar reaction conditions to those
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reported previously in the literature by Gounder et al.[32] and Moon
et al.,[40] respectively (detailed reaction conditions can be found in
Table 2).

The outlet stream was vaporized and analysed on-line with an Agi-
lent 7890B gas chromatograph equipped with two independent chan-
nels. In a first channel, the unreacted ethylene and the products obtained
were separated in a 30 m x 320 um x 0.25 ym HP5 column and
quantified by means of a FID detector. Ethylene and N, were separated
in a second channel provided with a 30 m x 320 um 12 pm HP-Plot
Molesieve, a 30 m x 320 um x 20 um HP-Q-plot, and a TCD detector.

3. Results

3.1. Synthesis and characterization of the different Ni-containing zeolites:
one-pot versus post-synthetic Ni incorporation

As stated above, the oligomerization of ethylene to heavier hydro-
carbons can be catalyzed by bifunctional Ni-containing acid supports. In
order to activate the olefin and to achieve the formation of different
oligomers, controlling both Ni speciation and the support properties
(acidity and accessibility) has been revealed to be determinant.
Recently, we have reported unique catalytic performances when
employing ultra-small nanosized zeolites of 10-15 nm as acid catalysts
for the oligomerization of larger light olefins, i.e. 1-pentene, with
improved resistance against catalyst deactivation and higher yields to-
wards liquid products within the range of gasoline and diesel.[15,16]
Considering this, we propose studying these nanosized acid zeolites as
supports to incorporate the required Ni species to undergo the ethylene
oligomerization reaction. Moreover, the incorporation of Ni by means of
different post-synthetic and one-pot synthesis methods will enable
evaluating the influence of the Ni speciation.

First, a nanosized MFI sample with a Si/Al molar ratio of 30
(nMFI30) and two nanosized BEA zeolites with Si/Al molar ratios of 15
and 30 (nBEA15 and nBEA30, respectively), were synthesized using the
recent methodology described by Gallego et al. employing simple
organic molecules as OSDAs (see experimental section for synthesis
details).[41] The resultant as-prepared MFI and BEA samples present the
characteristic PXRD patterns of these structures (see Fig. 1) and, as ex-
pected, the presence of broad, low intensity diffraction peaks suggests
the crystallization of these materials in their nanosized forms. In fact, the
inspection of these as-prepared materials by FE-SEM microscopy clearly
shows the nano-range dimensions of their particles, with average pri-
mary particle sizes of ~ 10 nm (see nMFI30, nBEA15 and nBEA30 in
Figures S1 and S2). A thorough analysis of TEM (bright field) images
confirms average crystal sizes around 10 nm for all the nanozeolites (see
Figures S3 and S4).

The ICP analyses of these three materials confirm final Si/Al molar
ratios in the solids analogous to those given by the composition of the
synthesis gels (see nMFI30, nBEA15 and nBEA30 in Tables 1 and 3).
After their calcination in air to remove the occluded OSDA molecules,
around ~ 1 wt% of Ni has been incorporated by incipient wetness
impregnation, as confirmed by ICP analyses (see Ni-nMFI30_ps, Ni-
nBEA15_ps and Ni-nBEA30_ps in Table 3).

In order to see the influence of the metal incorporation procedure on
the final metal speciation within the nanosized zeolites, we have also
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Table 2
Reaction conditions employed for the catalytic tests.
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Pressure (bar) Temperature (°C) WHSV (hr) Mt (ME) Qtotal (ML/min) %N, vol %C,H,4 vol
Gounder et al. [32] 2.5 180 16.3 63 600 97.5 2.5
Moon et al. [33,40] 35 200 2.1 500 100 85 15
(a) (b)
Ni-nBEA30_op
Ni-nMFI30_op
nBEA30_a.p
nMFI30_a.p
Ni-nBEA15_op
Ni-MFI30_ps
‘ nBEA15_a.p
Ni-MFI25_ps
Ni-BEA11_ps
Ni-MFI15_ps
T T T T T 1 T T I I T 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35
0
26(°) 26(°)
Fig. 1. PXRD patterns of the different MFI (a) and BEA (b) zeolites considered in the present study.
microscopy, and the images shown in Figures S1 to S4 evidence their
Table 3 L. . . . . ips
) . . . . . . crystallization as primary particles with sizes ~ 10 nm. In addition,
Physico-chemical properties of the different Ni-containing zeolite catalysts. . . .
according to the ICP analyses, the one-pot Ni-nanozeolites not only
Catalyst" Si/ %Ni  BET  Micropore  External  Micropore maintain similar Si/Al molar ratios as compared to their Ni-free coun-
Al ‘?r:le;; ‘a;e;igr) zlnrzfjigf) Xi‘;j;) terparts, but also present final Ni content close to 1 wt%, comparable to
ar) the analogous nanosized samples where Ni has been post-synthetically
- incorporated (see Table 3). The presence of the Ni-complex in the gel
Ni-MFI15ps 141 092 411 369 42 0.16 . . . .
(CBV3024) of the one-pot synthesized Ni-zeolites could have an influence on the
Ni-MFI25_ps 259 1.1 414 369 45 0.16 degree of Al incorporation in framework or extra-framework position.
(CBV5524) According to our previous work,[41] all the Al was tetrahedrally coor-
Ni-MFI30ps ~ 29.0 1.1 408 357 51 0.15 dinated in the as-synthesized zeolite structure when a nanosized Beta
(CBV8020) . . -~ i .
Ni 243 11 593 280 243 011 with Si/Al = 1.5 was prepared under Cf)mp.arable conditions in the
nMFI30_ps absence of the Ni precursor, and after calcination at 580 °C around 80%
Ni- 281 1.2 528 320 208 0.13 of this Al remained in the framework. Comparing the ’Al MAS NMR
nMFI30_op spectra of the Ni-free and Ni-containing nBEA15 prepared in this work
N‘&gig‘llj(—:l;s 108 11 633 441 192 0.18 (see Figure S5), the proportion of extra-framework Al is 25% and 19%,
Ni- 140 095 590 331 250 0.14 respectlyely, resu.lt.s that sugges?ts that the presence Of.Nl in the synth.esm
NnBEA15,_ps gel partially stabilizes the zeolite framework dealumination. A possible
Ni- 129 12 714 403 311 0.17 explanation is the formation of cationic Ni species during the calcination
nBEA15_op process, which will remain in charge compensation sites as will be dis-
Ni- 222 1.2 668 358 310 0.15
nBEA30_ps cussed later.
Ni- ) 210 1.3 744 433 311 0.18 For comparison purposes, different commercially available samples
nBEA30_op with MFI (MFI15: CBV3024, MFI25: CBV5524 and MFI30: CBV8020)

@ ps: post-synthesis, op: one-pot.

contemplated the one-pot synthesis of Ni-containing nanosized MFI and
Beta samples by introducing a simple Ni-complex (Ni-ethylenediamine,
Ni-EDA) during their hydrothermal syntheses (see experimental section
and Table 1 for details). The as-prepared Ni-nMFI30_op, Ni-nBEA15_op
and Ni-nBEA30_op present similar PXRD patterns as compared to their
as-prepared Ni-free zeolites counterparts (see Fig. 1), suggesting that the
addition of the Ni-EDA complex to the synthesis gels does not affect the
zeolites crystal size. This is confirmed by FE-SEM and bright field TEM
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and BEA (BEA11: CPC814C) topologies have been selected, all of them
with Si/Al molar ratios comparable to those of the nanosized zeolites
(see Table 3) but with larger crystal sizes (see Figures S1 and S2). On the
one hand, the three commercial MFI samples have similar crystal sizes of
0.1-0.2 pm (see Figure S1) and Si/Al molar ratios ranging from 15 to 30
(Si/Al ~ 15: MFI15; Si/Al ~ 25: MFI25; Si/Al ~ 30: MFI30, see Table 3).
On the other hand, the commercially available Beta zeolite has a Si/Al
molar ratio of ~ 11 (see BEA11 in Table 3), slightly lower but close to
the one measured for the commercial MFI15 sample. FE-SEM images
clearly reveal that the average size of the primary particles in BEA11 is
~ 25-30 nm (see Figure S2), which is also in the nanosized range but
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still larger than those achieved by the method described by Gallego et al.
(10-20 nm).[15,16,41] A ~ 1 wt% Ni has also been incorporated post-
synthetically within these commercial zeolite supports (see in Table 3).

As expected, because of their smaller crystal size (see Figures S1 and
S2), the external surface areas of the Ni-nMFI and Ni-nBEA samples are
remarkably higher than those of the commercial ZSM-5 and Beta zeolites
(see Table 3), with values up to ~ 200-250 rnz/g for the Ni-containing
nanosized MFI samples or ~ 260-310 m?/g for the ultra-small Ni-
nBEA15 samples, as compared to the ~ 40-50 m?/g or ~ 190 m?%/g
obtained for the commercial-based MFI or BEA11 samples, respectively.

The Brgnsted and Lewis acidities of the different Ni-zeolites, deter-
mined by FT-IR combined with pyridine adsorption and desorption at
different temperatures, are summarized in Table 4 and the spectra in the
pyridine region are compared in Fig. 2. All samples present the bands at
1545 and 1455 cm ™! assigned to the basic probe protonated by Brgnsted
acid sites and coordinated to Lewis acid sites, respectively. Regarding
the commercial zeolites, post-synthesis incorporation of Ni results in an
important decrease of the Brgnsted acidity and a sharp increase of the
Lewis acid band (see Fig. 2 and Table 4), especially for the zeolites with
lower Si/Al ratio (Ni-MFI15_ps and Ni-BEA11_ps). This suggests that a
large proportion of Ni has been incorporated as cationic Ni species in
ion-exchange positions, reducing the Brgnsted acidity as compared to
the parent zeolites in protonic form.[27,43] In addition, these samples
also present a band centered at 1610 cm ™!, assigned in the literature to
pyridine coordinatively bonded to Ni%" cations (see Fig. 2).[33] The
same trends are observed for the post-synthesis impregnation of Ni on
the nanozeolites (see for instance Ni-nMFI_30_ps and Ni-nBEA_30_ps in
Fig. 2). However, Ni incorporation by direct synthesis to the nano-
crystalline MFI and BEA zeolites with higher Si/Al ratios (Ni-nMFI30_op
and Ni-nBEA30_op) does not modify the Brgnsted acid site density nor
the Lewis acid site density of the final samples in a significant manner.
These results, together with the lower intensity of the Ni%>* band at 1610
em ™! in the corresponding spectra (see Fig. 2), suggest that the direct Ni
incorporation might result preferentially in the formation of NiO species
instead of favouring the formation of extra-framework cationic Ni spe-
cies in charge compensation sites. Finally, an intermediate behaviour is
observed for the Ni-containing nanosized Beta with higher Al content
(Ni-nBEA15_op). In this case, Brgnsted acidity is not reduced as
compared to the Ni-free zeolite but the intensity of the band corre-
sponding to cationic Ni2t species is comparable to that of the Ni-
impregnated samples and its Lewis acidity is increased, suggesting the

Table 4
Acidity of the different Ni-free and Ni-containing zeolites as determined by FT-IR
combined with pyridine adsorption-desorption.

Sample® Brensted acidity” B3s0/Biso0 Lewis Acidity”  Lzso/Liso
(umol Pyr/gr cat) ¢ (umol Pyr/gr) ¢
MFI15-H 548 0.7 16 1.0
Ni-MFI15_ps 104 0.4 477 0.2
MFI25-H 461 0.8 38 0.8
Ni-MFI25_ps 153 0.9 143 0.6
MFI30-H 372 0.8 38 0.6
Ni-MFI30_ps 200 0.6 208 0.3
nMFI30-H 382 0.8 133 0.6
Ni-nMFI30_ps 259 0.5 406 0.5
Ni-nMFI30_op 400 0.7 120 0.7
BEA11-H 469 0.5 269 0.8
Ni-BEA11 ps 74 0.1 366 0.5
nBEA15-H 345 0.6 227 0.8
Ni-nBEA15_ps 146 0.5 306 0.6
Ni-nBEA15_op 355 0.5 346 0.8
nBEA30-H 244 0.7 172 0.7
Ni-nBEA30_ps 169 0.4 352 0.6
Ni- 272 0.5 166 0.8
nBEA30_op”

@ H: Ni-free acid form, ps: post-synthesis, op: one-pot.
b ymol pyr retained after desorption treatment at 150°C.
¢ ratios of pmol pyr retained after desorption treatments at 350 and 150°C.
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existence of both NiO and cationic Ni%* species. The presence of cationic
Ni species was already suggested by the higher stabilization towards
dealumination observed for Ni-nBEA15_op, synthesized in the presence
of the Ni-EDA complex. The presence of part of the cationic Ni2* species
as grafted to isolated silanols instead of in charge compensation sites
would explain the preservation of the Brgnsted acidity while increasing
the Lewis acid site density.

It is worth noting that the different Ni speciation in the samples
prepared by one-pot or post-synthetic methods is observed for both MFI
and Beta zeolites. This allows concluding that the post-synthetic incor-
poration will provide more cationic Ni%* species in charge compensation
sites whereas the direct incorporation may favour the formation of NiO
species, independently of the pore topology of the support.

To further analyse and unravel the nature of the Ni species in the
prepared materials, selected samples have been characterized by FTIR-
spectroscopy using CO as probe molecule. Two commercially available
Ni-free MFI samples with different Si/Al molar ratios have been first
studied (see MFI15 and MFI30 in Fig. 3a and 3c). These bare MFI
samples mainly present two bands at ca. 2175 and 2138 cm ™, which
have been assigned in the literature to CO adsorbed on Brgnsted sites
and CO condensed inside the zeolite pores (‘liquid-like’ behaviour),
respectively.[44] Moreover, the commercial MFI sample with less Al
content, MFI30, shows an additional contribution at 2160 cmfl, which
can be assigned to CO attached to silanol groups.[45] After post-
synthesis incorporation of Ni, the IR-spectra of the Ni-MFI sample
with more Al shows the appearance of two bands at 2204 em ! and
2212 cm ™! (see Fig. 3a), which have been assigned to the interaction of
CO with Ni?* species in exchangeable positions,[21,45] whereas the IR-
spectra of the Ni-MFI sample with less Al shows the appearance of a
band at 2192 cm ™! (see Fig. 3c), assigned to Ni2* grafted to the silanols
within the zeolite structure.[21,45] This is even more clear when
comparing the spectra after adsorption of a CO monolayer (see
Figure S6). When incorporated to a sample with high Brgnsted acid site
density such as MFI15-H, nickel is preferentially located as Ni®* in
charge compensating sites (band at 2212 cm™!). As the amount of
Brgnsted acid sites decrease and less ion-exchange sites are available,
the amount of Si-OH grafted Ni?* and NiO nanoparticles increases
(bands at ~ 2190 and ~ 2150 cm ™). In both cases, a significant
decrease of the bands associated to the Brgnsted acid sites is clearly
observed in Fig. 3, in good agreement with the FTIR-pyridine experi-
ments.[46] Regarding the nanosized MFI samples, the spectrum of the
Ni-free nMFI30 zeolite and that of the one-pot synthesized Ni-
nMFI30 op are very similar (see Fig. 3d). Still, the intensity of the
band at ~ 2175 cm ™! in the Ni-nMFI30_op sample is slightly increased as
compared to the parent nMFI30. This band, assigned to the interaction
of CO with the Brgnsted acid sites of the zeolite, has also been related to
the presence of NiO species by different authors,[45] and its increase in
the case of the Ni-nMFI30_op sample would confirm the presence of
these species, in good agreement with the appearance of a band at ~
2150 cm~! at low CO coverages (see Fig. S6d). Moreover, this sample
also presents a small fraction of dispersed Ni®* species attached to Si-OH
species, as can be deduced from the increase in the band at ca. 2192
em ™}, in both Fig. 3d and Fig. S6d. In contrast, the spectrum of the Ni-
nMFI30_ps shows a remarkable decrease of the band at 2175 crn’l,
associated to the Brgnsted acid sites (see Fig. 3d) in good agreement with
the FTIR-pyridine results (see Fig. 2) and the appearance of a charac-
teristic band at 2168 cm™! (see Fig. 3d), which has been assigned to
Ni"—CO species.[47] Different authors have proposed that the formation
of these Ni" species could be explained by a self-reduction phenomena
during the high temperature and high-vacuum pre-treatments.
[21,44,48].

Similar trends are observed for the BEA-based materials (see Fig. 4
and Fig. S6e and f). The Ni-free nBEA30 shows the presence of two
signals centred at 2175 and 2160 cm ™! that can be assigned to the CO
interacting with the Brgnsted acid sites and silanol groups, and a third
signal centred at 2138 cm ™! associated to the “liquid-like” CO adsorbed
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Fig. 2. FTIR-pyridine spectra after the desorption treatment at 150°C for the MFI (a) and BEA-type (b) materials, including parent zeolites (H, straight trace), and the
Ni-containing zeolites where Ni has been added post-synthetically (ps, dot trace) or via one-pot (op, dash trace).

inside the pores. However, unlike what occurs with the nMFI30 samples,
when Ni is incorporated by post-synthesis treatments to the nBEA30
sample, there is no decrease of the band associated to the Brgnsted acid
sites (see Fig. 4b). The reason for this is that the decrease in Brgnsted
acid site density observed by the adsorption of pyridine is compensated,
in this case, by the formation of NiO species, as their interaction with CO
would lead to a band at the same wavelength. This is confirmed by the
appearance of this band a low doses of CO. The appearance of a large
contribution at 2204 cm ™" suggests that an important fraction of the Ni
species could be present as Ni>" grafted to isolated silanol groups from
the zeolite structure, as proposed by Martinez et al.[45] A clear increase
of the band at 2137 em™! in both Ni-nBEA30_op and Ni-nBEA30_ps is
observed (see Fig. 4b), which could be explained by the presence of the
Ni"(CO) complex that would also agree with the presence of a weak
shoulder at 2109 cm™'.[44,49] In addition, the Ni-nBEA30_op sample
shows an increase of the band at 2175 cm™! (see Fig. 4b), associated to
both Brgnsted acid sites and NiO species, explained by the presence of
the latter according to the presence of the corresponding band at ~
2150 cm ! in Fig. S61), as described above for the Ni-nMFI30_op sample
(see Fig. 3d). Thus, from the FTIR-spectroscopy study using CO as probe
molecule, we could conclude that the different Ni incorporation
methods in both MFI and BEA-type structures preferentially lead to the
formation of a larger amount of NiO species or cationic Ni species when
performing one-pot or post-synthetic incorporation methods,
respectively.

The interaction of the nickel species with the different -OH groups
discussed so far is confirmed when comparing the FTIR spectra in the Si-
OH stretching region (see Figure S7). Indeed, post-synthesis impregna-
tion of nickel on commercial MFI (micron-sized) zeolites results not only
in a decrease of the acid hydroxyls, responsible for the Brgnsted acidity
of the zeolite (~3600 cm’l), but also in a decrease of the bands assigned
to internal isolated silanols (3738 cm’l) [50,51] whereas the one cor-
responding to external isolated silanols (3746 cm™) is not affected. This
agrees with the low T CO adsorption results, confirming that part of the
cationic nickel species are interacting with isolated silanols. Moreover, it
evidences that Ni%* is grafted preferentially to isolated silanols located
inside of the microporous structure.

In the case of both MFI and BEA nano-zeolites, a single band is
observed in the isolated silanol region (see Fig. S7). Still, in the case of
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the Ni-nMFI30_ps catalyst, this band is significantly decreased as
compared to its Ni-free counterpart and the acid hydroxyl band is no
longer observed. For the Ni-nBEA15 samples a clear decrease of the
isolated silanol and the acid hydroxyls bands is observed for both, post-
synthesis and one-pot synthesis nickel incorporation, although larger for
the sample prepared by post-synthesis impregnation. This sample pre-
sents, therefore, both type of Ni2* species in significant and comparable
proportion, as mentioned before. Finally, the differences when
comparing the Ni-free and Ni-containing nBEA30 samples are not so
significant, although post synthesis incorporation of the metal reduces
both isolated silanols and Brgnsted acid sites in a larger extend than one-
pot synthesis incorporation.

In good agreement with the IR-CO results, NiO particles were not
detected by FESEM on the materials surface of the Ni-containing zeolites
(see Figures S1 and S2), except for some isolated particles in the case of
Ni-MFI25_ps and Ni-MFI30_ps, based on the commercial ZSM-5 with Si/
Al = 25 and 30. In addition, the dark field STEM images allowed con-
firming the presence of NiO nanoparticles in the samples in which nickel
was encapsulated by one-pot synthesis, whereas they were not observed
for the Ni-zeolites prepared by post-synthesis impregnation (see
Figures S8 and S9).

The different Ni-containing samples have been also characterized by
Hy-TPR to evaluate the reducibility of the Ni-species present. According
to the literature, hydrogen consumptions at temperatures below 300 °C
are associated to the reduction of external bulk NiO nanoparticles,
weakly interacting with the support,[21,32,52,53] whereas reduction of
cationic Ni(II) to Ni(0) has been described to occur in a wide tempera-
ture range, from 360 to ~ 600 °C, depending on the cation location, on
the zeolite structure and/or interaction with the zeolite.
[21,32,48,52,53] All the Ni-containing samples present reduction peaks
within this intermediate temperature window, responsible for most of
the hydrogen consumption and with the maximums shifted to higher
temperatures in the case of the post-synthesis Ni incorporation (see
Fig. 5 and Table S1), indicating a stronger interaction of the Ni?* cations
with the zeolite. On the other hand, the Ni-zeolites obtained by one-pot
synthesis present an important Hy consumption in the low temperature
range, assigned to NiO nanoparticles on the external surface, and a main
reduction peak at temperatures above 600 °C, assigned to the reduction
of small encapsulated NiO nanoparticles strongly interacting with the
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Fig. 5. H,-TPR profiles for all the Ni-containing MFI-type (a) and BEA-type (b) materials.

support as recently reported by Li et al. when encapsulating Ni species
by one-pot methods.[54] The relative Hy consumption in the high
temperature range observed for some of the post-synthesis impregnated
zeolites could also be related to the presence of highly dispersed cationic
nickel species, strongly interacting with the zeolitic support.[21] Thus,
Ho-TPR results also correlate with those obtained by IR spectroscopy
using pyridine and CO as probe molecules, and allow us to conclude
that, depending on the synthesis method employed, different final Ni
states can be obtained. Based on this and on the differences observed in
the Brgnsted acid site density of the Ni-zeolites, different catalytic
behaviour could be expected for these materials.

3.2. Ethylene oligomerization: Effect of the Ni species and physico-
chemical properties of zeolite supports on activity and product selectivity

The performance of the Ni-zeolites with different Ni speciation and

physico-chemical properties of the microporous supports (i.e., pore to-
pology, crystal size and acidity) as catalysts for the oligomerization of
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ethylene has been evaluated under two sets of reaction conditions (see
Table 2). In a first approach, oligomerization has been performed under
near ambient pressure, low partial pressure and high space velocity,
conditions under which high selectivity to butenes is expected,[32] even
in the presence of Brgnsted acid sites. In a second approach, catalytic
behaviour has been compared working at higher total pressure, lower
space velocity and higher ethylene concentration in the feed. In this
case, the formation of higher oligomers, which could be considered as
liquid fuels, will be favoured.[33,40].

Fig. 6 shows the activity of the MFI and BEA based catalysts
compared under near-atmospheric pressure conditions. The first thing to
be noted is that in all cases the activity after the first 50 min on stream
remains constant with TOS. However, an activity loss is observed at
shorter times on stream (<50 min), higher for the medium pore ZSM-5
than for Beta-based catalysts with comparable Si/Al ratio and prepara-
tion procedure, and more pronounced for zeolites with higher Al con-
tent, especially in the case of MFI (see Fig. 6a and Table S2). This
deactivation observed during the first stages of the reaction was related
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Fig. 6. Reacted ethylene (mol) normalized by Ni content in Ni-containing MFI (a) and BEA (b) materials under near-ambient pressure. Reaction conditions: 180 °C,
2.5 bar, WHSV = 16.3 hr’}, Q¢ = 600 mL/min (%vol Ny = 97.5, %vol Co;Hy4 = 2.5%), m¢,; = 63 mg.
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to the formation of long chain alkyl-nickel attachments by the effect of
Brgnsted acid sites in close proximity within the zeolite pores, resulting
in the partial blocking of the Ni%" active sites.[21] A similar deactivation
behaviour was described in a recent study by Moussa et al.,[26] were the
activity loss was related to the irreversible adsorption of reaction in-
termediates on cationic Ni?" species in ion-exchange positions, with
strong Lewis acidity. For the Ni-MFI samples, increasing Si/Al leads to a
decrease in the TOF, not only initially (TOS = 0 min) but also at longer
times. At his point it is important to remark that, according to the
literature,[55-60] Ni%t species are the most active for the activation of
the ethylene molecule and that Ni-free acid zeolites present no ethylene
conversion under our experimental conditions (results not shown).
Thus, the activity trends observed for the Ni-MFI with different Al
content will be related to the ability of the MFI supports for stabilizing
these cationic Ni species. Indeed, the FTIR-pyridine results evidenced
that the highest loss of Brgnsted acid site density and the highest in-
crease in the number of Lewis acid sites were observed for the most
active sample, Ni-MFI15_ps, which also presented the largest proportion
of cationic Ni?* in charge-compensation sites according to the low
temperature CO adsorption results. Lower Al contents and smaller
crystal size led to an increase of Si-OH grafted Ni?* species, with milder
Lewis acidity, which have been described as active for the ethylene
oligomerization reaction,[21] especially at longer TOS.[26] This would
also explain the lower deactivation rate, as lower interaction of these
weaker Lewis acid sites with adsorbed species will reduce irreversible
site blockage.[26,45] Regarding the influence of the crystal size in these

(a) (b)
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Ni-ZSM-5, the same initial activity is obtained for the nanocrystalline Ni-
nMFI30_ps and the commercial-based Ni-MFI30_ps, but the former
presents a lower deactivation rate as could be expected from the shorter
diffusional paths (see Table S2). Finally, the Ni-ZSM-5 prepared by one-
pot synthesis, Ni-nMFI30_op, with the lowest proportion of ion-
exchanged Ni?* and a significant amount of NiO nanoparticles, is the
less active sample as compared to the catalysts obtained by post-
synthesis Ni impregnation.

Similar trends are observed for the Beta-based catalysts (see Fig. 6b).
Comparing the two non-commercial nano-crystalline Ni-containing ze-
olites, higher Al content (Si/Al = 15) and Ni incorporation by post-
synthesis impregnation leads to more active catalysts than their coun-
terparts with higher Si/Al = 30 and/or prepared by direct synthesis.
Again, this can be related to a better stabilization of ion-exchanged Ni?*
species for higher Al contents and a lower tendency to the formation of
NiO nanoparticles when introducing the metal by post-synthesis
methods, respectively. Catalyst Ni-BEA11_ps, based on the commercial
nanosized Beta, presents an intermediate activity as compared to Ni-
nBEA15_ ps and Ni-nBEA30_ps and a stronger deactivation during the
first stages of the reaction. This could be explained by its larger crys-
tallite dimensions, a behaviour that has also been observed in the olig-
omerization of larger olefins.[16].

According to the product distribution obtained with the MFI-based
catalysts (see Fig. 7a, 7b and S10), the main products observed after
two hours on stream are in all cases the butenes obtained by dimeriza-
tion, with selectivities above 75%. However, during the first stages of
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Fig. 7. Product selectivities for Ni-containing nanosized MFI (a,b) and nanosized BEA (c,d) materials under near-ambient pressure. Reaction conditions: 180 °C, 2.5
bar, WHSV = 16.3 hr'>* Q, = 600 mL/min (%vol Ny = 97.5, %vol CoH, = 2.5%), My = 63 mg.
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the reaction, when the activity of the catalysts is higher, additional
products are observed, mainly Cs, Cs, Cg and C;. The presence of olefins
with odd number of carbons indicate that, besides true oligomerization
of ethylene occurring on the active Ni sites, other side reactions such as
oligomerization of primary products, isomerization and cracking are
taking place on the Brgnsted acid sites.[61] The formation of small
amounts of isobutane during these initial stages of the reaction (results
not shown) supports the contribution of these carbocation-based
mechanisms to the overall product distribution observed. The strong
deactivation observed during the first hour of reaction, the stabilization
of ethylene conversion at longer TOS and the evolution of the product
distribution with time, suggest that the Brgnsted acid sites, responsible
for the oligomerization-cracking, deactivate faster than the active Ni
species. The lowest selectivity to butenes and highest selectivity to Cs
and Cs, products is obtained with catalyst Ni-nMFI30_op, despite its
lower activity as compared to the rest of the Ni-MFI catalysts. This could
be related to the larger Brgnsted acid site density of this sample prepared
by one-pot synthesis (see Table 4).

Regarding the product selectivities obtained with the Beta-based
catalysts (see Fig. 7c, 7d and S11), butenes were the main products
also in this case. However, the selectivity to these dimers was higher
than for the ZSM-5-based catalysts, with values above 90% under
steady-state conditions in most of the cases. Only at very short TOS
(<36 min) some Cg and significant amounts of Cs, C¢ and C; hydro-
carbons were observed, produced by isomerization-cracking of heavier
oligomers, probably at the channel intersections.[61] Isobutane is also
formed at short TOS in this case (results not shown), but in larger
amounts than for ZSM-5 due to the larger hydrogen transfer capacity of
the large pore Beta zeolite.

Based on the catalytic results obtained under near ambient pressure
conditions, high space velocities and low ethylene partial pressure, it
can be concluded that the catalysts with post-synthetic Ni incorporation
show better catalytic performance than those prepared by one-pot
methods. The post-synthetic incorporation of Ni maximizes the stabili-
zation of cationic Ni®" species, particularly in those samples with lower
Si/Al molar ratios, as evidenced in the former section by the combina-
tion of different characterization techniques (i.e. “in-situ” IR experi-
ments with probe molecules and Hp-TPR).

When the ethylene oligomerization reaction was performed at higher
total and ethylene partial pressure, higher temperature and lower space
velocity, important and interesting differences are observed for the
catalysts compared. Under these conditions, more representative of in-
dustrial operation, the TOF values (see Fig. 8) obtained with the Ni-
containing zeolites are lower than those obtained under near-ambient
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pressure (see Fig. 6) due to the higher ethylene/Ni ratios employed in
this second approach, in good agreement with previous works.[26]
Moreover, the higher pressure and ethylene concentration in the feed
will also result in the formation of larger oligomers, as will be shown
later, leading to a faster catalyst deactivation. Thus, other factors, be-
sides Ni speciation, are expected to play an important role in the cata-
lytic behaviour, such as the crystal size of the zeolites and the remaining
Brgnsted acidity of the bifuncional Ni-catalysts.

This is, indeed, what can be deduced from the activity curves (see
Fig. 8) and from the values enclosed in Table S2. According to the results
obtained with the MFI-based samples under near-ambient pressure
conditions, the initial activity and the deactivation rate increased with
the Si/Al ratio, e.g., with the proportion of Ni?* in ion exchange posi-
tions, and crystal size did not have a major influence. However, under
high pressure and high ethylene concentration in the feed, the most
active Ni-MFIs are the two nanocrystalline zeolites, which also present
the best stability with TOS. Moreover, nickel incorporation does not
seem to affect significantly the activity of the catalysts. Thus, whereas
for low pressure, low partial pressures and high WHSV, ethylene acti-
vation on the different Ni species was playing a main role in the con-
version of the olefin, under industrially relevant conditions the activity
and deactivation rates are dominated by the zeolite crystal size.

In case of the Ni-BEA catalysts, all of them with nano-sized crystal-
lites in the range of 10-30 nm, the differences in initial activity are
smaller. Still, higher Al contents and better stabilization of cationic Ni**
in charge compensating sites result in higher ethylene conversions and
lower deactivation degrees (see Fig. 8b and Table S2).

The product distribution obtained for the Ni-containing MFI and BEA
catalysts are compared in Figs. 9, S12 and S13. The first thing to be noted
is that the product distribution is significantly different than the one
obtained under conditions of lower pressure and ethylene partial pres-
sure. Moreover, both the crystal size and the Ni incorporation method
are affecting in a much higher degree the final product selectivity within
the hydrocarbons. Thus, the commercial MFI-based catalysts present a
product distribution more similar to the one obtained under lower
pressure conditions, with C£ oligomers formed on the fresh catalyst at
short TOS, and butenes’ selectivity above 70% for longer times (see
Figure S12). However, under these high-pressure conditions, consecu-
tive ethylene oligomerization steps will be more favored and the
extension of cracking reactions will be reduced,[62] leading to higher
selectivity to trimers and tetramers (Cs and Cg) and decreasing the
production of Cs hydrocarbons (see Figure S12). In fact, the selectivity to
C3 hydrocarbons is lower under these conditions, suggesting their
participation in the formation of larger oligomers. On the other hand,
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the nano-ZSM-5 are much more selective to C& products than the
micron-sized catalysts with comparable Si/Al ratio thanks to their
shorter diffusional path lengths that will facilitate the elution of the
heavier oligomers out of the zeolite crystals (see Fig. 9). Moreover,
catalysts Ni-nMFI30_op obtained by direct synthesis metal incorpora-
tion, with higher Brgnsted acid site density as compared to Ni-
nMFI30_ps, will increase even more the number of oligomerization
steps leading to the formation of important amounts of C{; products (see
Fig. 9b).

The differences in product selectivity are even larger when
comparing the results obtained with the Ni-Beta-based catalysts under
the two reaction conditions. These samples, highly selective to butenes
under near-ambient pressure (>90% for TOS > 36 min), also favor the
formation of heavier products under conditions of higher total pressure,
mainly of oligomers with even carbon numbers (see Fig. 9¢, 9d and S13).
As in the case of the MFI-based samples, the higher Brgnsted acid site
density of the catalysts prepared by Ni incorporation by direct one-pot
synthesis (see Table 4) leads to an increase in the number of oligomer-
ization steps, increasing the proportion of C13 and Cj, hydrocarbons as
compared to the Ni-nBEAs obtained by post-synthesis Ni impregnation
(see Fig. 9d and S13b). Thus, under these conditions of higher total
pressure, higher ethylene concentration and lower space velocity, the
catalytic behavior of the Ni-zeolites compared in this work is more
dependent on the crystal size and on the number of Brgnsted acid sites
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than on the Ni speciation. Under these higher total and ethylene partial
pressure conditions bimolecular reactions such as hydrogen transfer are
more favored as compared to near-ambient, low alkene partial pressure,
and the proportion of isobutane at short TOS is higher in the former case.
However, under both conditions, MFI is less selective to isobutane than
Beta, Ni-nBEA obtained by one-pot synthesis are more selective than the
catalysts prepared by post-synthesis impregnation, in good agreement
with their larger density of Brgnsted acid sites, and after 1 h on stream
the selectivity to isobutane is in all cases below 5% (results not shown).

From the catalytic study, it can be concluded that the rationalized
synthesis of Ni-containing zeolites controlling the zeolite topology and
crystal size, the Ni speciation and the acidic properties of the support,
allows improving initial activity and catalyst life and increasing the
selectivity towards liquid fuels (CZ hydrocarbons) when working under
industrially relevant conditions. We have shown that although crystal
size has only a minor influence when ethylene is converted under con-
ditions involving a reduced number of oligomerization steps (low total
and ethylene partial pressure, high space velocity) it plays a crucial role
when moving into higher pressures and higher ethylene/catalyst ratios.
Regarding the nanosized MFI- and BEA-based catalysts, we have seen
that the type of Ni species formed is highly dependent on the metal
incorporation method for both zeolites structures and for two Si/Al ra-
tios in case of BEA. Higher activity is obtained, independently of the
experimental conditions employed for ethylene conversion, when Ni is
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added by post-synthesis impregnation due to a larger amount of Ni%*
species present in these samples. As this has a direct influence on the
number of Brgnsted acid sites remaining on the final bifunctional cata-
lyst, the Ni incorporation procedure will also determine the final prod-
uct distribution and deactivation rate, especially under high-pressure
conditions where the formation of C& hydrocarbons is favored.

4. Conclusions

A set of Ni-containing zeolites has been prepared varying the crys-
talline structure, the crystal sizes, the Si/Al ratio and the Ni incorpora-
tion method. By means of complementary characterization techniques it
has been determined that Nickel incorporation by post-synthesis
impregnation leads to higher contents of cationic Ni2* in ion exchange
positions, and that the stabilization of these species is favoured for ze-
olites with higher Al contents (lower Si/Al ratios), whereas the one-pot
synthesis of nanocrystalline Ni-zeolites favours the formation of NiO
nanoclusters inside the zeolitic pores.

The catalytic behaviour of these samples for the conversion of
ethylene has been compared under two sets of reaction conditions,
under near ambient pressure, low partial pressure and high space ve-
locity, on the one hand, and working at higher total pressure, lower
space velocity and higher ethylene concentration in the feed, on the
other. Under the conditions employed in the first approach, crystal size
does not play a decisive role and the catalysts with post-synthetic Ni
incorporation show better catalytic performance than those prepared by
one-pot methods. The post-synthetic incorporation of Ni maximizes the
stabilization of Ni2* species, particularly in those samples with lower Si/
Al molar ratios, species that are known to be the most active for ethylene
activation and dimerization. However, when working under higher
pressures and higher ethylene/catalyst ratios, conditions that favour a
larger number of oligomerization steps and the formation of heavier
hydrocarbons, the crystal size plays a crucial role, and the nano-sized
zeolites are more active and more stable towards deactivation than
the commercial-based catalysts with larger crystals. Comparing the
nanocrystalline catalysts prepared by means of different Ni incorpora-
tion methods, also in this case the activity obtained is higher with the
catalysts in which Ni is added by post-synthesis impregnation. More-
over, as this has a direct influence on the number of Brgnsted acid sites
remaining on the final bifunctional catalyst, the Ni incorporation pro-
cedure also has an important influence in the final product distribution
obtained under these high-pressure conditions.
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