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Abstract: Ni-H-Beta catalysts for ethylene oligomerization (EO) were prepared by ion exchange of NH4-
Beta and H-Beta zeolites with aqueous Ni(NO3)2 and characterized by H2-temperature-programmed
reduction (TPR), NH3-temperature-programmed desorption (TPD), and diffuse-reflectance infrared
Fourier-transform spectroscopy (DRIFTS). Quadruple exchange of NH4-Beta at 70 ◦C resulted in
2.5 wt.% Ni loading corresponding to a Ni2+/framework aluminum (FAl) molar ratio of 0.52. [NiOH]+

and H+ are the primary charge-compensating cations in the uncalcined catalyst, as evidenced by
TPR and DRIFTS. Subsequent calcination at 550 ◦C in air yielded a Ni-H-Beta catalyst containing
primarily bare Ni2+ ions bonded to framework oxygens. Quadruple exchange of H-Beta at 70 ◦C gave
2.0 wt.% Ni loading (Ni2+/FAl = 0.41). After calcination at 550 ◦C, the resulting Ni-H-Beta catalyst
comprises a mixture of bare Ni2+ ions: [NiOH]+ and NiO species. The relative abundance of [NiOH]+

increases with the number of exchanges. In situ pretreatment at 500 ◦C in flowing He converted the
[NiOH]+ species to bare Ni2+ ions via dehydration. The bare Ni2+ ions interact strongly with the Beta
framework as evidenced by a perturbed antisymmetric T-O-T vibration at 945 cm−1. DRIFT spectra
of CO adsorbed at 20 ◦C indicate that the Ni2+ ions occupy two distinct exchange positions. The
results of EO testing at 225 ◦C and 11 bar (ethylene) suggested that the specific Ni2+ species initially
presented (e.g., bare Ni2+, [NiOH]+) did not significantly affect the catalytic performance.

Keywords: Bronsted acidity; TPR; DRIFTS; NH3 TPD; perturbed TOT skeletal vibration; CO adsorption

1. Introduction

Approximately 150 billion cubic meters of natural gas are flared in the United States
each year, releasing CO2 into the atmosphere. Often, this waste is the result of geographic
isolation; existing pipeline infrastructure is aging and ill-equipped to service new sources of
natural gas, such as those derived from shale oil production [1,2]. Recently, a modular gas-
to-liquid technology has been proposed, whereby “stranded” natural gas liquids (NGLs)
are converted to olefinic liquid fuels at the site of production. Relative to the costly and
energy-intensive transportation of gases by pipeline, liquids can be transported off site
economically by tanker or truck [3]. In the proposed scheme, following the conversion of
ethane to ethylene via cyclic redox oxidative dehydrogenation [4], ethylene is converted to
liquid C4-C12 oligomers over heterogeneous Ni catalysts.

For many years, ethylene oligomerization (EO) has been practiced industrially using
Ni-based homogeneous catalysts to produce feedstocks for surfactants, lubricants, and
plasticizers [5]. Numerous processes have been developed and patented by the major oil
and gas producers (Shell Higher Olefin process, Chevron Gulf process) [6]. Because of the
significant environmental drawbacks of homogenous catalysis (e.g., catalyst separation and
recovery), research has focused on heterogeneous EO. Catalysts comprising Ni supported
on aluminosilicates have received attention because of their excellent catalytic performance
under mild conditions, low cost, and easy preparation. Although zeolite Y, amorphous
SiO2-Al2O3 (ASA), AlSBA-15, Siral-30, and AlMCM-41 have been employed successfully
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as catalyst supports [7–12], the work presented herein focuses on Ni2+-exchanged zeolite
Beta. Zeolite Beta has a three-dimensional micropore network comprising 12-membered
rings with ~0.7 nm free apertures. Moreover, the commercial zeolite Beta employed in this
work has a hierarchical mesoporosity that effectively reduces the impact of mass-transfer
limitations [13].

Ni-H-Beta catalysts for EO were first reported by Martinez et al. [13], and subsequent
research has aimed to elucidate the nature of the active sites [14–19]. Ni-H-Beta has been
the subject of experimental and theoretical investigations over the past decade, seeking to
identify the EO-active sites, calculate kinetic parameters, establish reaction mechanisms,
and quantify the impact of Ni2+/H+ ratios on product distribution. Briefly, Ni2+ ions
in exchange positions have been identified as the precursors of Cossee–Arlman active
centers that perform oligomerization via a coordination–insertion mechanism. The Ni-
catalyzed oligomerization reaction produces even-numbered linear α-olefins (ELAO) with a
Schulz–Flory statistical distribution. Bronsted acid sites (BAS) perform co-oligomerization,
cracking, and branching isomerization; the Ni2+/H+ ratio determines the distribution of
ELAO, branched, and odd-numbered oligomers.

This work assesses the impact of parent cation (H+, NH4
+) on Ni loading, speciation,

and siting in Ni-H-Beta catalysts prepared by aqueous ion exchange. Catalysts were charac-
terized by H2-temperature-programmed reduction (TPR), NH3-temperature-programmed
desorption (TPD), and diffuse-reflectance Fourier-transform infrared spectroscopy (DRIFTS)
before and after CO adsorption at 20 ◦C. The catalysts were tested for EO conversion and
selectivity at 225 ◦C and 11 bar using a fixed-bed microreactor equipped for online gas
chromatography (GC) analysis.

2. Results and Discussion
2.1. Catalyst Preparation

The XRD patterns of the parent zeolites and selected Ni-H-Beta (H+-nx) catalysts
(Figure S1, Supplementary Materials) are fully consistent with the polymorphic crystal
structures of zeolite Beta, and the absence of diffraction peaks from other phases (e.g., NiO)
suggests high dispersion of the supported Ni2+ species. The Ni loadings and BET surface
areas of the catalysts are given in Table 1. The BET surface areas of the Ni-containing
catalysts are generally equivalent to or slightly lower than that of the parent NH4-Beta and
H-Beta zeolites (640 and 622 m2/g, respectively). The Ni-NH4-Beta catalyst has a lower BET
surface area, but this catalyst was not calcined after ion exchange. The total pore volumes
of NH4-Beta and H-Beta (0.81 and 0.74 cm3/g, respectively) are indicative of significant
mesoporosity. BJH pore–size distributions of the parent zeolites and selected Ni-containing
catalysts (Figure S2, Supplementary Materials) reveal 3.8, 7, and 35 nm mesopores. The
total pore volumes of the Ni-containing catalysts are in the 0.66–0.88 cm3/g range, and the
BJH pore–size distributions are similar to those of the parent zeolites.

Table 1. Properties of Ni-H-Beta catalysts.

Catalyst a
Ni

(wt.%)
SBET

(m2/g)
Ni/FAl

Molar Ratio b

TPR H/Ni Ratio NH3/Ni
Ratio d H2/N2 Ratio d

300 ◦C c 500 ◦C c

Ni-H-Beta (H+-4x) 2.02 620 0.41 1.56 1.56 n/a n/a
Ni-H-Beta (H+-3x) 2.14 n/a 0.44 1.50 1.43 0.43 2.0
Ni-H-Beta (H+-2x) 1.98 610 0.40 1.43 1.45 0.71 -
Ni-H-Beta (H+-1x) 1.17 n/a 0.24 1.31 n/a 0.84 -

Ni-H-Beta
(NH4

+-4x) 2.64 602 0.54 1.98 n/a 0.44 2.6

Ni-NH4-Beta e 2.54 560 0.52 2.21 1.75 0.80 2.1
a Consult Section 3 for nomenclature; b based on NH4

+-exchange capacity from TPDE; c in situ pretreatment
temperature; d calculated from 550 ◦C peak in NH3 TPD spectrum; e prepared by quadruple exchange of
NH4-Beta.



Catalysts 2022, 12, 824 3 of 16

The temperature-programmed decomposition (TPDE) spectrum of NH4-Beta (Figure 1A)
exhibits a very broad NH3 evolution peak at ~400 ◦C, resulting from the decomposition
of NH4

+ ions associated with FAl sites to H+ and molecular NH3. Very small amounts of
H2 and N2 also evolved around 520 ◦C. Using the NH3 peak area, the FAl concentration
(monovalent exchange capacity) for NH4-Beta was estimated at 0.85 mmol/g. This value
is significantly less than the ~1.4 mmol/g based on the overall composition (using the
Si/Al ratio provided by the manufacturer). We attribute this difference to extra-framework
aluminum (EFAl), as evidenced by DRIFTS (vide infra) [20]. Catalysts prepared from NH4-
Beta exhibit Ni loadings of ~2.6 wt.% after quadruple exchange. Because each bare Ni2+ ion
can compensate the charge of two proximate framework aluminum (FAl) ions (FAl pairs), a
maximum Ni/FAl ratio of 0.5 is expected [21]. Based on the measured FAl concentration,
the Ni/FAl ratio for Ni-NH4-Beta (Table 1) corresponds to 104% exchange or 4% “over-
exchange”. Because FAl is not present as proximate pairs, this high degree of exchange
suggests the involvement of monovalent ions, e.g., [NiOH]+. Interestingly, the TPDE
spectrum of Ni-NH4-Beta (Figure 1B) does not show NH3 evolution, but there are well-
defined peaks at 400 and ~550 ◦C arising from concomitant H2 and N2 evolution. These
products are consistent with NH3 decomposition; however, the H/N ratio is ~2 rather than
the expected 3. The TPDE results suggest the absence of intrazeolitic NH4

+ ions and that
instead NH3 molecules coordinate Ni2+ ions following ion exchange of NH4-Beta. This is
plausible because of reversible decomposition of NH4

+ ions to NH3 and H+ in aqueous
solution. Calcination of Ni-NH4-Beta at 550 ◦C in air yields Ni-H-Beta (NH4

+-4x). The
slightly higher measured Ni loading of this catalyst corresponds to ~8% over-exchange.
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Figure 1. TPDE spectra. (A) NH4-Beta and (B) Ni-NH4-Beta after in situ pretreatment at 300 ◦C.

For catalysts prepared from H-Beta, Ni loading increased approximately twofold
between the first and second exchanges; however, subsequent exchanges did not result
in significant loading increases. The Ni loadings are ~2 wt.% after two to four exchanges.
The maximum loading (observed for Ni-H-Beta (H+-3x)) corresponded to ~88% exchange.
Partial hydrolysis of FAl sites in aqueous media provides a plausible explanation for the
lower maximum loading of catalysts prepared from H-Beta. FAl species in hydrogen
zeolites (especially those in proximal pairs) are converted via Si-O-Al bond hydrolysis from
tetrahedral to octahedral coordination when exposed to aqueous media (see scheme in
Figure 2) [22–24]. Conversely, if the charge-compensating cation is Na+ or NH4

+, FAl species
are stable in aqueous media [22]. For zeolite Beta, it has been observed that one of the
two crystallographically distinct T-sites occupied by Al3+ is selectively hydrolyzed to form
an octahedral cation [25]. The Al3+ ion is coordinated by 2 H2O molecules, 3 framework
oxygens, and a OH− group which contains the H+ that originally occupied the exchange
position [26]. Thus, this proton is no longer available for ion exchange with Ni2+, thereby
reducing the overall exchange capacity. The resultant octahedral Al3+ species is termed
“framework associated”; this process is reported to be fully reversible upon dehydration at
high temperatures (e.g., 500 ◦C). For Beta with Si/Al = 12.5, up to 25% of such sites may be
hydrolyzed [24]. Because the Ni loading is approximately 20% lower in the case of H-Beta
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exchange, we infer that pairs of Al-containing T-sites are hydrolyzed; otherwise, the drop
in Ni uptake would be greater.
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species in zeolite Beta.

2.2. H2 TPR

TPR profiles of the Ni-H-Beta catalysts prepared from H-Beta are shown in Figure 3A.
The profiles of Ni-H-Beta (H+-nx), n = 3, 4 after in situ pretreatment (dehydration) at 300 ◦C
contain three reduction features: a low-temperature peak (or shoulder) at ~350 ◦C, a sharp
peak at ~450 ◦C, and a relatively large broad peak at ~600 ◦C. The high-temperature peak
is assigned to reduction of bare Ni2+ ions in exchange positions based on extensive litera-
ture [27–31]. Increasing the pretreatment temperature to 500 ◦C results in the elimination
of the 450 ◦C peak with a concomitant increase in the high-temperature peak area. For Ni-
H-Beta (H+-3x), the Ni2+ peak narrows and shifts from 600 to 580 ◦C. The low-temperature
TPR peak is now clearly resolved and can be assigned to NiO [30,31]. The sharp TPR
peak at 450 ◦C may be assigned to [NiOH]+ moieties with an adjacent BAS. Such proximal
[NiOH]+/H+ pairs were originally proposed by Ward to explain the Bronsted acidity of zeo-
lite Y exchanged with divalent cations [32]. We infer that the [NiOH]+/H+ pairs dehydrate
during 500 ◦C pretreatment yielding bare Ni2+ ions in exchange positions (see scheme in
Figure 2). Previously, NiO has been suggested to form via a parallel pathway involving the
dehydration of [NiOH]+ and an adjacent BAS [32]. The TPR profile of Ni-H-Beta (H+-2x)
after activation at 300 ◦C contains a strong peak at ~530 ◦C and a small one at 350 ◦C
that are assigned to reduction of Ni2+ ions in exchange positions and NiO, respectively.
Although Ni-H-Beta (H+-2x) does not exhibit a sharp peak at 450 ◦C, the main TPR peak is
asymmetric with a shoulder at this temperature. Increasing the activation temperature to
500 ◦C eliminates the asymmetry and results in a much narrower peak at ~560 ◦C. A NiO
reduction peak at 350 ◦C is clearly resolved. The formation of [NiOH]+ species appears to
be most prevalent for catalysts subjected to 3–4 exchange cycles, indicating that the extent
of Ni2+ ion hydrolysis increases with the number of exchanges [33]. The TPR profile of
Ni-H-Beta (H+-1x) after in situ pretreatment at 300 ◦C shows only small features at 350 ◦C
and 400 ◦C corresponding to the reduction of NiO and [NiOH]+species, respectively. The
typical peak at ~600 ◦C for reduction of Ni2+ ions in exchange positions is not observed;
however, the TCD signal begins to rise at ~500 ◦C, and the detector does not return to
baseline at 800 ◦C.
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(b) Ni-H-Beta (NH4

+-4x).

The TPR profiles of catalysts derived from NH4-Beta are shown in Figure 3B. After
pretreatment at 300 ◦C, Ni-NH4-Beta exhibits an intense peak at 400 ◦C with a shoulder at
~500 ◦C and a small negative peak at 600 ◦C. As evidenced by online QMS (see Figure S3,
Supplementary Materials), the negative peak at 600 ◦C results from NH3 decomposition
to H2 and N2 and coincides with the second TPDE peak noted above. The sharp peak
at 400 ◦C is assigned to [NiOH]+ species analogous to those identified in the Ni-H-Beta
(H+-nx), n = 3, 4 catalysts. We infer from the TPR profile of Ni-NH4-Beta after in situ
pretreatment at 500 ◦C that the [NiOH]+ species have been dehydrated yielding bare Ni2+

ions, balancing the FAl pairs. The TPR profile of Ni-H-Beta (NH4
+-4x) consists of a broad

reduction peak centered at 550 ◦C assigned to bare Ni2+ ions in exchange positions, a
shoulder at 400 ◦C assigned to [NiOH]+, and a small band at 360 ◦C assigned to NiO. We
infer that Ni2+ ions exchange in NH4-Beta as [NiOH]+/H+ pairs which are converted to
bare Ni2+ ions upon calcination at 550 ◦C in air or pretreatment in an inert ambient at
500 ◦C (see scheme in Figure 2).

The TPR H/Ni ratios (Table 1) for the Ni-H-Beta (H+-nx) catalysts are significantly
less than expected for reduction of Ni2+ to Ni0, and the deficit is greatest for Ni-H-Beta
(H+-1x). In contrast, the TPR of Ni-H-Beta (NH4

+-4x) yields a H/Ni ratio of 2. With the
exception of Ni-H-Beta (H+-1x): (i) the TCD signals return to baseline (or very nearly so)
before the temperature reaches 800 ◦C, suggesting complete reduction; (ii) the H/Ni ratios
are equivalent after pretreatment at 300 and 500 ◦C, which is consistent with dehydration
without a change in oxidation state; (iii) the H/Ni ratios increase modestly with the number
of exchanges. Formation of intrazeolitic Ni2+ species that reduce only at >800 ◦C could
explain the lower-than-expected H/Ni ratio and the absence of the expected peak from
reduction of Ni2+ ions in exchange positions for Ni-H-Beta (H+-1x). Ni species that require
unusually high reduction temperatures have been reported in Ni-ZSM-5 catalysts prepared
by impregnation [30,34]. Alternatively, the autoreduction in Ni2+ ions in zeolite Beta has
been suggested to explain the lower-than-expected H/Ni ratios [31]:

BEA−[NiOH]+ → Ni0 + HBEA +
1
2

O2
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The H/Ni ratio for Ni-NH4-Beta after pretreatment at 300 ◦C is slightly greater than 2
because of co-reduction of adventitious carbon species, as evidenced by concomitant CH4
evolution (Figure S3, Supplementary Materials). In contrast, the H/Ni ratio for Ni-NH4-
Beta after pretreatment at 500 ◦C is somewhat less than 2. In this case, H2 produced during
thermal activation at 500 ◦C may reduce some Ni2+ species, resulting in a lower H/Ni ratio.

2.3. DRIFTS

The DRIFT spectrum (Figure 4A) of H-Beta in the O-H stretching (vOH) region contains
a band at 3607 cm−1, which is characteristic of bridging Si-OH-Al moieties (isolated BAS);
the bands at 3746 and 3665 cm−1 are assigned to external silanol groups and EFAl species,
respectively [35]. Internal silanol groups (3732 cm−1), although present after calcination of
H-Beta at 500 ◦C, are effectively eliminated by calcination at 600 ◦C (see Figure S4). Internal
silanol groups are associated with structural defects, such as Al3+ vacancies resulting
from dealumination or stacking faults in the Beta structure [35,36]. EFAl species comprise
Al3+ ions that have been completely and irreversibly removed from the framework, and
a number of coordination environments (including 3 OH− groups and 3 H2O molecules)
have been proposed [37,38]. EFAl properties are dependent on the parent zeolite and
method of dealumination [37,39], and some researchers have inferred that EFAl species
exhibit Lewis acidity [40]. In addition, a very high frequency (VHF) band at 3782 cm−1

is observed. Typically, this band is attributed to tri-coordinated-framework-associated Al
species (SiO-Al(OH)-OSi) which form via bridging Si-(OH)-Al groups upon calcination [41].
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The vOH DRIFT spectra (Figure 4A) of Ni-H-Beta (H+-nx), n = 1, 4 are similar to that of
H-Beta; however, the small VHF band has disappeared, and the internal silanol and EFAl
bands are much more prominent. As expected, the isolated BAS bands decrease in intensity
following Ni2+ exchange. If each Ni2+ cation replaced 2 H+, the isolated BAS peak should
be nearly eliminated in Ni-H-Beta (H+-4x), and it is greatly diminished. The Ni-H-Beta
(H+-nx), n = 1, 4 catalysts also exhibit a broad band centered at 3550 cm−1 that is attributed
to perturbed (H-bonded) bridging OH groups [42], and this band appears to increase in
intensity after Ni2+ exchange. The TPR results indicate that [NiOH]+ species are abundant
in Ni-H-Beta (H+-4x) after activation at 300 ◦C; however, a vOH band corresponding to
[NiOH]+ species was not identified. Overlap with the EFAl band is possible based on the
literature data for Ni(OH)2 and [CuOH]+ in SSZ-13 [43,44], and the EFAl band of Ni-H-Beta
(H+-4x) is substantially larger than that of Ni-H-Beta (H+-1x).
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The vOH DRIFT spectrum of NH4-Beta (Figure 4B) contains bands at 3745 and 3665 cm−1

that are assigned to external silanol groups and EFAl species, respectively, and strong N-H
stretching bands in the 3200–3400 cm−1 region. In contrast, N-H stretching bands are barely
detectable in the DRIFT spectrum of Ni-NH4-Beta, indicating nearly complete loss of NH4

+

ions during ion exchange. Small EFAl and BAS peaks are visible, but these bands are
poorly resolved because of residual water on the dried catalyst after in situ pretreatment at
350 ◦C. The detection of BAS in Ni-NH4-Beta is consistent with hydrolysis of aqueous Ni2+

ions resulting in [NiOH]+/H+ pairs, as inferred based on TPR. Subsequent calcination of
Ni-NH4-Beta at 550 ◦C in air yields Ni-H-Beta (NH4

+-4x), which has a vOH spectrum similar
to H-Beta albeit with a much stronger EFAl band. Interestingly, the bridging OH (BAS) band
of Ni-H-Beta (NH4

+-4x) is more intense than that of the Ni-H-Beta (H+-nx) catalysts, but the
presence of H-bonded BAS may affect the magnitude of the 3607 cm−1 band.

DRIFT spectra of H-Beta, NH4-Beta, and the Ni-H-Beta catalysts in the T-O-T “trans-
mission window” (900–1000 cm−1) are shown in Figure 5. Small features between 950
and 1000 cm−1 are observed for the parent zeolites that likely arise from transition metal
ion impurities. New peaks are observed for the Ni-H-Beta catalysts that evidence strong
interaction of Ni2+ ions with the zeolite framework. Previously, similar evidence for inter-
action of “bare” (coordinated to only framework oxygens) Co2+ ions within zeolite Beta has
been reported by Dedecek et al. [45]. These peaks arise from antisymmetric T-O-T skeletal
vibrations that are perturbed (red-shifted) by the presence of bare Me2+ ions in exchange
positions. Closely similar spectra have been reported for Co-Beta, Cu-SSZ-13, and Ni-FER
catalysts and correlated with Me2+ ions occupying distinct ion-exchange sites that are
populated sequentially with increasing metal loading [45,46]. For our Ni-H-Beta catalysts,
a primary band at 945 cm−1 with a shoulder (or side band) at 970 cm−1 is observed. The
intensity of these bands increases in proportion to Ni loading, as can be seen by comparing
the Ni-H-Beta (H+-1x) and Ni-H-Beta (H+-4x) spectra (Figure 5A). The 945 cm−1 band is
dominant for catalysts prepared from H-Beta irrespective of Ni loading. The 970 cm−1

band is more prominent in catalysts prepared from NH4-Beta (Figure 5B); however, these
catalysts also have higher Ni loadings. The T-O-T spectra strongly suggests that Ni2+

ions are located in two distinct exchange positions in zeolite Beta. The T-O-T frequencies,
however, are 10–30 cm−1 higher than might be expected from previous reports on related
Ni-zeolite catalysts, suggesting somewhat weaker interactions with framework oxygens.
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The in situ DRIFT spectra of Ni carbonyl species following CO adsorption on the 4x-
exchanged Ni-Beta catalysts at 20 ◦C are shown in Figure 6. The prominent CO-stretching
(vCO) bands in the 2250–2200 cm−1 range are consistent with Ni2+-CO species [27,47]. A
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weak band at 2150 cm−1 assigned to CO adsorbed on NiO nanoparticles and very weak
band at 2160 cm−1 are observed for Ni-H-Beta (H+-4x) [48]. The vCO bands of Ni+-CO
species typically appear at <2150 cm−1 and are not observed. A band at 2194 cm−1 ascribed
in the literature to Ni2+ ions grafted to silanol nests is also absent. The vCO bands for
Ni-NH4-Beta are significantly less intense than those for Ni-H-Beta (NH4

+-4x); this is likely
because of residual NH3 coordinated to Ni2+ species in the former catalyst, as evidenced
by TPDE. The Ni2+-CO peak comprises components at 2211 cm−1 and 2203 cm−1. The
relative areas of the 2211 and 2203 cm−1 peaks, as determined by spectral deconvolution,
are provided in Table S1. The 2211 cm−1 component constitutes approximately 70% of
the total peak area for Ni-H-Beta (H+-4x) and Ni-H-Beta (NH4

+-4x). Similar bands are
almost universally ascribed to CO interacting with bare Ni2+ ions in exchange positions.
The 2203 cm−1 band, however, has several possible assignments. For example, Ni2+-(CO)2
species have been detected in Ni-H-Beta catalysts following CO adsorption at 100 K, but
Ni2+ dicarbonyls are not expected to be stable at 20 ◦C [49]. Others have ascribed a similar
band to monovalent [NiOH]+ species or µ-oxo-Ni dimers ([Ni-O-Ni]2+) [28,50]. Although
the [NiOH]+ assignment cannot be completely excluded in this work, we tentatively assign
the 2203 cm−1 band to CO interacting with Ni2+ ions occupying an ion-exchange site
distinct from that of the 2211 cm−1 band. Analogous assignments have been made for
Ni-MOR [51]. The presence of bare Ni2+ ions in two different zeolite-Beta-exchange sites is
also consistent with the T-O-T DRIFT spectra presented above.
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The Lewis acidity of Me2+ ions in zeolites depends on the number of framework
oxygens to which the ion is coordinated [27,47,50]. Thus, Ni2+ species with lower oxygen
coordination numbers are expected to exhibit greater Lewis acidity, and Ni2+ ions occupy-
ing different ion-exchange sites in the Beta structure should display different CO-stretching
frequencies. According to Dedecek et al., Me2+ ions in the γ-exchange site balance FAl
present in opposite six-membered rings of the Beta hexagonal prisms in polymorphs A and
B and are coordinated to six framework oxygens in a pseudo-octahedral geometry [45].
Alternatively, Me2+ ions in the β-exchange site charge-balance the FAl pairs present in six-
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membered rings in the main channels of polymorphs A and B. The coordination geometry
of Me2+ ions in the β site in trigonal planar; therefore, β-type Ni2+ ions should be more
electrophilic than ions in the γ site and adsorbed CO should exhibit a higher stretching fre-
quency. The α-exchange site consists of an elongated six-member ring resulting in fourfold
coordination of an Me2+ ion that sits above the plane in a square pyramidal arrangement;
however, this site only exists in polymorph C of zeolite Beta and is located within the hexag-
onal cages (prisms). If accessible, Ni2+ ions located in the α site of polymorph C should be
of intermediate Lewis acidity. Commercial zeolite Beta typically comprises intergrowths of
polymorphs A and B (in nearly equal proportions) with negligible polymorph C [36]. Thus,
we assign the 2211 cm−1 vCO band to isolated Ni2+ ions in the β exchange positions and
the 2203 cm−1 band to Ni2+ ions in γ positions. There should be equal numbers of each
type of site available; however, Ni2+ ions in the γ position may be less able to coordinate
CO owing to their lower accessibility.

2.4. NH3 TPD

NH3 TPD spectra of H-Beta and selected Ni-H-Beta catalysts are shown in Figure 7A.
H-Beta exhibits a broad band at 350 ◦C (denoted HT1) that is assigned to BAS. The strong
band centered at 220 ◦C (denoted LT1) is typically attributed to defect sites, such as
coordinatively unsaturated framework Al ions [20]. The LT1 band also likely contains a
component at 180 ◦C (depicted in the H-Beta TPD deconvolution, Figure S5) related to
EFAl species. Difference spectra (obtained by subtracting the H-Beta spectrum from the
others) are shown in Figure 7B. After Ni2+ exchange, a new band at 550 ◦C (denoted HT2)
appears for Ni-H-Beta (H+-4x) and Ni-H-Beta (NH4

+-4x) that we assign to NH3 adsorbed
to strong Ni2+ Lewis acid sites (LAS) [52,53]. In addition, a negative HT1 peak in the TPD-
difference profiles indicates a loss of BAS. Finally, the LT1 peak increases in intensity after
Ni2+ exchange consistent with the intensity increase in the vOH EFAl band. The LT1 peak
also appears to increase in proportion to the number of exchanges. The overall TCD signal
intensity is higher for Ni-H-Beta (NH4

+-4x) than for Ni-H-Beta (H+-4x) in the >200 ◦C
region, suggesting the presence of additional BAS. In comparison, Ni-H-Beta (H+-1x) has
lower overall signal intensity, and the HT2 peak is broad and centered around 570 ◦C.
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The NH3 TPD spectra of Ni-NH4-Beta and Ni-H-Beta (NH4
+-4x) were measured using

online QMS to further elucidate the nature of the Ni2+ LAS. The TPD spectra of Ni-NH4-Beta
activated at 300 ◦C and 500 ◦C (Figure 8A,B) exhibit significant HT2 peaks at 550 ◦C that
QMS reveals comprise H2 and N2. We infer that these peaks result from NH3 decomposition
analogous to that observed during TPDE. This observation is indicative of the strong Lewis
acidity of Ni2+ ions occupying exchange positions in zeolite Beta. The NH3/Ni molar ratio



Catalysts 2022, 12, 824 10 of 16

(0.8) calculated from the QMS data suggests that if a single molecule binds to each Ni2+,
then NH3 binds to ~80% of the potential sites (Table 1). The peak at 400 ◦C that coincides
with the low-temperature TPDE peak (Figure 1B) is comprised primarily of H2 and H2O
(see Figure S6). Concomitant NH3 desorption evidences the presence of BAS in this catalyst.
Tentatively, we assign the 400 ◦C NH3 TPD peak to [NiOH]+/H+ species that charge-balance
FAl pairs. The source of H2 is not clear, but it does not appear to originate from NH3
decomposition because N2 desorption is not observed. Consistent with dehydration of
[NiOH]+/H+ species, the 400 ◦C TPD peak does not survive activation at 500 ◦C, as shown
in Figure 8B. Interestingly, this NH3 TPD profile contains two HT2 peaks that both result
from NH3 decomposition suggesting the presence of two Ni2+ sites. The NH3/Ni atomic
ratio (0.9) suggests that NH3 binds to ~90% of the potential sites. Finally, the NH3 TPD
spectrum of Ni-H-Beta (NH4

+-4x) (Figure 8C) contains a sharp HT2 band at 570 ◦C that
results primarily from concomitant H2 and N2 evolution. The NH3/Ni atomic ratio (0.44)
suggests that NH3 binds to only approximately half of the potential sites. To our knowledge,
this is the first report of H2 and N2 generation from NH3 adsorbed on Ni-H-Beta catalysts;
Ni/ZSM-5 has been previously reported to be an NH3 decomposition catalyst [54].
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pretreated in situ at 500 ◦C, and (C) Ni-H-Beta (NH4

+-4x) pretreated in situ at 500 ◦C.

The NH3 TPD spectrum of Ni-H-Beta (H+-3x) (Figure 9A) is qualitatively similar to
that of Ni-H-Beta (H+-4x) except the HT2 band appears at somewhat higher temperature
(~600 ◦C). The QMS data confirm that NH3 decomposition occurs with a NH3/Ni ratio
of ~0.43 in excellent agreement with the above result for Ni-H-Beta (NH4

+-4x), and both
of these catalysts contain primarily Ni2+ ions in exchange sites. In contrast, the lower
loading catalyst Ni-H-Beta (H+-1x) (Figure 9B) exhibits a NH3 desorption in a broad band
centered around 580 ◦C with negligible H2 and N2 generation. This loading effect remains
to be elucidated, but the NH3 decomposition reaction (2NH3→N2 + 3H2) may require two
nearby Ni2+ ions. The H/N molar ratio for all samples exhibiting H2 and N2 desorption
was approximately 2 (Table 1). A ratio of 3 would be expected from the stoichiometry; this
suggests that Ni2+ species may be reduced, consuming the additional hydrogen.

2.5. Ethylene Oligomerization

The Ni-H-Beta catalysts were active for EO at 225 ◦C and 11 bar (WHSV = 3 h−1)
after in situ pretreatment at 300 ◦C in flowing N2 (Figure 10A). In comparison, H-Beta
displayed <5% conversion under these reaction conditions. Interestingly, Ni-NH4-Beta
displayed comparable activity to Ni-H-Beta (NH4

+-4x), suggesting that [NiOH]+ species can
serve as precursors of the Cossee–Arlman-active centers. The calcined catalyst containing
primarily bare Ni2+ in exchange positions was only slightly more active. DFT calculations
by Brogaard et al. [16] revealed that pathways to the Cossee–Arlman-active center from bare
Ni2+ and [NiOH]+ have similar activation energies. Because both catalysts contain BAS,
the difference in activity probably results from poisoning of Ni2+ sites by residual adsorbed
NH3 molecules in Ni-NH4-Beta. Steady-state EO conversion is expected to increase with
Ni loading; however, the effect was smaller than expected for Ni-H-Beta (H+-4x) relative
to Ni-H-Beta (H+-1x). After activation at 300 ◦C, Ni-H-Beta (H+-4x) contains a mixture
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of [NiOH]+ and bare Ni2+ species with small amounts of presumably inactive NiO [15].
If a significant fraction of Ni2+ ions in Ni-H-Beta (H+-4x) are in γ sites, as suggested by
T-O-T and CO DRIFTS, they may be unable to coordinate ethylene molecules owing to their
inaccessibility and pseudo-octahedral oxygen coordination.
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The Ni-H-Beta catalysts exhibited only ~30% selectivity to butenes and high selectivity
to C6-C10 oligomers, thus deviating markedly from a Schulz–Flory distribution (Figure 10B).
Moreover, selectivity to octenes (~20%) was higher than hexenes (~15%) selectivity. These
deviations from a Schulz–Flory distribution can be attributed co-oligomerization involving
BAS that dimerize butenes to octenes and also crack even-numbered oligomers to odd-
numbered products [55,56]. The Ni-H-Beta (NH4

+-4x) catalyst exhibited slightly lower C8+
oligomer selectivity compared with Ni-H-Beta (H+-4x). We suggest this to be the result of
a higher BAS/Ni2+ ratio in the case of the latter. Selectivity to cis- and trans-C4 remains
almost constant once the reaction reaches steady state, but i-C4 selectivity (a marker of
BAS activity) declines to almost zero after <1 h (see Figure S7). This result suggests that
the double-bond isomerization of 1-butene to cis- and trans-butene is performed primarily
by Ni2+ sites. Others have claimed double-bond isomerization to be indicative of BAS
activity [8,57], but this pathway has recently been reported in BAS-free Ni-Beta catalysts by
Joshi et al. [17].
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3. Materials and Methods
3.1. Catalyst Preparation

NH4-Beta (SiO2/Al2O3 = 25, CP814E, Lot#2200-42) was obtained from Zeolyst Inter-
national (Conshohocken, PA, USA). The as-received NH4-Beta was calcined in flowing air
at 600 ◦C for 4 h to yield H-Beta. Ni-H-Beta (H+-nx) (n = 1–4) catalysts were prepared by
exchanging H-Beta n times at 70 ◦C for 4 h with 0.1 M Ni(NO3)2·6H2O (Sigma Aldrich
(St. Louis, MO, USA)) (10 cm3/g zeolite) [13]. After each exchange, the solid was washed
with deionized water, dried overnight at 120 ◦C, and ground to a powder. After the final
exchange, the resultant solid was calcined at 550 ◦C in flowing air for 4 h. Ni-NH4-Beta
was prepared by quadruple exchange of NH4-Beta with a 0.1 M Ni(NO3)2.6H2O solution at
70 ◦C for 4 h. The solid was washed, filtered, and dried, as described above. Calcination of
Ni-NH4-Beta in flowing air at 550 ◦C for 4 h yielded Ni-H-Beta (NH4

+-4x). Ni loadings were
determined by Galbraith Laboratories (Knoxville, TN, USA) using inductively coupled
plasma–optical emission spectrometry (ICP-OES). The Si/Al ratio of H-Beta measured by
ICP-OES (11.8) agrees reasonably well with the vendor specification.

3.2. Catalyst Characterization

X-ray diffractograms were measured using a Rigaku (Woodlands, TX, USA) SmartLab
instrument equipped with a Cu Kα source (λ = 0.1542 nm). N2 adsorption–desorption
isotherms at 77 K were measured using a Micromeritics (Norcross, GA, USA) ASAP 2020c
instrument. Total pore volumes were evaluated at P/P0 = 0.99, specific surface areas
were calculated using the Brunauer–Emmett–Teller (BET) method (P/P0 = 0.02–0.2 range),
and mesopore–size distributions were computed using the Barrett–Joyner–Haleda (BJH)
method. H2 TPR and NH3 TPD measurements were performed using a Micromeritics
AutoChem II 2920 equipped with a calibrated thermal conductivity detector (TCD) and
Pfeiffer (Nashua, NH, USA) Prisma quadrupole mass spectrometer (QMS) with a capillary
inlet system. An isopropanol liquid N2 trap was located downstream of the sample to
trap condensable species. In a typical TPR experiment, a 150 mg sample was pretreated in
situ by heating to 300 (or 500) ◦C at 10 ◦C/min in flowing He (50 sccm) and holding for
60 min. After being cooled to ambient temperature, gas flow was switched to 50 sccm of
5% H2/Ar (Airgas, RTP, NC, USA) and held at 0 ◦C (or 20 ◦C) for 45 min to establish a
stable TCD baseline. Then, the sample temperature was ramped to 800 ◦C at 10 ◦C/min.
For NH3 TPD experiments, a 100 mg sample was pretreated in situ by heating to 500 ◦C
at 10 ◦C/min in flowing He (50 sccm) and holding for 30 min. After cooling to 100 ◦C,
the flow was switched to 1% NH3/He (Arc3 Gases, RTP, NC, USA), and the catalyst was
purged at 50 sccm for 20 min. Then, the flow was switched back to He, and the catalyst
was purged for 60 min to remove physisorbed NH3. Subsequently, the temperature was
ramped to 700 ◦C at 10 ◦C/min in flowing He and desorbed products were monitored by
calibrated TCD (NH3) and online QMS for H2 (m/z = 2), NH3 (m/z = 17), and N2 (m/z = 28).

The DRIFT spectra of the catalysts before and after CO adsorption at 20 ◦C were
recorded using a Bruker (Billerica, MA, USA) Vertex 70 FTIR spectrometer equipped with
an MCT detector, a Harrick (Pleasantville, NY, USA) Praying Mantis accessory, and in situ
reaction cell. Samples (50 mg) were pretreated in situ by heating to 350 ◦C at 10 ◦C/min in
flowing He (50 sccm) and holding for 60 min. After cooling to 20 ◦C, a baseline spectrum
was recorded at 2 cm−1 resolution using 128 scans. Subsequently, a Valco (Houston, TX,
USA) injection valve was used to pulse 99.999% CO (Research grade, Airgas) into the
He stream, and additional spectra were recorded until no change in the ν(CO) region
was observed.

3.3. Ethylene Oligomerization

EO testing was conducted using a 0.5 in. ID 316 stainless-steel fixed-bed flow reactor
heated by a Linberg Blue-M (Waltham, MA, USA) furnace. Gases were metered by mass
flow controllers. In a typical run, 0.50 g of catalyst was supported in the reactor by
quartz wool plugs, and a Type K thermocouple was inserted into the bed for temperature



Catalysts 2022, 12, 824 13 of 16

measurement. Pressure was controlled by a Tescom (Elk River, MN, USA) back-pressure
regulator. Before each run, the reactor was secured into position and pressurized to 11 bar
with N2 and checked for leaks. Then, the reactor was depressurized, and the catalyst
was activated by heating to 300 ◦C in 100 sccm of flowing N2 and held for 1 h to ensure
the sample was free of physisorbed H2O. The catalyst temperature was then reduced to
225 ◦C and the reactor was pressurized to 11 bar with ethylene (99.999% purity, Airgas
(Radnor, PA, USA)). Using 22 mL/min (22 ◦C, 1 atm) of ethylene gave a weight hourly
space velocity of 3 h−1. All lines downstream of the reactor were wrapped with heating
tape and held at 150 ◦C to prevent the condensation of reaction products. A Valco 6-port
sampling valve was positioned to automatically sample the reactor effluent for analysis
using a Shimadzu (Columbia, MD, USA) GC-2010 equipped with a Restek (Bellefonte, PA,
USA) Rt-Q-Bond PLOT column and a flame ionization detector. Oligomer products were
identified in the chromatograms using the retention times of known standards (Millipore
Sigma (Burlington, MA, USA) SCOTTY Gases). Ethylene conversion was calculated by
dividing its peak area by the total GC area and subtracting the quotient from unity. Product
selectivity was calculated by dividing the specific GC peak area by the sum of the peak
areas of all products. The GC column was able to resolve butene into its 4 isomers (1, iso, cis
and trans); however, all higher oligomer products presented grouped peaks which could
not be further resolved.

4. Conclusions

The Ni2+ exchange capacity of H-Beta is approximately 20% lower than NH4-Beta.
This difference can be explained by hydrolysis of FAl sites in H-Beta forming framework-
associated Al3+ species and lowering the overall exchange capacity. Moreover, exchange
of NH4-Beta with aqueous Ni(NO3)2 results predominantly in monovalent [NiOH]+ and
H+ species charge-balancing FAl sites. Calcination of Ni-NH4-Beta resulted in a catalyst
containing bare Ni2+ ions and H+ in exchange positions. In contrast, calcined Ni-H-Beta
prepared from H-Beta contains a mixture of bare Ni2+ ions: [NiOH]+ and NiO species. NiO
was detected as a minority species in all Ni-H-Beta catalysts. The [NiOH]+ species were
dehydrated by in situ pretreatment at 500 ◦C, resulting in bare Ni2+ ions coordinated only
to framework oxygen atoms. Strong interaction of Ni2+ ions with the Beta framework is
evidenced by a perturbed antisymmetric T-O-T skeletal vibration at 945 cm−1. CO DRIFTS
evidenced two distinct Ni2+-CO species that we infer are located in the β-exchange site
(majority) and γ-exchange site. Ni-H-Beta catalysts prepared from H-Beta and NH4-Beta
exhibited comparable EO activity at 225 ◦C and 11 bar indicating that both bare Ni2+ ions
and [NiOH]+ species may serve as precursors of Cossee–Arlman-active sites. Thus, it is
unnecessary to begin with H-Beta to prepare active Ni-H-Beta catalysts by ion exchange,
and catalysts prepared by Ni2+ exchange of NH4-Beta have higher activity owing to their
higher Ni loadings. The olefin product distributions are non-Schulz–Flory, consistent with
co-oligomerization involving BAS irrespective of the parent cation (H+ or NH4

+).

Supplementary Materials: The following Supplementary Materials can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12080824/s1, Figure S1: X-ray diffraction (XRD) powder
patterns of the parent zeolites and selected Ni-H-Beta (H+-nx) catalysts; Figure S2: Pore size distribu-
tions of parent zeolites and Ni-H-Beta catalysts calculated from 77K N2 desorption data using the
BJH method; Figure S3: H2 TPR of Ni-NH4-Beta following pretreatment at 300 ◦C in He monitored by
TCD and QMS (secondary axis). H2 consumption (TCD) and QMS signals of CH4 (m/z = 16), NH3
(m/z = 17), and N2 (m/z = 28) are shown; Figure S4: v(OH) DRIFT spectra of H-Beta produced by
calcination of NH4-Beta at 500 and 600 ◦C in flowing air. Samples were pretreated in situ at 350 ◦C in
the DRIFTS cell; Figure S5: NH3 TPD of H-Beta following pretreatment at 500 ◦C in He. Peak deconvo-
lutions performed on ORIGIN software; Figure S6: NH3 TPD of Ni-NH4-Beta following pretreatment
at 300 ◦C in He monitored by on-line QMS; Figure S7: EO butene selectivities for Ni-Beta catalysts
following activation at 300 ◦C in N2. T = 225 ◦C, P = 11 bar, WHSV = 3 h−1; Table S1: CO DRIFTS
peak proportions for Ni-Beta catalysts. Deconvolutions performed on commercial ORIGIN software.
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