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ARTICLE INFO ABSTRACT

Keywords: Light alkene oligomerization on heterogeneous acidic catalysts is widely and successfully used in current com-

Ethylene oligomerization mercial processes. However, ethylene oligomerization remains inefficient due to ethylene’s inability to form

Catalysis reaction intermediates to a sufficient extent on acid sites. Adding Ni(II) on solid acids can more efficiently

Zeolite . s . R

Nickel catalyze ethylene oligomerization and selectively produce butenes to fuel range products. The review proposes a
1cKe] . . o . . .

Bifunctional complete and detailed mechanism of heterogenous Ni-catalyzed oligomerization, whose structures are supported

by combining various studies throughout recent literature, and focuses on the bifunctional effects of the nickel
and acid sites on ethylene oligomerization. Using experiments, first-principles calculations, and kinetic modeling,
Ni%* has been shown to selectively oligomerize ethylene to light, linear alkenes via the Cossee-Arlman mecha-
nism, while Brgnsted H' sites catalyze further alkylation, cracking, and isomerization reactions. The effects of
reaction conditions and catalyst properties on selectivity and activity for oligomerization are systematically
discussed. Tuning the relative nickel-to-acid site ratio and the framework support can allow for an optimal

catalyst design directed towards desirable products.

1. Introduction

Ethylene and other light alkenes (e.g. propene, butene) are the
oligomerization building blocks for producing linear and branched
higher olefins found in a wide range of products including plastics (C4-
C6), petrochemicals (C4-C10), liquid fuels (C5-C20), and lubricants
(C10-C20) (Fig. 1) [1-6]. The state-of-the-art processes for ethylene
oligomerization rely on organic solvents and homogenous catalysts [6,
7]. These include trialkyl-aluminum (Chevron, Ineos) and nickel com-
plexes (Shell, UOP) [1,8-10], for which the reaction mechanism is
well-known [7]. Due to its advantages over homogeneous catalysis,
including the potential for inexpensive separation, solvent-free opera-
tions, and easy catalyst recycling, significant research efforts are pres-
ently focusing on using heterogenous catalysis for light olefin

oligomerization. Additionally, ethylene oligomerization via homoge-
nous catalysis is mainly utilized for linear olefins (LAO) production and
there is little flexibility in altering the product distribution to respond to
market demands for fuels and chemicals. However, a bifunctional het-
erogeneous catalyst can produce a wide variety of linear and branched
product distributions depending on reaction conditions and catalyst
properties.

Alkene oligomerization over heterogenous acid catalysts, especially
zeolites, has been driven to produce distillate quality fuels for decades
[2,3,11-13]. However, due to the very unstable primary carbenium ion
obtained from ethylene protonation, its overall reactivity with acid sites
is very low compared to other small alkenes [1,14,15]. Transition metal
ions can act similarly to homogenous organometallic catalysts when
deposited on a support and promote the reactivity of ethylene. Ethylene
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is initially converted into larger alkenes on the metal site, which can
then more easily undergo further acid-catalyzed reactions via more
stable secondary and tertiary carbenium ions. The concept of combining
a metal and zeolite for oligomerization is not new; it has been explored
since at least the 1970s [16-19]. Transition metals for ethylene oligo-
merization have been studied including nickel, cobalt, and iron ho-
mogenous 2-(2-pyridyl)quinoxaline catalysts as well as nickel, rhodium,
and palladium heterogeneous zeolite catalysts [16,20]. Based on com-
parisons among metals, nickel distinguished itself as a highly active,
selective, stable, abundant, and inexpensive transition metal, which can
be seen in its applications in industry and its primary focus in oligo-
merization literature. Initial heterogenous nickel-acid studies were done
on silica-alumina [17,21,22] and zeolite Y [23-26], and since then have
quickly expanded to cover other zeolite structures and mesoporous
supportsc [1,27]. Nickel supports, such as zeolite BEA, mesoporous
MCM, and metal-organic frameworks (MOFs), are used in more recent
studies to address the early issues of heterogenous nickel catalysts, such
as pronounced deactivation and low activity. Operating conditions and
summaries of catalytic performance for the studies are discussed
throughout but are also brought together in Table 1 at the end of the
review.

Looking at contributions with broad scope, recent reviews on Ni
dimerization and oligomerization were published by Hulea [1] and
Ghashghaee [28] in 2018 and Olivier-Bourbigou et al. in 2020 [7].
Hulea and Ghashghaee both covered a broad range of ethylene oligo-
merization catalysts. Hulea focused on butene, propylene, and aromatic
products. Ghashghaee focused on various transition metal catalysts and
metathesis chemistry. Olivier-Bourbigou et al.’s review covered a large
scope on Ni-based oligomerization, including the early history, indus-
trial development, homogenous catalysis studies, as well as heteroge-
nous catalysis studies. Most of the review remained focused on the more
familiar homogenous catalysis, which often exhibit similarities to their
heterogenous counterparts, but still differ due to framework and envi-
ronment differences. To summarize, these reviews highlight recent
studies and acknowledge the effect of the active site ratios and support
porosity effects. However, a full understanding of the heterogenous
Ni-acid mechanistic details has remained elusive. Even in a compre-
hensive review of nickel-promoted solid alumina supports published by
Finiels et al. in 2014 [1], no strong agreement could be reached in the
community about the nickel state, active site activation, oligomerization
mechanism, nor application of comprehensive kinetic modeling or
density functional theory (DFT). Yet, in the past five years there have
been great advances in our understanding of bifunctional nickel and acid
catalysts. This is likely in part due to a modern world-wide interest in
converting inexpensive and abundant hydrocarbons associated with
natural gas into liquid fuels [29-31].

The aim of this review is to provide a critical overview of the current
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knowledge regarding ethylene oligomerization on Ni-acid heterogenous
catalysts. Recently published literature studies using experimental
analysis, such as in situ IR and X-ray spectroscopy, as well as energy
calculations have made it possible to distinguish the Ni-site Cossee-
Arlman mechanism (over the metallacycle) and link the Ni and acid
contributions to product selectivity. A detailed oligomerization mecha-
nism for nickel and acid active sites based on recent findings is presented
and discussed (Section 2). The proposed mechanism is a result of
coupling what many others have uncovered but have never been
analyzed together. The effect of operating conditions (Section 3) and
catalyst properties (Section 4) on selectivity and activity are rational-
ized, and Table 1 compiles all referenced experiments for easy reference
and summarization. We include an analysis of how the bifunctionality of
this catalyst can allow for tunability to maximize selectivity of desirable
products (Section 5). Finally, we discuss remaining uncertainties and
potential future investigations (Section 6).

2. Mechanism

Efforts to understand the interplay between the mechanisms taking
place on the nickel and acid sites in Ni-based aluminosilicates remain
challenging mainly due to the difficulty in deconvoluting which re-
actions occurred on which active site. For example, residual acid sites on
Ni-supports could also catalyze alkene oligomerization and isomeriza-
tion reactions [15,23].

Despite these challenges, even early literature deduced that the
nickel site was responsible for oligomerization of ethylene to light,
linear, even-numbered alkenes by identifying a familiar Schulz-Flory
distribution. This was referred to as the true oligomerization pathway
[14,23,32]. Using homogenous catalyst insight, the Cossee-Arlman and
metallacycle-like mechanisms were first postulated for heterogenous
Ni-oligomerization (Fig. 2) [1,7,33]. Initial studies assumed the metal-
lacycle was being followed as no co-catalyst is required for the metal-
lacycle but is required for the Cossee-Arlman mechanism. Only from
recent experiments [15,34,35], first-principles calculations [36,37], and
kinetic modeling [38,39], nearly all studies have concluded that the
heterogeneously nickel-catalyzed reactions, including metal-organic
frameworks [40,41], follow the Cossee-Arlman mechanism, with the
framework acid site helping to form the active Ni site. The latter
mechanism is often associated with Ziegler-Natta catalysts, used in the
synthesis of 1-alkene polymers. Other homogenous transition metal
catalysts such as cobalt, iron, and titanium are believed to follow the
Cossee-Arlman mechanism as well [2,41-43].

Generally, the mechanism involves a catalytic cycle that starts with
an activation step and continues to subsequent coordination and inser-
tion (chain growth) steps (Fig. 3). A termination step closes the cycle and
returns the metal to its active state, while releasing a longer, linear

Straight light olefins (C4 — C6)
Plastics
Commodity chemicals

Natural / Shale gas ( Olefins Straight heavy olefins (C10 — C20)
Biomass ] (C4—C20) Plasticizers
. Oligomerization Surfactants
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Fig. 1. Ethylene feedstock and major valuable products.



Table 1

Operating conditions and catalytic performance of oligomerization of ethylene on various Ni-acid catalysts.

Catalyst Ethylene dimerization & oligomerization
Ref Support Ni (% Si/Al Temp Ethylene Reaction Rate of ethylene Conversion C4 Selectivity ~ 1-Butene C6 Selectivity ~ C8 Selectivity =~ C10+
wt) (X) Pressure (MPa)  mode oligomerization Ethylene (%) (%) fraction (%) (%) Selectivity (%)
[34] NiSO4-Al,05 2.0 393 2.9 flow 2.5 x 107° (mol /gears)  10-25 75 - 55 0.12 - 0.25
[34] NiS0,4-Si0,-Al,04 2.0 393 2.9 flow 2.2 x 107° (mol /gears)  15-25 75 - 50 0.12-0.15
[38] Ni-Si05-Al,03 1.8 443 - 0.15-0.35 flow 7.0x10°°-27 x10°  4-18 2-14 0.3-0.4 1-3 E E
503 (mol /gcat 5)
[22] Ni-SiO,-Al,05 (Ni-SA-T)  0.76 393 35 fixed-bed E 99 18" B 13" 22° 41°
flow
[56] Ni-AISBA-15 2.6 7.0 323 - 1.0- 4.0 flow and 44x1072-49x1072 15-99 41-77" 0.15-0.36 17 - 26" 4-21" 2-5"
573 batch (8olig /8eat S)
[25] Ni-Y 1.7 - 15-  323- 0.6 - 4.1 flow 1.3-185 51 -87° 0.67—0.80
5.6 3 343
[23] Ni-Y 3.7 2.8 388 3.5 flow 1.86 x 1072 (mol /moly; 98 46" B 19" 16" 21°
s)
[26] Ni-Y 0.6 - 6-30 303- 4 semi-batch 2.8 x107%-83 x 10° - 95-23" 0.88 - 0.10 5-10° 2-27" 1-30"
1.5 343 (8olig /8cat S)
[63] Ni-ZSM5 0.9 77 523, 0.15, 2 fixed-bed 95-5 12-35 0.20 - 0.25 5-20 0-60
723
[34] Ni-BEA (micro) 2.2 240 393 2.9 flow 2.0 x 107° (mol /gears)  10—-25 60 - 30 0.26 — 0.50
[34] Ni-BEA (nano) 2.1 17.4 393 2.9 flow 4.0 x 107° (mol /gears)  10-25 78 - 35 0.25 - 0.47
[4] Ni-BEA 1.5- 125  303- 35-6.5 fixed-bed 92-10 45 - 27" 55—45" 5-10° 1-2°
6.0 463
[14] Ni-BEA 1.0 - 12 393 3.5 fixed-bed E 7-75 38-72" - 8-13" 7-14" 2-36"
2.5
[82] Ni-BEA 3.4 12 323 - 0.9-26 fixed-bed E 57 - 38 60 - 85" E 5-13° 2-13° 2-10"
463
[15] Ni-BEA 1.1 11 453 4.0 x 1074 flow 3.0 x 10~* (mol /moly; 1.4 90 0.25
s)
[39] Ni-BEA 4.9 12,5  443- 0.17 - 0.40 flow 6.0x10°-1.8x10° 10-16 90 - 84 13-7
543 (mol /gcar S)
[83] Ni-BEA 5.2 12 393 0.1-26 fixed bed 0.6 - 91.2 92.8" 7.2" 0-21° A
[84] Ni-MCM-22 0.55 14 343, 4.0 semi-batch 3.1 x107-6.9 x 107* - 82 0.1 5.7 10-13 1
423 (8olig /8eat S)
[84] Ni-MCM-36 0.5 26 343, 4.0 semi-batch 1.1 x 10°3-2.8 x 10° -2 45-81 0.24 - 0.55 8-25 6-15 5-17
423 (8olig /8eat S)
[100]  Ni-MCM-41 0.5 10 - 473 0.1 semi-batch 1.8 x1072-27 x 1072 . 41-49 N 15-35 12 - 24 4-20
30 (golig /8cat S)
[63] Ni-MCM-41 0.7 52 523, 0.15, 2 fixed-bed 7 -50 60 - 80 0.30 8-24 0
723
[871 Ni-Al-MCM-41 0.4 36 - 423 3.5 batch 11x102-24x1072 @ 40-55" 0.15 - 0.22 15 - 30° 15-25" 10-25"
75 (8olig /8eat S)
[83] Ni-Al-MCM-41 5.7 13 393 0.1 fixed bed 2.82-92.2 91.5" 7.0 1-31" E
[100]  Ni-MCM-48 0.5 30 473 0.1-2.6 semi-batch 3.1 x 1072 (gotig /Bcat S) - 42 37 14 7
[62] Ni-CFA-1 1,7.5 295 5 semi-batch 0.5-10 (mol / moly; s) B 88 -97 0.91 - 0.94 2-5 A 2
[59] Ni-Facac-AIM-NU-1000 3.5 318 0.2 flow 35-4.4x 10 2(mol /  0.5-2.5 100 0.8

& Ni-Acac-AIM-NU-
1000

moly; s)

a
b

no number reported.
mass, wt.%.

¢ Ni per Zrg no.
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Fig. 2. Simplified schematic of the (a) metallacycle mechanism and (b) Cossee-Arlman (or coordination-insertion) mechanism for ethene dimerization over a Ni
active site, based on homogenous catalysis (no charges indicated). In the (a) metallacycle, n and n+2 refer to the oxidation state; for example, in homogenous systems

this would be Ti(I)/Ti(IV) or Cr(I)/Cr(III) [44]. In the (b) Cossee-Arlman mechanism the oxidation state remains +2.

ysisorption
A
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acid sites

G

zeolite surface

physisorpti

Fig. 3. Schematic representation of the ethylene oligomerization network involving Ni-ion oligomerization and acid-catalyzed alkylation, isomerization and cracking

from Toch et al [39].

alkene oligomerization product. This linear alkene can then quickly
undergo further acid-catalyzed oligomerization, referred to in early
literature as the hetero-oligomerization pathway, including isomerization
and cracking reactions to produce a variety of products. In the following
sections, the focus will be on the detailed mechanisms occurring over
each of the active sites.

2.1. Nickel site

The initial Ni site and activation mechanism remain unclear even
today. Such difficulty in identifying the actual active sites is mainly the
result of various Ni states simultaneously observed by spectroscopy on
working catalysts, namely Ni°, Ni*, and Ni®*, as well NiOH". Moreover,
the support morphology and Ni incorporation method may greatly affect
Ni precursors and the initial activation mechanism of the Ni upon the
support [45].

Based on electron paramagnetic resonance (EPR), diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), and X-ray photo-
electron spectroscopy (XPS), Ni' has been cited as an influential site, an
uncommon oxidation state thought to be formed from partially reduced
Ni2", and perhaps directly involved in the formation of an active nickel
site [1,45-47]. Likewise, there have been studies that report Ni2t graf-
ted on acidic frameworks as the active species in Ni-BEA and Ni-MCM-41
under steady state conditions, based on operando CO Fourier-transform

infrared spectroscopy (FTIR—CO) experiments [35,48]. While there
exists at least one paper published in the past to support any one of these
precursor Ni states, the most abundant and recent studies suggest nickel
(II) cations in exchange positions to be the active catalytic species as
seen in Ni-BEA [14,15,34], Ni-Y [23], Ni-X [49], Ni-MCM-41 [50], and
Ni-silica-alumina [22,51] based on FTIR—CO, UV-vis, X-ray absorption
near edge structure (XANES), and Ni K-edge X-ray absorption spec-
troscopies. Additionally, only Ni?*-sites and strong acid sites are needed
for heterogeneous catalytic ethylene oligomerization; conversely ho-
mogenous nickel catalysts also require an alkylaluminum co-catalyst [7,
21,24].

Despite several decades of experimental studies of olefin oligomeri-
zation, a clear determination of the nickel active site before ethylene
coordination and the start of the oligomerization cycle is yet to be
validated beyond doubt [7]. For the point of illustrating a potential
activation mechanism, ion exchanged Ni?* structures were assumed as
the basis for the active site, though this may vary depending on catalyst
synthesis. Activation is proposed to begin from the [Ni(I)~OH]" spe-
cies, which has been reported for Ni-silica-alumina (Fig. 4a) [37,52].
Ethylene coordinates to this initial species to form a Ni-vinyl interme-
diate that has been observed by Moussa et al. [35]. The final active and
resting state is an anchored [ethylene-Ni(II)-ethylene]+ which is also
consistent with Joshi et al.’s adsorption data indicating the resting state
to be in a tetrahedral coordination with oxygen in the first coordination
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Fig. 4. Reaction mechanism of Cossee-Arlman Ni(II) site by Brogaard et al [37] with a) proposed activation of exchanged-Ni in a mesoporous support, though
mechanism may differ slightly based on synthesis method; b) proposed insertion — termination cycle for chain growth (dimerization and trimerization) with
isomerization considerations taken from Joshi et al [15]. Charges refer to overall complex charge.

shell [15]. The duration of the transient activation period was shown to
decrease with increasing ethylene pressure [15,33]. Joshi et al.
concluded that the active Ni2" complex is formed in situ upon reacting
with ethylene [15]. Additionally, at certain conditions (> 0.6 kPa at 453
K for Ni-BEA), this activation period can be assumed to be instantaneous
and irreversible [15,38]. This has been supported by kinetic models
made by Toch et al. who found the activation enthalpy quite exothermic
and much more negative than the coordination enthalpy. A simplified
model in which instantaneous and irreversible activation was assumed
did not have a pronounced effect on the residual sum of squares or the
statistical significance for the model [38]. These findings suggest that
the choice of reaction conditions can determine whether the initiation
steps are fast enough to avoid detection.

Joshi et al. [15], Henry et al. [34], and Moussa et al. [35] provided
experimental confirmation that Ni follows the Cossee-Arlman mecha-
nism, rather than the metallacycle, in 2018. By comparing the Ni
oxidation state, intermediate site geometry, and product selectivity,
summarized in Table 2, Joshi et al. concluded the Cossee-Arlman
mechanism behavior was dominating. A Ni?" oxidation state was
concluded based on CO IR peaks at 2213 and 2206 cm™! for Ni2*(CO)
and Ni%*(CO); complexes, respectively. Henry et al. (peaks at 2212 and
2202 ecm™ 1) and Moussa et al. (peaks at 2214 and 2205 cm ™)) drew a
similar conclusion from CO IR spectroscopy and adsorption studies that
ethylene reacts with a Ni2* ions to form Cossee-Arlman oligomerization

Table 2
Comparisons between Cossee-Arlman (or coordination-insertion) and metalla-
cycle mechanisms for ethylene dimerization on Ni complexes [15].

Comparison Analysis Cossee-Arlman Metallacycle
Initial active H/D isotopic [Ni(I)-H] ™ Ni(n)
site scrambling, Hp-Dy
exchange
Ni oxidation CO IR, DRUV, in situ +2 n, n+2
state XAS spectroscopy
Intermediate DRUV, XANES, four- metallacyclopentane
geometry EXAFS coordinate, complex
distorted
tetrahedral
complex
Product Oligomerization 1-butenecisand  1-butene
selectivity experiments trans-2-butene
Estimated DFT 71 kJ/mol” 171 kJ/mol*

energy span

# Ref [36].

sites [34,35]. The first energetic calculations to understand ethylene
oligomerization on nickel in a zeolite were done by Brogaard and Olsbye
in 2016 [36]. These energetic studies using AFI topology suggested that
ethylene dimerization to 1-butene on nickel followed the more ener-
getically favorable Cossee-Arlman mechanism, not the metallacycle (see
Table 2). Brogaard et al. revisited this mechanism proposing that the
Ni2* exists as both a mobile and an anchored complex during the
dimerization mechanism [37]. This is in line with recent studies that
also revealed the active site in heterogeneous catalysts to be mobile
[53-55]. The highly-complexed mobile active site is consistent with
Joshi et al.’s EXAFS regions that show Ni-O coordination numbers cor-
responding to tetrahedral Ni®* cations.

In comparison to the Cossee-Arlman investigations, there have been
only a few experimental studies [56] and DFT studies [57] focused on
the metallacycle mechanism, but these studies do not compare against
the possibility of the Cossee-Arlman mechanism. There has been no
inference of a Ni-metallacyclopentene intermediate reported in heter-
ogenous literature. The metallacycle is often assumed on the basis that
no co-catalyst is required for heterogeneous Ni-oligomerization; in ho-
mogenous catalysis the metallacycle needs no co-catalyst, while the
Cossee-Arlman mechanism does. However, heterogeneous active sites
are likely formed with the help of framework acid sites, as discussed
earlier in the section, and this better understanding now points the
oligomerization towards the Cossee-Arlman mechanism.

Although active site formation may be nuanced to the catalyst’s Ni-
incorporation method or framework support, ethylene oligomerization
likely proceeds through the Cossee-Arlman mechanism despite these
differences, as the mechanism has been confirmed on a variety of
heterogenous supports as well as Ni-MOFs [40,58,59]. Throughout the
mechanism, it is believed the Ni species can exchange between the ox-
ygen atoms of the zeolite and ethylene, to reversibly switch between an
anchored and mobile complex [37]. After activation, Ni predominately
maintains a constant formal 42 oxidation state throughout chain growth
reactions via the Cossee-Arlman cycle (Fig. 4b) [15,34,36,49]. Brogaard
et al. compared the energies among [ethylene-Ni(Il)-ethylene] *, [(eth-
ylene),-Ni(Il)-ethylene] ¥, and [(ethylene)s-Ni(Il)-ethylene]™ com-
plexes, where Ni is coordinated with two, three, and four ethylene
molecules, respectively, to find the most likely insertion-termination
mechanism. The anchored [alkene-Ni(Il)-alkene]™ complexes are
affixed by two Ni-O bonds to the framework. The mobile [(alkene),-Ni
(ID)-alkene]™ and [(alkene)s-Ni(II)-alkene]™ complexes mimic a ho-
mogenous oligomerization catalyst in solution, but the positively
charged complex still remains tethered to the zeolite framework by the
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Catalytic characteristics and behavior of Ni-exchanged ethylene oligomerization at 423 K in semi-batch reactor.

Ref Catalyst Ni (wt. Si/ BET surface area (m?%/g) Main pore Acid amount (mmol Average activity (goligo/ Product distribution (% mol)
%) Al (external) system NHs/g) 8ear N) Cy Co™ Cg™ Cros™

[84] Ni-MCM-22 0.55 14 110 micro 0.95 2.5 81 5 13

[84] Ni-MCM-36 0.5 26 800 micro + meso 0.65 39 54 15 15 17
@

[84] Ni-MCM-36 0.6 26 800 micro + meso 0.70 46 45 25 15 15
2

[100] Ni-MCM-41 0.5 10 820 meso 0.70 64 41 15 24 20
@

[100] Ni-MCM-41 0.5 20 930 meso 0.60 72 45 19 21 15
2

[100] Ni-MCM-41 0.5 30 1000 meso 0.45 88 49 35 12 4
3

[100] Ni-MCM-41 0.5 30 1300 meso 0.45 97 48 33 14 5
(€]

[100] Ni-MCM-48 0.5 30 1070 meso 0.44 113 42 37 14 7

negative ion-exchange site [37,60]. Three- and four-coordinated Ni%t
ions were also observed by Tanaka et al. through Fourier transform
infrared (FT-IR) and X-ray absorption fine structure (XAFS) spectros-
copy as well as Joshi et al. via EXAFS data [15,50]. Joshi et al. also notes
a [Ni(II)-H] " active intermediate also proposed within Brogaard et al.’s
most recent DFT-based mechanism, [(ethylene)z-Ni(II)-ethylene]*, that
allows for the mobile Ni species to achieve its preferred square-planar
coordination [37,61]. This type of [Ni(I)-H]T or [(ethylene),-Ni
(In)-alkene] * species is also referred to as a beta agostic complex. The
consecutive coordination and insertion of [(ethylene),-Ni(II)-alkene]
beta agostic complexes allow for chain growth to form complexed bu-
tenes, hexenes, etc., or the [(ethylene),-Ni(I)-alkene]™ can coordinate
with ethylene and terminate to release the coordinated alkene and re-
turn the Ni to the activated complex. In homogenous nickel systems that
also follow a Cossee-Arlman-type mechanism, the insertion of the olefin
was often found to be a rate-determining step [7].

Notably, Ni?* Cossee-Arlman sites have been shown to produce both
linear 1- and 2-butenes in non-equilibrated ratios, indicating primary
butene double-bond isomerization events via the Ni®* site [15,24,52]. In
some previous studies, 2-butene was thought to be a secondary product
from solely acid sites [15,33,34]. However, even homogeneous nickel
catalysts with proper ligands (NiCly(PBug),) can orient the selectivity
toward 2-butenes; by comparison, it is very likely such a pathway exists
for heterogeneous nickel catalysts [7]. Lallemand et al. studied butene
fractions using NiY and found that the proportion of 1-butene decreased
rapidly with increasing temperature from 276 K to 343 K. Yet, these
results are likely mixed with the effect of acid-site isomerization.
Nevertheless, at low temperatures, of the C4s produced by NiY, 80 %
were 1-butenes [24,26]. MOFs have been able to almost exclusively
(88-99 % selectivity) produce 1-butenes in the proper environment [59,
62]. Joshi et al. and Henry et al. both further investigate 1-butene/2-bu-
tene ratios on heterogenous Ni-supported catalyst with minimal acidity
at 453 K and 393 K, respectively. Both find a high initial formation of
2-butene, suggesting the 2-butene production pathway is initially
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kinetically favored by nickel (1-butene fraction ~20 — 50 % of all C4s) at
these temperatures [15,34]. Brogaard et al. found 1-butene selectivity
doubled at constant conversion when increasing the ethylene pressure
from 0.4 MPa to 1.8 MPa (408-438 K), suggesting that at high ethylene
pressures, ethylene can more easily replace 1-butene before isomeriza-
tion, limiting 2-butene formation on Ni sites [37]. Joshi et al. proposed
an isomerization pathway that has been slightly adapted to fit into
Brogaard et al.’s Cossee-Arlman mechanism (Fig. 4b) [15,37]. Beyond
conditions of low conversion and low acidity, it is difficult to tell which
site is responsible for internal isomerization as both sites are capable of
such chemistry.

The nickel site’s Cossee-Arlman mechanism discussed above pro-
duces a statistical Schulz-Flory product distribution (Fig. 5) [1,2,23,34,
38]. A Schulz-Flory distribution remains at the heart of many commer-
cial higher olefin production processes, such as Ziegler-Natta catalysis
used by INEOS, Chevron, BP, and DuPont, to name a few [2]. This dis-
tribution can be summarized by a chain growth probability a : the
probability that a growing oligomer chain will propagate, or insert,
rather than terminate. Lower values of a will tend to terminate over
insert, leading to lighter products, in this case butene. Conversely,
higher a values favor insertion, producing heavier products. For a given
a, the mole fraction (x,) and the carbon selectivity (Sc,) of an oligomer
consisting of n monomer units can be calculated with Eq. 1 and Eq. 2,
respectively [2]. Operating conditions can change the value of a. Hev-
eling et al. found that the growth factor a increased with nickel loading
(1-4 wt.%) on Ni-Y at 423 K from about 0.1 — 0.5 [23]. Additionally,
nickel content can change the value of alpha. For catalysts with a lower
nickel content, a plateau of a maximum alpha value (~ 0.1 - 0.3) was
reached with increasing conversion. For catalyst with a higher nickel
content that were highly active, it appeared that the highest alpha values
(~ 0.5) corresponded to almost total feed consumption, and the reaction
ceased before a plateau was reached. Thus, it is highly likely that the
alkenes in the Ni-complexes, such as [alkene-Ni(Il)-alkene]™, will be
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Fig. 5. Schulz-Flory product distribution for ethylene oligomerization at various chain-growth probabilities ().
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ethylene or butene, and to a lesser extent hexene or octenes.
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Other reactions have been hypothesized to occur on the Ni site in
addition to those discussed above. The Ni site has been proposed, at
significantly high temperatures, to also catalyze dehydrogenation re-
actions to convert cycloalkenes into aromatics [63]. However, currently
no detailed study that confirms this reaction has been published. Rather,
it may be possible that loaded nickel oxide was reduced to metal, which
acts as a dehydrogenation active site during the aromatization process
[64]. Direct conversion of ethylene to propene using Ni-MCM-41 cata-
lysts has also been explored. A few labs have suggested that a
Ni-metathesis reaction in the phyllosilicate structure may occur at suf-
ficiently high temperatures (> ~673 K) [65-68]. But more recently in
2017, there was evidence of conjunct polymerization products that can
be cracked down to propene as a more plausible route and more in line
with our current understanding of the mechanism [69,70]. This has also
been supported by kinetic modeling on Ni-MCM-41, where a reaction
network based on the cracking of long-chain olefins better fit and pre-
dicted the observed product distributions than a network containing
metathesis reactions [71]. Additional mechanistic uncertainties are
reviewed in Section 6.2.

2.2. Brgnsted acid site

Hydrocarbon oligomerization on Brgnsted acid sites has been well
studied in the past, and the reaction families are generally well known:
alkylation, isomerization (hydride shift, methyl shift, protonated
cyclopropane (PCP) branching), and p-scission reactions, see Fig. 6 [1,
3-5,15,34,63]. These are preceded and followed by chemisorption of the
alkene reactants and products via protonation and deprotonation,
respectively. At sufficiently high temperatures (> ~600 K), hydride and
alkyl transfer can result in alkane products [72]. Long-chain oligomer-
ization, cyclization, as well as aromatization reactions can lead to coke
formation at high temperatures as well. Generally, oligomerization re-
actions are the most important acid-catalyzed steps for lower carbon
number species. C8+ species more often undergo isomerization and
cracking reactions involving more stable (tertiary) carbenium ions,
producing branched, internal alkenes of even or odd carbon numbered
hydrocarbons [4,39].

At intense reaction conditions (e.g., high temperature, > ~500 K)
acid catalysts alone can oligomerize ethene. In many Ni/acid catalyst
studies, the acid support precursor is often run at the same conditions as
the Ni-containing catalyst for comparison, as was done for H-BEA by
Joshi et al. [15] and Henry et al. [34], and H-ZSMS5 by Jin et al. [63]. At
these intense reaction conditions, the product distributions from solely
acidic zeolites include a variety of linear and branched alkenes and al-
kanes from acid-catalyzed alkylation, cracking, and isomerization

Protonation / Deprotonation

/\‘:~/+\

Alkylation / B-Scission
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reactions. Reactions via secondary and tertiary carbenium ions can be
considered to occur whenever acidity is sufficiently pronounced. At very
high acid strengths and high temperatures, primary carbenium ions can
start contributing to an applicable extent [73,74]. Carbenium ions
formed on acid sites will prefer to rearrange via more stable secondary
and tertiary carbenium ions to form internal alkenes and branched
products [72]. For C4 alkenes, this often will take the form of isobutene.
Because acid sites can produce isobutene via acid-catalyzed alkylation
and cracking, while the Ni site can only produce linear butenes via
insertion-growth mechanisms, isobutene is often used as an indicator of
residual acid chemistry in experimental studies [15,34].

2.3. Across nickel - bronsted sites

An analysis of the branching degree can provide valuable insight into
the type of oligomerization events occurring on a catalyst, although it is
rare for a study to report such detailed breakdowns. Interestingly,
Martinez et al., Lallemand et al., and Andrei et al. analyze the branching
degree and find products of predominately linear butenes, linear hex-
enes, and branched octenes [14,26,56]. These results point towards
Ni-catalyzed oligomerization to create up to linear ethylene trimers, and
higher oligomers are then formed via acid-catalyzed reactions involving
C4 and C6 alkenes, in line with their affinity towards more highly
branched products.

At low conversion, it is generally believed that ethylene will first
interact with the nickel site to dimerize or trimerize yielding linear al-
kenes which then interact with the acid site for further reactions. This
sequential behavior was the underlying logic in Toch et al.’s SEMK
model and has also been postulated in Hulea’s review [6,39]. At high
conversion when ethylene concentrations are lower, it is entirely
possible species larger that ethylene can interact a second time with a
nickel site, or co-dimerize, as there have been studies of propylene and
butene dimerization on heterogenous nickel catalysts [33,75,76].
Deconvoluting on which site further dimerization occurs at high con-
version is challenging as both sites are capable of such chemistry. Once
again, branching can provide further insight: monobranched species (e.
g. methylheptenes) are favored in metallic codimerization and
dibranched species (e.g. dimethylhexenes) are favored in acidic oligo-
merization [7,12,75]. Unfortunately, literature often reports selectiv-
ities by carbon number and are not further refined by degree of
branching.

Some of the studies that investigate the Ni/acid mechanism also
reported the alkene partial reaction order. This reaction order appears
not to be a consistent value, but dependent on the three-dimensional
structure of the support. The reaction order in ethylene for butene for-
mation was found to be about first order in alkene pressure on meso-
porous Ni-silica-alumina [17,38,77,78]. However, in microporous
Ni-zeolites, the ethylene reaction order has been published as first
order [15,32,79] as well as second order [34,50,75,80]. Experimental
results by Toch et al. concluded there is a first order dependency of the
reaction rate on ethylene inlet partial pressure for Ni-SiO2-AlyO3 for
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Fig. 6. Acid-catalyzed reaction families based on carbenium ion intermediates with typical reactions shown.
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dimerization. Henry et al. tabulated the reaction order in ethene for
butene formation to be 1.5-1.7 on mesoporous NiSO4-Al;03 and
NiSO4-Si02-Al;03, and 2.0 on microporous Ni-BEA. Mlinar et al. found
the rate of propene dimerization to be first order in microporous Ni-Na-X
[49]. Brogaard et al. observed the rate of butene is second order in
ethylene pressure on microporous Ni-SSZ-24 zeolite [37]. Interestingly,
second order was only obtained in the group’s kinetic model when
[ethyl-Ni-alkene]+ was the most abundant species adsorbate. The
framework might not be the only thing effecting reaction order. Nickel
dimerizing larger alkenes than ethylene, pore saturation, or coverage
effects may also be contributing, and the discrepancies are further dis-
cussed in Section 6.2.

3. Operating conditions

The overall Ni-acid mechanism described in Section 2 can be used to
explain the trends in experimental data, many of which Hulea and co-
workers [1] and Ghashghaee [28] also cover. Ethylene oligomerization
over Ni-acid heterogenous catalysts has been carried out over a wide
range of temperatures and pressures and in different reactor types (see
Table 1 for the sake of visibility). The distribution of the product olig-
omers not only depends on the concentration of nickel and acid sites, but
also the operating conditions can direct products from dimers to
long-chain oligomers, as will be discussed in this section.

3.1. Effect of conversion on selectivity

Fig. 7 shows the evolution of the product selectivity as a function of
conversion. At low conversions, ethylene dimerization to linear butene
on the Ni-ion site dominates, being the initial combination of steps in the
reaction network (also see Fig. 2). With increasing ethylene conversion
(by increasing the space-time and decreasing space velocities), ethylene
has more time to adsorb onto the catalyst surface and can readily un-
dergo oligomerization or isomerization surface reactions as well as re-
adsorption of products to form bulky oligomeric chains. The acid sites
contribute more and more to the product formation, resulting in
branched octenes. These octenes can be rapidly cracked to form prod-
ucts such as propene, pentene, and isobutene, shifting the (linear) alkene
composition [39]. By increasing the ethylene conversion further, the
overall butene selectivity decreases in favor of hexenes and octenes [33].
At very high conversions, the acid-catalyzed steps have sufficiently high
enough rates to produce a wide and complex product distribution
comprising many isomers, reminiscent of a purely acidic zeolite product
distribution. Extremely low space velocities and, correspondingly, close
to full conversion can cause excessive oligomerization, quickly reducing
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Fig. 7. Selectivity towards valuable product fractions as function of ethylene
conversion from Toch et al. on 4.9 wt.% Ni-BEA at 503 K and ethylene inlet
partial pressure (= total pressure) of 1.0 MPa. Solid line: linear 1-alkenes;
dotted line: gasoline; dashed line: propene; dashed-dotted line: selectivity to-
wards all valuable products (1-alkene + gasoline + propene) Toch et al.
excluded some components, such as isobutene, which are instead considered
‘losses’ [39].
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product yields and deactivating the catalyst [81].

Experiments done by Ng et al. on Ni-Y support this paradigm [24]. At
mild conditions and lower conversions, the majority of products were
butenes and hexenes (51-87 wt.%). At higher conversions, 1-butene
selectivity decreased and fractions of C8 — C14 were produced. No
odd-numbered alkenes were present, indicating acid-catalyzed cracking
reactions did not occur at these reaction conditions (see Table 3 for
reaction conditions). Jan et al. also performed oligomerization trials on
Ni-BEA by varying space velocity and, hence, ethylene conversion [82].
The steady-state ethylene conversion increased from 44 % to 57 % as
space velocity decreased or residence time increased. The increase in
conversion was also associated with a decreasing C4 selectivity and an
increasing C6, C8, and C10 selectivity. Moussa et al. ran Ni-BEA and
Ni-Al-MCM-41 catalysts at high and low conversion; at low conversion
(1%) the butene weight fraction dominated (92 wt.%), followed by
hexenes (7 wt.%) with very little octene and almost no detectable
odd-numbered carbons [83]. At high conversion (90 %), the butene
fraction declined to favor gasoline and diesel, with the C8 wt.% climbing
to 20—30 wt.%. A similar trend was found by Andrei et al. on
Ni-AISBA-15 [56]. Additionally, Jan et al. found that changing the space
velocity from 3.1-5.5 geth gcat’l h~! did not significantly affect the
transport rate of ethylene from the bulk to the catalyst surface, but does
affect the conversion of butene into higher oligomers at the tested
conditions [82].

3.2. Time-On-Stream (and deactivation) behavior

Catalyst deactivation with time appears to highly depend on the
reaction conditions and the catalyst properties, which will be addressed
in each topic of Section 4. In early studies, catalysts based on Ni
dispersed on purely microporous zeolites such as X [76], Y [26], and
MCM-22 [84] exhibited fast deactivation due to the accumulation of
heavy oligomers in the channels and cages. This has been verified by
characterizing spent catalysts and finding carbonaceous deposits inside
catalyst pores [13,26,58,75]. Similarly, Agirrezabal-Telleria and Iglesias
studied ethylene, propene, and butene dimerization and found deacti-
vation to be much faster for larger alkenes [48]. Espinoza et al. used a
~0.2 wt.% nickel-exchanged silica-alumina catalyst at 573 K, 1.15 MPa
and reported rather pronounced deactivation, with an initial conversion
of about 60 % before dropping to about 20 % after 120 h [17]. Andrei
et al. found the quantities of heavy products entrapped in the pores of
the catalyst was greater during the first hour of reaction, corresponding
to the greater deactivation at the start of the oligomerization test [85].
Throughout experiments done by Joshi et al. on ~1.3 wt.% Ni-BEA at
453 K, it was noted that the catalyst had to be regenerated due to
deactivation [15]. Therefore, collecting good kinetic and deactivation
data can be difficult depending on time scales; the flowrate must sta-
bilize, and mass transfer effects must be fast enough for intrinsic kinetics
to be collected.

Long-time runs appear to be most successful at low temperatures (<
400 K). Heydenrych et al. used a 1.6 wt.% nickel-exchanged silica-
alumina catalyst at 393 K, 3.5 MPa and found very little deactivation
during experimental runs lasting 900 h with conversion being main-
tained over 90 % [78]. Similarly, Heveling et al.’s Ni-exchanged sili-
ca-alumnia catalyst exhibited high stability and high conversion at 3.5
MPa and 381 K after 108 days on-stream [22]. Martinez et al. ran
1.0-2.5 wt.% Ni-BEA at 393 K, 3.5 MPa and did not observe signs of
deactivation for 9 h for the full range of compositions [14]. The
steady-state ethylene conversion did depend on the nickel loading and
ranged from 5% for the 1.0 wt.% Ni to 80 % for the 2.5 wt.% Ni.

Jan et al. observed the typical drop in activity over the course of the
initial 3 h for 3.4 wt.% Ni-BEA at 393 K, 1.9 bar [82]. Afterwards, the
ethylene conversion did not diminish much during the remaining 78 h
on stream and approached a steady state plateau of about 50 %.
Compared to the group’s shorter 6 h runs using the same mass of cata-
lyst, the same amount of coke was collected (~8 g), and the selectivities
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of odd carbon products did not change significantly, suggesting no
additional coke is made after reaching a steady-state. This corresponds
to coke yields for the short and long-time runs of 0.07 and 5.4 wt %,
respectively, due to the largely different mass of ethylene fed during the
two runs. After 8 h, the selectivity of C4 dropped off while C6, C8, and
C10 rose, and remained the same for the duration of the run. It may be
that at this point, the smaller pores of the catalyst are saturated, such
that only large pores remain active and contribute to the reaction; this is
similar to how mesoporous catalysts promote the production of higher
molecular weight compounds in comparison to microporous supports
(see Section 4.5 for effects of pore size) [1,82,84]. Overall, deactivation
is suggested to occur due to the buildup of large oligomeric products in
pores, which can be mitigated by balancing operating conditions and
catalyst properties.

However, there is some evidence that deactivation is more nuanced.
An early study using Ni-SiO2-Al,03 at 473 K and 0.1-0.79 MPa by
Kiessling et al. found that propene led mainly to dimers while ethylene
produced higher oligomers [77]. He points to this as a sign of different
deactivation mechanisms depending on the size of the species. Likewise,
the presence of various Ni states, such as reduced Ni™ or NiOH (as dis-
cussed in Section 2.1), could be significant not in the activation mech-
anism, but rather in the deactivation mechanism [47].

Along these lines, if we expand our scope to look at propene oligo-
merization, Mlinar et al. has studied activation and deactivation on
nickel-exchanged zeolites and aluminosilicates [49,86]. The authors
report that all investigated catalysts deactivated with time on stream,
but the rate and extent of deactivation depended on geometry and Ni
loading. Generally, catalysts with lower Ni loading remained the most
active with time on stream, and Ni loading below 0.6 wt.% did not
deactivate significantly within 90 min of time on stream after peak ac-
tivity. Interestingly, high Ni-loading deactivation has been suggested
but it also still requires solid evidence [58]. While studying propylene
oligomerization on Ni-X, Mlinar et al. showed enhanced deactivation at
high Ni loadings and more stable dimerization activity at low Ni load-
ings. In a Ni-X zeolite the activity decreased hyperbolically with
time-on-stream suggesting a two-site deactivation mechanism. Mlinar
et al. proposed deactivation at high Ni loading is occurring via a reaction
of two nearby Ni-olefin complexes which lead to deactivation of both
sites, rather than the formation of large oligomer products as previously
suggested [49]. In a following paper, Mlinar et al. found activity
decreased exponentially with time-on-stream for Ni-MCM-41of similar
Ni loading, suggesting a one-site mechanism likely caused by oligomer
blockage [86]. From these studies, high nickel-loading deactivation may
be caused by oligomer blockage (exponential deactivation) in meso-
porous catalysts like Ni-MCM-41, and by neighboring nickel interactions
(hyperbolic deactivation) in microporous catalysts like Ni-X. Deactiva-
tion investigations beyond large oligomer blockage are required for a
better understanding, as is also mentioned in Section 6.2.

3.3. Temperature effect

Fig. 8 shows the simulated temperature effect on product selectivity.
Below about 500 K, a nickel-free acid catalyst is inactive towards
ethylene oligomerization [22,84,87,88]. Correspondingly, in this lower
temperature range, mainly linear alkenes are produced via ethylene
dimerization on Ni-ion sites. As temperature increases, the relative
importance of the acid site increases and results not only in longer, but
also branched, cracked, saturated, unsaturated, and oligomerized hy-
drocarbons. Based purely on reaction kinetics, as temperature increases,
reaction rates and conversion are also expected to increase.

Jin et al. in 2019 experimentally reported the temperature effect in
ethylene oligomerization on Ni-ZSM5 at 523 K, 2 MPa and 723 K, 0.15
MPa (Fig. 9) [63]. At lower temperatures (523 K), the main products
were linear butenes followed by hexene, ~66 % and 20 %, respectively,
with a near Schulz-Flory distribution with small amounts of pentene and
propene. No alkane and aromatic hydrocarbons were generated on the
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Fig. 8. Selectivity towards valuable product fractions as a function of tem-
perature from Toch et al. at constant ethylene conversion of 50 % and ethylene
inlet partial pressure (= total pressure) of 1.0 MPa on Ni-BEA [39]. Solid line:
linear 1-alkenes; dotted line: gasoline; dashed line: propene.

Ni-exchanged catalyst. At higher temperatures (723 K) the products
spanned a broad distribution of C2 — C6 alkenes, alkanes, and aromatics,
indicating that now hydride transfer and cyclization occur at strong acid
sites. Some of the other catalysts in this study by Jin et al. also exhibited
a decrease in conversion with temperature likely due to coking products
and deactivation [63]. Many hypothesize that higher temperatures in-
crease the conversion and activity until coke covers much of the catalyst
surface, after which no further increase in the conversion with the
temperature is observed [4,63].

Various other experimental studies on different supports such as
nickel/sulfated alumina [79], Ni-AISBA-15 [56], Ni-MCM-41 [63,87],
Ni-MCM-36 [84], Ni-Y [88], and Ni-BEA [14] also report largely C4
products at lower temperatures and a much larger variety of C6 — C8(+)
products at higher temperatures. At less extreme temperatures than
those examined by Jin et al., Andrei et al. compared Ni-AlSBA-15 at 323
K-573 K and found not only did conversion increase strongly, but also
the C4 products were directed towards to formation of C6 and C8 as
temperatures increased [56].

3.4. Total pressure effect

There did not appear to be a consistent relationship between
increasing pressure and light alkene selectivity, likely due to the
complexity of the reaction network and to the challenge of decoupling
pressure effects from deactivation and conversion. Experimental studies
often do not report various pressure runs while keeping conversion
constant nor do they discuss pressure effects to the same extent as
temperature or catalyst properties. Additionally, the composition of the
catalyst, type of the reactor, and time during evaluation could cause
further perplexity.

Jan et al. analyzed ethylene oligomerization over Ni-BEA at 393 K at
0.85, 1.90, and 2.56 MPa [4]. The authors reason that at high pressure
and high concentrations of ethylene, ethylene can more readily adsorb
onto Ni and acid sites, contributing to a higher overall ethylene con-
version. Contrarily, lower pressures will increase the likelihood that
ethylene could pass through the system without interacting with an
active site due to lower surface coverage. Therefore, as the pressure
increased from 0.85 to 1.90 MPa, the C4 species has a higher likelihood
of interacting with an active site and producing more C6, C8, and C10
species. Further increasing the pressure from 1.90 to 2.56 MPa may
encourage species to reabsorb onto the catalyst to form even larger
molecules, such as coke. In addition, Nicolaides et al. found that the
1-hexene selectivity was the highest at an intermediate pressure (1.5
MPa in a range of 1.0-3.5 MPa) [89]. This is expected for a mechanism
capable of producing C4 — C8 products. For thermodynamic reasons,
lower pressures favor smaller species such as C4, while higher pressures
will favor larger species (C8); an intermediate pressure should favor an
intermediate product such as C6.



E. Koninckx et al.

Applied Catalysis A, General 624 (2021) 118296

Bl H-Z5M-5 60 (b) Il H-75M-5
70] () Ni-ZSM-5 Ry Ni-ZSM-5
60+
< -
S g
240 2
> =
'3 30+ N 9
o 20 \ «n
2 \
10-@ \
0 1. T T

Propene Propane Butene

Butane Pentene Hexene Aromatics

Propene Propane Butene Butane Pentene Hexene Aromatics

Fig. 9. The distribution of major products of H-ZSM-5 and Ni-ZSM-5(0.7) at a) 523 K, 2 MPa and b) 723 K, 0.15 MPa [63].

In Jan et al.’s studies, coke yield, which can be correlated to deac-
tivation, and initial catalytic activity appeared to linearly increase with
ethylene partial pressure. Hulea and Fajula found this linear trend on Ni-
MCM-41; Andrei et al. on Ni-AISBA-15 [56]; Nicolaides et al. on
Ni-alumina-silica; and Ng and Creaser on Ni-Y [24,25,87,89]. Hulea and
Fajula consider this behavior to be principally due to ethylene solubility
dependence on pressure [87]. Reaction rates, especially reactions such
as coordination in which ethene is a reactant, would also be expected to
increase with increasing pressure. Likewise, thermodynamics may again
play a role by pushing products to larger species at higher pressures and
more quickly making coking products, as coke formation is largely a
bimolecular reaction.

4. Catalyst properties
4.1. Effect of acid sites

In the acidic framework support, carbenium ions are formed by re-
action with a proton donated by a Brgnsted acid site. Fig. 10 shows the
effect of the ‘acid site strength’ and their concentration on the product
selectivity. ‘Acid site strength’ is expressed as the alkene standard pro-
tonation enthalpy - the more negative the protonation enthalpy, the
stronger the acid (Fig. 10a). At relatively weak acid sites, the catalyst
mimics a purely Ni catalyst and produces mainly linear 1-alkenes with a
near-Schulz-Flory distribution. With a more negative protonation
enthalpy or growing acid strength, these linear alkenes are more easily
transformed into heavier, branched and cracked products [39].

While acid site strength has an exponential effect on the isomeriza-
tion and cracking rates, acid site concentration has a proportional effect.
Changing the ratio of Ni%t / H" within the zeolite is not likely to result in
as dramatic a change as the acid site strength (Fig. 10b). While acid
strength affects the rates in an exponential manner, Ni and acid site
concentration affects rates proportionally. On the other hand, the latter
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can be more straightforwardly manipulated, and even precisely
controlled, when synthetizing the catalyst and/or the support. Note that
a very high acid site density is detrimental to the activity of the catalyst
by promoting formation of pore-blocking large oligomers and leading to
fast deactivation [1,51,87].

Espinoza et al. investigated silica-alumina catalysts with various
amounts of nickel-exchange and found product weight increased with
increasing acid strength [17]. Lallemand et al. commented on acid site
density effects by varying the extent of dealumination in Ni-Y zeolites
[84]. A too high density resulted in the formation of long-chain oligo-
mers that blocked pores. A too low density resulted in a product spec-
trum dominated by butenes and some hexenes, which could be
undesirable if the goal is fuel-range products. Moussa et al. studied
Ni-BEA and Ni-Al-MCM-41 with similar nickel content but difference
acid density [83]. At about 90 % conversion, the higher acid containing
Ni-BEA produced 90 wt.% of C8 product compared to 80 wt.% from
Ni-Al-MCM-41. Additionally, the C8 fraction obtained on the former,
more acidic catalyst, contained more di-branched (80 wt.% di-branched,
20 wt.% mono-branched) than that obtained over the latter, less acidic
catalyst (70 wt.% di-branched, 30 wt.% mono-branched), suggesting
acid provokes further oligomerization. Lu et al. adjusted the acidity of
Ni-MCM-22 through organic alkaline treatment, decreasing the Si/Al
ratio to increase the amount of weak acid sites at the expense of strong
acid sites [64]. The slight decrease in acidity appeared to enhance the
alkylation of light alkenes or inhibit the f-scission of heavier alkenes; the
production shifted to favor C6 and C7 olefins over propene and aromatic
compounds.

Wang et al. used the desorption activation energy (DAE) of ammonia
as a measure for ‘acid site strength’ to quantify the relationship between
acidity and activity for ethylene oligomerization on Ni-MCM-41 [90].
The group used an adapted Brgnsted equation for homogenous
acid-catalyzed reactions to back out parameters for a model that predicts
activity changes with acid site strength. The group found linear trends

60
(b)
50
1-alkenes
g40
Z
230
o
<
Q .
¥ 20 gasoline
10 | e propene
0 kemmo========="
01 02 03 04 05 06 07 08 09 10

€+ (mol kgexe!)

Fig. 10. Selectivity towards valuable product fractions as function of (a) alkene standard protonation enthalpy and (b) acid concentration from Toch et al. at constant
ethene conversion 50 %, 503 K, ethylene inlet partial pressure (= total pressure) of 1.0 MPa on Ni-BEA. [39].
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between experimental activity and production of different products (e.g.
conversion, 1-butene, 2-butene...) against total acid amount. This is
similar to what Toch et al. reports in Fig. 10b as a function of the acid site
concentration.

4.2. Effect of nickel sites

The effect of ethylene coordination enthalpy and nickel content is
opposite to that of acid site strength and concentration. A Ni-acid
catalyst with a more exothermic coordination enthalpy or a higher
nickel content will have an increased impact of Ni-ion on the product
formation, mainly resulting in a higher ethylene conversion and more
particularly production of light, linear alkenes (mostly butenes), which
can feed into acid catalysis.

Espinoza et al. found increasing the nickel content on Ni-exchanged
silica-alumina increased the production of lighter products, but also
enhanced deactivation [17]. Heveling et al. performed ethylene oligo-
merization on Ni-Y and found a higher ethylene conversion and higher
selectivity of diesel-range products (C6-C10+) with higher nickel con-
tent [23]. Hartmann et al.’s experiments showed the activity toward the
formation of butenes increased with increasing nickel loading as acidity
remained constant [91]. Martinez et al. increased nickel-exchange
content in Ni-BEA from 1 to 2 wt.%, which also increased ethylene
conversion [14]. The increased nickel content allowed the product C4
wt.% to remain high while feeding into acid chemistry and producing
heavier products. The amount of dibranched product stayed at about 70
% of the total C8 distribution, suggesting the acid site is responsible for
the dimerization of butenes to octenes. Recently in 2020, Chen et al.
investigated Ni(II) ion-exchanged silica-alumina under various support
treatments for ethylene oligomerization to produce C10+ for fuel pro-
duction [81]. They concluded high Ni loading was more influential to
produce C10+ oligomers than the support surface area and Brgnsted
acid amount. This suggests Ni-loading may be one of the most sensitive
factors to consider in catalyst design.

Experimentally, other studies have shown that ethylene conversion
and nickel activity increase sharply with increasing nickel content from
about 2 wt.% before plateauing at about 5 wt.% (Fig. 11) [1,14,52,89].

140 -
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Fig. 11. Influence of Ni loading on ethylene conversion over Ni-BEA catalysts
at: 393 K, 3.5 MPa total pressure, 2.6 MPa C,H, pressure, 2.1 h~! WHSV. Ion
exchanged and impregnated samples were denoted as Ni(x)-B-ex and Ni(x)-B-
im, respectively [14].
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Likewise, on a Ni-silica-alumina catalyst, the dimer/trimer ratio
decreased linearly with nickel content [17]. The ethylene conversion
plateau may be due to highly loaded Ni catalysts containing blocked
pores by bulk NiO particles, by being plugged by products, or due to high
nickel coverage.

As the contribution of nickel sites increases, generally there is higher
ethylene conversion and high selectivity towards linear alkenes, pre-
dominately butene, which can then undergo further acid-catalyzed
chemistry. Altering the ratios between the two active sites could allow
for fine-tuning of final products and remains an influential factor in coke
prevention and catalyst stability [15,34,39].

4.3. Effect of metal-acid site distance

The position and dispersion of nickel and acid sites can lead to a
“more efficient” bifunctional mechanism. Chen et al. tested catalysts
with similar acid strength and Ni loading, but different aging tempera-
ture, which resulted in very different product fractions [81]. Chen et al.
found the consecutive oligomerization of ethylene on Ni and acid sites
was much more efficient in producing desirable C10+ products with
increasing aging temperature. Using Ni-ion exchanged silica-alumina
catalysts, by increasing the aging temperature, the dispersion and
spatial ordering of the Ni was improved. A more uniform dispersion of
Ni allows for a better match between Ni and acid active sites. This fa-
cilitates the transfer of one site’s reaction intermediate to another. These
closely matched Ni and acid active sites have been proposed to be a more
efficient bifunctional mechanism (Fig. 12).

Forget et al. hypothesized that a nickel atom only requires a Brgnsted
acid site in close proximity to generate an active oligomerization site,
and that there is no need to overwhelm nickel particles with the acidity
often found in zeolites [33]. Using this logic, the group created a catalyst
with nickel and silicon present on the aluminum-based support close to
their stoichiometric loadings. The final catalysts were active, despite
having low acidity and low metal loading, and at about 15 % butene
conversion produced exclusively octenes.

While Chen et al. is one of the only studies currently published that
benchmarked Ni-acid site distance, the dependence of metal-acid site
distance on efficiency is a focus in the field of metal/acid hydrocracking.
The efficiency of bifunctional metal-acid catalysts for hydrocracking has
shown that mass transfer and site distance, which should be neither too
close nor too far, can play an influential role [92-99]. Whether or not the
significance of metal-acid distance also applies to nickel-acid oligo-
merization catalysts still remains to be addressed.

The nickel-acid distance may also be closely related to the support
pore size. The effect of support pore size is discussed in the next section.

4.4. Effect of pore size

Porosity is another important factor that influences catalyst stability.
Having wider pores allows for larger oligomers to move out of the
support and reduces pore blocking. Smaller pores bring oligomers in
close proximity with walls and active sites of the zeolite, leading to
secondary reactions. In the same way, smaller pores allow for longer
oligomers to be better stabilized than in larger pores. Thus, mesoporous
catalysts are reported to have a longer lifetime and higher ethylene
conversion than microporous catalysts [1,84]. However, it was found
that catalytic activity is more closely related to acidity than pore
structure at higher temperatures (> ~700 K) [63].

This effect can be better illustrated by comparing MCM studies. An
approximate ranking of activity (from higher to lower activity) can be
determined: Ni-MCM-48 > Ni-MCM-41 > Ni-Y > Ni-MCM-36 > Ni-
MCM-22 [84,88,100]. Decreasing activity and selectivity for higher
oligomer products align with decreasing accessibility of the structure
and higher acidity (Table 3). MCM-48 has a three-dimensional, inter-
connected channel structure with larger pores, while MCM-41 has a
one-dimensional channel system. MCM-36, on the other hand, has
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Fig. 12. Schematic of nickel and acid sites of (A) low degree of Ni dispersion and (B) high degree of Ni dispersion for formation of more efficient bifunctional active

sites [81].

mesoporous and microporous properties, whereas, finally, MCM-22 has
the most microporous structure (e.g. microporous surface area, pore
diameter) out of those listed (Fig. 13). More mesoporous structures with
moderate acidity, such as MCM-36, exhibit better catalytic activity and
selectivity for even number oligomers than catalysts with more micro-
porous structure and high acid site concentration, as in Ni-MCM-22 [5].
Alternatively, if high selectivity of a certain geometry, such as linear
oligomers, is the main objective over activity, then a more microporous
and shape selective support, such as Ni-MCM-22, yields almost exclu-
sively dimerization and linear products. Outside of MCM studies done,
similar pore size and deactivation trends have been found in compari-
sons of Ni-AlSBA-15 against Ni-Y and Ni-AlSiO, [56,85] as well as
micro- and nano-crystalline Ni-BEA [34]. Tanaka et al. and Lallemand
et al. also discuss pore size, in Ni-MCM-41 and Ni-Y, respectively [26,
50]; but, both studies suggest that the Si/Ni ratio had greater effect on
activity, where higher Si/Ni ratios exhibited greater reaction rate con-
stants even accompanied with smaller pore size.

5. Tuning bifunctionality: a unified view on optimizing catalyst
properties and reaction conditions

One of the most promising and intriguing properties of bifunctional
Ni-acid catalysts is the ability to balance these two types of active sites to
uniquely handle variable inputs or to shift product distributions. The
balance between the nickel and acid site densities and reaction condi-
tions are the key factors in manipulating the selectivity, activity, and
stability of the catalyst.

Considering the Ni - acid together, the selectivity of bifunctional Ni -
acid catalysts are towards more linear and more even carbon-numbered
compounds than a purely acidic catalyst due to the nickel site’s contri-
bution (Fig. 14). On the other hand, the presence of Ni and acid sites
allows the product distribution to break past the limiting Schulz-Flory
distribution of a Ni-only catalyst. The relative nickel-to-acid contribu-
tions have a significant impact on catalyst performance and product
distribution. This balance between Ni and acid site activity can be used
to predict product distributions, as summarized in Fig. 15.

Typically, nickel site contributions are more pronounced at lower
conversion (Section 3.1 [24,56,82,83]), lower temperature (Section 3.3
[14,56,63,79,84,87]), and higher nickel content (Section 4.2 [14,17,23,
81,911). A higher nickel site contribution generally means increased
activity and lighter, even-numbered alkenes that will follow a
Schulz-Flory-like distribution (Section 2.1). Also, at lower temperatures

100

80 -

60 -

40 -

Selectivity (%)

20 A

H-[AIIBEA Ni-H-[AI]BEA  Ni-Li-[Zn]BEA

M Linear butenes M Isobutene Isobutane W<C3 E>C5

Fig. 14. Product molar selectivity from Joshi et al. 453 K, 0.4 kPa, ~1.4 %
conversion [15]. H-[AI]BEA represents a catalyst with only active acid sites;
Ni-H[AI]BEA a bifunctional Ni/acid zeolite with active nickel and acid sites;
and Ni-Li-[Zn]BEA represents a nickel catalyst with only active nickel sites.

and higher pressures, bimolecular reactions, or in this case, oligomeri-
zation reactions, are favored [28].

Conversely, acid site contributions can be enhanced with higher
conversion (Section 3.1 [24,56,82,83],), higher temperature (Section
3.3 [14,56,63,79,84,871,), and higher acid content or strength (Section
2.2 [17,64,83,841,). A higher acid site contribution will produce a broad
distribution of branched alkenes, from C3 to C10+, and, in case of a
sufficiently high temperature, alkanes, cyclic hydrocarbons, and aro-
matics (Section 2.2). Also, at higher temperatures and lower partial
pressures, p-scission reactions are favored [28], potentially producing
higher propene yields.

Well-dispersed nickel throughout the support can increase the
number of active nickel sites and improve activity (Section 4.3 [33,811,).
Porous supports that are more open and mesoporous are associated with
more mild acidity and higher selectivity to even numbered oligomers
(Section 4.4 [50,56,84,85,1001,). Larger pores may also allow growth of
molecules to larger sizes before blocking pores. Contrarily, more
microporous and more acidic supports are associated with heavy,
branched oligomers, and often coke, which are associated with blocked
pores and deactivation.

Thus, heterogenous nickel-catalyzed olefin oligomerization can be

MCM-48

MCM-41

MCM-36 MCM-22

Fig. 13. Simplified and approximate porous structure highlighting the channels of (from left to right) MCM-48, MCM-41, MCM-36, MCM-22.
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To increase acid contribution:
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Higher temperature
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P

Fig. 15. Summary of effects and results of varying Ni/acid contributions for bifunctional optimization.

used similarly to how homogeneous nickel catalysts are used by utilizing
minimal acid sites, just enough to create active oligomerization sites,
and selectively produce linear dimerization products. On the other hand,
heterogenous nickel-catalyzed olefin oligomerization can be used to
create liquid range products by allowing acid chemistry to further oli-
gomerize, the extent to which is then up to the user by balancing
remaining reaction conditions or catalyst properties. Post-treatments to
decrease surface acidity and open up porous structure, such as treat-
ments with alkali ions, could give better stabilities while not affecting
the activity or ethylene conversion too dramatically [7].

6. Concluding remarks
6.1. Conclusion

Due to recent research in the last five years, there have been signif-
icant insights into how nickel and acid sites work as a tandem for
ethylene oligomerization. Across various experiments, models, and first-
principles calculations, there has been considerable evidence supporting
a Ni% site that can mobilize into a complex and oligomerize olefins via a
Cossee-Arlman mechanism. The details of the Ni activation and deacti-
vation remain uncertain, but it is likely that the active state is an
anchored [alkene-Ni(II)-alkene] " complex affixed by two Ni-O bonds to
the framework. The Ni complex can exchange framework ligand bonds
with ethylene bonds to further grow an oligomer chain. The nickel site’s
insertion-termination mechanism produces a Schulz-Flory product dis-
tribution of predominantly butene and hexene. The dimerized or tri-
merized products from the nickel can be quickly catalyzed by Brgnsted
H sites for further alkylation, isomerization, and cracking reactions.

Further investigations have led to a better understanding of how
reaction conditions, including time-on-stream and temperature, as well
as catalyst properties, including site concentrations and framework pore
size, can impact the final product distributions. By adjusting contribu-
tions of these two types of sites, this catalyst can be uniquely adapted
and tuned towards desirable product distributions. Generally, nickel site
contributions are more pronounced at lower conversions, temperature,
and pressure as well as higher nickel loading. Higher nickel site con-
tributions often accompany increased activity and lighter, even carbon-
number alkene products. Contrarily, acid site contributions dominate at
higher conversion, temperature, pressure, acid concentration, and acid
strength. Higher acid site contributions direct products towards classical
acid oligomerization fractions, which include a broad distribution of
even and odd alkenes and potentially alkanes, cyclic hydrocarbons, and
aromatics, as well as potentially lower activity. The heterogenous sup-
port also impacts the catalytic behavior. More open, mesoporous
structures with mild acidity align with higher activity and selectivity to
even-numbered oligomers, whereas microporous and highly acidic
supports tend to exhibit lower activity with heavy and branched
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oligomer products that can block pores.

6.2. Remaining uncertainties and future investigations

Even considering all the recent advances in understanding the Ni-
acid mechanism discussed above (and in more detail in Section 2),
there are still aspects that we are yet to fully grasp. For instance, acti-
vation of the Ni?* Cossee-Arlman site remains ambiguous, difficult to
observe, and possibly nuanced for different geometries of the support.
First-principles studies to investigate and confirm the proposed Ni-
activation and deactivation mechanisms are necessary. In combination
with DFT studies, advanced characterizations under real reaction con-
ditions (e.g., operando spectroscopies) can help understand the true
nature of the active nickel sites as well as the activation and deactivation
mechanisms.

Various reaction orders in alkene pressure have been experimentally
observed depending on the support (see Section 2), suggesting that the
surrounding framework and pore size hold influence over mechanistic
details. These differences in reaction order could be due to the convo-
lution of both the Ni and acid site consuming ethylene and producing
butene. Likewise, it is possible this is the result of a simple coverage
effect where the reaction is second order at low pressure and first order
at sufficiently high pressure, often observed for Langmuir-Hinshelwood-
Hougen-Watson type of mechanisms. Alternatively, this can be the
complication of nickel co-dimerizing with species larger than ethylene.
In kinetic modeling, the predicted coverages of species, including [ethyl-
Ni-alkene] ", is highly sensitive to the free energy of the species. This
suggests that more detailed DFT calculations and kinetic models are
required to fully understand the reaction orders.

Similarly, first-principles calculations can help answer remaining
mechanistic questions, but no studies looking into the Ni-isomerization
pathway to produce 2-butene nor of heterogenous nickel co-
dimerization has been carried out. So, energy barriers that can quan-
tify the likelihood of these pathways are still uncalculated. Additionally,
systematically reporting the branching distribution of large alkene
products obtained at high conversion could shed light into whether the
nickel or acid site is responsible for further oligomerization events.

While experimental investigations into activation and reaction
mechanisms have been made in the literature, generally there has not
been the same pursuit into deactivation mechanisms. Experimental
studies report deactivation but lack a molecular explanation apart from
large oligomer products and coke blocking pores. For high nickel-
loading, deactivation is likely caused predominantly by oligomer
blockage (exponential deactivation) in mesoporous catalysts like Ni-
MCM-41, but by neighboring nickel interactions (hyperbolic deactiva-
tion) in microporous catalysts like Ni-X (Section 3.2). Even in homo-
geneous nickel oligomerization, there are many different deactivation
pathways depending on the system [7]. Thus, there could be potentially
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different activation as well as deactivation mechanisms depending on
active site distances or support porous system.

At the catalyst level, metal-acid optimal distance (discussed in Sec-
tion 4.4) between the Ni and acid site for oligomerization catalysts
remain largely unaddressed, although it is a potentially powerful tool to
further tune the product distribution. There have been many studies on
Ni-acid catalysts that vary nickel loading and acid concentration, yet
there is no comprehensive study of how the distance between each type
of active site or number of nickel/acid steps undergone by intermediates
influences product distributions.

Overall, there is great flexibility of a Ni/acid bifunctional catalyst
due to the many adjustable factors discussed, which gives this catalyst
potential to be tuned to an “ideal” catalyst for a large range of appli-
cations. Despite lingering questions regarding active sites, mechanism,
and deactivation, our understanding of not only how the product dis-
tributions of a Ni/acid catalyst change with changing conditions, but
also why they change the way they do, has grown considerably within
the last five years. Perhaps in the next five years these remaining un-
certainties will be put to rest, and Ni/acid bifunctional heterogenous
catalysts will have progressed from the lab bench and begun use for
industrial ethylene oligomerization.
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