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Abstract: Ethylene dimerization is an industrial process
that is currently carried out using homogeneous cata-
lysts. Here we present a highly active heterogeneous
catalyst containing minute amounts of atomically dis-
persed Pd. It requires no co-catalyst(s) or activator(s)
and significantly outperforms previously reported cata-
lysts tested under similar reaction conditions. The
selectivity to C,- and Cs-hydrocarbons was about 80 %
and 10 % at 42 % ethylene conversion at 200 °C using an
industrially relevant feed containing 50 vol % ethylene,
respectively. Our kinetic and catalyst characterization
experiments complemented by density functional theory
calculations provide molecular insights into the local
environment of isolated Pd(IT)O, species and their role
in achieving high activity in the target reaction. When
the developed catalyst was rationally integrated with a
Mo-containing olefin metathesis catalyst in the same
reactor, the formed butenes reacted with ethylene to
propylene with a selectivity of 98% at about 24 %
ethylene conversion. )

Introduction

Ethylene dimerization is an important industrial process to
produce higher molecular weight olefins applied for the
manufacture of polymers and other valuable chemicals
(detergents, plasticizers, lubricants, surfactants, jet fuels,
etc.).'! This process is also attractive from a sustainable
point of view because ethylene can be produced from bio-
ethanol.”? Commercial dimerization processes are carried
out in a liquid phase in the presence of homogeneous
catalysts on the basis of transition metal (Ni, Ti, Zr, Cr, Co,
Fe) complexes and alkylaluminium co-catalysts.”! Although
the catalysts developed show high activity, their separation
from the products, recycling and regeneration are rather
complicated and inefficient or expensive. Therefore, consid-
ering the main principles of green chemistry, the develop-
ment of environmentally friendly heterogeneous dimeriza-

[*] Dr.T. Otroshchenko, Dr. E. A. Fedorova, Prof. Dr. E. V. Kondratenko
Department of Advanced Methods for Applied Catalysis
Leibniz-Institut fiir Katalyse e.V. (LIKAT)

Albert-Einstein-Str. 29a, D-18059 Rostock, Germany
E-mail: tatiana.otroshchenko@catalysis.de

Dr. D. I. Sharapa, Dr. D. Zhao

Institute of Catalysis Research and Technology, Karlsruhe Institute
of Technology (KIT),

Hermann-von-Helmholtz-Platz 1, 76344, Eggenstein-Leopoldsha-
fen, Germany

E-mail: dmitry.sharapa@kit.edu

0 © 2024 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2024, 63, €202410646 (2 of 8)

Research Article

Angewandte

intemationaldition’y) Chemie

tion catalysts has attracted great attention in both academia
and industry."

The most promising heterogeneous catalysts reported so
far include (i) metal complexes immobilized on polymers
and oxides,” (ii) metal-organic framework materials,’” and
(iii) transition metals supported on inorganic porous
materials.”” While the catalysts from groups (i) and (ii)
have doubtful perspectives for a large-scale application due
to their complex preparation and regeneration procedures
as well as the requirement of the presence of co-catalyst in
most cases, the group (iii) catalysts have a promising
potential. In this regard, catalysts with NiO, species
dispersed on different support materials (silica, alumina,
amorphous aluminosilicates, zeolites, zirconia etc.) have
been widely investigated."™ Although Rh-, Ru-, or Pd-
exchanged zeolites are also known to be active for ethylene
dimerization,” they have not attracted much interest in the
scientific community. Accordingly, the prospects and mech-
anistic insights of ethylene dimerization over catalysts based
on Pt-group metals (PGMs) remain unexplored.

Herein, we demonstrate highly efficient ethylene dimeri-
zation over a heterogeneous catalyst containing only tiny
amounts of Pd (0.1 wt%) to meet the requirements for
large-scale applications due to the scarcity and high price of
the metal. By combining state-of-the-art characterization
methods with kinetic and theoretical analyses, isolated
Pd(IT)O, species were found to exhibit unexpectedly high
dimerization performance. The fundamentals of their for-
mation were also elucidated. Finally, we show that nearly
100 % selective propylene production was achieved when
feeding ethylene to a reactor filled with the developed
dimerization catalyst and a Mo-containing olefin metathesis
catalyst with the latter being as a downstream layer.

Results and Discussion

Since the presence of Brgnsted acidic sites is often reported
to be critical for achieving high metal dispersion,!'” a
commercial aluminosilicate (Siral 40, 40 wt % SiO, in Al,O;,
from SASOL) possessing high amount of Brgnsted acidic
sites of middle strength was applied as support material for
the catalyst preparation. Noticeably, this support but not
zeolites was used since the microporous character and strong
acidity of the latter materials can cause rapid catalyst
deactivation. Calcined Siral 40 support (XRD pattern is
shown in Figure S1) was impregnated with an aqueous
solution of Ru, Rh, Ir, Pt, or Pd precursor according to an
incipient wetness impregnation method (see “Catalyst prep-
aration” in the Supporting Information). The nominal sur-
face density of each metal was set to 0.013 atoms per 1 nm>*
In addition, a reference Ni-based catalyst with the same Ni
surface density was synthesized. The actual metal content
determined after calcination of the catalyst precursors at
500°C does not differ significantly from the nominal value
(Table S1).

To understand how the supported species were formed,
the bare support and the catalysts were characterized by
diffuse reflectance infrared Fourier transformation spectro-
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scopy (DRIFTS) and temperature-programmed desorption
of adsorbed NH; (NH;-TPD). All dehydrated support
samples contain isolated Si—-OH groups and hydrogen-
bonded vicinal hydroxyls characterized by sharp and broad
bands at 3741 and 3600cm™' in the DRIFT spectra,
respectively! (Figure S2). However, the I /I3, ratio
(where Iy is the intensity of the band at 3600 cm ™" and I,
is the intensity of the band at 3741 cm™') decreased after
deposition of the metal species. This result suggests that the
vicinal support hydroxyls were preferentially consumed for
anchoring metal precursors. The hydroxyls should be
Brgnsted acidic sites, since the total acidity of the catalysts is
lower compared to the support as demonstrated by NH;-
TPD (Table S1, Figure S3).

All samples were tested in ethylene dimerization at
200°C and 1.25 bar in a continuous-flow fixed-bed reactor
(see the Supporting Information for details). The ethylene
conversion and product selectivity obtained after 14 min on
reaction stream are shown in Figure 1. The Pd/Siral 40
catalyst achieved the selectivity to butenes of about 80 % at
42 % ethylene conversion. The conversion over other
samples did not exceed 2 %. Moreover, the best-performing
catalyst showed several orders of magnitude higher metal-
related activity in comparison with state-of-the-art heteroge-
neous catalysts tested in fixed-bed reactors without co-
catalyst (Table S2).

The operando UV/Vis spectrum of Pd/Siral 40 at 200°C
changes significantly with increasing time on ethylene
stream (Figure 2 (a), (b)). The appearance of the bands at
305, 380 and 425 nm can be related to the formation of
adsorbed carbon-containing species (coke precursors) on
the catalyst surface. It is noteworthy that no decrease in the
ethylene conversion was observed during the whole experi-
ment (Figure 2 (c), (d)), implying that acidic support but not
the active Pd-containing sites is preferentially covered by
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coke precursors. Indeed, the intensities of the same bands
slowly increased when bare Siral 40 was treated with
ethylene (Figure S4 (a)—(c)). The temporal changes in the
UV/Vis spectrum of bare Siral 40 were more pronounced
when ethylene was replaced by 2-butene (the main product
formed from ethylene over Pd/Siral 40) and looked similar
to those observed for Pd/Siral 40 (Figure S4 (d), (e) versus
Figure 2 (a), (b)). Thus, due to their stronger adsorption on
the catalyst surface, oligomerization products but not
ethylene should be the main precursors of coke deposits.
Such assumption is further supported by the in situ DRIFTS
experiments (Figure S5 and the related discussion below this
Figure).

To derive further insights into primary and secondary
reaction pathways in the course of ethylene dimerization
over Pd/Siral 40 at 200°C, we performed catalytic tests at
different contact times but constant temperature to achieve
different degrees of ethylene conversion. The contact time
was varied by both changing catalyst amount and total flow.
The obtained dependences of selectivity to butenes, hex-
enes, octenes and coke on ethylene conversion are shown in
Figure 3 (a). The selectivity to butenes decreases from 97 to
80 % with increasing ethylene conversion from 9 to 42 %
thus implying the presence of a sequential stage(s) involving
these products. Extrapolation to zero conversion degree
gives near to 100 % selectivity to butenes. This means that
they are the only products formed directly from ethylene
under the applied reaction conditions. The selectivity to
other products (hexenes, octenes, coke) starts from zero at
zero ethylene conversion and increases with increasing
conversion. Such behavior implies that these products are
formed via sequential stages involving butenes. Accordingly,
based on the above discussion, we suggest a reaction
network of ethylene transformation over Pd/Siral 40 at
200°C that is shown in Figure 3 (b).

Figure 1. (a) Ethylene conversion (X(C,H,)) and (b) product selectivity (S) over different catalysts. Reaction conditions: 50 vol.% C,H, in N,, total

flow=20 mL-min", total pressure=1.25 bar, m =200 mg, T=200°C.
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Figure 2. (a) UV/Vis spectra (F(R,y)) of Pd/Siral 40 after different times on ethylene stream (50 vol.% C,H, in Ar) at 200°C; (b) temporal changes in
F(R.) at 305, 380 and 425 nm during treatment in ethylene; (c) normalized MS signal of C,H; (m/z=>56) collected during exposing of Pd/Siral 40
to ethylene at 200°C; (d) product yields calculated for Pd/Siral 40 from the data of two GC analyses made after 10 and 48 min on ethylene stream
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Figure 3. (a) Dependence of selectivity to butenes, hexenes, octenes
and coke on ethylene conversion determined over Pd/Siral 40 at 200°C
and (b) proposed Scheme of product formation in the course of
ethylene dimerization.
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Although 1-C,Hg should be formed exclusively according
to the most accepted metallocene or Cossee-Arlman mech-
anisms of ethylene dimerization,"” all butene isomers (1-
C,Hg, trans- and cis-2-C4Hj, iso-C4Hg) were observed during
ethylene dimerization over Pd/Siral 40, with the fraction of
trans-2-C,Hg being the highest one (Figure 1 (b), Figure 2
(d)). This can be explained by the strong ability of Siral 40
to isomerize primarily formed 1-C,Hg. In a control experi-
ment, all butene isomers were formed, when 1-C,Hg reacted
with bare Siral 40 or Pd/Siral 40 at 200°C (Figure S6).

To identify the origin of the unexpectedly high activity
of the Pd/Siral 40 catalyst, this material was characterized by
X-ray photoelectron spectroscopy (XPS), aberration-cor-
rected high angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM), X-ray absorp-
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tion spectroscopy (XAS), and diffuse reflectance UV/Vis
spectroscopy.

No XP signal related to Pd could be identified due to the
very low metal content (Figure S7). Based on the AC-
HAADF-STEM images (Figure 4 (a)-(d)), the presence of
Pd or PdO, nanoparticles can be excluded. The catalyst
surface is populated by highly dispersed sub-nanosized
clusters and isolated Pd single atoms.

From the ex situ X-ray absorption near-edge structure
(XANES) spectra (Figure 4 (e)), the absorption edge peak
of Pd/Siral 40 is shifted towards higher energies compared to
that of Pd foil. The spectrum of Pd/Siral 40 is very similar to
that of the PdSO,-H,O reference, indicating the presence of
Pd(II) species in the catalyst. The Fourier-transformed (FT)
k’-weighted extended X-ray absorption fine structure (EX-
AFS) spectrum of Pd/Siral 40 has the only distinct peak at
1.5 A, which is typical for the first coordination shell of Pd
in a bonding configuration of Pd—O as can be seen in the
corresponding spectra of the PdO and PdSO,-H,O refer-
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Figure 4. Structural characterizations of Pd/Siral 40: (a)—(d) Sequence
of AC-HAADF-STEM images obtained for Pd/Siral 40 showing highly
dispersed/isolated Pd (in yellow circles); Pd K-edge (e) XANES and (f)
EXAFS spectra of Pd/Siral 40 sample, Pd foil, PdO and PdSO,-H,0.
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ences (Figure 4 (f)). The absence of the peaks corresponding
to the first shell Pd—Pd coordination typical for Pd foil (peak
at 26 A) and to the second shell Pd—Pd coordination
characteristic for PdO (peak at 2.9 A) indicates that the
most part of Pd in Pd/Siral 40 is present in the form of
isolated PdO, single sites. The Fourier-transformed EXAFS
spectrum of Pd/Siral 40 was fitted with a model using first-
shell coordination to oxygen (Figure S8). The obtained
Pd—O coordination number was 3.5 (Table S3). It should be
however mentioned that the spectra were collected ex situ
using a high catalyst amount (100 mg). An attempt to collect
in situ XAS data for freshly calcined catalysts failed due to
the limited reactor volume which is not enough to use high
amount of the catalyst with low Pd loading. Thus, the
experiments performed ex situ cannot exclude that atmos-
pheric water did not interact with PdO, species. Such
interaction may influence the Pd—O coordination number.
The presence of adsorbed water species was experimentally
proven by in situ diffuse reflectance Fourier-transform
infrared spectroscopy. These species can be removed
through high-temperature treatment in air (Figure S9 (a)).
We also found that the non-treated catalyst demonstrates
more than 9 times lower activity compared to its in situ
calcined counterpart (Figure S9 (b)). Accordingly, we sup-
pose that the calcination step can lead to a change in the
local structure of the PdO, species and a decrease in the
Pd—O coordination number due to the removal of water.

The UV/Vis spectrum of Pd/Siral 40 in air at 200°C is
characterized by intense absorption bands at 247 nm and at
450 nm (Figure S10 (a)). They can be assigned to oxygen
charge transfer (O* to Pd*") and d-d transitions of Pd*"
respectively in highly dispersed Pd(I)O, species bound to
the support via oxygen.I"! Such species are readily converted
to metallic Pd’ during catalyst treatment in an H,-containing
flow at 200°C as concluded from the appearance of
absorption without a defined structure in a broad range of
the spectrum (Figure S11 (a)).'* Importantly, the Pd/Siral
40 catalyst showed very low activity when treated in H, prior
to ethylene dimerization (Figure S11 (b)). Therefore, highly
dispersed Pd(I1)O, species but not Pd” should be responsible
for the target reaction. To confirm this assumption and to
deepen our understanding of the nature of the active sites,
we prepared reference Pd/SiO, and Pd/Al,O; materials with
the same Pd loading as in the Pd/Siral 40 catalyst (Table S1).
They showed very low activity in ethylene dimerization
(Figure S12). Inactivity of the Pd/SiO, catalyst can be
explained by the presence of metallic Pd’ in the fresh
material (Figure S10 (b)). Although the UV/Vis spectra of
Pd/AL,O; and Pd/Siral 40 are similar due to the presence of
highly dispersed Pd(IT)O, species (Figure S10 (c)), the
former catalyst is inactive. This discrepancy is due to the
different local structure of these species as suggested by our
DFT below.

DFT calculations were performed with the PBE func-
tional using the VASP code to analyze ethylene dimeriza-
tion according to both the Cossee-Arlman mechanism with
the formation of ethyl species and the metallocene
mechanism.'>" We focused on the C-C coupling step,
which is considered to be rate-limiting." The detailed
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description of the proposed model for simulation of Siral 40
and basics of rational design of this model as well as details
of DFT simulations and coordinates of all discussed species
can be found in the Supporting Information (sections
“Computational details” and “Coordinates of optimized
structures”).

Importantly, the chelation of Pd by the hydroxyls of the
Siral 40 support provides a significant flexibility to the
Pd(IT) species, which can “stand up” or “lie down” making
additional coordination with surface oxygen species (Fig-
ure S13). On the contrary, Pd(II) species in Pd/AL,O; are
arranged very much “in plane” (Figure S14). For both
models, Pd(II) has a square coordination geometry when it
contains two ligands (two ethylene molecules in the metal-
locene mechanism (Figure S15) or ethylene and ethyl group
in the Cossee-Arlman mechanism (Figure 5). In the case of
Pd/AlLO;, PA(IT) bends up, remaining bonded to only two
oxygens and losing contact with two others.

In the Cossee-Arlman mechanism, the ethylene and
ethyl group ligands couple to a butyl ligand, while Pd(II)
bends to the surface and forms an additional bond with one
(Pd/Siral 40) or two (Pd/ALO;) surface oxygens (Figure 5).
The transition state for Pd/Siral 40 (Figure 5, middle bottom
structure) gives an activation energy of 0.59eV
(56.9kJ-mol™") or Gibbs free energy of 0.94eV at 200°C.
The calculated activation energy is close to the apparent
activation energy of 43.6 kJ-mol™' determined experimen-
tally in the temperature range between 100-200°C (Fig-
ure S16). For Pd/Al,O;, the calculated barrier is 0.93 eV (the
Gibbs free energy barrier is 1.21 eV). Accordingly, the
difference in the ethylene dimerization activity between Pd/
Siral 40 and Pd/Al,O; observed in catalytic experiments

N
2
%

Gibbs free energy / eV
o 5 &

=~ o o
o (6] o
1 1 1

Reaction coordinate

Figure 5. Gibbs free energy pathways calculated for C—C coupling in
Cossee-Arlman ethylene dimerization over Pd/Siral 40 (black line) and
Pd/Al,O; (blue line) and the corresponding optimized structures of
intermediates and transition states. Color scheme: Si — magenta, Pd —
yellow, O — red, C — aqua, H — small silver grey.
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could be due to the different local structure of the Pd(II)
species.

The possibility of the C—C coupling via the metallocene
mechanism was also considered (Figure S15). The obtained
reaction barriers exceed 2 eV and thus this mechanism is
unfavorable and can be excluded.

To demonstrate the feasibility of Pd/Siral 40 for the
synthesis of propylene using an ethylene-containing feed, we
have combined this catalyst with highly efficient Mo-based
olefin metathesis catalyst (Mo/Siral 40) described
elsewhere."! The top layer was the Pd/Siral 40 catalyst to
generate butenes followed by their metathesis with ethylene
over the downstream located Mo/Siral 40 catalyst. The
reaction temperature was set to 150°C. Pd/Siral 40 alone
showed stable performance for at least 3 h on stream with
ethylene conversion of about 15 % and selectivity to butenes
of 96 % (Figure 6 (a)). The temporal changes of ethylene
conversion and selectivity to butenes and propylene over the
combination Pd/Siral 40 with Mo/Siral 40 are shown in
Figure 6 (b). The initial ethylene conversion was 23.5 % and
slightly increased to 24 %, selectivity to propylene increased
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Figure 6. Temporal changes of ethylene conversion (red dots), selectiv-
ity to butenes (black triangles) and to propylene (black dots)
determined at 150°C over (a) Pd/Siral 40 (100 mg) and (b) Pd/Siral 40
(100 mg, upper layer) +Mo/Siral 40 (100 mg, bottom layer).
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from 91% to almost 98 %, while selectivity to butenes
decreased from 7 % to 2 %. Such changes should be related
to the in situ activation of metathesis catalyst."”

Conclusion

In summary, we have developed a highly efficient heteroge-
neous Pd-based catalyst for ethylene dimerization. Its
activity is related to the presence of atomically dispersed
Pd(II) species anchored through the vicinal hydroxyls of the
Al,05-Si0, support. The C—C coupling on Pd(II) species
occurs through the Cossee-Arlman dimerization route, and
the reaction barrier strongly depends on the local environ-
ment/geometry of the active sites. This knowledge provides
an essential basis for the design and preparation of
heterogeneous low-loaded metal catalysts for efficient
ethylene dimerization. We also show the application poten-
tial of cascade conversion of ethylene to propylene when
using the catalyst bed consisting of an ethylene-dimerization
catalyst on top of an olefin-metathesis catalyst.
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