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ARTICLE INFO ABSTRACT

Keywords: Within this study, the (co-)oligomerization of methanol-based olefins in the Cy 4 range was investigated. The
Sustainable aviation fuels main objective was to increase the yield of oligomers with carbon chain lengths in the range of kerosene (Cg.1¢).
Ic\;[letfl;aml Commercially available mesoporous amorphous mixed silicon-aluminum oxides, optionally modified with nickel
efins . - s - . - . o
species, were applied as catalysts. Initially, single olefin feeds were employed, i.e. homo-oligomerization re-
Oligomerization P pP 4 Y i3 ploy 8

actions of pure propylene and pure 1-butylene were studied at 120 °C and 32 bar olefin partial pressure,
respectively. The co-oligomerization of olefin mixtures (Csz 4 and Ca.3.4), which can be obtained in Methanol-to-
Olefins (MtO) processes, yields product mixtures with reduced selectivities to specific chain lengths. However,
selectivities to kerosene-like olefins up to 85 % have been achieved and the main side product is gasoline. In-
vestigations with varying reaction conditions reveal comparable effects as in the case of homo-oligomerization.
The use of nickel-free catalysts resulted in the highest selectivities of kerosene-like olefins, but no ethylene was
converted. The negative effects of nickel catalysts on fuel quality can be compensated by two consecutive catalyst
beds, the first catalyst bed with a nickel-loaded silicon-aluminum oxide for ethylene conversion followed by a
catalyst bed of neat silicon-aluminum oxide for the synthesis of highly branched, long chain oligomers. The
reaction network for olefin oligomerization reactions is depicted, which can be simplified remarkably in the case
of catalysts without nickel. A long-term experiment lasting for more than 200 h was conducted revealing a
deactivation of the acid sites of the catalysts, but also the possibility of reactivation. Selectivity to kerosene-like
olefins remained above 63 % and fuel characterization showed that the resulting kerosene fraction will be
suitable for blending with conventional fuels.

Heterogeneous catalysis
Renewable fuels

kerosene (SPK) [5]. This can be done by Fischer-Tropsch synthesis with
downstream hydrocracking and hydrotreatment [6]. Alternatively, the
alcohol-to-jet route (ATJ) can be chosen, involving alcohol dehydration

1. Introduction

In aviation, electrification of propulsion is very challenging. Today,
batteries are heavy and moreover, do not offer as high energy densities
as liquid fuels. As a consequence, electrically driven aircrafts will not
reach the transport distances and capacities of the current aircraft fleets
using fossil liquid fuels. Therefore, the defossilization of the aviation
sector requires renewable fuels produced from sustainable sources [1].

Sustainable aviation fuels (SAF) can be produced in several ways
[2-4]. One way is to convert biomass to hydro-treated esters and fatty
acids (HEFA). Another method is to produce synthetic paraffinic

to olefins, olefin oligomerization and hydrogenation [7,8]. All these
fuels are free of aromatics. As aromatics lead to particle formation
during combustion and particles favor cloud formation in the atmo-
sphere, the impact on global warming of such non-CO, effects can be
larger than the impact of CO, emitted during fuel combustion [9,10].
Consequently, processes for the synthesis of sustainable aviation fuels,
which are free of aromatics, can contribute to reducing the environ-
mental impact of aviation.

As the provision of biomass for large-scale plants has been difficult to

Abbreviations: ASTM D7566, Jet-fuel standard according to American Society for Testing and Materials; ATJ, Alcohol-to-Jet; BET, Brunauer-Emmett-Teller; BS,
Brgnsted acid site; BJH, Barrett-Joyner-Halenda; DME, Dimethyl ether; DIN EN 228, Gasoline standard according to Deutsches Institut fiir Normung; DtO, DME to
Olefins; FT, Fischer-Tropsch; FTIR, Fourier-transform infrared spectroscopy; GC, Gas chromatography; HEFA, Hydro-treated esters and fatty acids; MtO, Methanol to
Olefins; MOGD, Mobil Olefins to Gasoline and Distillate; NH3-TPD, Ammonia temperature programmed desorption; RON, Research octane number; SAF, Sustainable

aviation fuel; SPK, Synthetic paraffinic kerosene; TOS, Time on stream.
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Nomenclature

Symbols used

Cy [-] Olefin with y carbon atoms

dpore [nm] Pore diameter

Liso [-]1 Isoindex of the Cg fraction

Nironsted sites [pmol/mz] Density of Brgnsted acid sites

P [bar] Pressure

r [molgjefin/(umol BS-s)] Reaction rate per Brgnsted acid
site and second

SBET [mz/g] Specific surface

T [°C] Temperature

Vpbore [ml] Pore volume

WHSV  [h™!] Weight hourly space velocity

X,-branched L-] Share of z-fold branched octenes in the Cg fraction
(z = single, double and triple)

Xy [%] Conversion of olefin with y carbon atoms

Scasoline  [%] Selectivity to gasoline

Skerosene  [%0] Selectivity to kerosene

implement so far, power-to-liquid processes like Fischer-Tropsch syn-
thesis or alcohol-based olefin oligomerization are steadily gaining
attraction due to further developments and scale-up in the provision of
synthesis gas, e.g. via CO, from direct air capture and Hy from water
electrolysis with renewable energies. The Fischer-Tropsch synthesis
achieves selectivities to jet fuel of less than 40 % [11] and requires a
hydrocracking step downstream [12]. A very promising pathway is the
methanol- or dimethyl ether (DME)-based ATJ process. This pathway
comprises several conversion steps and allows for a targeted synthesis of
jet fuel with selectivities of more than 70 % [4,13]. At first, methanol or
DME made from green hydrogen and CO; is converted to olefins and
water in a Methanol/DME-to-Olefins process (MtO/DtO). The current
state of the art is the conversion in fluidized bed reactors with contin-
uous catalyst regeneration by burning off the coke [14,15]. The main
hydrocarbon products are light olefins in the range of C, 4. Recently, the
production of higher olefins in the range of Cs.9 by modified MtO/DtO
processes was shown by Niethammer et al. [16].

The subsequent olefin oligomerization is the crucial step for the
production of jet fuel. The oligomerization reaction can be understood
as a polymerization reaction, which terminates after the coupling of a
few monomers [17]. The product spectrum covers the entire carbon
chain length range from gasoline to kerosene and diesel fuel. By varying
the process parameters, the desired fuel fraction can be produced in a
targeted manner [13,18,19]. If olefin mixtures are used as feed, the re-
action is referred to as co-oligomerization. After (co-)oligomerization,
the liquid oligomers need to be hydrogenated leading to a purely
paraffinic hydrocarbon mixture usable as gasoline, jet fuel and diesel
fuel after separation of the fractions by distillation.

The oligomerization of individual olefin species is well-known from
literature. The conversion of ethylene [18-26], propylene [27-36] or 1-
butylene [13,37-42] has been investigated with various catalysts under
varying reaction conditions. In the past, the focus has been primarily on
the homogeneously catalyzed oligomerization of ethylene using for
example metal complexes as catalysts. With transition metals like nickel,
the oligomerization of ethylene proceeds at comparably low tempera-
tures of less than 150 °C via a coordination-insertion mechanism ac-
cording to Cossee and Arlmann [18,19,22,43]. In this temperature
range, it is the dominant reaction pathway for ethylene conversion,
leading preferentially to linear and single-branched molecules [20].
However, the products exhibit poor cold flow properties and are typi-
cally applied as lubricants or intermediates for the synthesis of poly-
ethylene [44-46]. For applications in the field of aviation fuel, the cold
flow properties of the fuel are crucial [47], which can be improved by
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high degrees of branching in the molecules [48]. Brgnsted acid sites on
heterogeneous catalysts offer the possibility for a targeted synthesis of
branched oligomers. At Brgnsted acid sites, carbenium ions are formed
leading to chain growth and isomerization reactions [49]. Metathesis
reactions are also occurring. In contrast to ethylene, higher olefins with
a carbon chain length of Cs, form carbenium ions at Brgnsted acid sites
and do not require any activation of the oligomerization reaction by
transition metals. Ultimately, the acid site-catalyzed reaction pathway
leads to higher degrees of branching and better cold flow properties of
the produced kerosene. Additionally, a high branching enhances quality
of the by-product gasoline, especially its knock resistance [50].

For heterogeneously catalyzed oligomerization reactions on
Brgnsted acid sites, different types of catalysts like aluminosilicates,
zeolites, resins, supported phosphoric acid or metal-organic frameworks
have been investigated so far [51-54]. Mesoporous, amorphous silica-
alumina catalysts with a moderate density of Brgnsted acid sites
showed the best performance regarding olefin conversion, selectivity to
fuel range oligomers and resistance against deactivation by coking
[13,19,26,53,55,56].

In industry, processes for fuel production by olefin homo-
oligomerization have already been developed. As an example of kero-
sene synthesis from renewable olefins, GEVO has developed an alcohol-
to-jet process using isobutylene as an olefin monomer [57]. At first,
isobutanol is produced through fermentation, which is then converted to
isobutylene by dehydration. Subsequently, isobutylene is oligomerized
to its trimer isododecene. After hydrotreatment, the isododecane can be
blended with commercial kerosene [57]. In the last century, the co-
oligomerization of olefin mixtures has been demonstrated by UOP in
the Catpoly process [54] as well as by Mobil in the “Mobil Olefins to
Gasoline and Distillate” (MOGD) process [58]. The MOGD process uses a
mixture of Cy.4 olefins, representative of a product mixture from
ExxonMobil’s MtO process [59]. In the case of the Catpoly process,
propylene and butylene are converted to highly branched aviation
gasoline [60]. Furthermore, the Polynaphtha process developed by
Axens IFP converts C3.s olefins to oligomeric gasoline and gas oil. By
recycling the oligomeric gasoline back into the oligomerization reactor,
the yield of longer oligomers in the kerosene range can be increased.
However, none of the mentioned co-oligomerization processes is
currently operated on a large scale for fuel production due to economic
reasons. Furthermore, current research and literature rarely focus on the
co-oligomerization of multiple olefin species as feedstock, although the
technology offers great potentials for the synthesis of low emission fuels.
Nowadays, industry is gradually recognizing these potentials for
example in the context of sustainable aviation again.

This is the starting point for the present study. Since the co-
oligomerization of olefins has not been systematically developed for
decades, this study focuses on the production of kerosene from Cy.4
olefins and mixtures thereof. The employed catalysts are not within the
focus as they have been selected and described in previous studies
[13,19]. The main objective is to disclose the influence of feed compo-
sitions, e.g. by comparison of homo- and co-oligomerization, and to
estimate the obtainable product spectra and their properties.

More specifically, differences in the homo-oligomerization of pro-
pylene and 1-butylene to kerosene were revealed, which is a direct
continuation of previously reported work [13]. Afterwards, the co-
oligomerization of olefin mixtures was investigated regarding several
reaction conditions, which was not addressed in the past. The synthesis
of kerosene on nickel-loaded and nickel-free silica-alumina catalysts was
studied revealing the possibility of a selective co-oligomerization from
olefin mixtures with and without ethylene conversion. To overcome the
negative effects of nickel-catalyzed ethylene oligomerization on the
molecular branching of the oligomers, two consecutive catalyst beds
were employed containing a nickel-loaded catalyst and a nickel-free
catalyst. Variations of the apparent reaction mechanisms were used to
display variations in the (co-)oligomerization reaction network, which
can support simplified predictions of product distributions in the future.
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Finally, in a long term co-oligomerization experiment lasting for 200 h
the catalyst stability was investigated. The produced kerosene and
gasoline fractions were characterized with respect to their physico-
chemical properties and catalyst deactivation and regeneration were
addressed.

2. Materials and methods

A commercially available mesoporous silica-alumina, SIRALOX 40
from Sasol, was used as catalyst and catalyst support. The material
without nickel loading is abbreviated as 40/0Ni. The value 40 represents
the percentage of silicon oxide, consequently 60 % is aluminum oxide. In
addition to the blank catalyst, a catalyst loaded with 2 wt% of nickel was
prepared, which is referred to as 40/2Ni in the following. In previous
studies, this catalyst proved to be the most suitable one [13,19]. For the
preparation of the nickel-loaded catalyst, SIRALOX 40 was first calcined
at 550 °C for 8 h. Nickel was loaded using the incipient wetness
impregnation method. A nickel salt solution of Ni(NO3)2-6 H20 (99.9 %
from ABCR) was prepared with distilled water and added to the support.
After drying at 50 °C and subsequent calcination at 550 °C, a particle
size of 250 to 500 um was adjusted by sieving.

Both catalysts were examined for their surface properties using ni-
trogen physisorption. Nitrogen isotherms were recorded at 77 K using a
Novatouch 4LX analyzer (Quantachrome Instruments). Based on nitro-
gen desorption, the specific surface area (Sggr) was calculated using the
Brunauer-Emmett-Teller (BET) method in the relative pressure range (p/
Po) from 0.002 to 0.3. The mean pore diameter (dpore) and the specific
pore volume (Vpore) were determined using the Barrett-Joyner-Halenda
(BJH) method. Acidity of the catalysts was measured by NH3-TPD
employing an AutoChem 2950 HP from Micromeritics. Fourier Trans-
form Infrared (FTIR) spectroscopy was performed on a Bruker Tensor 27
instrument at LIKAT Rostock. Pyridine was used as a probe molecule and
by this, a distinction could be made between Lewis and Brgnsted acid
sites. The density of Brgnsted acid sites (Npygnsted sites) Plays an important
role in the oligomerization reaction, as the Cg olefins form carbenium
ions at these sites and initiate carbon chain growth.

Some properties of the bare (40/0Ni) and the nickel-loaded (40/2Ni)
catalyst are summarized in Table 1. The number of weak Brgnsted acid
sites was determined by pyridine adsorption FTIR spectroscopy at
200 °C. It is shown that the nickel loading reduces the overall surface of
the catalyst, the median pore diameter as well as the pore volume. In
addition, 2 wt% nickel on the support reduces the density of Brgnsted
acid sites by almost 27 % through the deposition of nickel. The support
materials SIRALOX 20 and 70 as well as the corresponding nickel-loaded
catalysts were also investigated and their surface properties can be
found in Table S1 in the Supplementary Information. For further infor-
mation on nickel-catalyzed oligomerization, we refer to prior studies of
Betz et al. [19] and Fuchs et al. [13].

A detailed description of the continuously operating oligomerization
plant, the fixed bed reactor and the experiments is provided by Betz et al.
[19] and Fuchs et al. [13]. Previous oligomerization experiments have
shown that a temperature of 120 °C and a total pressure of 40 bar lead to
good results in terms of conversion, selectivity and branching of the
liquid oligomers [13,19]. As the catalysts are of medium acidity and the
reaction temperature of 120 °C is quite low, side reactions like cycli-
zation, aromatization or the hydrogenation of olefins to paraffins are
suppressed. Consequently, the product contains only olefins. Therefore,
these conditions were also applied within this study. As educts, ethylene

Table 1
Surface properties of metal-free 40/0Ni and nickel-loaded 40/2Ni.

Catalyst SpeT dpore Vpore Nargnsted sites, 200 °C
[m%/g] [nm] [ml/g] [umol/g]
40/0Ni 455 9.2 1.57 46.8

40/2Ni 373 7.1 1.14 35.4
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(99.9 %, Air Liquide), propylene (99.5 %, Air Liquide) and 1-butylene
(99.4 %, Air Liquide) were utilized. For each experiment, 5 g of fresh
catalyst were used. To enable an isothermal operation of the reactor, the
catalyst was mixed with the tenfold volume of silicon carbide. Co-
oligomerization experiments were conducted with equimolar shares of
propylene and 1-butylene as well as with a MTO product surrogate. As
the compositions of the olefin mixtures from the MTO process depend on
catalysts and process conditions, the surrogate mixture applied in this
study contains 40 vol% ethylene, 40 vol% propylene and 20 vol% 1-
butylene [61-64]. Conversions of the individual olefins were deter-
mined by online GC analysis, which provides volume flows of the ole-
fins. For ethylene and propylene this was achieved simply by calculating
the difference between input and output. Butylene conversions were
calculated according to the same procedure. However, for butylene no
proper determination of conversions is possible in the co-
oligomerization experiments, as ethylene is dimerized to butylenes on
nickel sites (see Section 3.2.2.). Thus, the true conversion of the fed
butylene is veiled. An olefin partial pressure of 32 bar was chosen, and
the total pressure was maintained at 40 bar, as argon (99.999 %, Air
Liquide) was applied as an inert gas to serve as a reference for online gas
analysis. The argon content in the feed amounted to 20 vol%. The
quantification of gaseous products was performed using an online gas
chromatograph HP 5890 equipped with an Rt-Alumina BOND/NaySO4
column. The liquid hydrocarbons were determined offline using an
Agilent GC6890 with a DB-1 column. The determination of the chain
length distributions, enabling the assignment to gasoline (Cs.1p) and
kerosene (Co.16), was achieved through simulated distillation. The de-
gree of branching was also determined by GC analysis. For this purpose,
a subsequent hydrogenation, employing palladium catalysts at 80 °C
and 30 bar hydrogen pressure, was conducted according to Heveling
et al. [65]. This hydrogenation leads to the elimination of stereoisomers
and is essential for determining the branching within the liquid prod-
ucts. As an indicator for branching and gasoline quality, the isoindex for
the Cg fraction was determined in the case of 1-butylene oligomerization
and the co-oligomerizations of olefin mixtures. The isoindex I, in-
dicates the average number of branchings in octane molecules and is
calculated with the mass-related shares x of the branched octanes ac-
cording to the subsequent formula.

Iiso = xtriple—branched'g +xdouble—branched'2 +xsingle—branched

Linear octenes are not considered. For gasoline applications, the iso-
index should be close to 3 representing triple-branched molecules like
isooctane with research octane numbers of around 100. It has to be
considered that the knocking resistance drops significantly with a lower
degree of branching [50]. However, Dagle et al. showed that also
double-branched octenes, viz. dimethylhexenes, can be blended up to
20 wt% to conventional gasoline without a loss of knocking resistance
[66]. Consequently, the isoindex of the octenes should be in the range of
2 to 3 to provide a sufficiently high-quality blending component. Since
the Cg fraction in propylene oligomerization does not represent an
integer multiple of the propylene monomer, Cg is exclusively formed
through rearrangement reactions such as metathesis. Therefore, it is
present only in very small amounts and thus, the isoindex was not
calculated for the products from propylene oligomerization
experiments.

A long-term experiment allowed for the analysis of fuel properties,
which was performed for a kerosene fraction and a gasoline fraction at
ASG Analytik Service AG according to certified testing methods. By
distillation of the total product mixture, it is not possible to make a clear
distinction regarding chain lengths, as the boiling ranges are blurred due
to isomers and other effects like boiling delay. This means that hydro-
carbons outside the chain lengths defined above may also be present in
small proportions in the fuels, e.g. a C;2 oligomer in the gasoline or C;
and conceivable diesel components in the kerosene fraction.



C. Fuchs et al.

3. Results and discussion
3.1. Homo-oligomerization of propylene and 1-butylene

In the first step, feeds composed of one olefin and their homo-
oligomerization were investigated. The focus was on the oligomeriza-
tion of propylene and 1-butylene, respectively since ethylene oligo-
merization has been widely investigated in the past [19]. Furthermore,
reaction parameters such as temperature and pressure have already been
considered [13] and here, previous work is complemented by in-
vestigations on space velocity and a direct comparison of catalysts with
and without nickel.

3.1.1. Effect of space velocity on propylene and 1-butylene homo-
oligomerization catalyzed by 40/0Ni

The residence time can play an important role regarding the degree
of oligomerization and the product distribution. Therefore, the effects of
varying weight hourly space velocity (WHSV) on olefin conversion and
selectivity to kerosene as well as gasoline were investigated with the
blank catalyst SIRALOX 40 (40/0Ni). The olefin conversions for a WHSV
of 2, 4 and 8 h™! are shown in Table 2. The longest residence time
represented by a WHSV of 2 h™! reveals highest conversions for pro-
pylene and 1-butylene. With increasing WHSV, conversions decrease
and the drop in propylene conversion is significantly higher than in 1-
butylene conversion.

The correlation of olefin conversion with the number of Brgnsted
acid sites of the catalyst allows for a better comparison regarding the
reactivity of propylene and 1-butylene. The corresponding reaction rates
r in terms of molar olefin conversion per Brgnsted acid sites of the
catalyst and time were calculated for the three investigated WHSVs
(Fig. 1). At a WHSV of 2 h~!, an almost complete conversion of pro-
pylene and 1-butylene is achieved (Table 2) and molar propylene con-
sumption is higher than 1-butylene consumption (Fig. 1). Doubling the
WHSV to 4 h~! results in an approximately threefold increase of molar 1-
butylene consumption while a maximum is reached in the case of pro-
pylene. A further increase to a WHSV of 8 h™! shows another strong
increase of 1-butylene consumption. In contrast, molar propylene con-
sumption is slightly decreasing.

The reason for the observed differences is the formation of different
carbenium ions, which are crucial for the oligomerization reaction. The
higher reactivity of 1-butylene compared to propylene can be attributed
to the higher stability of secondary carbenium ions. These are stabilized
by inductive effects (+I effect) of the substituents and, for instance, ethyl
groups provide stronger + I effects than methyl groups [67]. At a re-
action temperature of 120 °C, 1-butylene can undergo isomerization to
2-butylene due to thermodynamic equilibrium. In this case, the sec-
ondary carbenium ion of 2-butylene is substituted with an ethyl and a
methyl group, while in the case of propylene, the substituents are two
methyl groups. Another indication of the increased stability of butylene
carbenium ions is the enthalpy released during hydrogenation to the
corresponding paraffins [68]. The less enthalpy is released, the more
stable is the olefin and its associated carbenium ion [69]. For propylene,
the enthalpy of hydrogenation is —123.4 kJ/mol [70], while for trans-2-
butylene, it is —114.6 kJ/mol and —118.5 kJ/mol for cis-2-butylene
[71].

The selectivities to gasoline (Cs.10) and kerosene (Cg.16) of the C3 and
C4 oligomerizations are differentiated by chain length and listed in

Table 2
Conversions of propylene and 1-butylene as a function of WHSV (Reaction
conditions: T = 120 °C, polefins = 32 bar, protal = 40 bar, TOS = 4h).

WHSV [h™] Xcs [%] Xcq [%]
2 97.8 96.6
4 69.7 94.7
8 325 85.8
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Fig. 1. Reaction rate r of molar propylene and 1-butylene conversion per
Brgnsted acid sites of the catalyst and second (Reaction conditions: T = 120 °C,
Polefins = 32 bar, proral = 40 bar).

Table 3

Selectivity to gasoline (Cs.19) and kerosene (Co.1¢) in propylene and 1-butylene
oligomerization for a WHSV of 2, 4 and 8 h~! (Reaction conditions: T = 120 °C,
Polefins = 32 bar, Protal = 40 bar).

WHSV [h1] Cj oligomerization C4 oligomerization
Saasoline [%] Skerosene [%0] Saasoline [%] Skerosene [%0]
2 27.5 92.8 35.0 71.1
4 40.2 93.5 36.4 70.9
8 48.8 92.5 53.2 52.4

Table 3. Comparing the different feedstocks, propylene offers higher
selectivities to kerosene fractions of more than 90 %. 1-Butylene oligo-
merization reveals selectivities of around 70 % for lower WHSV. This
difference occurs from the dimerization of 1-butylene and the high Cg
content, which is not assigned to the kerosene fraction. While 1-butylene
oligomerization leads to similar kerosene selectivities for a WHSV of 2
and 4 h™! at 8 h™! kerosene selectivity decreases to 52 % and gasoline
selectivity increases to about 53 %. This behavior is also known from
previous work in the field of ethylene oligomerization [18,65,72,73].
Regarding propylene oligomerization, selectivities to Cg, olefins of
above 90 % were reached in every experiment. Consequently, its
selectivity to kerosene is almost independent of the residence time,
which is explained in the following.

The product distributions in terms of chain length were determined
for propylene and 1-butylene oligomerization at a WHSV of 2, 4 and 8
h~! (Fig. 2). Integer multiples of the monomers are primarily formed,
while deviations in chain length can be attributed to metathesis re-
actions on the acidic support [20]. Even though the selectivity to
kerosene is almost constant in the case of propylene oligomerization
(Table 3), carbon chain lengths within the Cq.13 fraction shift to shorter
chain lengths with increasing WHSV, mainly to Cg. Since the proportions
of oligomers C.9 do not increase significantly and due to the defined
range for kerosene, the selectivity for kerosene does not decrease with
increasing WHSV. This shift is also observed in 1-butylene oligomeri-
zation and explains the decrease of selectivity to kerosene by increased
formation of octenes at a WHSV of 8 h™L. It is evident that longer
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Fig. 2. Product distributions as a function of WHSV for (a) propylene and (b) 1-butylene oligomerization (Reaction conditions: T = 120 °C, pojefins = 32 bar, piotal =

40 bar).

residence times (lower WHSV) are advantageous for shifting the product
spectrum towards higher oligomers in the kerosene range [18,74].
However, it should be noted that higher oligomers in the diesel fuel
range and deposits on the catalysts can also be formed. This can promote
a faster deactivation of the catalyst due to the blockage of catalytically
active sites [39]. By increasing the temperature under an inert atmo-
sphere to remove soft coke or by burning off the hard coke deposits with
oxygen, the catalyst can be regenerated [13]. Consequently, after longer
residence times, shorter regeneration intervals are necessary for
restoring the original catalyst activity.

In summary, at the highest WHSV of 8 h™!, the conversion of pro-
pylene per Brgnsted acid site decreases significantly and furthermore,
the selectivity to kerosene in 1-butylene oligomerization is reduced. This
behavior is also observed for the SIRALOX 20 catalysts, as shown in the
Supplementary Information (Figs S1 and S2, Tables S2 to S4). Conse-
quently, a WHSV of 4 h™! is considered as particularly suitable and this
WHSV was chosen for the subsequent studies.

3.1.2. Effect of nickel loading on propylene and 1-butylene homo-
oligomerization

Nickel loading on the catalysts provides additional active sites and as
already mentioned above, also influences properties of the support
material like the density of acid sites. Therefore, catalytic performance
changes and enables tuning of the product distributions and thus, fuel
properties. In the first step, conversions of propylene and 1-butylene
were determined for both catalysts, 40/0Ni without and 40/2Ni with
nickel loading (Table 4). Furthermore, product spectra for propylene
and 1-butylene oligomerization were determined for both catalysts

Table 4
Conversions of propylene and 1-butylene for 40/0Ni and 40/2Ni (Reaction
conditions: T = 120 °C, WHSV = 4h}, Polefins = 32 bar, piota1 = 40 bar).

Catalyst Xpropylene [%] X1-Butylene [%]
40/0Ni 69.7 94.7
40/2Ni 85.9 87.2

(Fig. 3).

Regarding conversion, nickel impregnation increases the conversion
of propylene while the conversion of 1-butylene decreases. In this
respect, it can be concluded that propylene, similar to ethylene, reacts at
nickel sites through the insertion-coordination mechanism [75] in
addition to reactions at the Brgnsted acid sites [76]. On the other hand,
1-butylene preferably reacts at Brgnsted acid sites. Since these can be
partially occupied by nickel species [65], their density decreases
resulting in a decrease of 1-butylene conversion. The decrease of
Brgnsted acid sites is already shown in Table 1. Additionally, Tables S3
and S4 confirm this effect for the 20/0Ni and 20/2Ni catalysts.

In the case of propylene oligomerization (Fig. 3(a)), there is only a
minor effect of nickel loading on the product distribution, which can be
explained by the acid and nickel site catalyzed reactions of propylene. In
contrast, the influence of nickel loading is clearly reflected in 1-butylene
oligomerization. With nickel impregnation, the product distribution
shifts significantly towards shorter chain lengths, primarily towards the
dimer octene (Fig. 3(b)). Additionally, the fraction of Cy3, is reduced to
less than half.

The corresponding selectivities to gasoline and kerosene and, in the
case of C4 oligomerization, the isoindex are also given (Table 5).
Compared to 1-butylene oligomerization, propylene oligomerization
yields higher selectivities to oligomers with carbon chain lengths of Cy.,
and overall the highest selectivities to kerosene for both catalysts. Since
1-butylene oligomerization results in dimerization to Cg, the selectivity
to kerosene is lower in this case due to the confinement of kerosene to
the range of Cy.16. Regarding the selectivities to gasoline and kerosene,
the influence of nickel is minimal in the case of propylene (Table 5). On
the other hand, the proportion of kerosene in 1-butylene oligomeriza-
tion is significantly reduced due to the shift of the product distribution
towards Cg. This effect is also visible for the catalysts 20/0Ni and 20/2Ni
(Fig. S3), as well as 70/0Ni and 70/2Ni (Fig. S4). Next to the carbon
chain length distribution, nickel loading has also an impact on the de-
gree of molecular branching [24]. Without nickel, the isoindex is 1.99,
indicating that, on average, each octene molecule is approximately
double-branched. However, with nickel, the average branching degree is
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Fig. 3. Product distributions of 40/0Ni and 40/2Ni for (a) propylene and (b) 1-butylene oligomerization (Reaction conditions: T = 120 °C, WHSV = 4h™, pojefins =

32 bar, prota = 40 bar).

Table 5
Selectivity in propylene and 1-butylene oligomerization over 40/0Ni and 40/
2Ni (Reaction conditions: T = 120 °C, WHSV = 4h ™!, pojefins = 32 bar, protal =
40 bar).

Catalyst ~ Cj oligomerization C,4 oligomerization

Sgasoline [%]  Skerosene [%]  Sgasoline [%]  Skerosene [%]  Iiso Cs
40/0Ni 40.2 93.5 35.4 71.8 1.99
40/2Ni 37.9 93.5 55.0 49.2 1.93

reduced to 1.93, resulting from higher proportions of linear and single-
branched octenes. This is due to the nature of nickel to form rather linear
molecules [22,43]. This loss in the average branching degree can
already significantly reduce the octane rating of the produced gasoline
as linear and single-branched octenes exhibit low knocking resistances
[50].

3.2. Co-oligomerization of olefin mixtures

In addition to feeds composed of one olefin and their homo-
oligomerization, co-oligomerization of mixed olefin feeds, similar to
product mixtures from MtO processes, was also investigated. Since
compositions can be varied over a wide range, product spectra and
properties can be influenced to a large extent. Correlations between
feeds, catalysts, reaction conditions and the resulting products are
described in the following.

3.2.1. Co-oligomerization of Cs + C4 and Cz + Cs + Cy4 olefin mixtures
To investigate the influence of different olefin feeds on kerosene
yield, two different olefin mixtures were examined. Initially, a binary
mixture of propylene and 1-butylene in an equimolar ratio was oligo-
merized, followed by the oligomerization of a ternary mixture of
ethylene, propylene and 1-butylene surrogating a typical product
mixture of a MtO process. The olefin feed composition in the latter case
is 40 mol% ethylene, 40 mol% propylene and 20 mol% 1-butylene.

Analogous to Chapter 3.1., conversions, selectivities and isoindices
were determined and results are summarized in Tables 6 and 7 and
Fig. 5. In the Supplementary Information, Tables S5 and S6 and Fig. S5
show the corresponding data for the 20/0Ni and 20/2Ni catalysts,
Tables S7 and S8 and Fig. S6 show the data for 70/0Ni and 70/2Ni.

Regarding conversion, observations made in the co-oligomerization
of propylene and 1-butylene are almost the same as in the homo-
oligomerization of the single components. The conversion of propyl-
ene is independent of nickel loading, while the conversion of 1-butylene
decreases with nickel loading. However, olefin conversion is above 80 %
in both cases. Regarding the selectivity to kerosene, a decrease coming
along with nickel loading is observed in the co-oligomerization too. This
can be attributed again to covered Brgnsted acid sites, which reduce the
overall degree of oligomerization and shift the product spectrum to-
wards shorter, less branched oligomers. The reduction of the isoindex
from 2.01 to 1.95 is also related to this.

The co-oligomerization of the ternary olefin mixture, which reflects a
typical MtO product mixture, exhibits no ethylene conversion without
nickel on the catalyst. However, with nickel, ethylene is almost
completely converted, but through ethylene dimerization, which ob-
scures conversion of the fed 1-butylene. Without nickel, ethylene does
not react in the co-oligomerization with propylene and 1-butylene and
therefore, reactions of ethylene with carbenium ions of higher olefins at
Brgnsted acid sites can be excluded. Betz et al. [19] already pointed to
this phenomenon, as in their ethylene oligomerization experiments with
the same catalyst, the proportion of Cg olefins was low compared to

Table 6
Conversions in olefin co-oligomerization over 40/0Ni and 40/2Ni (Reaction
conditions: T = 120 °C, WHSV = 4h~}, Polefins = 32 bar, protal = 40 bar).

Catalyst  C3 + C4 co-oligomerization  Cy + C3 + C4 co-oligomerization
Xpropylene X1-Butylene XEthylene Xpropylene X1-Butylene
[%] [%] [%] [%] [%]

40/0Ni 91.7 87.0 0.7 64.0 64.8

40/2Ni 91.1 81.0 95.2 87.7 62.9




C. Fuchs et al.

Table 7

Selectivities and isoindices in olefin co-oligomerization over 40/0Ni and 40/2Ni
(Reaction conditions: T = 120 °C, WHSV = 4h ™!, pojefins = 32 bar, protal = 40
bar).

Catalyst  C3 + C4 co-oligomerization Cy + C3 + C4 co-oligomerization
SGasoline Skerosene Tiso SGasoline Skerosene Tiso
[%] [%] Cg [%] [%] Cg

40/0Ni 49.9 80.1 2.01 42.0 85.5 1.97

40/2Ni 56.3 74.5 1.95 54.4 77.5 1.89

other liquid oligomers. Thus, for the co-oligomerization of ethylene, the
nickel-based reaction mechanism according to Cossee-Arlman must be
followed to co-oligomerize ethylene with higher olefins. The reaction
mechanism is outlined in Fig. 4 for the formation of 1-hexene. As a result
of ethylene conversion with nickel, the isoindex of Cg molecules de-
creases to less than 1.9, which is the minimum among the results shown
here.

The formation of hexenes via the nickel-based reaction pathway was
already described by different research groups [77-79]. Within this
study, it is evident from Fig. 5 that with nickel, the proportion of Cg is
twice as high compared to the unloaded support material. This effect is
even more pronounced in the case of the catalysts 70/0Ni and 70/2Ni
(Fig. S6). In contrast, data for 20/0Ni and 20/2Ni showed an opposite
behavior, where the amount of Cs and Cg is reduced with nickel loading
on the catalyst. This can be related to the overall lowest olefin conver-
sion due to the lowest density of Brgnsted acid sites of all catalysts
investigated within this study.

Based on the product spectra in Fig. 5(a), it is obvious that co-
oligomerization of different olefin species reduces the selectivity to-
wards a specific carbon chain length, resulting in a much broader
spectrum in the range of Cg_16. In particular, the range of C;.12 oligomers
exhibits comparable proportions. Additionally, co-oligomerization leads
to higher proportions of shorter oligomers C.g as visible e.g. from the C;
fraction. In this case, the reaction of propylene with butylene can lead to
C7 hydrocarbons, which ultimately reduces the yield of kerosene.
Moreover, the highest share of the product distribution represented by
Cy0 is most probably a co-oligomer of propylene and 1-butylene. It
should be noted that the last column in the diagrams (Cy3) describes
not only one chain length, but the range from C;3 up to C;g and
furthermore distorts the product distribution regarding longer carbon
chain lengths. In conclusion, co-oligomerization and homo-
oligomerization reactions take place to a comparable extent and thus,
there is no pre-determined reaction pathway for the (co-)oligomeriza-
tion reactions via specific intermediates.

Without nickel, ethylene from the MtO surrogate does not react,
indicating a co-oligomerization of C3 and Cs. In this process, the partial
pressure of propylene (12.8 bar) is twice as high as the one of 1-butylene
(6.4 bar), and the inert component consists of 52 % ethylene in addition
to 20 % argon. These differences affect the product spectrum (Fig. 5(b)),
resulting in a significantly higher proportion of long-chain oligomers in
the Cy3, chain length range compared to the equimolar oligomerization
of propylene and 1-butylene (Fig. 5(a)).

When nickel is present, the fraction of long-chain oligomers in the
Cy3. range decreases again. The product spectrum shifts towards shorter

N +
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oligomers, which is evident from the diagram, particularly regarding the
C7.11 chain length range. Thus, observations from the homo-
oligomerization experiments are entirely in accordance with those
from the co-oligomerization of olefin mixtures.

3.2.2. Co-oligomerization of C2 + C3 + Cy4 olefin mixtures in a two-bed
reactor

As described before, the nickel-catalyzed oligomerization results in
lower fuel qualities in terms of lower cold flow properties, knocking
resistances and reduced yields of kerosene. As at comparatively low
temperatures ethylene requires nickel sites for the oligomerization, ex-
periments with two catalysts in series were conducted. In this set-up the
first one is loaded with a catalyst containing nickel to mainly convert
ethylene to butylenes and hexenes. The conversion of propylene and
butylenes is reduced to a minimum by using a carrier with low Brgnsted
acidity and thus, 20/2Ni was chosen. The second catalyst is free of nickel
and provides a high density of Brgnsted acid sites (40/0Ni) for the acid
catalyzed oligomerization of Cs olefins to highly branched oligomers in
the range of kerosene. The proportions of the catalysts are 2.5 g each,
aligned in series to maintain an overall catalyst mass of 5 g.

The results of the experiments conducted with the combined cata-
lysts 20/2Ni and 40/0Ni are summarized in the following. Due to the
reduced amount of nickel sites, ethylene conversion is slightly reduced,
but propylene and butylene conversion raise significantly due to the
higher amount of Brgnsted acid sites deployed by 40/0Ni (Table 8). For
20/2Ni it should be mentioned that the negative conversion of butylene
results from the high selectivity of ethylene oligomerization to butylene
and the low conversion of the initial fed butylenes due to the low density
of Brgnsted acid sites of the catalyst. Compared to the experiments solely
with 20/2Ni, the combination of the two catalysts in series reveals the
targeted increase in branching as shown by the isoindex raising from
1.75 to 1.97 (Table 9). Selectivity to kerosene also increases due to a
shift in the product distribution to longer oligomers, which is best visible
for C15 and Cy3, (Fig. 6). The shift is related to the elevated availability
of acid sites for the oligomerization of C3, olefins in the lower part of the
reactor provided by 40/0Ni and promoting the formation of kerosene. In
the Supplementary Information the results for the catalyst combinations
40/2Ni + 40/0Ni as well as 70/2Ni + 40/0Ni are shown in Chapter S5
revealing the same effects described for 20/2Ni and 40/0Ni.

3.2.3. Reaction networks

An overview on possible oligomerization reactions of ethylene,
propylene and butylenes to oligomers with carbon chain lengths of up to
Cy2 is shown in Fig. 7. The thick arrows represent the oligomerization
pathways of ethylene, propylene and butylene to their integer multiples.
The thinner arrows show the possible co-oligomerization reactions. For
clarity reasons, C;2 was chosen as longest oligomer, but longer oligo-
mers in the range of kerosene are formed according to the same mech-
anisms. Additionally, (co-)oligomerizations of higher olefins, e.g. the
reaction of C4 with Cs to form Cg or the dimerization of Cg to form Cio,
are omitted. Furthermore, side reactions like metathesis are not depicted
as they have little impact. Regarding the occuring secondary reactions,
Toch et al. developed a scheme starting with ethylene dimerization at
nickel sites and a focus on subsequent acid site catalyzed reactions [20].

As can be seen, several co-oligomerization routes are possible, and

® / \S&

H-Ni---” \/\/

Fig. 4. Reaction pathway for 1-hexene formation from ethylene and butylene at T = 120 °C.
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Fig. 5. Product distribution of (a) C3 + C4 and (b) Cy + C3 + C4 co-oligomerization over 40/0Ni and 40/2Ni (Reaction conditions: T = 120 °C, WHSV = 4h71, Polefins

= 32 bar, piota = 40 bar).

Table 8

Conversions in olefin co-oligomerization over 20/2Ni and 20/2Ni + 40/0Ni
(Reaction conditions: T = 120 °C, WHSV = 4h~ 1, Polefins = 32 bar, piotal = 40
bar).

Catalyst Xithylene [%] Xpropylene [%] X1-Butylene [%]
20/2Ni 35.0 21.7 -0.7
20/2Ni + 40/0Ni 27.4 64.6 59.7

Table 9

Selectivities and isoindices in olefin co-oligomerization over 20/2Ni and 20/2Ni
+ 40/0Ni (Reaction conditions: T = 120 °C, WHSV = 4h ™!, pojefins = 32 bar,
Protal = 40 bar).

Catalyst Saasoline [%0] Skerosene [%0] Iiso Cg
20/2Ni 65.7 72.6 1.75
20/2Ni + 40/0Ni 46.9 81.0 1.97

the spectrum of oligomers with varying carbon chain lengths extends
throughout the displayed range and even beyond to longer chains. Based
on the previously depicted product distributions, it is evident that
pentenes and hexenes are present in comparatively small proportions
while higher oligomers are dominating. This suggests that the formed Cs
and Cg oligomers are only intermediates and quickly react further to
form larger molecules.

Since the reaction of ethylene without nickel can be ruled out under
the given reaction conditions, the reaction network from Fig. 7 can be
simplified for this case. All reactions involving ethylene that require a
nickel catalyst represented by grey arrows can be removed. Addition-
ally, the reaction of propylene with ethylene to form pentenes is
excluded, so that pentenes do not originate from oligomerization re-
actions and are exclusively formed through metathesis reactions. The
resulting simplified reaction network for a nickel-free catalyst is shown
in Fig. 8. Based on this scheme, simplified kinetic models and simula-
tions can be created in further studies due to the reduced number of
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Fig. 6. Product distribution of C; + C3 + C4 co-oligomerization over 20/2Ni
and 20/2Ni + 40/0Ni (Reaction conditions: T = 120 °C, WHSV = 4h~}, POlefins
= 32 bar, piota = 40 bar).

olefin species and oligomerization reactions. By this, chain length dis-
tributions and the associated fuel properties could be predicted.

3.2.4. Long-term experiment
A long-term experiment employing the MtO surrogate, i.e. a mixture
of 40 mol% ethylene, 40 mol% propylene and 20 mol% 1-butylene, was
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Fig. 8. Simplified reaction network of the (co-)oligomerization of a Cy 4 olefin mixture without nickel-catalyzed oligomerization reactions of ethylene.

conducted. The objective was twofold: firstly, to evaluate the stability of
the catalysts and secondly, to generate a sufficient fuel quantity for an
analysis of fuel properties. For this purpose, the nickel-loaded catalyst
40/2Ni was used, which converts all olefin species at a temperature of
120 °C, an olefin partial pressure of 32 bar, a total pressure of 40 bar and
aWHSV of 4 h 1.

The experiment was run with a time on stream (TOS) of 222 h
yielding a total of 3.8 L of fuel. Fig. 9 illustrates the progress of the
conversion of the supplied olefins. However, 1-butylene conversion is
again obscured by the dimerization of ethylene to form butylenes.
Ethylene conversion stays above 95 %, while the conversion of propyl-
ene and 1-butylene decreases over TOS. This is due to blocking of the
acid sites by deposits of longer oligomers not desorbing from the cata-
lyst. It is also visible, that the decrease of 1-butylene conversion is faster
than for propylene. Another reason for this is the formation of butylenes
by increased ethylene dimerization. This effect gets more pronounced as
fewer acid sites for the oligomerization of higher olefins are available, so
consequently, the oligomerization of the produced butylenes is slowing

down over TOS. As a result, the measured conversion of 1-butylene
decreases.

Ethylene oligomerization is not significantly decreasing, although
accessibility of nickel sites should also be reduced. This indicates an
excess of nickel sites and even with a deactivated 40/2Ni catalyst, suf-
ficient nickel sites are available for ethylene oligomerization. After 102
h TOS, the catalyst was regenerated at ambient pressure and 300 °C
under an argon flow of 200 ml/min to remove soft coke from the catalyst
surface. Formation of soft coke in oligomerization reactions was already
described by Diaz et al. [39]. After regeneration, at 126 h TOS, con-
version of C3 and C4 was remarkably higher, but did not reach the initial
value. Consequently, hard coke has probably been formed on the cata-
lyst, which is blocking acid sites [29,39]. The removal of hard coke may
be conducted by burning it off with air as it is done on industrial scale.
However, on lab-scale this is not applicable. It is also visible, that after
200 h TOS almost constant olefin conversion was reached, even for
propylene and 1-butylene. Thus, the co-oligomerization seems to reach a
pseudo-steady state.
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bar, prota = 40 bar).

Fig. 10 presents the evolution of the product composition at different
TOS during the experiment, as well as the composition of the overall
collected product (black column). In the initial phase, a selectivity to
kerosene of more than 77 wt% was achieved, after 222 h it decreased to
47 wt%. Regarding the total amount of liquid products, kerosene ulti-
mately accounts for 63 wt%. This trend towards shorter chain length
with increasing TOS is most evident for the C;3, fraction. Once again,
this effect is related to the blocking of acid sites, impeding the consec-
utive oligomerization of higher olefins. As in the case of olefin conver-
sion (Fig. 9), catalyst regeneration did not lead to a complete recovery of
the initial performance.

3.2.5. Fuel properties

Fig. 11 displays the isoindex as a function of TOS, revealing that the
Brgnsted acid sites become blocked in the course of the experiment,
leading to a decrease in isomerization reactions. The isoindex of the total
product is 1.79. Similar to the previously shown effects on conversion
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Fig. 10. Development of the chain length distribution with TOS and overall
product composition (Reaction conditions: T = 120 °C, WHSV = 4071, POlefins
= 32 bar, piotal = 40 bar).
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Fig. 9. Conversion of ethylene, propylene and 1-butylene with catalyst 40/2Ni as a function of TOS (Reaction conditions: T = 120 °C, WHSV = 4h7, Polefins = 32
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Fig. 11. Isoindex as a function of TOS and composition of the overall liquid
product (Reaction conditions: T = 120 °C, WHSV = 4h™ !, poefins = 32 bar,
Protal = 40 bar).

and product distribution, the regeneration after 102 h TOS does not
recover the initial performance. Consequently, the isoindex rises
immediately after regeneration, but after another 50 h TOS, the degree
of branching is on the same level as before regeneration. Until the end of
the experiment, the isoindex decreases steadily to 1.63 due to the further
deposition of longer-chain oligomers on acid sites.

No hydrogenation of the product mixtures was carried out and the
olefin mixtures were analyzed directly, to get a first impression of the
fuel quality. Afterwards, possible efforts for further refinement and
properties of the corresponding paraffins can be estimated with
reasonable accuracy.

The produced liquid oligomers up to a TOS of 200 h were taken into
account and the fractions were separated by destillation. For the gaso-
line fraction, the fraction up to a boiler temperature of 210 °C was uti-
lized, while the whole fraction with a boiler temperature above 150 °C
was applied for kerosene analysis. The corresponding chain length dis-
tributions are depicted in Fig. 12.

In Table 10, the analyzed parameters of the kerosene fraction ac-
cording to the corresponding analysis standards are shown. Many pa-
rameters comply with the standard. The density is slightly below the
requirement, but it can be easily adjusted by blending. The freezing
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Table 10
Properties of the oligomeric kerosene fraction.

Property Unit Oligomeric Requirement of ASTM
kerosene D7566
Acid number mgKOH/  0.034 Max. 0.1
8
Density at 15 °C kg/m> 773.2 775—840
Flash point °C <40 Min. 38
Freezing point °C —38.2 Max. —47 (Jet A-1)
Max. —40 (Jet A)
Viscosity at —20 °C mm?/s 2.940 Max. 8
Net heat of MJ/kg 43.328 Min. 42.8
combustion
Smoke point mm 24.7 Min. 25
Distillation:
Boiling start °C 132.1 —
Final boiling point °C 304.1 300
10 %-Point °C 143.0 205
50 %-Point °C 170.5 -
90 %-Point °C 2449 —

point is at —38.2 °C and thus, it is not sufficiently low. This correlates
with the high final boiling point of 304.1 °C. Since the whole fraction
above a boiler temperature of 150 °C was assigned to the kerosene
fraction, it also contains oligomers in the range of diesel fuel. Separating
the fraction with a boiling point above 250 °C will slightly reduce the
yield of the kerosene fraction as can be seen from the 90 % value of the
distillation, but the fuel quality will increase in terms of a lower freezing
temperature.

The properties of the oligomeric gasoline fraction are specified in
Table 11. The fuel meets the standard regarding research octane number
(RON) and density. The high RON results from the high share of
branched olefins. The vapor pressure is too low due to a low share of
short chain oligomers. Consequently, below 130 °C the fuel evaporates
slower than required according to DIN EN228. On the other hand, at

Table 11
Properties of the oligomeric gasoline fraction.

Property Unit Oligomeric Requirement of DIN
gasoline EN228
Research octane number - 95.2 95
(RON)
Density at 15 °C kg/ 735.5 720—775
m3
Vapor pressure DVPE kPa 21.5 45—90
Net heat of combustion MJ/ 41.773 —
kg
Distillation:
Boiling start °C 54.9 < 210
Final boiling point °C 183.4 -
10 %-Point °C 92.8 -
50 %-Point °C 131.2 -
90 %-Point °C 161.3 -
Distillation residue vol% 1.0 <2
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161.3 °C already 90 % is evaporated and the final boiling point of
183.4 °Cis standard compliant. By blending, boiling can be shifted to the
required area. It is to mention, that the standard allows for 18 vol% of
olefins, so this oligomeric gasoline has to be blended anyway. By hy-
drogenation of the oligomers, higher blending shares are possible but
the RON decreases, since paraffins usually lead to lower RON compared
to the corresponding olefins.

4. Conclusions

(Co-)Oligomerization of olefins represents a promising pathway for
the synthesis of sustainable kerosene. This study demonstrates that
short-chain olefins in the Cy.4 range can be converted to kerosene with
conversions and selectivities exceeding 90 %. Regarding the homo-
oligomerization of propylene and 1-butylene, the influence of space
velocity on the product spectrum was investigated in detail. It was found
that due to the stabilization of carbenium ions by larger + I-effects of
substituting alkyl groups, 1-butylene exhibits higher reactivity than
propylene. A WHSV of 4 h™! proved to be advantageous for synthesizing
oligomers in the kerosene range.

In addition to olefin homo-oligomerization, the impact of the olefin
feed on the product spectrum was investigated for the co-
oligomerization of propylene and 1-butylene, and for the co-
oligomerization of a MtO surrogate, i.e. a typical olefin mixture
obtainable by the conversion of methanol and comprising ethylene,
propylene as well as 1-butylene. With an increasing number of possible
oligomerization pathways, a broad product spectrum emerges with
reduced selectivity towards specific carbon chain lengths compared to
homo-oligomerization. However, a selectivity towards kerosene of
above 80 % is still achievable.

It has been demonstrated that for ethylene oligomerization and co-
oligomerization under mild conditions, the presence of a transition
metal like nickel is essential for the reaction to occur. However, in the
case of nickel catalysts, molecular branching of the resulting oligomers
decreases, slightly compromising cold flow properties. For the byprod-
uct gasoline, fuel-relevant properties also deteriorate, which manifests
itself especially in the form of lower octane ratings. Without nickel, the
reaction of ethylene with carbenium ions of the olefins does not take
place. Therefore, the activation of ethylene is initially necessary before it
can react with another olefin. Consequently, in the context of the co-
oligomerization reaction network of ethylene with propylene and bu-
tylenes, the absence of nickel significantly simplifies it to a selective co-
oligomerization of propylene and butylene with the benefit of a higher
selectivity to kerosene. Applying a catalyst bed consisting of two
different catalysts, a nickel-loaded catalyst with moderate acidity and a
nickel-free catalyst with higher acidity in series, allows for the
compensation of the negative effects coming along with ethylene olig-
omerization at nickel sites. In addition to higher degrees of branching,
fuel quality and kerosene yield increase to values comparable to those
achieved with nickel-free catalysts.

Finally, stability of the catalyst 40/2Ni was investigated in a long-
term experiment lasting for 222 h TOS. The co-oligomerization of a
typical MtO surrogate initially exhibited a high selectivity to kerosene of
77 %. However, with increasing TOS and progressive catalyst deacti-
vation, the product spectrum shifted towards shorter chains in the gas-
oline range. As a result, the selectivity to kerosene decreased over time
and amounts to 63 % of the total product. The analysis of physico-
chemical properties revealed that the synthesized kerosene fraction
complies with many properties of the ASTM D7566 standard. Hydro-
genation and blending with commercial kerosene after separating the
remaining diesel fuel fraction can help to entirely meet the standard.
Thus, it has been proven that the co-oligomerization of short-chain
olefins under mild reaction conditions produces kerosene with high
yields, potentially playing a significant role in the large-scale synthesis
of synthetic paraffinic kerosene in the future.
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