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The co-oligomerization of methanol-based C, 4 olefins on a heterogeneous nickel silica-alumina catalyst enables the pro-
duction of fuel-range hydrocarbons. The objective of this study was the production of gasoline and jet fuel, which was
achieved with an overall selectivity of above 90 %. The influence of olefin feed composition and pressure was investigated
at 120 °C. By employing olefin mixtures instead of one single olefin, selectivity to specific chain lengths decreases and
quantities of the individual products converge. An increase of olefin pressure from 16 to 32bar slightly shifts the liquid

products to shorter oligomers and raises feed conversion.
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1 Introduction

Sustainable methanol is gaining more and more importance
in terms of energy transition and the production of renew-
able fuels and chemicals [1]. The conversion of methanol to
C,.4 olefins (MTO) with subsequent oligomerization to hy-
drocarbons in the range of gasoline and jet fuel represents a
promising possibility for continued operation of existing
fleets in the entire transportation sector [2]. Dimethyl ether
(DME), synthesized by dehydration of methanol, is also an
option for olefin supply via the DME-to-Olefins process
(DTO) [3,4]. Fig.1 illustrates the complete process chain
starting with MTO or DTO conversion, followed by olefin
oligomerization and finally, hydrogenation of the resulting
higher olefins to paraffinic fuels, which are usable in the
existing distribution and tank infrastructure.

The produced paraffinic fuels do not contain any aro-
matics. Since aromatics are precursors for the formation of
particulate matter during engine combustion, particle for-
mation and emission can be significantly reduced by avoid-
ing them. On the other hand, aromatics contribute signifi-
cantly to a high fuel performance, e.g., in terms of high
octane numbers and densities [5]. Especially for gasoline,
these properties are important to meet the corresponding
standard DIN EN 228 [6]. To compensate for the absence
of aromatics, paraffinic fuels for spark-ignition engines
should exhibit a high molecular branching such as the pro-
totypic 2,2,4-trimethylpentane with an octane number of
100 [7], also known as iso-octane. The heterogeneously cat-
alyzed co-oligomerization offers a suitable pathway for pro-
ducing such hydrocarbons in the range of gasoline and jet
fuel by coupling olefin monomers. As feedstocks, particular-
ly ethylene, propylene and butylenes are considered, which
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are the main components of a typical MTO product mix-
ture [8-10]. Conversion of these olefins is outlined in Fig. 2,
to give only a few examples of possible oligomers.

The oligomerization of ethylene has been widely studied
[11-13]. At temperatures below 250 °C, ethylene inevitably
requires transition metals as catalysts, e.g., nickel supported
on silica-alumina [13]. On such metal sites, ethylene starts
the carbon chain growth via a coordination-insertion mech-
anism [11]. In contrast, higher olefins like propylene or
butylenes can form secondary or tertiary carbenium ions at
Bronsted acid sites enabling the chain growth [14-16]. Con-
sequently, Bronsted acid sites are crucial for catalytic activ-
ity and transition metals are not required [17]. In general,
research on oligomerization reactions mostly focuses on the
preparation of linear molecules, e.g., for synthetic lubri-
cants, and often, homogeneous metal catalysts or ionic salts
are employed [18-22]. Concerning heterogeneous catalysts,
in particular zeolites such as ZSM-5 are employed [23-26].
Furthermore, ion exchange resins, metal-organic frame-
works and amorphous, mesoporous silica-alumina support
materials were investigated [14, 17, 27-30]. Microporous
zeolites rapidly deactivate by pore blockage caused by the
formation of higher oligomers on Brensted sites [31]. The
mesoporous  silica-aluminas are more attractive due to
their high activity and particularly long-term stability [11].
Additionally, the amount of Lewis and Brensted sites of
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Figure 1. Process chain for the production of paraffinic fuels from methanol/DME via olefin oligomerization.
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This study focuses on the targeted synthesis of
high-octane gasoline and jet fuel via heterogene-
ously catalyzed oligomerization of ethylene, pro-
pylene and 1-butylene with nickel supported on
a mildly acidic mesoporous silica-alumina. In
the following, the effect of different olefin feed
compositions is described, regarding product
distribution and degree of branching. Addition-
ally, different olefin partial pressures of olefin

Figure 2. Examples for the co-oligomerization of ethylene, propylene and buty-

lenes to fuel range oligomers.

silica-aluminas is easily tunable by variation of the silica
content, while the strength of the Bronsted sites is compara-
ble to zeolites [32]. Consequently, mildly acidic catalysts are
beneficial to avoid coking and catalyst deactivation by for-
mation of higher oligomers.

The influence of different reaction conditions like tem-
perature or space velocity was also studied as well as the
role of different catalysts [12, 13, 15, 16, 26, 33]. Tempera-
ture and space velocity showed an unambiguous behavior
regarding their influence on the product mixture, whereas
contradictory effects were reported for pressure variations.
A trend towards higher oligomers with increasing olefin
partial pressure on zeolites and mesoporous silica-aluminas
was shown, e.g., by Koninckx et al. [12], Betz et al. [13] and
Jan et al. [34]. In contrast, Silva et al. and Diaz et al. ob-
served the opposite behavior, namely a shift to smaller olig-
omers with increasing pressure, in the case of HZSM-5,
BEA and aluminosilicates [26, 35, 36].

However, most of the work concentrated on the oligome-
rization of only one olefin species and the heterogeneously
catalyzed co-oligomerization of olefin mixtures has been
sparsely considered. As an example from industry, the
Catpoly process, developed by UOP in the 1930s, uses solid
phosphoric acid to convert Cs,4 olefins to gasoline with
chain lengths in the range of Cs.10 [37,38]. Another exam-
ple is the Mobil Olefins to Gasoline and Distillate (MOGD)
process, developed by Mobil during the oil crises in the
1970s, for the conversion of C,, 3,4 olefin mixtures on zeo-
lite ZSM-5 [24,39]. Nevertheless, none of the processes is
currently in operation on an industrial scale for reasons of
economy. In current literature, fuel-relevant properties are
not considered, as the focus is on producing linear mole-
cules with homogeneous catalysts [18,25]. Thus, further
development in the field of co-oligomerization of C, 4 ole-
fins to standard-compliant fuels has been rather neglected
since the 1980s.
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feed mixtures, namely 16 and 32 bar, were inves-
tigated to gain insights into the reaction mecha-
nisms and possibilities of tuning the composi-
tion of the product mixture.

2 Material and Methods

As catalyst, nickel supported on a commercial silica-alumi-
na (SIRALOX 40 from Sasol) has been applied. The meso-
porous support has been impregnated with a nickel salt
solution by incipient wetness impregnation until loading
reached 5wt % of nickel. For this purpose, the support was
first calcined at 550 °C for 8 h before the nickel salt solution
was added. This solution was prepared from Ni(NO;),-6
H,0 (99.9 %, ABCR) and distilled water. After subsequent
drying at 50°C, the catalyst precursor was calcined again
at 550°C. Finally, the catalyst powder was classified by
pelletizing and subsequent crushing to a particle size of
250-500 um. Surface properties of the catalyst measured by
nitrogen sorption isotherms at 77 K with a Novatouch 4LX
analyzer (Quantachrome Instruments), are shown in Tab. 1.
The Brunauer-Emmett-Teller (BET) method in the relative
pressure (p/po) range from 0.002 to 0.3 was applied for cal-
culating the specific surface area. The Barrett-Joyner-Halen-
da (BJH) method was utilized for the determination of the
total pore volume and the average pore diameter. The acid-
ity was analyzed by NH;-TPD analysis using an AutoChem
2950 HP (Micromeritics). The results for the SIRALOX 40
support and the impregnated catalyst with 5wt % nickel are

Table 1. Properties of SIRALOX 40 with 5wt % Ni loading.

Catalyst property SIRALOX 40 with 5wt % Ni
ALO; / SiO, 60 / 40

Pore volume Vpyre [mLg™'] 1.22

Pore diameter dp,,. [nm] 8.0

BET surface Sggr [ng’l] 357
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depicted in Fig. 3. The nickel-loaded catalyst reveals a high-
er acidity than the blank support due to the additional
Lewis acid sites provided by nickel. Further information on
the catalyst can be found in [13] and [40].
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Figure 3. NHs-TPD analysis for SIRALOX 40 and the impreg-
nated catalyst with 5wt % nickel.

With this catalyst, experiments in a lab-scale plant with
different feedstocks and olefin partial pressures have been
carried out. The laboratory system contains a continuously
operating plug-flow reactor as already described by Betz
et al. [13]. It was originally designed for ethylene (99.9 %,
Air Liquide) oligomerization and afterwards extended by a
co-feeding system [27] for liquid propylene (99.5%, Air
Liquide) and 1-butylene (99.4 %, Air Liquide). The liquified
gases are cooled continuously to remain liquid before being
compressed to reaction pressure by HPLC pumps (Wag-
ner), controlled by Coriolis mass flow meters (Bronkhorst).
In each experiment, 5g of fresh catalyst were used. Regard-
ing the operating conditions, a previous study [13] showed
that for the applied catalyst a mild temperature of 120 °C is
beneficial concerning olefin conversion, selectivity to
octenes, and their degree of branching. Accordingly, in all
experiments, 120°C and a weight hourly space velocity
(WHSV) of 4h™" were applied. The gaseous phase was
analyzed by an online gas chromatograph (HP 5890 with
Rt-Alumina BOND/Na,SO, column). The condensed liquid
products were analyzed with an offline gas chromatograph
(Agilent 6890 with DB-1 column) to characterize the
product distribution. Hydrogenation of the oligomeric fuels
leads to the elimination of stereoisomers and therefore
enables the determination of the degree of branching.
According to the procedure described by Heveling et al.
[41], the liquid product is mixed with a commercial hydro-
genation catalyst (10wt% Pd/C, Sigma-Aldrich) and is
hydrogenated at 80°C and 30bar hydrogen pressure in a
stainless-steel autoclave.
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3 Results and Discussion

3.1 Influence of Feed Composition on
(Co-)Oligomerization

Different olefin feedstocks were investigated within this
study. Within all experiments, a pseudo-stationary state
with almost constant activity is reached after around 2h.
Conversions are measured after 4h TOS and the liquid
phase is analyzed after 6h TOS. Results from pure 1-buty-
lene oligomerization are depicted in Fig.4 and can serve as
a reference. In addition, the product distributions of the
co-oligomerization of propylene and 1-butylene in a molar
ratio of 50:50 and the co-oligomerization of a typical MTO
product mixture consisting of 40 mol % ethylene, 40 mol %
propylene and 20mol % 1-butylene are shown. Since a
mildly acidic catalyst is applied and the reaction tempera-
ture is rather low (120 °C), the formation of aromatics dur-
ing oligomerization can be ruled out and only olefins with
different chain lengths are formed [42].
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Figure 4. Product distribution for different olefin feedstocks
(reaction conditions: T = 120 °C, pojefins = 32 bar, piotal = 40 bar,
WHSV = 4h™).

With only one olefin as feed, a high selectivity to specific
chain lengths is achievable. In the case of 1-butylene
(XC4 =86.0 %), primarily integer multiples viz. Cg (propor-
tion of about 55wt%) and C;, (proportion of about
20wt %) oligomers, as well as C;4 tetramers (proportion of
about 10 wt %) are formed. Due to side reactions such as
metathesis or cracking reactions, non-integer multiples,
such as C;o or Cy; hydrocarbons, are also formed. Conspic-
uous is the high selectivity to Cg isomers, which is due to
dimerization and forms almost exclusively the gasoline frac-
tion. Higher oligomers up to C;¢ hydrocarbons fit within
the typical chain length range of jet fuel. A small proportion
of long-chain byproducts C;;, with less than 5wt % is also
formed, which is applicable as diesel fuel.

As soon as several olefins are used as feed, product mix-
tures change considerably. In the case of the co-oligomeri-
zation of propylene and 1-butylene, this effect is already
apparent, since the maximum proportion of oligomers with
a single chain length is drastically reduced from 55wt % to
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about 18wt %. In general, a homogeneously distributed
mixture of oligomers with chain lengths between C; and
C,, is obtained. This can be attributed to the increased
number of possible oligomerization routes. Thus, not only
the integer multiples of the respective monomers occur but
also oligomers stemming from reactions between both reac-
tants, ie., true co-oligomerization takes place. Conse-
quently, co-oligomers such as C; and C;o hydrocarbons are
obtained in larger proportions. This behavior is also evident
in the co-oligomerization of the MTO product mixture.
Regarding the chain length of the oligomers, the product
spectrum comprises hydrocarbons in the range of gasoline
as well as hydrocarbons in the range of jet fuel. The overall
selectivity to the gasoline and jet fuel fraction in all experi-
ments is above 90 % and only the proportion of specific
chain lengths changes. This offers the possibility of tuning
the product distributions and directing them to the desired
product fractions.

Regarding the octane number of gasoline, branching of
the octenes is important. Linear molecules need to be
avoided whereas highly branched hydrocarbons are benefi-
cial and triple-branched octenes offer high RONs around
100. Fig. 5a shows exemplarily the proportion of isomers for
different carbon chain lengths. From the Cg fraction on, the
proportion of isomers is above 90 % and varies only slightly.

For the Cq fraction, the largest differences are visible. In
the case of pure 1-butylene oligomerization, Cs hydrocar-
bons are produced in small amounts and exclusively by
cracking or metathesis reactions. By co-oligomerization of
propylene and 1-butylene, hexene is primarily formed by
the dimerization of propylene. Since propylene also oligo-
merizes at acidic centers where isomerization reactions
occur, the highest proportion of isomers is formed. In the
case of the co-oligomerizations, addition of ethylene re-
duces the proportion of Cs isomers. This is due to nickel-
catalyzed oligomerization of ethylene, which produces
mainly linear molecules [17, 32, 43]. The formation of linear
hexenes is also related to the formation of unbranched C,,

or C;; hydrocarbons, which can be formed by co-oligomeri-
zation of linear hexene with 1-butylene or dimerization.

In Fig. 5b, branching within the Cg fraction is illustrated.
Obviously, the olefin feed has only a minor effect on the
degree of branching. With about 80wt % in every experi-
ment, the highest share of Cg oligomers is double-branched.
As described in a previous study [13], the ratio of 2- to
1-butylenes reaches the thermodynamic equilibrium at
120°C resulting in high shares of 2-butylene and conse-
quently leading to double-branched octenes. Linear and
mono-branched octenes are formed with a content of about
10 %, respectively. Regarding their octane numbers, suitabil-
ity for applications in spark-ignition engines is limited. As
already mentioned above, triple-branched isomers would be
ideal in terms of octane number, but their content is less
than 2wt % in all experiments. According to [7], double-
branched Cg oligomers exhibit octane numbers in the range
of 70-80 and, as shown by Dagle et al. [44], they can be
added as blending components in proportions of up to
20 wt % without reducing the RON and the overall quality
of the fuel. In addition, the blending offers advantages in
terms of improved engine efficiency and reduced soot emis-
sions.

3.2 Influence of Pressure on (Co-)Oligomerization

There are contradictory reports in the literature about the
influence of pressure on olefin oligomerization. The effect
on the product mixture from the co-oligomerization of an
olefin feed mixture has been scarcely investigated yet. There-
fore, this aspect has been addressed and results concerning
olefin conversion, product composition and branching are
described in the following for the same olefin mixtures as in
the previous chapter as well as pure propylene.

High pressure is beneficial for the production of liquid
products from gases, and this is reflected by the experimen-
tal results. Doubling the propylene partial pressure from 16

to 32 bar results in an increase in propyl-

ene conversion X3 of almost 40 % from

65.1 to 90.8 %. This behavior is also evi-
dent in the co-oligomerization of Cs,4

mEZ and the MTO product mixture (Cy,3.4),

as shown in Tab. 2. In the latter case, the
primary product of ethylene oligomeri-
zation at low pressure is butylene [13]
disguising the conversion of the original-
ly fed butylene. Particularly at 16 bar, this
effect plays an important role as the
proportion of butylene in the product
e stream is high, resulting in a significant
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drop of its conversion (Xcy = 7.5%). In
contrast, at 32bar butylene formation

Figure 5. a) Proportion of branched olefins and b) nature of octene isomers for differ-
ent olefin feedstocks (reaction conditions: T= 120°C, pojefins = 32 bar, piotal = 40 bar,

WHSV =4h™).
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from ethylene is less pronounced due to
a higher degree of ethylene oligomeriza-
tion resulting in higher oligomers.
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Table 2. Conversion of different olefin feedstocks at 16 and 32 bar olefin partial pres- achieved leading to the observed shifts in

sure (Piotal = 20 and 40 bar, respectively).

the product distributions.

Olefin feedstock Cs Csia

Olefin partial pressure [bar] 16 32 16 32

The product distribution at 16bar

Ethylene conversion X, [%]
Propylene conversion X3 [%] 65.1 90.8 54.6 88.5

Butylene conversion X4 [%] 40.4 66.7

C2+3+4 . . 5
shows higher proportions of C;;, oligo-
16 32 mers than at 32bar. Larger oligomers
lead to olefin confinement in the catalyst
85.4 100 ¥y
pores and the formation of coke. Conse-
838 858 quently, the catalyst deactivates due to
75 46.7 pore blockage. An investigation of cata-

Considering the product mixture, propylene oligomeriza-
tion shows a shift towards smaller oligomers with higher
pressure, which is also described for butylene oligomeriza-
tion in previous studies [26, 34, 35]. For the Cq trimer, this
shift is clearly visible in Fig. 6 as the Cy content increases by
about 50 % while increasing the partial pressure from 16 bar
to 32 bar. Hexenes are present only to a minor extent in the
liquid product fraction. Thus, hexenes appear to be only in-
termediates for further oligomerization steps to higher olig-
omers. Regarding the pressure dependence in the case of
co-oligomerization, product distributions are only slightly
dependent on pressure and the trend towards shorter chain
lengths is less pronounced at higher pressures. However,
regarding the C, 3, fraction, its content is significantly lower
at 32 bar olefin partial pressure than at 16 bar. The reduc-
tion is around 20 % in the case of C;,4 oligomerization and
around 30 % in the case of C,,3,4 oligomerization. This
overall shift in product distribution may be attributed to the
increased presence of liquid hydrocarbons and conse-
quently to mass transfer limitations as proposed by Diaz
et al. [26]. At 32bar and 120°C, more liquid products are
obtained compared to 16 bar, which is due to increased olefin
conversion. Consequently, pores with the catalyst’s active
sites may get occupied by liquids to a larger extent. Thus, dif-
fusion of gaseous educts to the active sites of the catalysts is
more hindered than at lower operating pressures with lower
proportions of liquid oligomers. Additionally, liquid prod-
ucts may also serve as a solvent, promoting the desorption of
the oligomers and therefore, reducing their residence time on
active sites. As a result, lower degrees of oligomerization are

40
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Figure 6. Product distribution for different olefin feedstocks at
Polefins = 16 bar and pojefins = 32 bar (reaction conditions:
T=120°C, WHSV =4h™").
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lyst deactivation after 24h TOS showed
that by heating the reactor to 300 °C for
8 h under 200 mL min™" argon flow, the initial activity of the
catalyst was restored. This can be attributed to the forma-
tion of soft coke, which desorbs from the catalyst surface at
elevated temperatures [45]. As a result, higher pressure
allows the catalyst to operate longer before regeneration due
to a reduced share of higher olefins and thus, less coke for-
mation and catalyst deactivation.

Concerning the branching of the liquid products, pres-
sure variation exhibits a low impact. In the (co-)oligomeri-
zation experiments, only minor changes in the proportion
of iso-olefins (Fig.7a) and the degree of branching in the
octene fraction (Fig.7b) occur. At 32bar, only 38 % of the
hexenes are branched due to the formation of linear hex-
enes via propylene dimerization on nickel sites [11]. How-
ever, propylene oligomerization leads to proportions of Cq
isomers exceeding 97 % in both experiments (not shown in
Fig. 7a). Consequently, the acid-catalyzed oligomerization of
linear hexenes with propylene leads almost exclusively to
branched Cy isomers and ultimately the differences in iso-
mer proportions of Cs and Co. In the co-oligomerization
experiments, this effect is also evident as the proportion of
C, iso-olefins is always above 96 %, whereas the proportion
of C¢ iso-olefins is less than 50 %. Concerning the number
of branches in the Cg fraction, the highest proportions
are double-branched. During propylene oligomerization, Cq
oligomers are formed exclusively at acid sites by metathesis
or cracking reactions, resulting in branched hydrocarbons.
The pressure levels do not significantly change the degree
of molecular branching. Consequently, the acid-catalyzed
reactions appear to be largely independent of pressure.

4 Conclusion

Olefins exhibit a great potential to become a key component
for the production of renewable fuels. The present study
shows that the heterogeneously catalyzed oligomerization of
methanol-based olefins is a promising option for the supply
of fuels for gasoline or jet fuel applications. Various olefin
mixtures consisting of ethylene, propylene and 1-butylene
were converted at different olefin partial pressures and
product distributions including the branching of the oligo-
mers were determined. The results enable identification
of preferred reaction pathways and beneficial operating
conditions for olefin (co-)oligomerization on silica-alumina

www.cit-journal.com

85U8017 SUOWILLOD @A 18810 3cedldde ayy Aq peusenob a1e s9jolie YO ‘@S Jo SNl 10y Ariq1T8UIIUO AB[IA UO (SUONIPUCD-PUe-SLLLIBY WO A8 | 1M ARIq 1 BU1UO//SdNLY) SUORIPUOD PUe SWiB | 8L 88S *[£202/20/0T] o Areiqiaulluo A8|im ‘@1bojouyse L 4 1sul Buns|e 3 Aq 602002202 @319/200T 0T/10p/u00" A8 1M Ake.q1jpul|uo//sdny wo.j papeojumod ‘G ‘€202 ‘0v92Z2ST



Chemie
656 Research Article Ingenieur
Technik
100 — . - 100
I C; 16 bar H = g;zigabrar
B C., 16 bar B C. ... 16 bar
80 [ C,.;., 16 bar 804 —__

[ c, 32 bar % 23 3232:&
x & ., 32 bar BN —J cs‘4 32 bar|
= [ Cpiaus 32 bar ) 24304
2 60 2 601
C [
RS o
5 B 5
2 40+ T 40,
@ B
=) a

20+ 201
o] a0 Wi
Ce ‘ Cq ‘ Cio ‘ Ci, none ‘ one ‘ two ‘ three

(a) Proportion of iso-olefins (b) Number of branches in Cg fraction

Figure 7. a) Proportion of branched olefins and b) nature of octene isomers for different olefin feedstocks and

partial pressures (reaction conditions: T = 120°C, WHSV =4h™).

supported nickel catalysts. The olefin feedstock strongly
influences the product distribution enabling a tunable pro-
cess for the production of specific fuel fractions. With dif-
ferent olefins as educts, co-oligomerization leads to more
evenly distributed product mixtures with an overall selectiv-
ity above 90 % to Cs.;6 hydrocarbons, i.e., gasoline and jet
fuel.

Varying the olefin partial pressure of the employed olefin
feed mixtures only marginally affects the degree of oligome-
rization of the products by shifting it towards smaller oligo-
mers. The formation of soft coke on the catalyst is reduced
at elevated pressure, which extends the operating time until
catalyst regeneration is required. Branching and isomeriza-
tion are only slightly dependent on the applied pressure,
but the results enable to conclude on reaction pathways to
higher oligomers. It could be shown that at higher pressure
linear hexenes, produced by nickel-catalyzed oligomeriza-
tion of ethylene or propylene, react with propylene on acid
sites to form almost exclusively branched nonenes. Addi-
tionally, olefin conversion increases significantly with in-
creasing pressure resulting in higher yields of liquid prod-
ucts if unconverted olefins are not recycled within the
process.

Opverall, the produced fuels are free of aromatics and can
be synthesized on a renewable basis, which represents a
low-emission option for extending the operation of cur-
rently existing fleets throughout the transportation sector.
In addition, the conventional fuel distribution and tank
infrastructure can still be used. A requirement for sustain-
able and overall low-emission production on large scale is
the availability of renewable energies and feedstocks such as
methanol and DME. This requirement is currently the
dominating challenge for application on commercial scale.
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I Symbols used

Cy [-] olefin with y carbon atoms

dpore [nm] pore diameter

p [bar] pressure

SpET [m’g']  specific surface

T [°C] temperature

Vbore [mL] pore volume

WHSV  [h] weight hourly space velocity

Xey [%] conversion of olefin with y carbon

atoms

I Abbreviations

BET Brunauer-Emmett-Teller
DME dimethyl ether

DTO DME to olefins

MTO methanol to olefins
RON research octane number
TOS time on stream
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