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Florent Dubray a, Vladimir Paunović a,b, Marco Ranocchiari a,⇑, Jeroen A. van Bokhoven a,b,⇑
a Laboratory for Catalysis and Sustainable Chemistry (LSK), Paul Scherrer Institut (PSI), 5232 Villigen PSI, Switzerland
b Institute for Chemical and Bioengineering, ETH Zurich, Vladimir-Prelog-Weg 1, 8093 Zurich, Switzerland

a r t i c l e i n f o a b s t r a c t
Article history:
Received 20 May 2022
Revised 30 June 2022
Accepted 20 July 2022
Available online 28 July 2022

Keywords:
Oligomerization
Jet-fuel
SBA-15
Catalysis
The oligomerization of biomass-derived light olefins offers a promising potential for the synthesis of sus-
tainable jet-fuels, which mostly comprise C10-C18 hydrocarbons. However, the selectivity control of
oligomerization reaction remains a challenge. In this contribution, oligomerization of pentene and hex-
ene mixtures was studied over acidic mesoporous Al–SBA–15 catalyst in continuous operation, and the
impact of different process parameters on conversion and selectivity is thoroughly evaluated. Kinetics
evaluation showed that the reactivity of pentene is higher than that of hexene. Selectivity to jet-fuel
range products > 98 % were achievable at low-to-moderate conversions (<50 %), while higher conversions
(ca. 90 %) resulted in selectivities of ca. 75 %. Notably, the product distribution at iso-conversion was
unaffected by temperature, pressure, and weight hourly space velocity, implicating that adjusting the
conversion is the primary way to tune the selectivity of the Al-SBA-15 catalyst. This understanding of
the oligomerization process opens the door for the research devoted on the oligomerization of complex
olefin mixtures, mimicking the process stream of olefins production units, in order to achieve ‘‘biomass to
jet-fuel” transformation.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and
Engineering Chemistry. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

The aviation industry is an ever-growing industrial field that
requires fuels able to meet strict parameters, such as energy den-
sity, freezing temperature, and flash points [1]. Kerosene, which
is also known as jet-fuel (JF), perfectly meets these requirements
thanks to its properties: it is mostly composed of linear and
branched C10 to C18 saturated alkanes, with boiling points ranging
from 423 to 573 K [2,3]. Currently, jet-fuel is produced by crude-oil
refining. In the context of the energy transition, new routes
enabling the production of less CO2-intensive jet-fuels from renew-
able resources are in high demand [4]. To this regard, the use of
intermediate olefins in the C4 to C8 range (most specifically C5-
C6) might be an attractive option as they can be retrieved from dif-
ferent potentially renewable resources, including the well-known
and well-established methanol to olefins (MTO) process [5,6]. Such
intermediate olefins need to be condensed towards jet-fuel range
products through an oligomerization step, before being hydro-
genated to yield the desired jet-fuels. The selective conversion of
light olefins (C4-C8) towards jet-fuel range products through
oligomerization remains a challenge, with the applicability and rel-
evance of the corresponding synthetic strategy being at stake.

Oligomerization of olefins is catalyzed by acid sites in a classical
carbenium ion route and by metal sites, such as nickel, through a
Cossee-Arlmann 1,2 insertion mechanism [7]. Acid catalysis typi-
cally favors the formation of secondary and tertiary carbenium ions
over the unstable primary carbeniums through a fast isomerization
step. Acid catalysis is ineffective for the activation of the ethylene
molecule due to the instability of the respective carbenium ion.
Alternatively, nickel-based catalysis directly converts the double
bond through an organometallic process, making it quite efficient
in the conversion of light olefins (ethylene especially), but more
inefficient for higher olefins. Catalytic oligomerization typically
leads to a Shultz-Flory type distribution of products, which makes
selectivity control challenging [8]. To form jet-fuel range products,
it is preferable to start from intermediate olefins (C4-C8, especially
C5-C6) because the amount of individual oligomerization step
required to access jet-fuel range from these olefins is the shortest
(dimerization + trimerization) and only acid-based catalysis is
required, making the overall catalytic system relatively simple. In
contrast, approaches starting from ethylene usually use a combina-
tion of nickel-based and acid-based reactions to produce the C4-C8
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intermediate olefins in-situ, for them to react with the actual acid-
based catalysis [9–12].

The classical carbenium ion oligomerization route is described
in Fig. 1 for pentene. The Brønsted acid site from the catalyst is first
reacting with the olefin (reaction I), leading to the formation of an
ion-pair. The formed carbenium ion can undergo isomerization
(vide infra) or react with an additional olefin (reaction III) which
then may either undergo further chain growth, or desorb, thus ter-
minating the oligomerization (reaction IV), yielding an oligomer-
ized olefin and the Brønsted acid site. In parallel to the
oligomerization reaction, isomerization also occurs via H- and/or
alkyl-shifts (reactions V,VI) on adsorbed olefins, typically favoring
the formation of more thermodynamically stable secondary and
tertiary carbenium ions. In addition, reaction I is also responsible
for double bond migration and E/Z transition of the adsorbed
olefins.

The conversion of C4-C8 olefins over acid-based catalysis repre-
sents therefore the key component for directing the process selec-
tivity towards jet-fuel. Non-acid-based catalysis alternatives do
exist, such as in the work from Harvey et al. who studied the con-
version of 1-hexene to jet and diesel fuels over an unsupported
heterogeneous Cp2ZrCl2/MAO metallocene catalyst at ambient
Fig. 1. Scheme of the carbenium ion route mechanism
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temperature and pressure in batch mode [13], reporting ca. 80 %
selectivity to a mixture of dimers (C12) and trimers (C18) at 100 %
conversion. However, such non-acidic catalysts tends to be rela-
tively expensive and unstable, seriously hindering their overall
performances from an economic and practical point of view. In
the corresponding literature, examples for the less-expensive and
more-practical acid-based catalytic conversion of C4-C8 olefins
towards jet-fuel range products can be found instead. For instance,
triptene (2,3,3-trimethyl-1-butene), which is a typical product of
acid-catalyzed dimethyl ether (DME) homologation, was converted
over Amberlyst-35 at ambient pressure, and at temperatures rang-
ing from 353 to 373 K in batch conditions [14]. At 373 K and 35 %
conversion, the selectivity to C10-C20 products reached 71 %. In
addition, the co-processing of iso-butenes (another product from
DME homologation) is mentioned as a possible way to further
adjust product selectivity from diesel to jet-fuel. Quann et al. con-
verted C3-C6 olefins over ZSM-5 in continuous mode [15]. They
highlighted the fact that applying relatively high pressure (30–
100 bar) and low temperature (473–573 K) improved distillate
range olefin production with petrochemical-type structure and
high quality fuel properties, while low pressure and high temper-
ature resulted in lower molecular weight products due to cracking,
for the acid-catalyzed oligomerization of pentene.
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H-transfer reactions, olefin condensation and aromatization reac-
tions. In another example, FCC olefins in the C4 to C6 range were
converted into distillate-range products in flow mode, but by
changing time-on-stream and space velocity, it was possible to
tune product conversion towards diesel and kerosene fractions
[16]. Van Grieken et al. oligomerized 1-hexene in octane as a sol-
vent in flow mode, over different aluminosilicates (Al-MCM-41,
Al-SBA-15, H-ZSM-5, and Al-MTS) yielding conversions superior
to 75 %. Over Al-SBA-15, selectivity to dimer (C12) was 48 %, to tri-
mers (C18) 30 %, and to heavier products (C18

+ ) 20 %, at 80 % conver-
sion [17,18].

In this contribution, we focused on the oligomerization of pen-
tene and hexene using Al-SBA-15 as model heterogeneous acid cat-
alyst operated in single-pass flow mode. The aim was to clearly
evaluate the influence of reaction parameters, such as pressure,
temperature, weight hourly space velocity, feed composition, and
deactivation on both conversion and selectivity towards jet-fuel
range products. We decided to use a well-established Al-SBA-15
catalyst for this study in order to clearly and efficiently assess
the effect of process parameters. In order to provide clear compar-
ison with the complementary work from Van Grieken et al. [17,18],
the Al-SBA-15 used in this study is the same as the one evaluated
in their work. The initial reaction conditions were kept similar and
only changed afterwards to evaluate their effect [17,18]. A mixture
of pentene and hexene was specifically chosen as feed because
their dimers and trimers are falling within desired jet-fuel range
products (C10 for C5 + C5 dimerization, C11 for C5 + C6 dimerization,
C12 for C6 + C6 dimerization, C15 for C5 + C5 + C5 trimerization, C16

for C5 + C5 + C6 trimerization, C17 for C5 + C6 + C6 trimerization, and
C18 for C6 + C6 + C6 trimerization). In addition, the evaluation of a
feed comprising a mixture of olefins in the absence of any solvent
is valuable since: (i) it is approaching more real-life conditions for
such a process at industrial level, and (ii) it allows the study of the
influence of olefin feed composition on both conversion and selec-
tivity. In addition, a kinetic evaluation of the reaction rate constant
of each olefin was performed.
Experimental

Synthesis

The Al-SBA-15 catalyst was prepared according to the following
procedure, inspired from the work of Van Grieken et al. [17,18].
Two solutions (A and B) were first prepared independently. Solu-
tion A was prepared by mixing Pluronic P123 (4.04 g) with water
(56.2 g) and hydrochloric acid (6.4 cm3, 37 %). This solution was
heated and stirred at 313 K so as to completely dissolve the Pluro-
nic P123. Solution B consisted in a mixture of tetraethylorthosili-
cate (TEOS, 8.41 g) and of aluminum isopropoxide (0.27 g), that
was stirred at room temperature for 1 h. Solution B was subse-
quently added to solution A, and the resulting mixture was stirred
at 313 K for 75 min. Then, a 5 wt.% aqueous ammonia solution was
added dropwise until pH = 6 was reached, and the solution was
aged for 1 h, still under stirring at 313 K. The solid was then filtered
(not washed) and dried in a 363 K oven for 3 days, before being
subjected to calcination at 823 K for 5 h under static air.
Characterization

Powder X-ray diffraction (XRD) diagram was recorded on a
Brüker D8 Advance diffractometer, using the Cu Ka1 radiation
(k = 1.540598 Å). N2 sorption data were recorded using a
Micromeritics 3 flex unit. Al-SBA-15 sample was first activated
under vacuum at 673 K, before being subjected to N2 sorption
experiments (equilibration time = 10 s). The acidity of Al-SBA-15
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was characterized by temperature programmed desorption of pyr-
idine (pyridine TPD) followed by infra-red spectroscopy (IR/Pyr)
acquired on a Nicolet iS50FT-IR. The Al-SBA-15 self-supported
wafer (2 cm2, av. 20 mg) was prepared using a hydraulic press
(1 t.cm�2), prior activation at 673 K under vacuum. The wafer
was then saturated with Pyridine (0.00133 bar at ambient temper-
ature, before isothermal desorptions were performed under vac-
uum, from room temperature to 673 K. The extinction coefficient
used for the determination of Brønsted and Lewis acid site densi-
ties are respectively 1.67 and 2.22 cm lmol�1.[19] 27Al MAS
NMR spectrum of Al-SBA-15 was recorded on an AVANCE III HD
Bruker spectrometer operating at 400 MHz, equipped with a
4 mm MAS probe-head using zirconia rotor spun at 10 kHz. The
27Al pulse length was 1 ls for a pulse angle of 30 �, with a recovery
delay of 1 s. Chemical shifts were referenced to aluminum nitrate.
The Al-SBA-15 sample was hydrated prior measurement.

Catalytic testing

For catalytic testing in the oligomerization reaction, a stainless-
steel down-flow tubular reactor was used (0.6 cm internal diame-
ter, 19 cm length) with a catalyst loading of 0.250 g held with a fil-
ter. Prior use in catalytic reaction, the catalyst was first pressed
into wafers with a hydraulic press (0.1 t cm�2), before being
crushed and sieved so as to retrieve only agglomerates comprised
between 0.025 and 0.05 cm in diameter. The freshly introduced
catalyst was activated in-situ under nitrogen flow (50 cm3 STP
min�1) at 673 K and at ambient pressure for 2 h. The reactor tem-
perature was then decreased to reaction temperature under 20 cm3

STP min�1 of nitrogen. A HPLC pump was used to pump in and
pressurize the feed mixture while a backpressure regulator was
used to keep and control the pressure in the reactor (DP = ±1 bar).
The feed was prepared by mixing 1-pentene and 1-hexene (1:1 in
volume). For the determination of kinetic rate constants, only 1-
hexene or 1-pentene pure feed were used, diluted in n-heptane
(approx. 2 mol dm�3). For the study of feed composition, the ratio
between 1-pentene and 1-hexene was changed. The liquid prod-
ucts were collected right after the backpressure regulator in vials
for further GC-FID analysis. Oligomerization reactions were per-
formed at pressures 35–65 bar, temperatures 423–523 K, and
weight hourly space velocities (WHSV) of 3–25 h�1. The WHSV
were adjusted by changing the feed flow. The mass balance was
closed to within 5 % in all experiments, based on product mass flow
measurements.

The analysis of the inlet and outlet feed compositions was per-
formed by gas chromatography (GC-FID) on a 6890 Series Agilent
Technologies gas chromatograph equipped with a 122–5032 DB-
5 capillary column (30 m, 250 lm diameter, 0.25 lm wall thick-
ness) and a FID detector. Injection port temperature was set at
493 K, while the column temperature was set according to the fol-
lowing temperature ramp: 5.5 min at 308 K, then heating at
10 K min�1 up to 588 K. Helium was used as carrier gas, and refer-
ence linear olefins from C5 to C18 were individually calibrated by
external calibration method. The attribution of signals in the GC-
FID was checked with a second GC–MS gas chromatography
(7890A Series Agilent Technology) coupled with a mass spectrom-
etry detector (5975C inert XL MSD with triple-axis detector), under
the same measurement conditions.

The different fractions (from C5 up to C18) were individually cal-
ibrated using reference solutions containing the corresponding lin-
ear alkenes. The concentrations were calculated for pentene (C5),
hexene (C6), dimers (C10 to C12), trimers (C15 to C18) and heavy
products (C18

+ , using the calibration for C18 fraction). Conversion
(X) are calculated by taking the difference in composition of either
C5 (pentene conversion), C6 (hexene conversion) or both C5 and C6

(pentene + hexene conversion) between the initial corresponding

http://t.cm
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feed and reactor outlet flows, divided against the initial feed flow
(Equation (1)):

X ¼ C0 � Cð Þ
C0

ð1Þ

where X is the conversion, C the concentration of reactant (pentene,
hexene, or pentene + hexene) in the reactor outlet stream in g dm�3,
and C0 the corresponding concentration in the initial feed in g dm�3.

Selectivities to dimers (Sdim, C10-C12), trimers (Strim, C15-C18) and
heavier oligomers (Sheavy, C18

+ ) are calculated as the ratio between
the concentration of one oligomerization product against all
oligomerization products (Equations (2) and (3)), so that.

Si ¼ CiP
iCi

ð2Þ

Sdim þ Strim þ Sheavy ¼ 1 ð3Þ
where Si is the selectivity in product i (i standing for dim, trim, or
heavy), and Ci is the concentration of product i in reactor outlet
stream given in g dm�3.

The branching of oligomerization products was also evaluated
using 1H NMR spectra, acquired on a Spinsolve 60 Phosphorus
Ultra benchtop NMR from Magritek, operating at 60 MHz, with a
relaxation delay of 15 s. All 1H chemical shifts were referenced to
TMS. Olefinic protons and aliphatic protons were considered to
be in the 6–4 ppm and 3–0 ppm ranges respectively.

Results and discussion

Characterization of Al-SBA-15

The Al-SBA-15 catalyst (Si/Al � 30) used in this study displayed
a characteristic N2 sorption isotherm exhibiting a well-resolved
adsorption–desorption hysteresis indicating the presence of regu-
lar mesopores (Fig. 2). Its BET surface area was 827 m2 g�1 and
pore size distribution indicated uniformly distributed mesopores
of ca. 6 nm in diameter according to BJH (Barrett-Joyner-
Halenda) desorption model, as showed in Fig. 2b [18]. The powder
X-ray diffraction (PXRD) of Al-SBA-15 confirmed the amorphous
nature of its walls (Electronic Supplementary Information ESI, Fig-
ure S1). 27Al MAS NMR spectroscopy (ESI, Figure S2) displayed an
intense peak at 55 ppm, corresponding to approximately 60 % of
all detected Al species and attributed to tetrahedral aluminum spe-
cies, demonstrating that most of the aluminum species are well
embedded in the Al-SBA-15 silica-based matrix. Two additional
contributions located at 0 and �5 ppm are attributed to octahedral
Al species and account for 40 % of Al sites. The density of Brønsted
acid sites was 30.4 lmol g�1, for a total Lewis acid site density of
76.3 lmol g�1 as determined by the pyridine desorption at 373 K
(Fig. 3). In addition, the presence of significant amounts of strong
acid sites (28.3 lmol g�1 Lewis, and 0.8 lmol g�1 Brønsted) is con-
firmed by the retention of pyridine molecules at relatively high
desorption temperature, up to 673 K (ESI, Table S1). The synthe-
sized Al-SBA-15 catalyst is therefore a good candidate for the
oligomerization reaction due to its wide pores, high surface area,
and appropriate acid properties.

Catalytic results

Kinetics of pentene and hexene oligomerization
Conversions and selectivities were investigated over a wide

range of catalytic conditions, with the aim to elucidate the ideal
parameters allowing to achieve optimal selectivity towards jet-
fuel range olefins over Al-SBA-15 catalyst. Firstly, the kinetic rate
constants of pentene and hexene oligomerization were determined
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at a temperature of 473 K and a pressure of 50 bar, at low conver-
sion (below 10 % conversion, without formation of trimers) by
changing weight hourly space velocities, using a pure pentene or
hexene feed previously diluted in n-heptane (solvent). Assuming
second order kinetics, the following reaction equation was defined
as Equation (4):

MþM ! D ð4Þ
where M is the monomer (pentene or hexene in the present case)
and D is the corresponding dimer (decene and dodecene
respectively).

Using the PFR model with second-order kinetics, the following
integrated second-order rate law was defined (Equation (5)):

1
C
¼ kt þ 1

C0
ð5Þ

where C corresponds to the concentration of monomer M in the
reactor outlet stream as a function of contact time, C0 is the concen-
tration of monomer M in the feed, t is the contact time (correspond-
ing to the inverse of the WHSV), and k is the kinetic rate constant,
given in dm3 mol-1h�1.

By plotting 1/C as a function of 1/WHSV, linear correlations
were obtained supporting the second order kinetics in the case of
pentene and hexene oligomerization (Fig. 4). On this plot, we
back-calculated the feed composition, given by the intercept (1/
C0 = 0.441 dm3 mol�1 for pentene and 0.572 dm3 mol�1 for hex-
ene). The corresponding retrieved intercepts were respectively
0.443 dm3 mol�1 and 0.565 dm3 mol�1. The slope of both curves
(for pentene and for hexene) gives access to the actual rate con-
stant of 0.954 dm3 mol-1h�1 for pentene and 0.390 dm3 mol-1h�1

for hexene. The evaluation of undiluted pentene + hexene feed
mixtures with different composition was also attempted under
the same conditions of temperature and pressure, for a weight
hourly space velocity of 15 h�1 (Fig. 5b). The pentene molar frac-
tion of the feeds were 0.00; 0.25; 0.50; 0.75; and 1.00. For all eval-
uated feed compositions, the conversion of pentene (56 %) was
systematically higher than the conversion of hexene (41 %). Inter-
estingly, the conversion difference between pentene and hexene
was almost constant over all feed compositions, with a value of ap-
prox. 15 % and a slight increase observed between 0.25 and 0.75
pentene fractions, at 473 K. The difference in conversion is consis-
tent with the higher value of the pentene reaction rate constant
and indicates a higher reactivity of pentene compared to hexene,
in the oligomerization reaction.

Deactivation of Al-SBA-15 along time on stream
Thereafter, the stability of the Al-SBA-15 catalyst kinetic perfor-

mances for pentene + hexene oligomerization was evaluated at a
temperature of 473 K, a pressure of 60 bar, and a WHSV of
15 h�1 (Fig. 5a). The feed was a mixture of pentene and hexene
(1:1 in volume). Within the first 3 hours of time-on-stream, the
pentene + hexene conversion decreased from 90 to 82 % followed
by a slower but steady drop of conversion from 82 % to around
50 % in the course of 28 h over time-on-stream. This deactivation
is due to the accumulation of coke blocking access to active sites,
as observed by the blackening of the catalyst over time-on-
stream.[20] On Fig. 5a, vertical dotted lines are showing interrup-
tion of the catalytic experiment (performed by flushing the reactor
with pure catalytically inactive heptane before stopping the heat-
ing and feed flow). The reaction was restarted by heating the reac-
tor up and switching the feed back from pure heptane to the
pentene + hexene feed mixture. Time on stream is resumed only
once pentene + hexene feed mixture is going through the reactor.

In order to account for catalyst deactivation when evaluating
any other parameter hereinafter, measurements were performed
on partially deactivated Al-SBA-15. For each parameter under



Fig. 2. (a) nitrogen adsorption/desorption isotherm and (b) pore size distribution plot from BJH desorption model, of calcined Al-SBA-15.
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investigation (temperature, pressure, feed composition, or WHSV),
a first reference measurement was performed at a temperature of
473 K, a pressure of 50 bar, and a WHSV of 15 h�1. Then, the inves-
tigated parameter was altered and catalytic data were acquired
accordingly. Once measurements were finished, the parameter of
interest was restored to its original value so that catalytic perfor-
mance could be evaluated once again under the exact same condi-
tions as the first reference experiment. Catalytic data were
considered valid only if the reference measurements taken at the
very beginning and at the very end of a parameter variation study
were equal, thus ensuring that the data are free of deactivation.
413
Effect of process parameters on oligomerization conversion
The effect of WHSV over oligomerization conversion of pen-

tene + hexene (1:1 in volume) was then investigated at 473 K
and 50 bar (Fig. 5c). At relatively low WHSV, the catalyst is facing
diffusion limitation as evidenced by the increase of conversion for
decreased WHSV. However, for WHSV higher than approx. 10 h�1,
the conversion is independent of WHSV hence proving that reac-
tion is under kinetic control. The effect of temperature and pres-
sure over oligomerization conversion of pentene and hexene (1:1
in volume) was then determined (Fig. 5d). A clear positive effect
of temperature was observed on conversion: an increase in



Fig. 3. FT-IR spectra of pyridine desorption (difference spectra) over calcined Al-
SBA-15.

Fig. 4. 1/C vs 1/WHSV plot for the determination of second order kinetic rate
constants for pentene and hexene oligomerization. Measurement performed from
pure pentene or hexene feeds diluted in heptane (solvent), at 473 K and 50 bar over
Al-SBA-15. Line regression equations and their corresponding R square values are
indicated directly on the figure.
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temperature of 50 K from 473 to 523 K doubled the conversion
level (from approx. 40 to 80 %). At lower temperature (423 K), con-
version dropped below 10 %. In addition, for an identical feed com-
position, the difference between pentene and hexene conversion
was reduced at higher temperature, possibly indicating a lower
impact of olefin nature on their relative conversions at higher reac-
tion temperature. However, the influence of pressure was negligi-
ble under all conditions attempted (from 35 to 65 bar, at all
reaction temperatures). The fact that pressure did not have any
impact on conversion might be due to the physical state of
involved molecules in the pressure range studied. From 35 to
65 bar, all oligomerization produts are liquids, hexene a compress-
ible liquid (critical pressure = 35.5 bar), and pentene a critical fluid
(critical pressure = 32.2 bar). Therefore, we can conclude that pres-
sure increase above reactant critical pressure does not impact
oligomerization conversion significantly.

Effect of process parameters on oligomerization selectivity
The influence of all investigated parameters (deactivation, feed

composition, weight hourly space velocity, pressure and tempera-
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ture) on oligomerization selectivity was evaluated by analyzing the
selectivity against conversion relationships (Fig. 6). Fig. 6a presents
the evolution of selectivity following deactivation. The selectivity
of the oligomerization process evolved with time-on-stream
towards lighter products, highlighting the lower extent of co-
oligomerization process over extended time-on-stream, due to
the lowered nominal conversion, as described vide-infra. A clear
relationship is observed: at high conversion a higher amount of tri-
mers (C15-C18) and heavy (C18

+ ) products were formed while at low
conversion, dimer (C10-C12) formation prevailed (Fig. 6a). The aver-
aged selectivity towards jet-fuel range olefins (dimers + trimers)
over the first 40 h TOS evaluated was approximately 91 % (68 %
selectivity to dimers, and 23 % selectivity to trimers). The initial
conversion was 90 % (Sdim = 40 %, Strim = 35 %, Sheavy = 25 %), and
after 40 h TOS, conversion was reduced to 48 % (Sdim = 83 %,
Strim = 15 %, Sheavy = 2 %). A fitting line is drawn to follow the selec-
tivity against conversion plot based on the points from Fig. 6a. This
line is kept constant in all other sub-figures from Fig. 6 to serve as
reference.

The influence of feed composition on selectivity was also inves-
tigated (Fig. 6b). All points are following the fitting lines drawn
from Fig. 6a, highlighting the fact that selectivity is not governed
by feed composition, but only by conversion. However, conversion
remains a function of feed composition because of the higher activ-
ity of pentene compared to hexene: an increase of the pentene
fraction in the feed consequently results in a slight conversion
increase. In addition, it is worth mentioning that at constant con-
version, a change of feed composition will not influence selectivi-
ties to oligomerization products significantly, but the actual
nature of these products (dimers, trimers) will obviously change
according to feed composition.

The influence of weight hourly space velocity was then evalu-
ated at a temperature of 473 K and a pressure of 50 bar (Fig. 6c).
All points felt on the line corresponding to the points from
Fig. 6a, proving that WHSV does not influence selectivity of the
oligomerization process, but only conversion. In addition, this
result highlight that selectivity is independent from both WHSV
and TOS, and is therefore independent from deactivation as well.

Finally, the effect of pressure and temperature over pen-
tene + hexene oligomerization were evaluated in Fig. 6d at a WHSV
of 15 h�1. Comparison of points with the line obtained from Fig. 6a
also resulted in the conclusion that all points are following the line,
therefore proving that selectivity does not depend on temperature
or pressure either, in the range investigated.

Effect of oligomerization temperature on branching
The unreacted feed in the oligomerization process is always

undergoing significant isomerization, yielding branched oligomer-
ization products, possibly impacting critical properties of the final
synthetic jet-fuel after hydrogenation (viscosity, flow properties,
freezing point, boiling point, cetane number, etc.). The unreacted
feed composition present in the product mixture was therefore
analyzed at both 473 and 523 K. Accordingly, the inlet pentene
and hexene are specifically 1-pentene and 1-hexene, but the outlet
unreacted feed after oligomerization is mostly composed of 2-
pentene and 2/3-hexene as well as branched isomers (methylbute-
nes and methylpentenes). Fig. 7 describes the isomer composition
of the unreacted feed in the oligomerization reactor outlet, as iden-
tified by GC–MS. Most of the initial feed was isomerized and
underwent branching and double bond relocation. This is quite
expected since acid-catalyzed olefin oligomerization involves car-
benium ions as intermediate species. Such carbenium ions tend
to rearrange themselves through hydride and methyl shifts from
the initial unstable primary carbenium ions towards more stable
secondary (2-pentene and 2/3-hexene) and isomerise to tertiary
(methylbutene and methylpentene) carbenium ions before and



Fig. 5. Influence of (A) time-on-stream, (B) feed composition, (C) weight hourly space velocity, and (D) temperature and pressure over conversion for the pentene + hexene
oligomerization reaction. In black is the pentene + hexene conversion, in red the pentene conversion, and in blue the hexene conversion. On plot (D), points measured at
65 bar are up-pointing triangles, points measured at 35 bar are down-pointing triangles, and points measured at 50 bar are squares. Super-imposed points were artificially
shifted along the temperature axis for clarity.
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after undergoing oligomerization (see Fig. 1). This isomerization
reaction step is enhanced by increasing the temperature from
473 to 523 K, as evidenced by the higher degree of branching
observed at higher temperature while lower temperature mostly
induces double bond shift. Therefore, the branching degree of
pentenes and hexenes increased with temperature, which most
probably also influences the amount of branching in the actual
oligomerization reaction products although this could not be con-
firmed experimentally due to the lack of resolution of the GC–MS
spectra in the region where oligomerization products appear. How-
ever, it was possible to measure 1H NMR spectroscopy signal of the
reaction outlet stream obtained after reaction at a temperature of
473 K, and a ratio between olefinic and aliphatic protons of
0.0578 could be measured (ESI, Figure S3). This ratio was refer-
enced to the averaged hydrocarbon molecule length of 17.9 carbon
atoms/molecule (as determined by GC-FID) in the analyzed outlet
stream composition. For a C17.9 olefin, theoretical ratios between
olefinic and aliphatic protons of 0.092, 0.059 and 0.029 are
obtained respectively for terminal olefins (3 olefinic H/molecule),
secondary olefins (2 olefinic H/molecule), and branched secondary
olefins (1 olefinic H/molecule). Therefore, by comparing the ratio
obtained with 1H NMR spectroscopy to the theoretical ratios, we
can conclude that on average, the olefins obtained after oligomer-
ization at a temperature of 473 K are secondary olefins having on
average slightly less than 2 olefinic H/molecule. This matches the
double bond relocation isomerization highlighted on unreacted
feed using MS at the same temperature (Fig. 7a). The same calcu-
415
lation was performed for a reactor outlet feed after oligomerization
at a temperature of 523 K, yielding an experimental olefinic/ali-
phatic proton ratio of 0.041 (ESI, Figure S3). This ratio was com-
pared with the theoretical ratios for the corresponding averaged
C19.2 molecule, having ratios of 0.085, 0.055, and 0.027 respectively
for terminal olefins (3 olefinic H/molecule), secondary olefins (2
olefinic H/molecule), and branched secondary olefins (1 olefinic
H/molecule). This time, the experimental ratio is in between sec-
ondary and branched secondary olefins (broadly 1.5 olefinic H/-
molecule), highlighting the higher degree of olefin branching in a
position. This is in agreement with the observed higher degree of
methyl shift isomerization observed at higher temperature on
the unreacted feed with mass spectrometry (Fig. 7b). As a result,
temperature does influence conversion and does not influence
selectivity in terms of oligomerization products, but temperature
does changes product selectivity in terms of branching of the
formed olefins, which is expected to have an influence on the cor-
responding jet-fuel properties. In addition to that, the total absence
of NMR signal above 6 ppm indicates the absence of any aromatic
products in the reactor outlet stream over the full range of temper-
ature evaluated.

Performance evaluation for jet-fuel production
Overall, we show that the selectivity of the pentene + hexene

oligomerization towards jet-fuel range products is solely a function
of conversion and feed composition, over Al-SBA-15. The selectiv-
ity towards jet-fuel is at its maximum (>99 %) at low conversion



Fig. 6. Selectivity towards oligomerization products (blue: dimers, green: trimers, red: heavier oligomers) against pentene + hexene oligomerization conversion plots. In (A)
is presented the influence of time-on-stream over selectivities, in (B) the influence of feed composition, in (C) the influence of WHSV, and in (D) the influence of temperature
and pressure (up-pointing triangle: 65 bar, down-pointing triangle: 35 bar, square: 50 bar). Solid lines corresponds to fittings for selectivity towards dimers, trimers, and
heavy products, derived from the data points presented in (A).
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below 10 % due to the lower amount of heavy product formation,
but at the same time, the composition of the achieved jet-fuel is
very light, being predominantly composed of dimers (C10-C12 range
hydrocarbons). Higher conversion (50–90 %) are therefore prefer-
able, even though the selectivity to jet-fuel is reduced (98–75 %
respectively), so as to synthesize higher quality jet-fuels having a
more homogeneous distribution of carbon chain length in the C10

to C18 hydrocarbon range. This is linked to the fact that at such con-
version levels, not only dimers (C10-C12) are formed quantitatively,
but also trimers (C15-C18). The exact composition of the generated
jet-fuel range olefins can be adjusted by tuning the conversion pre-
dominantly. Unreacted feed and heavy products will account for at
least approximately 25 % by mass of the product outlet stream for
one-pass in the reactor under the conditions investigated. As a
result, relatively low conversion tends to form light jet-fuel signif-
icantly diluted in unreacted isomerized feed, while high conversion
yields heavier jet-fuel diluted in relatively low amount of unre-
acted isomerized feed and heavier products. Conversion higher
than 90 % should be avoided in any case, since the fraction of heavy
products (C18

+ ) is too high (Sheavy > 25 %). At 90 % conversion, the
jet-fuel range product generated had a composition of approxi-
mately 53 % of C10-C12 for 47 % of C15-C18 hydrocarbons, accounting
for 68 % of the total outlet reactor stream, diluted in unreacted iso-
merized feed (C5-C6, 9 %) and heavy products (C18

+ , 23 %). The
impact of conversion on the product selectivity in the oligomeriza-
tion reaction is consistent with the proposed reaction mechanism
(Fig. 1), since the increased relative concentration of dimers at
416
increased conversions on the catalyst surface fosters their reaction
with staring olefins, thus favoring the production of trimers. The
absence of significant effects of other process parameters points
to the only alternative to influence selectivity, which is changing
the catalyst itself.

Conclusions

Oligomerization of 1-pentene and 1-hexene mixtures was eval-
uated close to supercritical conditions over Al-SBA-15 in a contin-
uous down-flow tubular reactor. Jet-fuel selectivity > 99 % were
recorded at relatively low conversion level (below 10 %), while
more equilibrated jet-fuel compositions could be achieved with
selectivities ranging from 98 % to 75 %, for moderate (50 %) to high
(90 %) conversion respectively. All catalytic conditions investigated
(weight hourly space velocity, time-on-stream, deactivation, feed
composition, temperature, and pressure) did have a significant
influence on conversion (except for pressure), but did not yield
any significant change in reaction selectivity other than with
regards to conversion. Temperature was found to influence pro-
duct branching. Therefore, the invariant selectivity against conver-
sion relationship indicates that to produce predominantly jet-fuel
range products from 1-pentene and 1-hexene, the oligomerization
selectivity can be controlled through conversion. Herein, the extent
of conversion influences the ratio between dimers and trimers,
while the nature of oligomerization products can be tuned by
changing the feed composition. To optimize the selectivity towards



Fig. 7. Pentene and hexene fractions compositions in outlet stream for reaction
temperature of (A) 473 K and (B) 523 K. The fraction compositions corresponds to
the amount of each individual isomerization products against the sum of all
products, taken separately for C5 and C6 products.
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jet-fuel range products, it is therefore required to use a feed com-
posed of C4 to C8 olefins (and not going above trimerization prod-
ucts in order to keep the control on selectivity). Such olefins could
be retrieved from C2 with a pre-oligomerization step on nickel-
based catalysts, or directly from methanol using an MTO process,
and can be oligomerized over acid catalysts in the same way as
pentene and hexene.
417
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