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Hex-1-ene in octane solvent was oligomerized in a down-flow
tubular reactor holding a fixed catalyst bed at temperatures of 80–
300◦C and a pressure of 5 MPa. Ultrastable Y (US-Y), hydrogen
beta, and MCM-22 zeolites, MCM-41, silica–alumina and silica–
magnesia co-gels, and γ -alumina were evaluated as catalysts. The
reaction products obtained are composed of hexene dimers and
trimers, cracked products, C6 alkanes, and isohexenes. The cata-
lytic activity of the mesoporous silica–alumina co-gels and MCM-41
is very similar to that of beta, MCM-22, and US-Y zeolites. The
oligomerization process occurs in the mesopores and on the exte-
rior surfaces of the zeolite crystals. In the micropores of zeolite beta
and US-Y, the hexenes undergo dimerization-cracking reactions
generating isohexenes and cracked products. In MCM-22, hav-
ing narrower micropores, these cracking reactions are suppressed.
MCM-22, MCM-41, and silica–alumina co-gels lacking microporos-
ity are the most selective hexene dimerization catalysts. c© 1999
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1. INTRODUCTION

Oligomerization is applied to convert light alkenes into
fuels. A typical example is the acid catalyzed oligomer-
ization of C=

3 -C=
4 alkenes produced by FCC (fluid cata-

lytic cracking) into gasoline, distillate, or lubricants (1–4).
Phosphoric acid on Kieselguhr is a popular heterogeneous
alkene oligomerization catalyst developed by Ipatieff et al.
(2). A drawback of the supported phosphoric acid catalyst
is the critical hydration level of the feedstock and its deacti-
vation by deposition of heavy oligomers and tars that tend
to glue the catalyst particles together complicating spent
catalyst removal (3). The invention of shape-selective ze-
olites and, especially, of ZSM-5 led to the development of
the MOGD processes (mobil olefins to gasoline and dis-
tillate) (5–9). The distillate to gasoline ratio can be ad-
justed by tuning the reaction conditions with pressures up
to 10 MPa and temperatures above 463 K favoring MOD.
Over the ZSM-5 catalyst, the alkenes undergo multiple
oligomerization and recracking steps. Alkenes with six and
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more carbon atoms are first cracked and the fragments
subsequently copolymerized, a mechanism designated as
“hetero-oligomerization” (10). The skeletal branching of
the products is therefore independent of the nature of the
feedstock as demonstrated with alkenes from C2 to C10 (11).
In the oligomers there is typically one methylbranching per
five carbons in a chain (7). The advantage of ZSM-5 com-
pared to zeolites with wider pores is its relatively slow deac-
tivation, owing to the steric suppression of the formation of
bulky coke precursor molecules inside its micropores (5).
The low acid site density is another factor explaining the
slow deactivation of ZSM-5 (12). Nevertheless, there is de-
activation proceeding through the formation of high molec-
ular weight products on the external surfaces blocking pore
mouths (13). This deactivation is an important obstacle in
the MOG and MOD processes, necessitating special reactor
design with continuous catalyst regeneration (14).

In a previous paper (15), we investigated the possibility
of oligomerizing hex-1-ene according to a true oligomeriza-
tion mechanism. It was found that ultrastable Y (US-Y) ze-
olite and H-beidellite catalyze hex-1-ene dimerization and
have good time-on-stream stability, provided the oligomer-
ization process is run in the liquid phase in presence of
n-alkane solvent. In the present paper, we used those opti-
mized reaction conditions for a comparative study of hydro-
gen zeolites, MCM-41, and mixed oxide types of catalysts,
representing a broad range of pore sizes and acidities. We
made an attempt to identify the critical catalyst parameters
for obtaining a true oligomerization of this type of alkene
feedstock.

2. EXPERIMENTAL

The US-Y zeolite powder sample was from PQ (Code
name CBV-720) and the H-beta zeolite from Süd-Chemie.
MCM-22 was synthesized according to (16), calcined, and
ammonium exchanged. The aluminosilicate MCM-41 was
synthesized according to (17). The sample was calcined in
a muffle furnace at 550◦C for 10 h to remove the organic
template and subsequently ammonium exchanged.
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TABLE 1

Physico-Chemical Characteristics of the Catalysts

Specific surface
area (m2 · g−1)

Micropore Mesopore
Outside volume volumea Si/Al

Catalysts BET micropores (cm3 · g−1) (cm3 · g−1) atomic ratio

US-Y 658 108 0.253 0.122 13b

Beta 583 168 0.190 0.180 12.5b

MCM-22 442 106 0.155 0.103 21c

MCM-41 900 922 0 0.730 29c

SiAl(1) 385 374 0 0.739 6b

SiAl(2) 499b n.d.d 0b n.d. 140b

SiAl(3) 300b n.d. 0b n.d. 1.3 10−3 b

Silica–Mg 334b n.d. 0b n.d. —
γ -Alumina 150b n.d. 0b n.d. —

a Pore diameters from 2 to 10 nm.
b According to the manufacturer.
c According to the original literature.
d Not determined.

The following co-gels were from Grace: silica–alumina
type 13/110, containing 13 wt% of Al2O3, denoted as
SiAl(1), a surface-enriched co-gel with an alumina content
of 0.6 wt%, denoted as SiAl(2), and silica–magnesia con-
taining 1 wt% of MgO. The silicoaluminate Siralox 1.5/200,
containing 1.5 wt% of SiO2 and denoted as SiAl(3) and the
γ -alumina Puralox NWa-155 were from Condea.

The specific surface area and the porosity were character-
ized based on nitrogen physisorption isotherms recorded at
77 K using an Omnisorp instrument Series 360 from Coulter
(Table 1). The specific surface area was calculated according
to the BET method (18). The specific surface area in meso-
pores and the micropore volume were calculated using t-
plots (19). The mesopore volume assuming an open-ended
nonintersection cylindrical pore system was calculated ac-
cording to the BJH method (20).

Catalyst powders were compressed into wafers that were
crushed and sieved to obtain particles with diameters of
250–500 µm. The catalytic experiments were carried out in
a downstream fixed-bed reactor tube holding 3 g of catalyst
pellets and mounted in a tubular furnace. The dead volume
inside the reactor tube was filled with glass beads with the
same diameter as the catalyst particles. The catalyst temper-
ature was monitored with an axially positioned thermocou-
ple inside the bed. The catalysts were activated in situ in the
reactor tube by a calcination under flowing oxygen (3 cm3

s−1 g−1) for 5 h at 450◦C. The catalyst was subsequently
cooled to 80◦C and solvent was pumped through the reac-
tor. The feedstock was composed of 30 wt% of hex-1-ene
(>97%, Acros) mixed with 70 wt% octane (>99%, Acros).
The feedstock mixture was prepared by mixing pure com-

pounds in a pressure vessel equipped with a stirrer. Hep-
tane was used as an internal standard. The liquid feedstock
was delivered to the reactor by means of a mass flow con-
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troller for liquids (Rosemount/Brooks Instruments B. V.,
type 5881) at a flow rate of 5 g · h−1, corresponding to a
WHSV of 0.5 h−1 on hex-1-ene basis. The pressure in the
reactor was kept at 5 MPa by means of a back-pressure
regulator.

The reaction products were sampled at high pressure
using a sampling valve with an internal volume of 0.1 µl,
located upstream of the back-pressure regulator, and trans-
ferred by means of a heated transfer line to a gaschro-
matograph (HP 5890 Series II) equipped with a fused silica
WCOT column (CP-SiL 5 CB from Chrompack; length of
50 m; internal diameter of 0.32 mm; film thickness of 5.0µm)
and FID detector.

Product sampling was done after 1.5 h of operation of the
reactor at a fixed temperature. The reaction temperature
was increased to the next temperature level immediately
after a product sampling.

Liquid product fractions were collected in a gas–liquid
separator at 15◦C and atmospheric pressure. The skeletal
branching of the oligomers was analyzed using the same
type of gas-chromatograph as for on-line analysis, addi-
tionally equipped with a catalytic hydrogenation module
(modified TCT injection system from Chrompack using a
Pd catalyst at 180◦C).

3. RESULTS

On all the catalysts investigated, hex-1-ene was rapidly
isomerized into t-hex-2-ene and c-hex-2-ene. For example,
at temperatures above 100◦C, the composition of the linear
hexene product fraction was 46% t-hex-2-ene, 38% c-hex-
2-ene, and 16% hex-1-ene irrespective of the catalyst,
reflecting the thermodynamic equilibrium distribution of
these isomers (7). Double bond isomerization is known to
be a facile reaction (21). The linear C=

6 compounds were
lumped and considered later on as unconverted “hexene”.
The hexene conversion obtained with the different catalysts
at increasing reaction temperatures is traced in Fig. 1. With
FIG. 1. Hexene conversion against reaction temperature obtained on
the different catalysts. Time-on-stream at each temperature: 1.5 h.
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FIG. 2. Oligomer selectivity against hexene conversion (Experiments
of Fig. 1).

respect to catalytic activity, the catalysts can be subdivided
into two groups. On MCM-22, MCM-41, US-Y, beta, and
SiAl(1), high hexene conversions were obtained at mod-
erate temperatures. Almost complete hexene conversions
were reached around 130◦C on MCM-41, MCM-22, and
beta, and at ca. 150◦C on SiAl(1) and US-Y. SiAl(2) was
somewhat less active, but reached complete hexene conver-
sion at 200◦C. The γ -alumina, SiAl(3), and silica–magnesia
co-gel are much less active. The hexene conversions ob-
tained with these three catalysts did not exceed 60%, even
at temperatures as high as 300◦C.

The most active catalysts (SiAl(1), MCM-41, beta,
MCM-22, and US-Y) showed very little deactivation when
they were run at a constant temperature for 12 h or with
temperature increments. Under these low temperature, liq-
uid phase operation conditions, the selectivity patterns are
strongly influenced by the catalyst aging.

With all catalysts, the reaction products were composed
of compounds with carbon numbers from 3 to 12, and 18.
The reaction products were grouped as follows: (i) oligo-
FIG. 3. Cracked product selectivity against hexene conversion (Ex-
periments of Fig. 1).
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FIG. 4. C6 alkane selectivity against hexene conversion (Experiments
of Fig. 1).

mers, which are the fractions with carbon numbers 12 and 18
and in which C12 products represented generally more than
95 wt%; (ii) cracked products having carbon numbers from
3 to 5 and 7 to 11; (iii) C6 saturates, which are C6 alkanes
present in significant amounts in the C6 fraction; and (iv)
isohexenes. It has to be mentioned that the cracked product
fractions contained some minor amounts of saturates as
well, but given the low selectivity for cracking, no further
attention was paid to saturates formation in those fractions.
The selectivity for oligomers, cracked products, C6 saturates
and C6 isoalkenes obtained with the most active catalysts
are presented in Figs. 2–5, respectively.

On all catalysts, the oligomerization selectivity goes
through a maximum (Fig. 2). At hexene conversions ex-
ceeding 80%, the oligomerization selectivity decreases in
the following catalyst order:

MCM-41 > MCM-22 > SiAl(1) > beta > US-Y. [1]

Cracking of oligomers and the formation of C6 saturates
FIG. 5. Isohexene selectivity against hexene conversion (Experi-
ments of Fig. 1).
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are the main side reactions (Figs. 3 and 4). The cracking
selectivity increases with increasing conversion, especially
in the range from 90 to 100% conversion (Fig. 3). At those
high conversions, the cracking selectivity decreases in the
catalyst order:

Beta > US-Y > MCM-22 > SiAl(1) > MCM-41. [2]

On all catalysts, the selectivity for C6 saturates formation
decreases with increasing hexene conversion (Fig. 4). Since
the carbon balance evaluated with the internal standard
did not show a large deficiency, the hydrogen deficient
molecules must be contained in the cracked product or
oligomer product fractions, but could not be identified.
The C6 saturates formation is dependent on the catalyst.
The selectivity for C6 saturates formation decreases in the
following catalyst order:

US-Y À SiAl(1) ≈ MCM-41 ≈ MCM-22 > beta. [3]

Branched hexenes including 2-methyl-pent-2-ene, 3-
methyl-trans-pent-2-ene, and 3-methyl-cis-pent-2-ene were
formed at high hexene conversions (Fig. 5).

The distribution of the dimer product fraction according
to branching degree at increasing hexene conversions ob-
tained on the different catalysts is reported in Figs. 6–8. The
majority of dimers are dibranched (Fig. 7). Dibranched and
monobranched dimers appear as primary products (Figs. 6
and 7) and the tribranched dimers as secondary products
(Fig. 8).

4. DISCUSSION

The collection of catalysts used for this study represents
a wide variation of textures (Table 1). The zeolites US-Y,
beta, and MCM-22 have large micropore volumes located
inside the crystals. The micropore windows in zeolite beta
FIG. 6. Evolution of the content of monobranched isomers in the C12

fraction with increasing hexene conversion (Experiments of Fig. 1).
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FIG. 7. Evolution of the content of dibranched isomers in the C12

fraction with increasing hexene conversion (Experiments of Fig. 1).

and Y are circumscribed by 12 rings of oxygen atoms; MCM-
22 has a complex micropore structure with 10-ring open-
ings (22). The mesopore volume in the zeolites is present
either inside the crystals as a result of a dealumination treat-
ment (US-Y) or between individual crystallites of a poly-
crystalline material (beta and MCM-22). The SiAl co-gels
do not contain micropores (Table 1). The MCM-41 mate-
rial used in this study is a mesoporous silica–alumina with
cylindrical pores having free diameters of ca. 4 nm (23).
The mesopore volume of SiAl(1) is very similar to that of
MCM-41, but the mesopores are wider and the distribution
broader.

Alkene oligomerization is catalyzed by Brønsted acid
sites (24). The catalysts used in this study represent a vari-
ety of acid strengths. Aluminosilicate zeolites possess much
stronger Brønsted acid sites compared to amorphous alu-
minosilicates (25). The Brønsted acid strength in MCM-41
is comparable to that of amorphous silica–alumina (26).
The screening of catalysts (Fig. 1) reveals that the Brønsted
acidity of amorphous aluminosilicates (MCM-41, SiAl(1))
FIG. 8. Evolution of the content of tribranched isomers in the C12

fraction with increasing hexene conversion (Experiments of Fig. 1).
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is sufficient to catalyze hexene oligomerization. The less
active catalysts including γ -alumina, the silica doped alu-
mina, and the silica–magnesia co-gel are the weakest solid
Brønsted acids among the materials tested and do not pos-
sess sufficient Brønsted acidity. Within one family of materi-
als, the activity is dependent on the number of acid sites. The
SiAl(2) material contains less aluminium and less Brønsted
acid sites compared to SiAl(1) and is less active. Brønsted
acidity is, however, not the key parameter governing the
catalytic activity in hexene oligomerization. MCM-41 and
SiAl(1) exhibit a catalytic activity that is very similar to that
of high-silica aluminosilicate zeolites beta and MCM-22,
having much stronger acid sites in their micropores. Given
the similar activity and selectivity, it seems that micropores
are not essential to the oligomerization process and that the
oligomerization reactions proceed on the large external sur-
face areas (beta, MCM-22) or in the mesopores (US-Y) of
the zeolites.

The dimerization of hexenes on a Brønsted acid site pro-
ceeds over bulky transition states, in which a C–C bond is
created between a positively charged carbon atom of a hexyl
cation and a carbon atom of the double bond of a hexene
molecule (Scheme 1). Monobranched C12 skeletons can be
obtained from reactions of hex-1-ene and a hex-2-yl or hex-
3-yl cation, and dibranched C12 skeletons from reactions of
hex-2-ene and hex-3-ene with hex-2-yl and hex-3-yl cations.
In the dibranched dimers, the two branchings are always at
vicinal carbon positions near the center of the main chain.
Since the hex-1-ene fed to the reactor is rapidly isomerized
into hex-2-ene and hex-3-ene, the dimers are mainly di-
branched (Fig. 7). Monobranched dimers are also primary
products, but formed less abundantly (Fig. 6).

Tribranched dimers cannot be directly obtained as pri-
mary products from linear hexenes. The formation of tri-
branched dimers is possible starting from an isohexyl cation
and a linear hexene molecule or else from an unbranched
hexyl cation and an isohexene molecule (Scheme 1).

The formation of tribranched C12 isomers (Fig. 8) can be
explained by this type of dimerizations or else by a rear-
rangement of dibranched isomers.

In isomerization and hydrocracking of heptane on zeo-
lite Pt/H-beta, dimerization reactions of heptene reaction
intermediates and their cracking were invoked to explain
skeletal isomerization and cracking patterns (27). At re-
action temperatures above 200◦C, dimerization–cracking
of heptenes is a fast reaction on zeolite beta, generating
branched isoheptenes in parallel with products with other
carbon numbers. These oligomerization–recracking pro-
cesses occur inside the zeolite beta crystals at the channel
intersections and are subjected to molecular shape selec-
tivity (27). In the present experiments with zeolite beta,

cracking and skeletal branching of hexenes are also paral-
lel reactions (Fig. 9), suggesting the occurrence of the same
dimerization–cracking mechanisms. At these low temper-
ND MARTENS

SCHEME 1. Examples of alkylation reactions leading to the formation
of monobranched, dibranched, and tribranched C12 products.

atures, these reactions are much slower and appear as un-
desired side-reactions. In dimerization–cracking, US-Y ze-
olites are less active than beta zeolites (28). In the present
work, the US-Y zeolite is also less selective to cracking and
C=

6 skeletal branching compared to beta (Figs. 3 and 5).
MCM-22 has a complex micropore structure in which the

strongest Brønsted acid sites are present in tubular 10-ring
channel segments (29). The cracking selectivity of MCM-22
is lower than in beta and US-Y (Fig. 3). This is likely due to
a shape selective suppression of the dimerization–cracking
reactions in this narrow tubular pore system. With respect

to cracking, the behavior of MCM-22 approaches that of
the MCM-41 and SiAl(1) materials that do not contain mi-
cropores (Fig. 3).
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FIG. 9. Isohexene selectivity versus cracking selectivity on zeolite
beta (Data from Figs. 3 and 5).

The formation of C6 alkanes is a primary reaction (Fig. 4)
and can be explained by hydride transfer to a C6 alkylcar-
benium ion formed by adsorption of hexene on a Brønsted
acid site (30).

Ultrastable Y zeolite is known to be a very effective hy-
drogen transfer catalyst, a property that is exploited in the
fluid catalytic cracking process (31). Zeolite beta is a less ef-
ficient hydrogen transfer catalyst (32). In hexene oligomer-
ization, the hydrogen transfer activity of MCM-41, MCM-
22, and SiAl(1) are intermediate between US-Y and beta
(Fig. 4).

5. CONCLUSIONS

Mesoporous aluminosilicate catalysts with a high specific
surface area are effective catalysts for hexene dimerization.
A similar catalytic activity is developed by small zeolite
crystals exposing more than 100 m2 · g−1 of exterior spe-
cific surface area (zeolite beta, MCM-22) or in intracrys-
talline mesopores (US-Y). Catalytic activity in the zeolite
micropores is responsible for undesired side reactions such
as cracking (zeolite beta) and hydrogen transfer (US-Y).
These side reactions are suppressed by molecular shape se-
lectivity in MCM-22 zeolites having narrow 10-ring tubular
channels.
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