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A  series  of  silica,  glass  and  molecular  sieves  supported  chloroaluminate  ionic  liquids  (ILs) were  prepared
and their  catalytic  performance  on  the trimerization  of  isobutene  based  on C4  mixture  was  investigated.
Interestingly,  it was  found  that  the carrier  played  a key  role  in  the  reaction  route.  Among  these  sup-
ported  catalysts,  silica  supported  chloroaluminate  ionic  liquid  was  highly  efficient  for  the  trimerization
of  isobutene.  X-ray  photoelectron  spectroscopy  (XPS)  and  differential  scanning  calorimetry  (DSC)  char-

−
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acterizations  suggested  that the  synergy  between  Al2Cl7 anion  and  silica  induced  the  catalytic  activity
for  isobutene  oligomerization  due  to  the  strong  interaction  between  ILs  and  silanol  group.  The reac-
tion  conditions  including  loading  amount,  temperature,  reactant  concentration,  and  space  velocity  for
the isobutene  oligomerization  were  optimized.  Ultimately,  complete  conversion  of isobutene  and  91.4%
selectivity  of  trimers  were  obtained  over  the  IL/silica  (30 wt.%)  catalyst  at mild  conditions.  Moreover,

ctivat
4 feed catalyst  stability  and  dea

. Introduction

C4 fractions (mainly C4-olefins and C4-isoparaffins) as by-
roducts formed from the fluid catalytic cracking (FCC) process,
re important raw materials in the petrochemical industry, because
hey could be further utilized to produce useful nonaromatic higher
ydrocarbons via isobutane/butene alkylation [1,2] and olefins
ligomerization processes [3–5]. In recent years, growing attention
as been paid to oligomerization, especially on isobutene trimer-

zation, because it is a very promising process for the production
f isobutene trimers and for the separation of isobutene from C4
ixtures [6].  Trimers of isobutene namely triisobutenes are con-

idered as ideal starting materials for the synthesis of neo-acid
ompounds after carboxylation with carbon dioxide [7,8]. More-
ver, the trimers are also used to produce epoxy resin solidifying
gents, dodecylbenzene, antirusts, lubricants, and gas oil additives
9,10]. Since 2004, due to legal restrictions on the use of oxygenated
asoline additives such as methyl-tert-butyl ether (MTBE), a sur-
lus of isobutene has been expected, as it is the main raw material
or MTBE synthesis [11,12]. In this context, isobutene oligomeriza-
ion attracted considerable interest in the petrochemical industry.

t present, the isobutene oligomerization is mainly conducted over
olid acid catalysts, such as cation exchange resins [13], zeolite [14]
nd sulfated titania [9],  but the main challenge for this reaction

∗ Corresponding author. Tel.: +86 931 4968116; fax: +86 931 4968116.
E-mail address: ydeng@licp.cas.cn (Y. Deng).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.06.023
ion  were  preliminarily  studied.
© 2012 Elsevier B.V. All rights reserved.

still is the development of catalysts with high conversion and high
selectivity [15].

In the past decade, it was  widely accepted that ionic liq-
uids (ILs) as alternative solvents for various organic syntheses
and catalytic reactions showed strongly positive effects due to
their particular physicochemical properties [16–18].  In previous
reports, acidic ILs have been used to catalyze the oligomerization of
butenes, and were proven very efficient for this process [15,19,20].
Chloroaluminate ILs as acidic catalysts were widely investigated
as high-efficiency catalysts in catalytic reactions because of the
strong Lewis acidity of the anions and their interesting tunable acid-
ity [21], which could also catalyze olefins oligomerization without
the addition of transition metal complexes or salts [22]. Recently,
the concept of immobilization of catalytic ILs on porous supports
has been established because it provides a very attractive way  to
bridge the gap between homogeneous and heterogeneous catal-
ysis [23]. The supported ionic liquid catalyst (SILC) systems have
been successfully applied in different catalytic processes, such
as hydrogenations [24], alkylations [25], and carbonylations [26].
The SILCs systems could effectively accelerate reaction rate, and
enhance reactivity and the selectivity [27]. Additionally, due to the
extremely low vapor pressure of ILs, SILCs can be used in con-
tinuous gas-phase reactions using the classical fixed-bed reactor
technology, which could avoid the problems on solvent handling,

solvent/product separation, and solvent purification [28].

Although a few examples of alkylation reaction using immo-
bilized ILs as catalysts have been studied in previous literature,
such as alkylation of aromatics and isobutene [25,29],  to the best

dx.doi.org/10.1016/j.cattod.2012.06.023
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ydeng@licp.cas.cn
dx.doi.org/10.1016/j.cattod.2012.06.023
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Table 1
Content of Al determined by ICP-AES.

Catalysta Al content (wt.%)

Calculated Experimental

IL/silica (10 wt.%) 1.22 1.26
IL/silica (20 wt.%) 2.45 2.57
IL/silica (30 wt.%) 3.67 3.79
2 S. Liu et al. / Catalysi

f our knowledge, no studies on isobutene trimerization over sil-
ca supported chloroaluminate ILs have been reported. In this

ork, we investigated the performance of those catalysts for
sobutene trimerization using industrially obtained C4 fraction as
eed. Isobutene oligomerization could be successfully carried out
ver this simple, convenient catalytic system. Thus, it is an efficient
trategy not only for the industrial application of isobutene, but also
or the separation of isobutene from the C4 mixture. Meanwhile,
he process of isobutene trimerization was operated in a typi-
al continuous gas-phase operation using the classical fixed-bed
eactor technology at mild conditions, which is helpful in product
eparation after the reactions. It is interesting that the isobutene
ligomerization was carried out on those catalytic systems, whose
upports contain silanol group (Si–OH) on the surface, even though
bundant isobutane was present in the raw material. However,
hen the chloroaluminate ILs were supported on other supports

uch as glass and activated carbon, the reaction pathway switched
o isobutane/butene alkylation. Furthermore, the conditions for the
atalytic synthesis of isobutene trimers (such as the reaction time,
emperature, concentration, and space velocity) were optimized
nd the stability of the SILCs was also investigated in this work.

. Experimental

All manipulations of the acidic catalyst systems and handling of
he reactants prior to reaction were carried out under strictly inert
onditions in a glove box (H2O < 0.5 ppm, O2 < 1 ppm).

.1. Chemicals and catalyst preparations

All chemicals used in the experiments were analytical grade
ithout further purification. Dichloromethane and other reactants
ere dehydrated by 4 Å molecular sieves (MS) before use. The
4 feed received from the China National Petroleum Corporation
Lanzhou) was used as the butene source. The composition of C4
eed was confirmed by an HP 6890/5973 gas chromatography mass
pectrometer (GC–MS): propane (0.5 wt.%), n-butane (8.0 wt.%),
sobutane (45.9 wt.%), isobutene (27.5 wt.%), 1-butene (7.3 wt.%)
nd 2-butene (trans and cis,  10.8 wt.%). Isobutane (Kodi, 99%) was
sed as dilute gas.

The acidic chloroaluminate ILs were prepared by mixing a
efined molar ratio of AlCl3 and 1-butyl-3-methylimidazolium
hloride (BMImCl) at 70 ◦C until complete dissolution of AlCl3
nd a clear liquid was observed. Silica (80–100 mesh, surface
rea = 600 m2/g, pore volume = 0.74 cm3/g, average pore diame-
er = 4.93 nm)  were calcined at 500 ◦C for 5 h, and then stored
n a glove box. The glass (80–100 mesh) and activated car-
on (50–80 mesh, surface area ≥ 900 m2/g) were dried at 200 ◦C
or 5 h, and the MCM-41 MS  (surface area ≥ 800 m2/g, pore vol-
me  ≥ 0.7 cm3/g, average pore diameter = 3.5 nm) and SBA-15 MS
surface area ≥ 650 m2/g, average pore diameter = 8 nm)  were cal-
ined at 500 ◦C for 5 h before use. The preparation of catalyst (SILG)
ade by covalent bond grafting method was according to Ref.

25]. The acidic SILCs were prepared by a wet impregnation on the
ifferent pretreated supports with chloroaluminate IL. Typically,
ichloromethane was used to dilute the acidic IL during the wet

mpregnation process. Homogeneous penetration of the catalyst
nto the pores was ensured through rigorous stirring at 500 rpm
or 2 h, and then the solvent was removed by vacuum (10−2 to
0−3 mbar, 60 ◦C, 3 h). The dry SILCs obtained were stored in a glove

ox atmosphere prior to use. The actual concentration of the IL

n the silica supported catalysts was measured by analyzing the
l content via inductively coupled plasma atomic emission spec-

rometry (ICP-AES). The calculated and experimental values were
Pure IL 12.23 12.81

a IL:BMImCl/AlCl3 = 1/2.

compared in Table 1, and the relative errors between the calculated
values and the measured values were less than 5%.

2.2. Catalysts characterization

The phase transitions of catalysts were performed with a
Mettler-Toledo DSC822e calorimeter and calibrated using indium
and zinc. The DSC data were evaluated using the Mettler-Toledo
STARe software version 7.01. The samples (10–20 mg)  were sealed
in a 40 �L aluminum pan using an empty pan as reference. DSC
traces were typically scanned from −120 to 200 ◦C at a speed of
10 ◦C min−1, and then followed by a cooling process at the same
speed.

X-ray photoelectron spectroscopy (XPS) analysis was performed
with a VG ESCALAB 210 instrument with Mg-K�  source (1253.6 eV)
and calibrated vs. the C 1s peak at 285.0 eV. A thin IL layer and
catalysts were deposited on a polycrystalline gold substrate.

Infrared (IR) analyses were performed at room temperature
with a Thermo Nicolet 5700 Fourier transform IR (FTIR) spec-
trophotometer in the region from 400 to 4000 cm−1. FTIR spectra of
adsorbed pyridine (Py) were obtained from KBr plates prepared in
an inert atmosphere. The samples adsorbed Py were prepared in the
following method: the catalysts were placed in a vacuum desicca-
tor with a Py reservoir, and the system was evacuated to generate a
Py atmosphere inside; then the catalyst was kept in the Py environ-
ment at room temperature for 2 h. The catalyst was removed from
the desiccator and placed under vacuum for at least 3 h to remove
excess pyridine at 10−2 to 10−3 mbar and 70 ◦C.

The Al concentrations in the samples were determined by ICP-
AES, using an IRIS Advantage ER/S machine. The 29Si solid state
cross-polarization and magic angle spinning nuclear magnetic res-
onance (CP/MAS NMR) spectra were recorded on a Bruker Avance
II WB  400 spectrometer.

2.3. Reaction procedures

The continuous gas phase experiments were carried out at
atmospheric pressure in a fixed bed reactor (8 mm in diameter
and 10 cm in length). Catalyst (1 g) was  placed into the reactor in a
glove box, and the reactant containing isobutene was  continuously
fed using gas mass flow controllers (Seven Star D08-2D/M). Mass
balance greater than 95% was used to calculate the conversion of
butene and the selectivity of product. The conversion of butenes
from the isobutene/feed mixture was monitored via an online GC
equipped with a flame ionization detector (FID) (Agilent 6820, n-
octane was used an internal standard) after a stabilization time
of 1 h on stream. Qualitative analyses of products were examined
by a HP 6890/5973 GC-MS, and quantitative analyses were carried
out by a GC-FID (Agilent 6820). The detailed analysis conditions
were described as follows: the injector and detector temperatures
were 260 and 300 ◦C, respectively; the column temperature was

increased stepwise to 260 ◦C, holding at 40 ◦C for 1 min, increas-
ing to 60 ◦C at 2 ◦C min−1, holding at 60 ◦C for 5 min, increasing to
150 ◦C at 1 ◦C min−1, increasing to 200 ◦C at 2 ◦C min−1, holding at
200 ◦C for 2 min, increasing to 260 ◦C at 2 ◦C min−1, and holding at
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Fig. 2. XPS survey spectrum of (a) IL (BMImCl/AlCl3 = 1/2)/silica (30 wt.%), (b) Al 2p
region on pure IL, and (c) Al 2p region on IL/silica (30 wt.%).
ig. 1. DSC curves of the studied catalysts: (a) silica, (b) IL (BMImCl/AlCl3 = 1/2), (c)
L/glass carrier (10 wt.%), and (d) IL/silica (10 wt.%).

60 ◦C for 10 min. Qualitative analysis was performed according to
he holding time of the peak by the area normalization method
19]. In this study, the selectivity of dimers, trimers and tetramers
as described in wt.%. The contribution of pentamers or higher

ligomers was negligible in this work since their concentrations
ere less than 0.5 wt.%.

. Results and discussion

.1. Characterization of catalysts

Considering that the silica supports are available low-cost mate-
ials in comparison with other supports and the IL/silica catalysts
ave an active effect for isobutene oligomerization, therefore we
ainly investigated the properties and performance of IL/silica cat-

lysts hereinafter.

.1.1. DSC analysis
The thermal behaviors of chloroaluminate ILs

BMImCl/AlCl3 = 1/2) on different supports were analyzed and
ompared by DSC technique. As seen in Fig. 1, phase behavior
as not detected for the isolate silica support at the range from
120 to 200 ◦C (curve a). And the chloroaluminate IL displayed

 glass transition and thermal decomposition at −92 and 110 ◦C,
espectively (curve b), in agreement with previous result [30]. After
he IL was supported on a glass carrier, no obvious change was
bserved compared with the ILs in curve c, which suggested that
Ls were physically absorbed on the carrier surface. If the support

as replaced with the silica, however, the thermal properties of
L/silica (10 wt.%) significantly changed in comparison with the
ure IL. No glass transition was obtained in curve d, suggesting
hat a strong chemical interaction took place between the support
nd ILs. Furthermore, the chemical interaction further enhanced
he catalyst thermal stability up to 170 ◦C.

.1.2. XPS characterization
The chemical state and surface composition of the chloroalumi-

ate IL (BMImCl/AlCl3 = 1/2) and the IL/silica catalyst (30 wt.%) were
nalyzed by XPS. Fig. 2a gave an overview scan of the catalyst. The
urvey spectrum showed that aluminum, silicon, chlorine, carbon,
itrogen and oxygen were detected at the surface of the catalyst,
hich included the main component elements of the IL and the

upport. Fig. 2b and c show the high resolution spectrum for Al 2p
egion on pure IL and IL/silica, and the binding energy for Al 2p were
t 75.3 and 74.8 eV, respectively. The data indicated that the bind-

ng energy of the Al 2p in the catalyst decreased 0.5 eV compared

ith the pure IL, which could be due to the chemical environmental
hange, that is, the increase of corresponding electron density. As
he ILs were immobilized on the supports, the Cl Al bond rupture
and the O Al bond formation led to the increased electron density
[31]. In addition, the relative elemental concentrations at the sam-
ple surface could also be obtained from the XPS analysis results.
For the catalyst IL/silica (30 wt.%), the value of atomic ratio of Cl:Al
measured by XPS is 2.07, indicating that more O Al bonds were

formed on the catalyst surface [32].
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Fig. 4. 29Si CP/MAS NMR spectra for the prepared catalysts and pure silica: (a) pure
silica, (b) IL/silica (BMImCl/AlCl3 = 1/2, 20 wt.%), and (c) SILG.

dimers, trimers and tetramers [39]. Based on the DSC results, the
different reaction routes caused by carriers might be correlated
to the physical/chemical adsorption. That is the catalytic activity
ig. 3. Infrared spectrum of IL (BMImCl/AlCl3 = 1/2)/silica catalysts with different
oad  capacity after pyridine adsorption: (a) IL/silica (30 wt.%), (b) IL/silica (20 wt.%),
nd (c) IL/silica (10 wt.%).

.1.3. Infrared examination
The Lewis and Brønsted acid sites could be analyzed using the

TIR spectrum of adsorbed pyridine [33], so Py-IR spectroscopy was
mployed to investigate the acidity nature of catalysts with differ-
nt loadings (BMImCl/AlCl3 = 1/2). As shown in Fig. 3, three evident
bsorptions could be detected on these catalysts at the range from
550 to 1450 cm−1. The IR peak at 1540 cm−1 involved a C–N+–H
ending vibration and was usually used as a fingerprint for the pyri-
inium ion, which was ascribed to the protonation of pyridine with
rønsted acid sites [33]. The IR peak at 1460 cm−1 was attributed
o the adsorption of pyridine coordinated on Lewis acid sites [34].
he peak at 1490 cm−1 was associated to the vibration of the pyri-
inic ring on both Brønsted and Lewis acid sites and could not be
sed to distinguish between the two types of acid sites [35]. The

R absorptions indicated both Brønsted and Lewis acid sites existed
n the surface of the catalysts. In addition, Fig. 3 shows that the
oncentration of both Lewis and Brønsted acid sites decreased as
he order of (a) IL/silica (30%) > (b) IL/silica (20%) > (c) IL/silica (10%).

.1.4. 29Si CP/MAS NMR  measurement
Solid-state 29Si nuclear magnetic resonance (29Si NMR)

echnique employing magic angle spinning (MAS) with cross polar-
zation (CP) was used to characterize the prepared catalysts, which
s a sensitive and reliable tool to provide useful structural infor-

ation on the modified silica surface [36]. Fig. 4 shows the 29Si
P/MAS NMR  spectra for the supported catalysts prepared using
ifferent methods, together with the spectrum of amorphous sil-

ca as a comparison. Three peaks can be observed for the silica
ample (Fig. 4a): the resonance peaks at −91, −101 and −110 ppm
ere assigned to the Q2 ((SiO)2–Si–(OH)2), Q3 ((SiO)3–Si–OH) and
4 ((SiO)4–Si) units of the silica particles, respectively [37]. After

mmobilized by impregnation method with IL (Fig. 4b), the signals
t −91 and −101 ppm assigned to Q2 and Q3 were strongly dimin-
shed and only a broadening of the peak assigned to Q4 could be
etected, which indicated that covalent bonds between the Lewis
cid anions and silanol groups on the surface of the support were
ormed in this catalyst (Scheme 1) [38]. As the silica was  modified
y grafting method (SILG, Fig. 4c), the disappearance of the Q2 and
3 signals and the retention of the Q4 signal were also observed.
urthermore, two additional peaks at about −56 and −65 ppm

ppeared in Fig. 4c, which could be ascribed to T1 (SiO–SiR–(OEt)2)
nd T2 ((SiO)2–SiR–OEt), respectively. This proved that the grafting
f the organic cation on to the surface has successfully taken place
Scheme 2) [29].
Scheme 1. The possible structure of immobilized IL on silica.

3.2. Different reaction routes over different supports

All the above prepared SILCs were subjected to the trimerization
of using C4 feed to evaluate their catalytic performance. Interest-
ingly, the choice of carrier significantly influenced the selection
of the chemical reaction route under the same conditions. As can
be seen in Table 2, similar to the case of pure ILs [1],  both glass
and activated carbon (AC) supported catalyst resulted in only alka-
nes (Entries 1 and 2), which originated from isobutane/butene
alkylation (Scheme 3). However, for the silica supported catalyst,
isobutene oligomerization (Scheme 4) was observed under the
same experimental conditions, resulting in products of isobutene
Scheme 2. Supported acid ionic liquid catalyst by covalent bond grafting method
(SILG).
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Table 2
Catalytic performance of chloroaluminate IL (BMImCl/AlCl3 = 1/2) on various supports for butene reaction at the same conditions.a

Entry Catalyst (wt.%) Reaction type Conversion (%) Product distribution (wt.%)

C5–C7 C8 C9
+ C8 C12 C16

1 IL/glass (10%) Alkylation 89.1b 19.0 32.1 48.9 – – –
2  IL/AC (30%) Alkylation 95.0b 25.2 28.6 46.2 – – –
3  SILG Alkylation 93.5b 26.5 23.2 50.3 – – –
4 IL/silica (30%) Oligomerization 93.1c – – – 9.6 76.1 14.3
5  IL/MCM-41 (30%) Oligomerization 91.4c – – – 10.7 79.4 9.9
6 IL/SBA-15 (30%) Oligomerization 95.6c – – – 8.8 61.8 29.4

a Reaction conditions: isobutane/isobutene ratio = 10:1, GHSV = 600 h−1, 25 ◦C.
b Conversion of butane.
c Conversion of isobutene.

Scheme 3. Isobutane/butene alkylation.
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or isobutene oligomerization may  be derived from the synergy
etween Al2Cl7− anion and silica. Comparable experiments using
ther supports including MCM-41 MS  and SBA-15 MS  possess-
ng Si OH on the surface [40,41] further confirmed this point
Entries 5 and 6). Based on the XPS data, the reaction between ILs
nions (i.e. Al2Cl7−) and silanol groups leads to formation of cova-
ent Si O Al solid acid bridges [34], which were prone to adsorb
utenes instead of isobutane on the surface of catalyst, thereby the
ligomerization was promoted sequentially. It was reported that
odimerization reactions between isobutene and other butenes
re always slower than isobutene dimerization, and the trimers
re relatively easily produced from the addition of isobutene to
imers [39], thus isobutene is the primary reactant in the feed
nd other butenes more or less participate in oligomerization.
hat is the reason that conversion was calculated on isobutene
asis. Furthermore, we also synthesized supported acidic IL cat-
lyst by covalent bond grafting method on silica (Entry 3, SILG,
cheme 2) to act on the C4 fraction. As a result, only alkanes were
bserved from the products. The Si OH on the support surface
ad reacted with silicone coupling agent due to the grafting reac-
ion [25], and the Si O Al bridge bond could not be generated.

ence, it would not change the gas absorbability on the surface
nd the isobutene oligomerization could not be promoted over this
atalyst.

Scheme 4. Isobutene o
3.3. Effects of conditions on the oligomerization of isobutene

3.3.1. Effect of IL loading on the oligomerization of isobutene
The influence of chloroaluminate IL (BMImCl/AlCl3 = 1/2) load-

ing on the reaction of isobutene trimerization were investigated
at 25 ◦C, and the results were illustrated in Fig. 5. The reactions
were conducted with different catalyst loadings ranging from 5
to 30 wt.% with the reactant compositions (isobutane/isobutene
ratio = 10:1) at a gas hourly space velocity (GHSV) of 600 h−1. It
has been reported that both Brønsted and Lewis acid sites con-
tributed to the isobutene oligomerization [42], so the isobutene
conversion was related to the concentration of acid sites. As shown
in Fig. 3, the amount of acid sites decreased with the order of IL
loading, and this trend coincided with the catalytic performance,
including conversion over these catalysts. It was observed that
the selectivity of trimers was 76.1% with the 30 wt.% IL loading,
and slightly increased when the IL loadings decreased from 30 to
5 wt.%. Besides, the tetramers selectivity also showed increasing
trend with decrease of IL loading. The declined slight selectivity
of trimers and tetramers with higher IL loading might be due to
the steric hindrance caused by the crowded alkyl groups. Because

of an amorphous structure, there was  not sufficient space to fur-
ther oligomerization at the high acid site [4].  On the contrary, the
selectivity of dimers decreased with the increase of trimers and

ligomerization.
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ig. 5. Effect of IL loading amount on the oligomerization of isobutene (isobu-
ane/isobutene ratio = 10:1, GHSV = 600 h−1, 25 ◦C).

etramers. Consequently, the amount of IL loading on silica deter-
ined the isobutene conversion in the isobutene oligomerization,

nd insignificantly influenced the trimer selectivity.

.3.2. Effect of temperature on the oligomerization of isobutene
The effect of reaction temperature was also investigated using

he SILC (IL/silica, BMImCl/AlCl3 = 1/2, 30 wt.%). Fig. 6 illustrates the
ata of isobutene conversion and oligomers selectivity at different
emperatures. Obviously, as reaction temperature increased, the
onversion of isobutene also increased. The isobutene conversion
as above 90% even at 10 ◦C, and then the total conversion was

btained at 50 ◦C and 70 ◦C over the tested catalyst. The selectiv-
ty of trimers basically increased with the increasing temperature,

hich was consistent with the previous reported results [19], and
t could be up to 91.4% at 50 ◦C. At the same time, the selectivity
f tetramers was contrary to the increasing temperature, and even
t could not be detected in the products at 70 ◦C. The main reason

ight be due to the fact that cracking reactions occurred at higher
emperature and more dimers were generated accordingly [19].

he extent of cracking reactions became severe with increasing
emperature, which led to the lower selectivity of trimers at 70 ◦C
han at 50 ◦C. These results suggested that relatively high reaction

ig. 6. Effect of temperature on the oligomerization of isobutene (catalyst: IL/silica
0  wt.%, isobutane/isobutene ratio = 10:1, GHSV = 600 h−1).
Fig. 7. Effect of isobutene concentration on the oligomerization of isobutene (cata-
lyst: IL/silica 30 wt.%, GHSV = 600 h−1, 10 ◦C).

temperature favored the conversion of isobutene and enhanced the
formation of trimers.

3.3.3. Effect of isobutene concentration on the oligomerization of
isobutene

Fig. 7 shows the reaction results over IL/silica catalyst
(BMImCl/AlCl3 = 1/2, 30 wt.%) with the various reactant composi-
tions (isobutane/isobutene ratio) at GHSV of 600 h−1. The sharp
decrease in conversion of isobutene with the increased isobutene
concentration could be observed in Fig. 7. The trimers selectiv-
ity increased with the decrease of isobutene concentration and
reached the selectivity of about 71.7% from the reactants con-
taining a low isobutene concentration of 11.1%. Moreover, the
higher concentration of isobutene in the reactants was  fed, the
more dimers were obtained in the products. Because the oligomer-
ization of isobutene could be regarded as a consecutive reaction
from monomer to dimers, from dimers to trimers, and trimers
to tetramers [43], the kinetic rate constants for oligomers of
isobutene decreased with the carbon atom number of the olefin
[44]. Therefore, the selectivity of dimer of isobutene increased in
the circumstance of high isobutene concentration, whereas the
selectivity of trimers and tetramers decreased instead. Therefore,
low isobutene concentration in the feed was  beneficial to improve
the conversion of isobutene and the selectivity of trimers in the
gas-phase reaction.

3.3.4. Effect of space velocity (GHSV) on the oligomerization of
isobutene

The productivity of a reaction greatly depends on the
space velocity. Fig. 8 depicts the general trends of isobutene
conversion and trimers selectivity over the catalyst IL/silica
(BMImCl/AlCl3 = 1/2, 30 wt.%) as a function of space velocity (GHSV)
at 25 ◦C. As the space velocity increased, both isobutene conver-
sion and trimers selectivity decreased. The tetramers selectivity
changed with process conditions in a similar manner to the trimers
selectivity. The lower trimers selectivity at higher GHSV could be
related to the low isobutene conversion because the selectivity
increased with the isobutene conversion [45]. Similarly, the con-
centration of dimers in the products increased with decrease of
isobutene conversion, which was  also due to the consecutiveness

of isobutene oligomerization reaction. Based on the above results,
selective isobutene trimerization thus should be conducted at low
space velocity.
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Fig. 8. Effect of space velocity (GHSV) on the oligomerization of isobutene (catalyst:
IL/silica 30 wt.%, isobutane/isobutene ratio = 10:1, 25 ◦C).
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ig. 9. The conversion of isobutene at different catalyst loadings with time on stream
isobutane/isobutene ratio = 10:1, GHSV = 600 h−1, 25 ◦C).

.3.5. Evaluation of the SILCs stability
The stability of the SILCs for isobutene oligomerization was also

valuated. The conversion of isobutene as a function of the time
as shown in Fig. 9. After a stabilization time of 1 h on stream, the

L/silica catalyst (BMImCl/AlCl3 = 1/2, 30 wt.%) showed relatively
table conversion values (about 93%) for 5 h, and then gradually
eclined to 76%. For the IL/silica catalyst (20 wt.%), after 4 h, the
onversion of isobutene began to decrease as the reaction time was
rolonged. With regard to deactivation, the catalyst with 30% IL

oading showed better stability for oligomerization, which might
esult from the higher concentration of Lewis acid sites on the cat-
lyst [46]. This deactivation of the catalyst can be attributed to
he formed olefins with high molecular weight during the reac-
ion, which blocked active sites on the catalyst and decreased the
atalytic activity [47].

. Conclusions

In conclusion, supported chloroaluminate ILs were prepared

nd used for the trimerization of isobutene based on C4 mix-
ure at mild conditions. It was interestingly found that the carrier
layed a crucial role in isobutene trimerization. The catalysts sup-
orted on glass or AC carriers induced isobutane/butene alkylation,

[

[

[

y 200 (2013) 41– 48 47

whereas the catalyst supported on silica showed catalytic activ-
ity for isobutene oligomerization. DSC and XPS characterization
results indicated that catalytic activity for isobutene oligomeriza-
tion might originate from the synergy between Al2Cl7− anion and
silica. Furthermore, the influences of temperature, reactant concen-
tration, space velocity and loading amount of the IL/silica catalysts
for the oligomerization were investigated. Optimized conditions
were observed at relatively high temperature, low space velocity,
and low isobutene concentration in the feed. Total conversion of
isobutene and 91.4% selectivity of trimers were obtained at 50 ◦C
over the IL/silica (30 wt.%) catalyst.
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