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Abstract: A supported ionic liquid phase (SILP) cat-
alyst material has been developed based on a silica
support coated with an acidic chloroaluminate ionic
liquid. Compared to the results in a liquid-liquid bi-
phasic reaction these materials showed in the isopro-
pylation of cumene a clearly different selectivity
which was found to be related to a reduction of the
ionic liquid�s acidity by the untreated silica support.
By pretreating the support with a defined amount of

ionic liquid for neutralization and removal of surface
hydroxy groups, a well defined, very active and also
very selective SILP catalyst for slurry phase Friedel–
Crafts alkylation was obtained.

Keywords: acidic ionic liquids; alkylation; Friedel–
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Introduction

The industrial scale production of alkylated arenes is
mainly carried out through Friedel–Crafts alkylation
reactions. Many of the existing processes utilize ho-
mogeneous alumium ACHTUNGTRENNUNG(III) chloride as catalyst,[1] which
is decomposed in a hydrolysis step in the work-up
process after reaction. During this procedure, alumini-
um oxide waste, toxic and corrosive HCl gas and
large amounts of water contaminated with organic im-
purities are produced, which makes the process prob-
lematic from an environmental point of view.

As an alternative to the homogeneous AlCl3-cata-
lyzed process, zeolites and metal oxides are applied in
Friedel–Crafts reactions.[2–5] These heterogeneous cat-
alysts can be separated from the liquid reaction prod-
ucts very easily by filtration, allowing much simpler
process schemes. However, these heterogeneous cata-
lysts are usually less active than the homogeneous
system so that longer reaction times and rather ex-
treme reaction conditions are usually required. The
latter are known to trigger undesired oligomeriza-
tion[5] or even coke formation.[6–9]

Dissolving the halide-containing Lewis acid in an
ionic liquid phase opens the possibility to immobilize
the active acidic species in an ionic phase if the reac-
tion mixture shows a miscibility gap with the ionic
liquid in use. In this case, a recycling of the acidic,
ionic catalyst phase is possible by decantation.[10,11]

Another interesting point of chloroaluminate ionic

liquids is their tunable acidity ranging from mildly
Lewis acidity (e.g., [cation]Cl/AlCl3 = 1/1.1) to very
powerful Lewis acidity at the maximum solubility of
AlCl3. The latter is reached at a 1/2 molar ratio in the
case of [cation]Cl/AlCl3

[12] and can reach up to 1/4.5
in the case of [cation]ACHTUNGTRENNUNG[NTf2]/AlCl3 systems.[13] Numer-
ous applications of these acidic chloroaluminate ionic
liquids have been already reported.[14] Examples in-
clude various alkylation reactions of benzene and tol-
uene with alkyl halides and alkenes as the alkylation
agent,[15–17] linear alkylbenzene production for surfac-
tant synthesis[18] and isobutene alkylation with 2-
butene.[19]

In the last five years the immobilization of catalytic
ionic liquids on porous supports has become known
as the so-called “supported ionic liquid phase (SILP)”
concept.[20–23] Catalytic reactions in which SILP cata-
lyst systems have been successfully applied include
hydrogenations,[24–26] hydroformylations,[27–29] hydroa-
minations,[30] and carbonylations.[31] The attractiveness
of the concept for industrial use is related to the very
short diffusion distances in the supported ionic liquid
films avoiding the mass transfer limitations often en-
countered in traditional liquid-ionic liquid catalysis[32]

(due to the comparably high ionic liquid viscosity).
The lack of mass transfer restrictions leads to a much
more efficient utilization of the ionic liquid catalyst
volume allowing for a dramatic reduction of the ionic
liquid volume required for a given application. As
ionic liquids are still more expensive than traditional
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solvents this is an important advantage. Additionally,
the supported ionic liquid phase catalyst appears mac-
roscopically as a dry solid. Therefore, SILP catalysts
can be applied in fixed-bed reactor technologies
which allow continuous processing in a very simple
reactor set-up.

The first example of a SILP-type catalyst based on
acidic chloroaluminate ionic liquids has been reported
in 2000 by Hçlderich.[16,33,34] The authors added acidic
chloroaluminate ionic liquids to various types of
silica, alumina, TiO2 and ZrO2 supports. During the
preparation, the formation of HCl was observed,
probably due to the presence of water on the sup-
ports. The obtained solids were tested for the alkyla-
tion of benzene, toluene, naphthalene, and phenol
with 1-dodecene in batch, continuous liquid-phase,
and continuous gas-phase systems. The catalytic activ-
ities of the immobilized ionic liquids were found to be
higher than those of the conventional H-beta zeolite
under the same conditions. Leaching of AlCl3 into the
organic product phase was not described, but some
deactivation of the catalyst was concluded from the
slight loss in conversion over time in the continuous
liquid-phase reaction. Later on, the same group re-
ported in two papers the grafting of ionic liquids on
the surface of a silica support by means of a chemical
reaction of alkoxysilyl-functionalized cations with the
support material.[33–35] In these studies, the authors use
the term “novel Lewis acidic catalyst (NLAC)” for
their approach.

In this paper, we report on our on-going studies to
develop optimized acidic SILP catalyst materials for
the application in slurry-phase alkylation reactions.
Our study focuses mainly on the development of a de-
fined and optimized pretreatment of the support ma-
terial prior to the impregnation with the acidic ionic
liquid in order to obtain materials with strictly repro-
ducible catalytic performance. In contrast to the work
previously reported by Hçlderich[33–35] our aim was to
synthesize acidic SILP materials in which the ionic
liquid film remains free flowing on the support�s sur-
face while being fixed to the support by capillary
force and physisorption.

As model reaction to test these SILP materials in
slurry-phase reactions, we selected the isopropylation
of cumene, a well known and industrially relevant
transformation.

Results and Discussion

Cumene Isopropylation with [EMIM]Cl/AlCl3 =1/2 –
SILP-Catalyzed Reaction vs. Liquid-Liquid Biphasic
Reaction Mode

The cumene isopropylation reaction is depicted in
Scheme 1. Our initial experiments aimed for a direct
comparison of the liquid-liquid biphasic reaction
mode and a SILP slurry-phase reaction using the
identical Lewis acidic chloroaluminate ionic liquid
([EMIM]Cl/AlCl3 = 1/2) under the same reaction con-
ditions. Figure 1 shows the conversion-time plot for
both catalyst systems.

As can be seen from the graphs, the catalytic reac-
tion rate of the SILP-slurry system is significantly
higher than for the liquid-liquid biphasic system. This
finding can be understood from the high available cat-
alyst phase/organic phase contact area that is provid-
ed in the SILP system by the porous support. Interest-
ingly in SILP and liquid-liquid biphasic modes, a sig-
nificantly different product distribution is observed
among the diisopropylbenzenes (DIPBs). While para-
DIPB predominates over meta-DIPB in the SILP-
slurry system, the liquid-liquid biphasic system gives

Scheme 1. Isopropylation of cumene with possible isomerization step.

Figure 1. Comparison of cumene isopropylation using
[EMIM]Cl/AlCl3 =1/2 as liquid-liquid biphasic system
(squares) and as slurry SILP system with a=0.2 (circles).
pTot =6.9 bar; Treact =150 8C; solvent= cyclohexane;
[cumene] =3.8 10�3 mol/mL; cumene:catalyst =36:1.
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the opposite distribution (see Figure 2). Moreover. in
the SILP system a significant amount of ortho-DIPB
was observed while this was not the case for the
liquid-liquid biphasic system.

An interpretation of these remarkable selectivity
differences in the light of the existing literature on
Friedel–Crafts alkylation reactions[36] leads to the
result that in the SILP-slurry system the kinetically
favoured products, para-DIPB and ortho-DIPB, are
formed preferentially while in the liquid-liquid bipha-
sic system the thermodynamically most stable prod-
uct, meta-DIPB, is predominant (see Table 1).

Both activity and selectivity results can be under-
stood by taking into account that the SILP-slurry
system offers more active catalytic surface but at a
lower Lewis acidity compared to the neat chloroalu-
minate-organic biphasic system. Obviously, the inter-
action of the acidic chloroaluminate with the untreat-
ed, dry SiO2 surface (irreversible reaction of surface
Si�OH groups with the acidic anions of the ionic
liquid, [Al2Cl7]

� and [Al3Cl10]
�) leads to this loss in

acidity. The reduced acidity of the catalytic layer in
case of the SILP-slurry system results in its lower abil-
ity to isomerizes the kinetic products into the thermo-

dynamic mixture. Similar findings of support reactivi-
ty versus components of a supported ionic liquid film
have been described earlier also for non-acidic, cata-
lytic SILP systems.[37]

Variation of Ionic Liquid Loading (a)

Our first approach to deal with the loss of acidity to-
wards the solid support was to increase the amount of
acidic ionic liquid layer immobilized on the support.
In this way, the amount of “free”, acidic anions
[Al2Cl7]

� and [Al3Cl10]
� is increased in the system as

only the first layer of acidic ionic liquid should react
with the basic surface sites of the support.

To demonstrate the effect of this variation experi-
mentally we focused on the isomerization of a non-
equilibrated mixture of diisopropylbenzenes as the
rate of this transformation is more sensitive to the ab-
solute acidity of the catalyst than the isopropylation
step. The non-equilibrated mixture applied for these
experiments contained 30% meta-DIPB, 15% ortho-
DIPB and 55% para-DIPB whereas the estimated
equilibrium composition using ASPEN PLUS con-
tains approximately 70% meta-DIPB and 30% para-
DIPB. Preparation of the former mixture is explained
in Experimental Section.

Table 2 shows the results of these isomerization ex-
periments using SILP-slurry systems of different ionic
liquid loadings corresponding to 10–30% (a =0.1–0.3)
of the theoretical pore volume filling. Moreover,
three different silica supports have been applied to
study at the same time the effect of mean pore diame-
ter and BET surface of the support on the catalytic
activity (and thus on the overall acidity) of the SILP
systems.

Interestingly, the results indicate the existence of a
critical loading value (acritical) of the acidic ionic liquid
on the support which is required to observe any iso-
merization activity (for SiO2-100 a>0.1, for SiO2-60
a>0.2, for SiO2-30 a@0.3). This finding strongly sup-
ports the idea of a kind of neutralization reaction be-
tween the basic surface sites of the support and the
contact layer of the ionic liquid on the support. Con-
sequently, the value of acritical was found to increase
with increasing BET surface area of the support. With
ionic liquid loading above acritical isomerization activity
of the SILP-slurry system was indeed observed with
an increasing share of meta-DIPB and consumption
of ortho-DIPB towards the thermodynamic distribu-
tion. However, even the SILP system with the highest
loading of ionic liquids and the smallest surface area
failed to reach the acidity of the liquid-liquid biphasic
system as can be seen from the corresponding com-
parison result in Table 2.

Attempts to enhance the SILP material�s acidity by
a further increase in ionic liquid loading were found

Figure 2. Diisopropylbenzene isomers distribution of
cumene isopropylation using [EMIM]Cl/AlCl3 =1/2 as
liquid-liquid biphasic system and as slurry SILP system.
pTot =6.9 bar; Treact =150 8C; solvent= cyclohexane;
[cumene] =3.8 10�3 mol/mL; cumene:catalyst =36:1.

Table 1. Relative energy of different DIPB isomers.

DIPB
Isomer

Relative Internal Electronic Energy[a]

[kJ mol�1]

meta[b] 0
ortho 18.05
para 0.25

[a] Estimated using DFT-B3LYP calculation.
[b] Reference isomer.
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to be unreasonable for two distinct reasons: a) ICP-
AES analyses of the organic product clearly indicated
that the amount of Al leaching from the SILP materi-
al was a strong function of the ionic liquid loading
with unacceptably high leaching being observed at
ionic liquid loadings a greater than 0.2 (Figure 3); b)
with ionic liquid loadings a�0.4 the SILP materials
became a moist catalyst mass rather than a dry
powder which resulted in difficult handling of the ma-
terial.

Taking all these aspects into account it can be con-
cluded that the acidity of SILP materials can be in-
creased by higher ionic liquid loadings but increasing
leaching and handling problems will limit this ap-
proach at least for potential technical application sce-
narios.

Chemical Support Pretreatment – Comparison of
Treated and Untreated Supports in SILP-Catalyzed
Isomerization

From these initial results we concluded that a special
pretreatment of the support material would be a very
attractive alternative route to highly acidic SILP ma-
terials. The aim of this chemical support pretreatment
would be to avoid all support-anion interactions detri-
mental for the system�s acidity. Moreover, as the
amount of surface Si�OH groups depends heavily on
the preparation, storage and drying procedure of the
support, a suitable chemical support pretreatment
should also help to prepare the acidic SILP materials
in a much more controlled and fully reproducible
manner.

To avoid the introduction of an additional chemical
to the system we decided to perform the chemical

Table 2. Isomerization results of of non-equilibrium DIPB isomers mixture for various SILP systems.[a]

Ionic Liquid Loading (a) SiO2 Support Materials
a= Volume IL/Total Pore Volume fpore

[b] = 10 nm;
Vpore = 0.966 mL g�1;
BET = 335 m2 g�1

fpore
[b] =6 nm;

Vpore =0.577 mL g�1;
BET= 445 m2 g�1

fpore
b) = 3 nm;

Vpore =0.362 mL g�1;
BET =470 m2 g�1

0.1 32:12:56 31:14:55 31:14:55
0.2 47:1:52 32:13:55 36:9:55
0.3 56:0:44 50:1:49 35:10:55
Liquid[c] 65:0:35
0.1T[d] 60:0:40

[a] Treact =150 8C; solvent =decalin; [EMIM]Cl/AlCl3 =1/2; organic:acid=10:1; reaction time= 90 min; starting DIPB feed-
stock composition (meta:ortho:para)=30:15:55. Figures given above represent meta-, ortho- and para-DIPB mole frac-
tions at the end of the experiments.

[b] Nominal mean pore diameter as supplied by provider. SiO2-100, SiO2-60 and SiO2-30 corresponds to nominal fpore of 10,
6 and 3 nm, respectively.

[c] Liquid-liquid biphasic isomerization without SiO2. All reaction conditions are identical with those of SILP experiments.
[d] SILP catalyst using pretreated SiO2 (fpore = 10 nm) support. IL loading (a)=0.1.

Figure 3. Leaching rate of acidic SILP system at different
loading (a) values. Treact =150 8C; solvent =decalin;
[EMIM]Cl/AlCl3 =1/2; organic:acid= 10:1; fpore =10 nm; re-
action time=90 min

Figure 4. Schematic representation of support pretreatment
process post calcination of SiO2. (1) Fresh calcined SiO2

containing basic surface hydroxy groups. (2) Loading of sup-
port�s surface with acidic chloroaluminate ionic liquids. (3)
Washing of excess and unreacted acidic species with fresh
non-reacting solvent (CH2Cl2). (4) Evacuation of wash sol-
vent residue giving an interacting-free support surface ready
for acidic ionic liquid immobilization. (5) Reutilization of
pretreated support for a more defined SILP acidity.
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pretreatment procedure with exactly the same ionic
liquid as later used for the SILP-coating process. The
applied pretreatment procedure is schematically
shown in Figure 4.

The precalcined support (Figure 4, step 1) was im-
mersed into a solution of [EMIM]Cl/AlCl3 = 1/2
(excess with respect to number of basic surface sites
as estimated from the acritical values of earlier experi-
ments) in CH2Cl2. Dichloromethane was applied to
reduce the ionic liquid�s viscosity to allow quicker
penetration of the ionic liquid into the pores of the
support. This step was carried out under rigorous stir-
ring for two hours in an ice bath (see Figure 4, step
2). After reaction of the ionic liquid�s acidic anions
with the basic surface sites, the excess of the acidic
ionic liquid was removed with a large excess of con-
tinuously flowing fresh CH2Cl2. The washing process
was continued to a point where no aluminium oxide
precipitation was observed during addition of distilled
water to a sample of the washing solution. After the
washing process dichloromethane was recovered from
the washing solution by simple evaporation.

The modification of the support material during
this chemical pretreatment was monitored by temper-
ature programmed desorption (TPD) of ammonia.
The measurements were carried out for both the cal-
cined SiO2 and the chemically pretreated support ma-
terial (see Figure 5).

The first ammonia desorption peak of the calcined
silica between 50 and 120 8C can be attributed to the
presence of surface hydroxy groups.[38] Obviously,
these surface Si�OH groups are completely removed
during the chemical pretreatment process as this de-
sorption peak is not found for the pretreated sample.
Instead, a broader peak appears at higher desorption
temperature that can be linked to the fact that the

support is significantly more acidic after the pretreat-
ment (thus more thermal energy is needed to desorb
the ammonia).

BET surface, total pore volume and mean pore di-
ameter have been determined for the chemically pre-
treated support and the values were compared to
those for the calcined starting material and for a SILP
material with an ionic liquid loading of a=0.1
(Table 3). These data indicate that the chemically pre-
treated support is somewhat in-between the calcined
starting material and the SILP materials with the
loading a=0.1.

Before applying the chemically pretreated supports
to prepare SILP catalysts, we performed a benchmark
run between the pretreated supports with an active
acidic SILP (a = 0.2) on calcined SiO2 in the same
isomerization experiment of diisopropylbenzenes as
described previously. It can be seen from the corre-
sponding graph in Figure 6 that clearly the chemically

Figure 5. Temperature programmed desorption (TPD) of
ammonia from calcined SiO2 (calcination at 400 8C for 24 h)
and the same support after pretreatment with the acidic
chloroaluminate ionic liquid.

Table 3. Surface analysis of SiO2 before and after pretreat-
ment.

Material Total Pore
Volume
[mL g�1]

BET Sur-
face Area
[m2 g�1]

Calculated Mean
Pore Diameter
(fcalc)

[a] [nm]

Calcined
SiO2

0.966 335 11.5

SILP
(a=0.1)

0.636 222 11.5

Pretreated
SiO2

0.764 280 11.0

[a] Calculated mean pore diameter fcalc =4 � total pore
volume/BET area.

Figure 6. Comparison of pretreated support material with
active SILP catalyst in the isomerization of a non-equilibri-
um DIPB isomer mixture. Treact =150 8C; solvent =decalin;
organic:acid=10:1.
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pretreated support alone behaves like an inert materi-
al and no isomerization reaction takes place.

In contrast, when the pretreated support was ap-
plied to prepare a SILP material of a= 0.1, the latter
showed a very attractive catalytic activity and trans-
formed a mixture of 55% para-DIPB, 14% ortho-
DIPB and 31% meta-DIBP to a mixture of 40% para-
DIPB and 60% meta-DIPB with practically no ortho-
DIPB within 90 min. This is very close to the selectivi-
ty of the liquid-liquid biphasic system with the same
reaction time (para-DIPB/meta-DIPB =35:65, see
Table 2). It is also noteworthy that the results of the
isomerization experiments were indeed very well re-
producible using the SILP catalyst materials based on
the chemically pretreated support.

The advantage of applying SILP materials prepared
with the chemically pretreated support is even more
pronounced with regard to the leaching rate of the
acidic species into the organic phase. At a comparable
isomerization activity (which is given for a SILP
system on calcined SiO2 with a= 0.3 and for a SILP
system on chemically pretreated support with a= 0.1,
see also data in Table 2) aluminium leaching is re-
duced from 5.8%-wt (calcined support) to 2.0%-wt
(chemically pretreated support).

Comparison of Treated and Untreated SiO2 in
Alkylation Reactions

Having defined through the isomerization test reac-
tions a very promising way to chemically pretreat the
silica support for highly acidic SILP catalysts, it was
interesting to see whether the same materials would
also show an attractive performance as catalysts in
the isopropylation of cumene. The corresponding re-
sults are summarized in Table 4.

Indeed it was found that the SILP catalyst using
pretreated SiO2 gave in the slurry-phase isopropyla-
tion a quite similar selectivity compared to the liquid-
liquid biphasic reaction with a still much higher reac-

tion rate of alkylation compared to the latter under
identical reaction conditions (see Table 4).

Recycling of the Pretreated SILP Catalyst

The experiments described above have demonstrated
that the pretreatment of the support leads to catalyst
of higher acidity and lowers aluminium leaching (es-
pecially when compared with the simple impregnation
method of calcined support material). Since the sug-
gested support pretreatment represents an extra step
in catalyst preparation, the recyclability of the pre-
pared systems becomes even more an issue of practi-
cal relevance. Consequently, we have investigated the
recyclability of the pretreated SILP catalyst in the iso-
propylation of cumene (see Figure 7).

For the recycling, the SILP catalyst was isolated
from the reaction products by simple decantation
after 30 min settling time at ambient conditions. The
residual SILP catalyst in the autoclave was loaded
again with cumene and solvent. It is important to
note that during the decantation process strictly inert
conditions could not be realized for practical reasons
of our set-up. The results of the recycling experiments
are shown in Figure 7.

Only minor changes were observed in the total
cumene conversion over the three recycling runs. In
the third recycling it was still possible to convert 84%
of cumene in only 3.5 min reaction time. While the
catalytic activity stayed almost constant over recy-
cling, selectivity to meta-DIPB decreased from run to
run indicating a change in the nature of acidic species
in the SILP system. This observation becomes under-
standable in the light of the short air contact of the
SILP material during recycling that leads to increas-
ing contamination of the SILP catalyst with moisture
from air from run to run. Another source of small
amounts of moisture is water in the applied cumene
(which was approx. 80 ppm in the recycling experi-
ments). Both moisture contact during recycling and
moisture in the cumene lead to the transformation of
Lewis acidic anions to acidic protons combined with a
change in selectivity.

Conclusions

In this work we have presented a convenient way to
chemically pretreat silica based support materials for
highly acidic chloroaluminate-based supported ionic
liquid phase (SILP) catalysts. The chemical pretreat-
ment was achieved by contacting a solution of
[EMIM]Cl/AlCl3 = 1/2 in dichloromethane with the
calcined support, followed by a careful washing proce-
dure that removed all acid excess from the support.
The pretreated supports themselves showed no cata-

Table 4. Comparison of product distribution within the
DIPB isomers in the isopropylation of cumene using chloro-ACHTUNGTRENNUNGaluminate ionic liquid as biphasic and as SILP system.[a]

Time[b] [min] DIPB isomers
meta ortho para

Biphasic 23 60 ~0 40
SILP (a= 0.2) 4 44 5 51
SILP (a= 0.2T)[c] 4 57 2 41

[a] pTot =6.9 bar; Treact =150 8C; solvent=cyclohexane;
[cumene] =3.8 10�3 mol/mL; cumene:catalyst =36:1.

[b] Time required for achieving approx. 80%-mol conversion
of cumene.

[c] SILP catalyst using pretreated SiO2.
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lytic activity in the isomerization of diisopropylben-
zenes (DIPBs) but provide a very suitable support
material for the immobilization of a defined amount
of acidic chloroaluminate ionic liquid. SILP materials
obtained in this way proved to be highly attractive
heterogeneous catalysts for the slurry-phase isomeri-
zation of DIPBs and for the isopropylation of
cumene, including extremely fast reaction rates and
low Al leaching into the organic product phase. Cer-
tainly, the here presented approach for optimized,
acidic SILP catalysts provides distinct advantages
over traditional homogeneous, zeolite based or liquid-
liquid biphasic reactions. Strong points of the concept
are the high reactivity of the materials, the very effi-
cient use of the ionic liquid and the obvious opportu-
nities for catalyst separation and recycling.

Experimental Section

All manipulations of the acidic catalyst systems or any han-
dling of the reactants prior to reaction were carried out
under strictly inert conditions using Schlenk technique and
argon (5.8, Linde) as inert gas.

Chemicals

Cumene (99.0%) from Acros Organic was used together
with propylene 2.8 (99.8%) from Linde. Cyclohexane
(BASF) was used as additional extraction solvent in the cat-
alytic isopropylation reactions after confirming its water
contents to be below 20 ppm by Karl–Fischer titration. Pure

components of meta-DIPB (98%), para-DIPB (98%) and
ortho-DIPB (97.5%) were purchased from Acros Organic.
1-Ethyl-3-methylimidazolium chloride ([EMIM]Cl) was pur-
chased from Solvent Innovation GmbH, Cologne and used
without further purification. Toluene (BASF) was applied
after reactions to dilute the samples for GC analysis.
AluminiumACHTUNGTRENNUNG(III) chloride was purchased from Merck and
used without further purification. Silica gel 100 (particle size
63–200 mm) from Merck was used as support for the prepa-
ration of the SILP catalyst.

Catalyst Preparation

Silica gel of 10 nm mean pore diameters (silica gel 100) was
calcined prior to use at 400 8C for at least 12 h in order to
eliminate adsorbed moisture and surface hydroxy groups
from the support. The BET surface and the total pore
volume of the calcined support were determined to be
335 m2 g�1 and 0.966 cm3 g�1, respectively.

The acidic chloroaluminate ionic liquid was prepared by
mixing a defined molar ratio of AlCl3 and [EMIM]Cl at 70–
80 8C in a Schlenk flask until complete dissolution of AlCl3

and a clear liquid was observed. This acidic chloroaluminate
ionic liquid was used directly in the liquid-liquid biphasic
comparison experiments. It was also applied for the further
preparation of the SILP materials.

The acidic SILP catalysts were prepared by a wet impreg-
nation of the differently pretreated support materials with
the acidic chloroaluminate ionic liquid. In this procedure, a
defined ratio between the volume of the acidic chloroalumi-
nate ionic liquid and the total pore volume of the support
was adjusted. Dichloromethane was used to dilute the acidic
ionic liquid during the wet impregnation process. To ensure
a homogeneous penetration of the catalyst into the support�s

Figure 7. Recycling esperiment of cumene isopropylation using [EMIM]Cl/AlCl3 =1/2 on pretreated SiO2 as slurry SILP
system with a=0.2. pTot =7 bar; Treact =150 8C; tR =approx. 3.5 min; solvent=cyclohexane; [cumene] =3.8 10�3 mol/mL; cu-
mene:catalyst per batch = approx. 36:1
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pores, a slurry of the pretreated support and the diluted
ionic liquid was stirred at 500 rpm for 1.5 h followed by
evaporation of the dichloromethane at 850 mbar and 40 8C
over 12 h. The so-obtained, dry SILP catalyst was stored
either in a glove-box or under an argon atmosphere prior to
use.

Isopropylation Experiments

All isopropylation experiments were carried out in a 600-
mL Parr autoclave equipped with a gas entrainment stirrer
and a glass liner inside. Prior to the reaction, both the auto-
clave and the glass liner were stored in an oven at 90 8C for
24 h to avoid any moisture contamination.

The liquid organic phase consisted of cyclohexane and
cumene in a 1:1 molar ratio. This organic phase was trans-
ferred into the glass liner followed by the defined amount of
the acidic SILP material or the acidic ionic liquid (for the
liquid-liquid biphasic comparison experiments). The filled
glass liner was placed inside the autoclave and the reactor
was flushed again with argon.

For reactor heating and temperature control an external
heating mantle and an internal cooling coil were used to
ensure isothermal conditions during reaction. Upon reaching
the reaction temperature, the reactor was connected to the
propylene bottle with a defined propylene pressure. The
propylene pressure was set to a value that aromatic feed-
stock remained always in excess over propylene throughout
the experiment with a typical initial ratio of cumene/propyl-
ene= 8/1. The reaction time was set to t= 0 when the gas en-
trainment stirrer was set to 1000 rpm and switched on. It
has been verified in prior experiments that almost no reac-
tion takes place without stirring. During the catalytic reac-
tion, samples were taken from the autoclave. The catalytic
run was stopped when one equivalent of propylene had
been consumed. The amount of propylene consumption was
monitored by continuously weighing the propylene reservoir
with an analytical balance during the experiment.

Isomerization Experiments

Isomerization experiments were carried out in a 50-mL
Schlenk flask. The aromatic starting mixture – a non-equi-
librium mixture of diisopropylbenzenes (DIPBs) – was dilut-
ed (in 1:1 volume ratios) with decalin. The initial composi-
tion of the aromatic starting mixture was set to be 30%
meta-DIPB, 15% ortho-DIPB and 55% para-DIPB. This
mixture was obtained by mixing the corresponding amount
from each of the aromatic substances. Samples were taken
during the isomerization experiments and analyzed by GC
to follow the isomerization progress.

GC Analysis

All samples were analyzed using a Varian CP-3900 gas chro-
matograph equipped with a Varian WCOT fused silica
column (0.21 mm diameter and 50 m long) and flame ioniza-
tion detector (FID) working at 270 8C.

The molar amount of each substance in the analyzed
volume can be calculated based on the mass fraction of each
substance, the mass fraction of the standard substance, the
correction (CF) and the molecular weight (MW) of the ana-
lyzed substance according to Eq. (1).

As the combined volume of all samples taken from the
autoclave during the kinetic studies was negligible compared
to the total reaction volume volumes, the amount of stan-
dard substance in the reactor was considered to be constant
throughout the reaction.

Ammonia Temperature Programmed Desorption
(TPD) Analysis

Temperature programmed ammonia desorption was used to
identify the acidic sites of the silica support before and after
the manipulations of the support material. The analysis was
carried out using a Thermo Electron TPD/R/O 1100 ana-
lyzer equipped with a thermal conductivity detector working
at 120 8C. Samples of 0.1 g were heated under a continuous
flow of helium at 500 8C for 30 min. Adsorption of ammonia
was carried out at 80 8C for 30 min followed by flushing with
helium for another 100 min. Desorption of ammonia was
performed under continuous helium flow of 25 mL min�1 at
temperatures up to 600 8C with a heating rate of 10 8C
min�1.

Induced Coupled Plasma Atom Emission
Spectrospcopy (ICP-AES)

The aluminium content in the organic reaction mixture was
analyzed by ICP-AES to determine the amount of acid cata-
lyst leached into the reaction mixture. The ICP-AES analy-
ses were carried out using a Perkin–Elmer Plasma 400 spec-
trometer. The latter was calibrated prior to the measure-
ments using standard solutions of alumina plasma standard
solution (1000 mg mL�1; SpecPure� from Alfa Aesar).

Support Characterization

Support characterization was carried out by determining the
BET surface area and the total pore volume of the applied
support materials prior to and after pretreatment and im-
pregnation. The BET surface area was determined by nitro-
gen adsorption/desorption using a Thermo Electron Sorpto-
matic 1990. The total pore volume was analyzed using a Mi-
cromeritics Gemini 2360.
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