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Applications of ionic liquids to replace conventional solvents
in homogeneous transition-metal catalysis have increased
significantly during the last decade. Biphasic ionic liquid/or-
ganic liquid systems offer advantages with regard to product
separation, catalyst stability, and recycling but utilise in the
case of fast chemical reactions only a small amount of ex-
pensive ionic liquid and catalyst. The novel Supported Ionic

Introduction

In the last decade, ionic liquids have been studied exten-
sively as alternative solvents for homogeneous catalysis.[1]

Their ionic nature, nonvolatility, and thermal stability make
them highly suitable for biphasic ionic liquid/organic liquid
transition-metal catalysis.[2] The almost unlimited combina-
tions of cation and anion allow the synthesis of tailor-made
ionic liquids that can stabilise the catalytic species.[3] More-
over, appropriate ionic liquids can enhance substrate solu-
bility while possessing low product solubility, and thus facil-
itate simple product separation and complete catalyst recov-
ery.[4]

Biphasic ionic liquid/organic liquid systems generally re-
quire a large amount of ionic liquid. On the basis of econ-
omic considerations this is unattractive since ionic liquids
remain relatively expensive even though they are now com-
mercially available.[5] In addition, the high viscosity of ionic
liquids can induce mass transfer limitations if the chemical
reaction is fast, causing only a minor part of the ionic liquid
and precious transition metal catalyst dissolved therein to
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Liquid Phase (SILP) catalysis concept overcomes these draw-
backs and allows the use of fixed-bed reactors for continuous
reactions. In this Microreview the SILP catalysis concept is
surveyed by presenting results for the continuous gas-phase
hydroformylation of propene, as a reaction example.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

take part in the catalysed reaction. This problem can, how-
ever, to some extent be circumvented by intense stirring to
create smaller droplets with a larger reaction surface. This,
on the other hand, necessitates a high energy input due to
the viscosity of the ionic liquid and makes continuous pro-
cesses economically unviable. Thus, in contrast to the con-
ventional ionic liquid/organic liquid biphasic systems, an
ideal catalyst system would consist of a bulk catalyst phase
having the size of the diffusion layer, which allows all the
available metal complexes and ionic liquid to be involved in
the catalytic reaction. Additionally, solid catalyst systems
would allow application of continuous-flow-operated fixed-
bed processing.

A “heterogenised” type of homogeneous ionic liquid cat-
alyst system, described as Supported Ionic Liquid Phase
(SILP) catalysts, has recently been introduced and exam-
ined by us and other research groups for hydrofor-
mylation[6,7] (Rh-catalysed), carbonylation[8] (Rh-cata-
lysed), hydrogenation[9] (Rh-catalysed), Heck reactions[10]

(Pd-catalysed), hydroaminations[11] (Rh-, Pd-, and Zn-cata-
lysed) and epoxidation[12] (W-catalysed). In these SILP sys-
tems, a thin film of ionic liquid containing the homogen-
eous catalyst is immobilised on the surface of a high-area,
porous support material, as depicted in Figure 1.

In SILP catalysts the combination of high solvent po-
larity combined with nonvolatility [in contrast to water in
Supported Aqueous Phase (SAP) catalysis], ensures that the
catalytic species remain dissolved also in continuously oper-
ated reactions. Furthermore, the combination facilitates
separation of the catalyst phase from the organic product
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phase in contrast to many traditional organic liquid Sup-
ported Liquid Phase (SLP) catalysts. In addition, the high
dispersion of the ionic liquid/catalyst solution on the sup-
port surface results in a very efficient use of ionic liquid,
reducing the necessary amount of the precious catalyst and
the ionic liquid required. Consequently, SILP catalyst sys-
tems offer significant advantages compared to biphasic ca-
talysis in organic liquid/ionic liquid mixtures and to current
SLP and SAP catalyst systems.

Despite the important advantages mentioned above it
should be realised, however, that the use of SILP catalysts
in most cases is limited to gas-phase applications. For li-
quid-phase reactions even a minor ionic liquid solubility in
a liquid feedstock/product mixture can be sufficient to re-
move the catalyst from the carrier over time in both contin-
uously operated or batch processes upon catalyst recycling
(due to the very small amount of ionic liquid on the sup-
port). Even worse, the thin immobilised catalyst layer can
physically be removed from the support by mechanical
forces, for example, by a convective liquid flow.
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One of the first examples of liquid SILP catalysis, where
the problems of leaching became evident, was reported by
Mehnert and co-workers on the hydroformylation of 1-hex-
ene in batch autoclave mode.[6] They immobilised the ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PF6]) by covalent bonding (through pendant silyl
groups) to the chemically modified surface of a silica gel.
Two monodentate phosphane ligands, tris(m-sulfon-
ylphenyl)phosphane trisodium salt (TPPTS) and tris(m-sul-
fonylphenyl)phosphane tris(1-butyl-3-methylimidazolium)
salt (TPPTI) were used for ligand modification of the rho-
dium precursor Rh(acac)(CO)2. The activity of the ob-
tained Rh/SILP catalysts was almost three times higher
than for comparable biphasic systems and was attributed to
a higher rhodium concentration at the large reaction inter-
face. However, at higher conversions significant rhodium
leaching occurred accompanied by significant depletion of
the supported ionic liquid layer. Recently, Rh–TPPTS/SILP
catalysts have also been prepared by immobilising the com-
plexes in the ionic liquids [BMIM][PF6], [BMIM][BF4], and
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Figure 1. Schematic illustration of Supported Ionic Liquid Phase (SILP) catalysts for fixed-bed reactor technology.

tetramethylguanidinium lactate (TMGL) supported on
mesoporous MCM-41.[13] The catalytic performance of
these catalysts was investigated in hydroformylation of dif-
ferent alkenes (C6 to C12), and the SILP catalysts were fur-
ther characterised by various methods. 31P NMR spectro-
scopic data revealed that the Rh–TPPTS complex forma-
tion in the SILP system occurred in a similar way to that
in an aqueous solution, clearly indicating the homogeneous
nature of Rh/SILP catalyst systems. Using the specific com-
bination of TMGL ionic liquid and MCM-41 support the
leaching problem was here claimed to be negligible, most
likely because of the slightly coordinating ability of the
ionic liquid to the rhodium atom. Notable, however, in
none of the above examples has a combination of good cat-
alyst durability and high product selectivity towards linear
aldehyde been demonstrated.

In this Microreview the advantages of SILP catalysis are
exemplified for the Rh-phosphane catalysed, continuous
gas-phase hydroformylation of propene. The Rh/SILP cata-
lysts employed in the study contained 1-butyl-3-methylimid-
azolium-based ionic liquids and the phosphane ligands

Scheme 2. Reaction scheme for Rh(3) complexes.
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shown in Scheme 1. The involved ligands comprised both
mono- and bisphosphanes modified with ionic groups. All
the Rh(phosphane)/SILP systems, which can be stored un-
der argon over several months, were prepared using impreg-
nation by dissolving appropriate amounts of catalyst pre-
cursor, ligand, and ionic liquid in dried methanol, followed

Scheme 1. Phosphane ligands and ionic liquids applied in the study.
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by addition of dried support material and removal of meth-
anol in vacuo (details about materials and methods are de-
scribed in previous reports[7,14,15]). The catalysts are charac-
terised by the nature of the support, the ionic liquid loading
α (ratio ionic liquid volume/support pore volume), the rho-
dium content (mass ratio rhodium/support) and the molar
ligand/rhodium ratio (L/Rh).

The [Rh(µ-CO)(3)(CO)]2 precursor 6 (see Scheme 2), dis-
solved in ionic liquid [BMIM][PF6], has been investigated
by van Leeuwen et al. in the hydroformylation of 1-oc-
tene.[16] In-situ high-pressure IR and NMR studies indi-
cated that the formation of the active catalyst complex 7
occurred in a similar fashion to the formation in organic
solvents.[17] Beside these studies, detailed mechanistic un-
derstanding of homogeneous catalysis in ionic liquids is still
scarce.[18]

Catalyst Composition Studies

Variation of Support Material

As a first approach, different commercially available po-
rous, high-area supports were used to prepare Rh(phos-
phane)/SILP catalyst systems containing the same type of
ionic liquid and ligand content.[14] Table 1 compiles the sup-
port characteristics and Figure 2 shows the performance of
the Rh(3)/SILP catalysts with regard to activity (turn-over
frequency, TOF) and aldehyde selectivity (% n-butanal).

Figure 2. Propene hydroformylation activities and selectivities of
Rh(3)/SILP catalyst systems.

Table 1. Support material used for SILP-catalysed hydroformylation of propene.[a]

SiO2 Al2O3 TiO2 ZrO2
[b]

Supplier Merck Merck Millennium Co. MEL Chemicals
Trade name Silica gel 100 Alumina 90 neutral TIONA-G5 anatase MELCAT XZO-882

BET area [m2·g–1] 298 103 309 100
Pore volume [cm3·g–1] 1.02 0.25 0.37 0.13

Mean pore diameter [Å] 137 98 47 50
Particle size [µm] 63–200 63–200 n/a 15[c]

[a] The BET surface areas, pore volumes, and pore diameters were determined by nitrogen adsorption/desorption experiments and are
reproduced from ref.[14] [b] Obtained by calcination of Zr(OH)4·xH2O (500 °C, 15 h). [c] Corresponds to the 50% fractile.
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Among the examined catalysts, the Rh(phosphane)/SiO2/
SILP catalysts revealed the highest initial activity (TOF =
21 h–1) and selectivity (95% n-butanal), but deactivated al-
most completely within 24 h on stream ending up with very
low activity and only half the initial selectivity. The
Rh(phosphane)/Al2O3/SILP and Rh(phosphane)/ZrO2/
SILP catalysts had both a lower initial activity and selectiv-
ity than the SiO2-based system but deactivated only slightly
at prolonged reaction (55 h). The most stable system exam-
ined was the Rh(phosphane)/TiO2/SILP catalyst which
maintained the initial (but rather poor) performance over
55 h, showing no sign of deactivation. It should be noted
that the ionic liquid loading differed for the various systems
which made the comparison of the absolute catalyst activi-
ties difficult. Though, a trend appeared to be that higher
pore volume of the support had a more pronounced effect
on the initial activity of the resultant catalyst than the BET
surface area. The use of supports with both low pore vol-
ume and BET area (i.e. Al2O3 and ZrO2) apparently re-
sulted in the least active SILP catalysts.

The different SILP catalysts were analysed by FT-IR
prior to and after reaction. After short-term reactions, all
SILP catalysts revealed CO stretching bands at ν(CO) �
1998 and 1940 cm–1, corresponding to the presence of cata-
lytically active [HRh(3)(CO)2] complexes (examples are
shown in Figure 3 for TiO2 catalysts). However, only the
FT-IR spectra of the used Rh(phosphane)/TiO2/SILP cata-

Figure 3. FT-IR spectra of TiO2-based Rh(3)/SILP catalyst system.
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lyst exhibited bands at ν(CO) = 1994 and 1936 cm–1 after
55 h on-stream. In contrast, the analogous CO bands for
the Rh(phosphane)/SiO2/SILP catalyst gradually disap-
peared after only 4 h in use and were not present after 55 h
of reaction.

For all SILP catalysts additional bands in the 1700–
2100 cm–1 region corresponding to bridging CO ligands, in-
dicative of formation of inactive dimer or cluster com-
pounds, were not observed. Hence, it was concluded that
the deactivation was caused by a support effect. Because of
the highest initial catalyst activity and selectivity, SiO2 was
used as the support material in all further experiments.

Variation of Ligand and Ionic Liquid

In homogeneous hydroformylation with rhodium–phos-
phane catalysts the nature of the involved ligands are
known to have a large influence on the catalytic perform-
ance of the resultant catalyst.[19] Generally, this is attributed
to a combination of electronic and steric factors induced by
the ligands to the metal atom thereby altering its coordina-
tion chemistry.

The effect of the phosphane ligand and of the ligand con-
tent (i.e. L/Rh ratio) contained in the SILP catalysts were
evaluated by determining the catalytic performance of SILP
catalysts containing the different ligands 1–3 (see
Scheme 1).[7] These ligands are based on triphenylphos-
phane, bridged phosphinane (both monodentate), and di-
phenyl-xantphos (bidentate) backbones, respectively. The
obtained results are summarised in Table 2.

Table 2. Catalytic performance of Rh(L)/SiO2/SILP systems with
different types of ligand and L/Rh ratios.

Entry L L/Rh α[a] TOF [h–1] n/iso n-Butanal [%]

1 – – 0.76 0.0 – –
2 1 2.9 0.00 55.5 0.9 47.4
3 1 2.9 0.33 3.7 1.0 50.0
4 1 2.9 0.78 20.6 0.9 47.4
5 1 2.9 1.00 16.8 1.0 50.0
6 2 2.9 0.00 114.8 1.0 50.0
7 2 2.9 0.30 6.9 0.9 47.4
8 2 2.9 0.78 38.0 0.9 47.4
9 2 2.9 1.00 30.5 0.9 47.4
10 2 11.3 0.05 88.4 2.0 66.7
11 2 11.3 0.15 79.4 1.3 56.5
12 2 21.4 0.00 45.8 2.8 73.8
13 2 21.3 0.05 28.2 2.6 72.2
14 3 2.5 0.00 37.4 1.7 63.0
15 3 2.4 0.17 1.5 1.8 64.0
16 3 2.5 0.49 5.1 2.0 66.4
17 3 10.2 0.00 40.8 16.9 94.4
18 3 10.0 0.08 37.0 23.3 95.9
19 3 10.0 0.18 34.9 22.6 95.8
20 3 10.0 0.52 25.4 22.0 95.6
21 3 20.0 0.20 16.7 23.7 96.0

22[b] – – 0.51 0.2 1.0 50.0
23[b] 3 2.5 0.52 6.4 1.9 65.4
24[b] 3 10.0 0.50 17.9 18.6 94.9

[a] Ionic liquid loading, α = ratio of ionic liquid volume to support
pore volume. [b] Ionic liquid = [BMIM][n-C8H17O–SO3]. All other
catalysts were based on [BMIM][PF6].
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For the monophosphane catalysts the obtained selectivi-
ties were significantly lower than for analogous bis(phos-
phane) catalysts, as expected, with only 47–74% linear alde-
hyde being formed compared to typically 94–96% for the
Rh(3) catalyst at identical catalyst composition. Further-
more, an increase in mono(phosphane) ligand content gen-
erally resulted in less active but more selective SILP cata-
lysts (e.g. Entries 10 and 13). The effect on the selectivity
was, however, less pronounced at very large excess of ligand,
i.e. with L/Rh ratio of 21.4 (Entry 13), but remained signifi-
cantly negative for the activity. Thus, the optimal L/Rh ra-
tio for the mono(phosphane) 2 catalysts was found to be
around 10.

The same ligand content trend observed for the catalysts
based on ligands 1 or 2 was also observed for the catalysts
containing the bidentate ligand 3 (Entries 15, 19, and 21).
Additionally, for the Rh(3) catalysts with low L/Rh ratios
of 2.5 the activity was found to be high only for the ionic-
liquid-free system (Entry 14), while selectivities towards lin-
ear aldehyde were low in all reactions regardless of ionic
liquid loading (Entries 14–16). This catalytic behaviour dif-
fered from the one observed with Rh(3) catalyst solutions in
ionic liquid/organic and aqueous/organic biphasic systems,
where catalysts having L/Rh ratios of 5 yielded product lin-
earity � 97%.[20] Increasing the L/Rh ratio to 10 and 20
resulted in high linearities of 94.4–96.0%, similar to the
ones for biphasic catalysis. Furthermore, for L/Rh ratios of
10 the activities were reasonably high with TOFs between
25 and 41 h–1, depending on the liquid loading (Entries 17–
20). Here the optimal L/Rh ratio was also found to be 10,
indicating a support–ligand interaction which reduced the
effective ligand excess for all three types of ligand-based
catalysts. All consecutive experiments were carried out
using ligand 3 with an L/Rh ratio of 10.

With respect to the ionic liquid in the catalysts, the ionic
liquid [BMIM][PF6] itself was not catalytically active in the
hydroformylation (Entry 1), as expected. The degree of pore
filling, indicated by the ionic liquid loading (α), had, how-
ever, a significant effect on the activity of all three catalyst
systems applied, revealing a decreasing activity with in-
creasing liquid loading. Thus, for the mono(phosphane) li-
gand systems the highest initial activity was obtained in the
absence of ionic liquid (Entries 2, 6, and 12), which might
be attributed to the formation of surface-bound rhodium
species exhibiting high activities and to the absence of any
mass-transport-limiting factors in these purely hetero-
geneous catalysts. However, for catalysts with α values
about 0.3 (Entries 3 and 7) exceptionally low activities were
obtained for ligands 1 and 2, the reason for this being at
present not clear. For Rh(3) catalysts the highest initial ac-
tivity was also obtained in the absence of ionic liquid (En-
try 17). Moreover, a linear dependence between the de-
crease in activity and the ionic liquid loading could be
correlated with results from nitrogen absorption studies,
where the catalyst pore volume was found to decrease pro-
portionally with the different ionic liquid loadings.[21]

In contrast to the ionic liquid content, the nature of the
ionic liquid anion had essentially no influence on the SILP



A. Riisager, R. Fehrmann, M. Haumann, P. WasserscheidMICROREVIEW
catalyst performance. Thus, upon replacing [BMIM][PF6]
with the halogen-free ionic liquid [BMIM][n-C8H17O–SO3]
similar activities and selectivities were observed (Entries 16
and 23, and 20 and 24). Hence, in consecutive experiments
catalysts containing [BMIM][n-C8H17O–SO3] were applied,
and the ionic liquid loading was maintained at α = 0.1 in
order to achieve high pore volume and large reaction sur-
face area.

Catalyst Stability Studies

Support Pretreatment

From the results obtained in the catalyst composition
studies (see above) it became obvious that ligand–support
interactions probably were responsible for catalyst instabil-
ity. In the case of titania catalysts, where the support con-
tained practically no Brønsted acidic sites, long catalyst life-
times beyond 50 h of reaction were achieved, whereas cata-
lysts based on more Brønsted-acidic silica gel support deac-
tivated relatively fast, indicated by loss of both activity and
selectivity. In order to examine the effect of the support
acidity, acidic sites on the silica gel support were reduced
before use by thermal dehydroxylation of the support
(500 °C, 15 h). Subsequently, using dehydroxylated silica
catalysts with L/Rh ratio of 10 and ionic liquid loadings of
α = 0.1, the SILP catalyst systems proved stable over 60 h,
as shown in Figure 4 for an Rh(3) catalyst.[15]

Figure 4. Propene hydroformylation activity and selectivity of
Rh(3) silica-based SILP catalysts (α = 0.1) as a function of 3/Rh
ratios.

The catalytic performance and catalyst stability, however,
still proved to be significantly influenced by the ligand ex-
cess, as also shown in Figure 4. Rh(3) catalysts having low
ligand contents (3/Rh ratios of 3 and 5) were initially very
active compared to the catalyst with 3/Rh ratio of 10 but
less selective, and deactivated furthermore within the first
24 h of reaction resulting in very low catalytic performance
(TOF = 4–5 h–1, n/iso ratio = 1–1.3). In contrast, catalysts
with a high ligand content (3/Rh ratios � 10) retained the
initial catalytic performance with significantly higher ac-
tivity (TOF = 44 h–1) and selectivity (n/iso ratio � 20) dur-
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ing prolonged (60 h) reactions. These results clearly indi-
cated that a large excess of ligand was required to obtain a
stable SILP catalytic system. Even after the thermal pre-
treatment, which induced a considerable removal of acidic
surface sites, support–ligand reactions apparently still low-
ered the amount of effective ligand excess necessary for
complex formation.

Beside the ligand content, the amount of ionic liquid also
influenced the catalytic performance of catalysts based on
the pretreated silica support, clearly signifying the impor-
tance of the ionic liquid solvent. Thus, varying the amount
of ionic liquid loading (α = 0–0.5), the catalyst systems con-
taining no ionic liquid deactivated rapidly; only 30% of the
initial activity and selectivity remained after 60 h of reac-
tion time. The deactivation could be explained by surface
diffusion of ligand 3 from the initially Rh-coordinated
active state to the stronger surface-bonded state, in which
the metal atom was less coordinated to the ligand but poss-
ibly more strongly coordinated to the support and thus less
active and selective. Evidently, the Rh(3)/SILP catalysts re-
quired a certain amount of ionic liquid solvent; not only to
provide a high selectivity but also to retain long-term sta-
bility during continuous processes.

Further, since the hydroformylation product selectivity
with respect to aldehydes is known to depend on the avail-
able amount of ligand for coordination,[22] the simultaneous
decrease in selectivity along with activity indicated that de-
activation was closely related to a gradual degradation and
removal of ligand from the catalyst complex system. The
presence of surface–ligand interaction in the pretreated
Rh(3) catalyst (3/Rh = 10) was confirmed by solid-state
MAS 31P NMR spectra recorded prior to reaction, as
shown in Figure 5. Here, signals corresponding to free li-
gand (δ = –13 ppm, 27%), surface-bonded ligand (δ =
–21 ppm, 54%), and complexed ligand (δ = 31 ppm, 19%)
were found.[15]

Figure 5. MAS 31P NMR spectra and deconvoluted spectra of pre-
pared Rh(3)/SiO2/SILP catalyst (3/Rh ratio = 10). δ1 = –21 ppm,
54%, support-bonded 3; δ2 = –13 ppm, 27%, 3; δ3 = 31 ppm, 19%,
complex-bonded 3.

Additional explanation of the observed catalytic results
was obtained from in-situ FT-IR measurements of complex
formation at 100 °C and atmospheric pressure. In Figure 6
the FT-IR spectra of the catalyst with 3/Rh = 10 under (a)
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nitrogen, (b) after 15 min, and (c) 30 min exposure to
syngas (CO/H2 = 1:1) are shown. They indicate the rela-
tively fast transformation (Scheme 2) from the pale-red di-
meric complex [Rh(µ-CO)(3)(CO)]2 (6) [ν(CO) = 1990 (br.)
cm–1], which is a nonactive, stable state of the catalyst, to
the light-yellow precatalytic monomeric HRh(CO)2(3) ea-
and ee-isomeric complexes 7-ea [ν(CO) = 1994, 1948 cm–1]
and 7-ee [ν(CO) = 2035 (w), 1964 cm–1], which co-exist in
dynamic equilibrium.[15]

Figure 6. Part of FT-IR spectra of Rh(3)/SiO2/SILP catalysts (3/
Rh = 10, α = 0.5) at 100 °C after (a) 15 min nitrogen exposure, (b)
15 min syngas exposure, and (c) 30 min syngas exposure.

Re-exposure of the 7-ea/7-ee isomeric mixture to inert
gas slowly regenerated the dimer 6 reversibly, while air treat-
ment presumably led to irreversible complex degradation
and oxidation of excess ligand. The degradation product
was dark yellow and had a broad CO band at ν(CO) =
1972 cm–1. Importantly, the complex formation in the
Rh(3)/SiO2/SILP catalysts having 3/Rh ratio of � 10 were
very similar to what previously has been reported for Rh(3)
and analogous Rh(xanthene-based ligand) systems in ionic
liquids[16] and organic solvents,[23] as shown in Table 3.
Thus, it seemed reasonable to conclude that the Rh(3) com-
plex was formed in the ionic liquid film and that the exam-
ined SILP hydroformylation reactions were indeed of purely
homogeneous nature.[15]

In the FT-IR spectra recorded of the analogous catalysts
with 3/Rh ratios of 3 and 5, the degradation product was
(in sharp contrast to the catalysts with high ligand content)
irreversibly formed independent of the gas treatment, and
was significantly more pronounced for catalysts with 3/Rh

Table 3. Comparison of IR ν(CO) bands in HRh(CO)2(L) complexes in different systems.

Complex system Solvent ν(CO) ea isomer [cm–1] ν(CO) ee isomer [cm–1] Ref.

Rh(3)/SiO2/SILP [BMIM][n-C8H17O–SO3] 1994, 1948 2035(w), 1964 [15]

HRh(CO)2(3) [BMIM][PF6] 1985, 1935 2032, 1967 [16]

HRh(CO)2(xantphos) benzene 1991, 1941 2036, 1969 [23]

HRh(CO)2(thixantphos) cyclohexane 1999, 1953 2040, 1977 [23]
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= 3 than for catalysts having 3/Rh = 5. This clearly sug-
gested that an insufficient excess of ligand 3 was present
in these systems with low ligand content to maintain the
equilibrium between the modified hydrido complex 7 and
the unmodified hydrido complex 8 in favour of complex 7,
as shown in Scheme 2. This was in excellent accordance
with the relative catalyst selectivities and stabilities mea-
sured, since the unmodified hydrido complex provided low
selectivity (n/iso ratio � 2) and facilitated formation of in-
active clusters at the modest CO partial pressure applied.
Hence, it seemed unambiguously justified that the SILP cat-
alyst stability was directly connected to the complex degra-
dation reaction, which additionally seemed to be correlated
to the amount of accessible ligand available for complex
formation in the systems.

The content of acidic support OH groups (mostly
Brønsted sites) contained in the partly dehydroxylated silica
support was evaluated by ammonia temperature-pro-
grammed desorption (TPD) to be 69 µmol OH/g support,
corresponding to 26% of the original content present in the
untreated support. This was in relatively good agreement
with the remaining fraction of 35% Si–OH groups (Q3, δ
� 100 ppm) relative to Si–O–Si groups (Q4, δ � 111 ppm)
measured by solid-state MAS 29Si NMR spectroscopy for
analogous samples. Therefore, it seemed reasonable to as-
sume that the applied pretreatment decreased the amount
of acidic support OH groups only by dehydroxylation of
surface silanol groups thereby causing no significant struc-
tural changes of the support. This was further affirmed by
the identical Tmax values obtained for ammonia desorption
(i.e. desorption sites are identical), and by the practically
unchanged BET surface area and pore volume after dehy-
droxylation.

As a consequence, it should therefore be anticipated that
highly stable SILP catalysts could only be obtained in those
cases where the ligand content was sufficient to compensate
the loss induced by the surface bonding as shown in
Table 4. This was in excellent agreement with the experi-
mental data from the catalytic reactions, thus clearly show-
ing that the relative content of acidic support OH groups
most probably was the key factor determining the long-
term stability for silica-support-based Rh(phosphane)/SILP
catalysts.[15]

Table 4. Effective L/Rh ratios in SILP-catalysed hydroformylation
using pretreated silica.

L/Rh cL,eff [µmol g–1] free L [%] (L/Rh)eff

3 58 0 �1
5 97 30 1.5

10 194 65 6.5
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Deactivation/Reactivation Assessment

All the stability measurements of the Rh(3)/SILP catalyst
discussed so far were initially studied at 100 °C and 10 bar
syngas pressure (H2/CO = 1:1) over a period of up to 36 h.
This time on-stream was further extended to 180 h to test
the long-term stability of the Rh(3) dehydroxylated catalyst
system.[24]

In the extended reaction period the selectivity towards
linear butanal remained constant around 95% (n/iso = 19),
whereas the TOFs slightly decreased over time, correspond-
ing to a total loss in activity of 17% or 0.1% per hour.
Since the selectivity remained unchanged it was excluded
that deactivation was caused by catalyst decomposition, as
observed in the previous studies when using low L/Rh ra-
tios.[7,14,15] ICP (inductively coupled plasma) analyses of the
exit gas streams condensed by liquid nitrogen further estab-
lished the rhodium contents to be below the detection limit
of 3 ppm. Instead, the formation of high-boiling side-prod-
ucts, dissolving in the ionic liquid layer during reaction
causing a lowering in the effective rhodium concentration,
was suspected to be the reason of the slow activity decrease
measured. Furthermore, the film thickness might be in-
creased and smaller pores flooded, which would lead to a
lower reaction surface. To confirm this hypothesis, the gas
flow was temporary stopped after 180 h on-stream and the
reaction setup evacuated for 10 min at 100 °C. When the
experiment was continued after this procedure, the activity
had indeed increased by 80% from initially 60 to 108 h–1.
Within the next 20 h of reaction the TOFs decreased again
from 108 h–1 to 76 h–1 and the selectivity was re-established
at 95% n-butanal. A second vacuum period of 10 min re-
sulted in improved TOFs, as depicted in Figure 7. In both
cases the observed “overshooting” of the activity directly
after evacuation might be caused by either simultaneous re-
moval of CO ligand of the Rh complex leading to higher
activity or a rearrangement of the active surface due to sud-
den evaporation of dissolved heavies. In the first case a
lower selectivity would be expected which was indeed ob-
served directly after the evacuation. Thereafter, the catalyst
solution was resaturated with CO gas and both the activity
and the selectivity approached the initial levels.

The findings from the evacuation experiment confirmed
the interpretation that the observed slight deactivation over
time was not due to catalyst decomposition, as an ac-
companying decrease in activity and selectivity otherwise
would have been observed. Instead, we expected the forma-
tion of 2-ethylhexanal and 2-ethylhexanol to be of rele-
vance, as traces of these high-boiling side products were ob-
served at particular high conversions.

To support this interpretation the deactivated catalyst
was removed from the reactor and the pale yellow catalyst
particles placed in two round-bottomed flasks containing
cyclohexane and ethanol, respectively. Immediately, the eth-
anol solution became orange whereas the cyclohexane solu-
tion remained colourless, indicating that the ethanol wash
led to removal of the ionic catalyst phase from the support
while the cyclohexane wash did not. Both solutions were
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Figure 7. Reactivation of Rh(3)/SiO2/SILP catalyst by consecutive
application of vacuum. 100 °C, 10 bar syngas.

subsequently analysed by means of GC-MS (ethanol solu-
tion after distillation and separation of nonvolatile ionic li-
quid fragments), where content of small amounts of by-
products 1-butanol, 2-ethylhexanal, and 2-ethylhexanol
were confirmed, as expected. Additionally, IR analysis of
both used and unused Rh/SILP catalysts was carried out.
The used catalyst showed an absorbance band at 1730 cm–1

(corresponding to the C=O stretching frequency) clearly in-
dicating the presence of aldehydes in the catalyst.

Kinetic Studies

Long-term stability and kinetic experiments have been
conducted in order to further prove the findings from the
catalyst composition studies with Rh(3) catalysts. For these
studies a continuous reactor setup equipped with online gas
chromatography, described in detail previously, has been
applied.[24] The general rate law for the hydroformylation of
propene was assumed to be

r = k·ppropene
n ·pH2

x ·pCO
y

Differential, Integral, and Arrhenius Analysis

In the first kinetic experiments the substrate concentra-
tion was varied by changing the propene partial pressure
ppropene in the feed gas (at constant total pressure) between
0.9 and 3.2 bar at temperatures in the range of 65–140 °C.
In Figure 8 the obtained results are compiled.

As expected, the highest catalyst activities (correspond-
ing to TOFs of about 500 h–1) and the lowest selectivities
(down to 88% linearity) were obtained at high propene par-
tial pressure and high temperature. However, the activities
at 140 °C were not as high as expected assuming a normal
Arrhenius temperature dependence, which was attributed to
the formation of high-boiling by-products dissolved in the
ionic liquid layer, thus lowering the effective catalyst con-
centration (see “deactivation/reactivation assessment”). The
rate constants k were derived from differential analyses of
the data, and the reaction with respect to propene partial
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Figure 8. Activity and selectivity in Rh(3)/SiO2/SILP-catalysed pro-
pene hydroformylation as a function of temperature and propene
partial pressure.

pressure was determined to be of first order (i.e. n = 1). This
dependency was similar to traditional organic and aqueous
(phosphane)Rh-catalysed hydroformylation systems.[19]

At a constant propene partial pressure of 2.1 bar the resi-
dence time inside the catalyst bed was varied by altering the
total reactant flow, as shown in Figure 9.

Figure 9. Activity and selectivity in Rh(3)/SiO2/SILP-catalysed pro-
pene hydroformylation as a function of residence time.

The selectivity for the desired linear aldehyde was only
influenced by temperature and not by residence time.
Shorter residence times generally resulted in lower conver-
sions, as expected. However, under nondifferential condi-
tions at higher conversions the observed TOFs decreased
slightly with longer residence times, due to lower mean
levels of propene present in the reactor. An integral analysis
of the data revealed the rate constants k for the temperature
range between 65 and 120 °C.

From the independent propene pressure and residence
time experiments the activation energy was calculated from
Arrhenius plots to be 63.3±2.1 kJ·mol–1. This value indi-
cated that the Rh(3)/SiO2/SILP catalyst was operating un-
der kinetically controlled reaction conditions and added
further proof to the homogeneous nature of the Rh/SILP
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catalyst as confirmed by spectroscopic studies (vide supra).
In Table 5 the result obtained with the Rh(3)/SILP catalyst
is compared with results for other rhodium-catalysed hy-
droformylations using sulfonated ligands in aqueous media
and supported aqueous media.

Table 5. Comparison of results for Rh(3)/SiO2/SILP hydrofor-
mylation with literature results.

Substrate Catalyst EA [kJ·mol–1] Solvent Support Ref.

Propene HRh(CO)2(3) 63.2 IL[a] SiO2
[20]

Propene HRh(CO)(L)3
[b] 77.0 water – [21]

1-Octene HRh(CO)(L)3
[b] 65.9 water – [22]

1-Octene HRh(CO)(L)3
[b] 71.0 water SiO2

[23]

Linalool HRh(CO)(L)3
[b] 60.7 water SiO2

[24]

1-Dodecene HRh(CO)(L)3
[b] 72.8/70.9[c] water[d] – [25]

[a] Ionic liquid = [BMIM][n-C8H17O–SO3]. [b] L = TPPTS. [c] Two
different algorithms were used for data analysis. [d] CTAB (cetyltri-
methylammonium bromide) surfactant used.

The activation energy of propene using Rh/SILP cata-
lysts is slightly lower than the one determined by Mao et
al. for HRh(CO)(TPPTS)3 in water,[25] while the activation
energy compared with HRh(CO)(TPPTS)3 in supported
aqueous phase (SAP) catalysis of higher alkenes[26–29] is in
good agreement. This comparison provides additional evi-
dence that the Rh/SILP catalyst truly acts as a homogen-
eous catalyst in the ionic liquid film immobilised on the
silica.

Variation in Syngas Composition and Total Pressure

In order to further assess the effect of parametrical
changes to the Rh(3)/SILP hydroformylation system, the
ratio between the partial pressures of hydrogen and carbon
monoxide (pH2

/pCO ratio) has been varied between 0.25 and
4 (at constant total pressure) in reactions performed at 65
and 100 °C.[24] Increasing the hydrogen partial pressure had
a profound effect on the catalyst activity for both tempera-
tures, as depicted in Figure 10.

Figure 10. Activity of Rh(3)/SiO2/SILP catalyst at different syngas
compositions (H2/CO ratios) and temperatures. 10 bar syngas pres-
sure.
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The positive effect of a high relative hydrogen pressure is

well known in homogeneous hydroformylation[30] and can
be derived from the generally accepted Wilkinson mecha-
nism for ligand-modified rhodium catalysis,[31] in which the
pre-equilibrium between dimer 6 and monomer 7 is shifted
towards the active monomer 7 at higher partial pressures of
hydrogen. Furthermore, the observed negative influence of
high carbon monoxide partial pressures was also in accord-
ance with this mechanism, in which the formation of cata-
lytically active species requires the loss of CO during the
cycle.[30,32] Thus, these findings provided further verification
of the homogeneous nature of the Rh/SILP catalyst system.

At 100 °C the catalyst selectivity for n-butanal was prac-
tically independent of the H2/CO ratio (� 0.5% variation),
while the syngas ratio significantly influenced the selectivity
at the lower temperature of 65 °C providing high selectivity
of about 98% with an H2/CO ratio of 4. Moreover, at 65 °C
with a large excess of CO gas (H2/CO = 0.25) n-butanal
was formed exclusively with 99.5% selectivity (n/iso = 193).
Such high selectivity has not previously been reported for
Rh(3) catalyst systems in either homogeneous or biphasic
reaction systems, normally performed in batch autoclaves.
These results indicate the high potential of the SILP con-
cept for obtaining a better mechanistic understanding in
homogeneous catalysis, as exceptionally low steady-state
conversions (impossible to realise in batch mode) can be
adjusted in fixed-bed reactors. Additionally, the fixed-bed
SILP catalytic concept allows a variety of reaction param-
eters to be altered over a broad range by using only small
amounts of precious catalyst.

At a reaction temperature of 100 °C, the effect of the
total syngas pressure ptotal on the catalyst performance was
further examined by changing the pressure between 10 and
30 bar at fixed pH2

/pCO pressure ratios.[24] From these pres-
sure variations the reaction order with respect to hydrogen
was determined to be x = 0.4 and the reaction order with
respect to carbon monoxide to be y = –0.4. The selectivity
remained nearly unchanged around 93% n-butanal for all
experiments. By combining the obtained pressure depend-
encies for all of the three gases involved the general rate law
for the propene hydroformylation using Rh(3)/SiO2/SILP
catalysts could therefore been established as

r = k·ppropene
1 ·pH2

0.4·pCO
–0.4

Effect of Carbon Dioxide Cofeeding

Carbon dioxide gas is known to have high solubilities in
most ionic liquids, lowering their viscosity and thus enhanc-

Table 6. Rh(3)/SiO2/SILP catalyst performance in propene hydroformylation with CO2 cofeed.

pHe TOF n-Butanal pCO2
TOF n-Butanal ∆(TOF)[a] ∆(n-Butanal)[b]

[bar] [h–1] [%] [bar] [h–1] [%] [%] [%]

1.8 15.9 94.8 1.8 16.2 94.0 2.0 0.9
7.3 20.4 94.8 7.3 21.6 94.2 6.1 0.6
13.6 25.9 95.1 13.6 28.1 94.5 8.3 0.7
36.4 34.9 94.7 36.4 46.7 94.6 35.1 0.1

[a] ∆ = [(TOFCO2
– TOFHe)/TOFHe]·100%. [b] ∆ = [(n-ButanalCO2

– n-ButanalHe)/n-ButanalHe]·100%.
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ing the diffusion of other gases.[33] In recent publications,
the effect of super- and sub-critical CO2 on hydrogen and
oxygen solubilities has been reported.[34] In order to study
the effect of CO2 addition on the SILP-catalysed hydrofor-
mylation of propene, inert gas helium was replaced by a
CO2 cofeed corresponding to partial pressures between 1.8
and 36.4 bar.

From the results in Table 6 it became obvious that CO2

indeed had a positive effect on the performance of the SILP
catalyst. The initial activity obtained using helium could be
increased by 2% at 1.8 bar CO2 gas up to 35.1% at 36.4 bar
CO2 pressure. In contrast, the initial selectivity was not in-
fluenced by the CO2 addition and remained constant
around 94.5% throughout the experiments, and hydrogena-
tion by-products could not be detected by GC analysis.

Concluding Remarks

In this Microreview, we have described important pro-
gress in the very promising field of SILP catalysis, exem-
plified by the hydroformylation of propene. The long-term
stability of Rh(3)/[BMIM][n-C8H17O–SO3] catalysts sup-
ported on partly dehydroxylated silica was demonstrated,
and clear spectroscopic evidence for the homogeneous na-
ture of the catalysis in the supported ionic liquid layer was
presented. Moreover, the prerequisite for obtaining active,
highly selective, and Rh(3)/SILP hydroformylation catalysts
with long-term stability was established to involve both the
presence of an ionic liquid solvent and the content of a
relatively large excess of phosphane ligand to compensate
for some detrimental surface activity. The activation energy
of 63.3±2.1 kJ·mol–1 added evidence that the catalyst was
indeed homogeneous, i. e. a complex dissolved in an ionic
liquid film on a support. Furthermore, the Rh/SILP cata-
lyst performed similarly to a homogeneous catalyst with re-
gard to variation in syngas composition. The presented
work further confirms the high technical potential of the
SILP catalysis concept as it allows the combination of
homogeneous catalysis and its advantages with hetero-
geneous, fixed-bed technology. In this way, the SILP con-
cept might provide a better mechanistic understanding of
homogeneous catalysis (with only a small amount of pre-
cious catalyst) as reaction studies may be carried out at
steady-state conversions unattainable by traditional batch
reactions.

In perspective, we believe that the knowledge gained in
this work could accelerate significantly the successful devel-
opment of new SILP catalysts and future SILP catalysis
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applications (e.g. other C–C couplings, hydrogenations
etc.). Here, advent of task-specific ionic liquids (TSILs)[35]

may also provide new opportunities for catalyst immobili-
sation and stabilisation in the ionic phase. From our work it
becomes quite obvious that the combination of well-defined
catalyst complexes, nonvolatile ionic liquids and solid, po-
rous supports offers much more than traditional supported
liquid-phase catalysis[36] using water or organic solvents
which clearly suffers from evaporation of the supported sol-
vent.[37] We therefore anticipate that the SILP catalysis con-
cept may be able to contribute significantly to future devel-
opments aiming for highly selective, heterogenised homo-
geneous catalysts.
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