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Although homogeneous catalysis offers many advantages
over heterogeneous catalysis in terms of catalytic selectivity
and activity, the difficult separation of the catalyst from the
products and the use of environmentally harmful organic
solvents are two major drawbacks.[1, 2] The problem of catalyst
separation has been addressed by several groups, and a
number of new concepts for immobilization of homogeneous
catalysts have been developed.[3] With respect to the use of
more environmentally friendly solvents, the application of
high-density gases such as supercritical carbon dioxide
(scCO2; Tc� 304.2 K and Pc� 73.8 bar) has some clear
advantages.[2, 4] Supercritical solvents are completely miscible
with gaseous reagents, and, therefore, avoid possible diffusion
limitation in gas ± liquid reactions. An important issue for

successful operation of homogeneous catalysis in scCO2 is the
solubility of the catalyst, which can be achieved by attaching
perfluoroalkyl groups to the ligands.[5]

Herein, we present a solution that overcomes these draw-
backs. We employ a continuous reactor for homogeneous
catalysis in scCO2 that allows an integrated catalyst separation
by immobilization of a perfluoroalkylated catalyst on one side
of a microporous silica membrane. The low cohesive energy
density of perfluoroalkyl groups is used to realize the required
solubility of the catalyst in scCO2, and simultaneously the
increased size ensures effective retention of the catalyst in the
membrane reactor. The reactants and products, which are also
dissolved in the scCO2, can diffuse through the membrane.
The principle is demonstrated by using a (1H,1H,2H,2H-

perfluoroalkyl)dimethylsilyl-substituted derivative of Wilkin-
son×s catalyst, 1[6] and a supported microporous silica

membrane with an average pore size of 0.6 nm.[7] The
mechanical strength of ceramic silica membranes allows the
use of relatively harsh reaction conditions. As a model
reaction the hydrogenation of 1-butene was first carried out
in scCO2 in a batch reactor[8] at 200 bar and 353 K. The
catalyst 1 was prepared in situ from [RhCl(cod)]2 (cod�
cis,cis-1,5-cyclooctadiene) and six equivalents of P(p-(Si-
Me2CH2CH2C8F17)C6H4)3. In the batch reactor the turnover
frequency (TOF) at 25% conversion was found to be 9400 h�1.
The high solubility of hydrogen in scCO2, as compared to the
solubility in conventional solvents,[6] is responsible for the 10-
fold higher activity. For the sake of comparison, the solublity
of hydrogen in toluene is 2.7 m� (at 1 bar and 298 K) and in
fluorous solvents, like c-C6F11CF3, it is 6.1 m� (at 1 bar and
298 K).
In the continuous membrane set-up (Figure 1), permeation

and reaction experiments were typically conducted with a
feed pressure of 200 bar and a transmembrane pressure
between 0.5 and 10 bar.[9] Experiments have been performed
with different pressure differences across the membrane to
study the effect of the residence time on the conversion.

Figure 1. Continuous reaction and separation concept. The membrane
reactor is operated in a dead-end configuration.

Up to a feed side pressure of 200 bar high fluxes of carbon
dioxide were obtained through the microporous membrane.
An overview of the characteristics of the membrane reactor is
given in Table 1.
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In the continuous process[10] about two permeated reactor
volumes were needed to reach a constant conversion of about
40% (Figure 2). In the experiment a pressure difference of

Figure 2. Conversion, y [%], of 1-butene to butane versus permeated
volume per reactor volume, for the continuous reaction/separation process.

3 bar is applied, and this corresponds to a residence time of
62 min. The TOF, based on the initial amount of catalyst
added, is 4000 h�1, which is about 60% lower than in the batch
experiment (TOF� 9400 h�1). Overnight the pressure of the
system was reduced to 60 bar, leaving no pressure difference
between the feed and the permeate side of the membrane.
During the depressurization of the membrane reactor the
catalyst precipitated and no further reaction occurred. The
precipitated catalyst was used for a new cycle by pressuriza-
tion of the membrane reactor. The shutdown procedure was
carried out twice to check the stability of the catalyst under
those conditions. At the start of a new cycle, the system was
first pressurized to 200 bar for 2 h to dissolve the catalyst
before creating a transmembrane pressure difference. At the
end of the third run a conversion of about 33% was obtained
(TOF� 3000 h�1). An overall turnover number of about 1.2�
105 was obtained (in 32 h), and a total of 32 reactor volumes
had permeated through the membrane. The overall operating
time, including start-ups, reaction cycles, and shutdowns, was
approximately 75 h.
In Figure 2 an 18% decrease in conversion is observed

(from 40% to 33%). Analysis of the permeate stream by UV/
Vis spectroscopy[11] and by inductively coupled plasma atomic
absorption spectrometry (ICP-AAS) showed that there was
no transport of the catalyst or of the free ligand through the
membrane; thus, it can be concluded that complete retention
of 1 occurred. Even if the decrease in conversion would have
been caused by leaching of the catalyst, the retention of the
catalyst per permeated reactor volume is still over 99%. The

latter appears highly unlikely since the size of 1, as obtained
from aMMFF94 molecular mechanics structural optimization
(4 nm) and dynamic light scattering (2 nm in c-C6F11CF3), was
found to be much larger than the average pore size of the
membrane (0.6 nm). Oxidation of 1 due to residual traces of
oxygen in the carbon dioxide or the feed is a more likely
explanation for the observed decrease in activity.
In conclusion, we have demonstrated the successful appli-

cation of membrane separation technology for the immobi-
lization of homogeneous catalysts in a continuous process
using a supercritical solvent. It is clear that the methodology
presented here could be highly relevant for the further
development of clean chemical processes based on homoge-
neous catalysis carried out in environmentally friendly high-
density gases.
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Table 1. Characteristics of the membrane reactor.

Property

thickness selective silica layer 200 nm
length membrane 0.30 m
outer diameter ceramic membrane 0.014 m
membrane reactor volume 35.0 mL
CO2 permeance[a] (200 bar, 353 K) 3.0� 10�3 molm�2 s�1bar�1

[a] Flux divided by the pressure difference across the membrane.


