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Abstract

A membrane reactor is presented for homogeneous catalysis in supercritical carbon dioxide with in situ catalyst separation. Th
offers the advantages of benign high-density gases, i.e., the possibility of achieving a high concentration of gaseous reactants
phase as the substrates and catalyst as well as easy catalyst localization by means of a membrane. For the separation of the h
catalyst from the products an inorganic microporous membrane is used. The concept is demonstrated for the hydrogenation o
using a fluorous derivative of Wilkinson’s catalyst [RhCl{P–(C6H4-p-SiMe2CH2CH2C8F17)3} 3]. The size of Wilkinson’s catalyst, 2–4 nm
is clearly larger than the pore diameter, 0.5–0.8 nm, of the silica membrane. The membrane will, therefore, retain the catalyst,
substrates and products diffuse through the membrane. Stable operation and continuous production ofn-butane has been achieved a
temperature of 353 K and a pressure of 20 MPa. A turnover number of 1.2× 105 has been obtained during 32 h of reaction. The retentio
the catalyst was checked using UV–vis spectroscopy and ICP-AAS; no rhodium or phosphorous species were detected at the pe
of the membrane.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

For a large number of reactions homogeneous cata
have better activity and (enantio)selectivity, as compa
to heterogeneous catalysts. There are, however, two
disadvantages related to the use of homogeneous ca
sis. The first drawback is caused by the organic sol
used for the reaction medium, and the second drawba
the difficult separation of the catalyst from the produ
With respect to the first drawback, increasing concern
garding the dissemination of volatile organic compoun
chloro–fluorocarbons, and aqueous waste streams int
environment has prompted the chemical industry to conf
to more environmentally sound practices in the manu
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ture and processing of products. It is generally thought
the use of supercritical solvents provides a powerful me
to achieve these goals [1,2]. High-density carbon diox
has some clear advantages for both extraction and
tion purposes [3]. This is due to the fact that supercrit
carbon dioxide (scCO2) has a low viscosity and that mo
species have a high diffusivity in scCO2 [4]. Carbon diox-
ide has also a reasonable low critical temperature and
sure (Tc = 304 K andPc = 7.4 MPa), is a cheap substan
(approximately 0.05 US $/kg), is nonflammable, and is no
toxic.

Use of supercritical fluids (SCFs) can lead to innov
ing processes utilizing the unique features of high-den
gases. The complete miscibility of SCFs with other gase
one of the most interesting features [1]. This means th
is possible to obtain high concentrations of gases like
drogen, oxygen, or carbon monoxide in a single phase
the substrates, as opposed to most liquids, which can

http://www.elsevier.com/locate/jcat
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solubilize a limited amount of gaseous species. Theref
reactions in SCFs can be much faster than reactions in
uids, which is especially important for reactions with ma
transfer limitations [5]. Furthermore, negative partial mo
volumes in supercritical systems can be exploited to ad
rate constants of various reactions [6,7]. These aspec
combination with the high mass transfer rates observed
SCFs means that these solvents offer some specific ad
tages for homogeneous catalysis.

To resolve the second disadvantage of homogen
catalysis, it is crucial to reuse and recycle the catalyst
this study, a microporous membrane is used to immob
a fluorous version of Wilkinson’s catalyst. Wilkinson’s ca
lyst is used for a homogeneous reaction in scCO2. In this
way the two major drawbacks associated with homogene
catalysis are circumvented.

At the moment, mainly organic membranes are be
used in carbon dioxide applications. However, organic m
branes have several disadvantages for use in carbon dio
like swelling and stability. A number of different types
inorganic membranes are now becoming available wh
can be used for high-pressure applications [8–12]. Inorg
membranes exhibit physical and chemical properties
are not, or only partially, shown by organic membranes,
cluding a better structural stability without the problems
swelling or compaction. Generally, they can withstand ha
chemical environments and high temperatures [13,14].

A group of inorganic membranes with favorable char
teristics for use in supercritical applications are silica me
branes. Brunner and co-workers [15] have used silica c
posite membranes with a fluorinated polymer selective
layer for extraction purposes. Silica has a high affinity
hydrophilic organic compounds while carbon dioxide do
not adsorb too well on microporous silica, as compare
silicalite-1 zeolite and microporous carbons.

There are a number of examples of a homogeneous
lytic reaction carried out in a membrane reactor [16–19
in supercritical media using gaseous reactants [20–23]. M
of the existing homogeneous catalysts have low solubilit
scCO2. The solubility can be increased by attaching gro
with low cohesive energy density, like perfluoroalkyl tai
to the ligands of catalyst. For example, a fluorous vers
of Wilkinson’s catalyst has been used for hydrogenation
hydroformulation reactions in scCO2 [5].

Recently, fluorous triphenylphosphine containing
–SiMe2CH2CH2–spacer has been used in the synth
of a fluorous derivative of Wilkinson’s catalyst for th
hydrogenation of 1-octene under fluorous biphasic c
ditions [24,25]. This fluorinated version of Wilkinson
catalyst, 1, using fluorous triarylphosphines P[C6H4-p-
SiMe2(CH2)2CnF2n+1]3 makes it possible to fine-tune th
catalyst with respect to catalytic activity, the solubility
scCO2, and its size. When the perfluoroalkyl groups are
tached, the solubility in scCO2 as well as the size of Wilkin
son’s catalyst increase considerably.
-

,

-

(a)

(b)

Fig. 1. (a) Synthesis of the fluorous derivative of Wilkinson’s catalyst1,
containing a –SiMe2CH2CH2–spacer. (b) Computational structure of1
(MM94, Spartan 5.1.1. (SGI)).

The (idealized) synthesis route and the catalyst,1, are
given in Figs. 1a and 1b, respectively. The size of1, obtained
from computer modeling (molecular mechanics structu
optimization using MM94, Spartan 5.1.1, SGI) and verifi
by dynamic light scattering experiments using a fluor
solvent, is between 2 and 4 nm. This means that a micr
rous membrane will reject Wilkinson’s catalyst. Accordi
to the IUPAC definition, microporous materials have p
diameters smaller than 2 nm [26]. Furthermore, due to
hydrophilic nature of the membrane, the hydrophobic c
lyst is not likely to adsorb on the surface of the membr
material. The membrane has a high affinity for water, wh
the catalyst has a high affinity for carbon dioxide.

In this work, a membrane reactor is described us
scCO2 as the solvent. The homogeneous catalyzed hy
genation of 1-butene ton-butane with a fluorous derivativ
of Wilkinson’s catalyst is carried out in scCO2 using a mi-
croporous silica membrane to immobilize the catalyst. T
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Fig. 2. Membrane reactor for continuous homogeneously catalyzed reactions in supercritical carbon dioxide.
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principle of the membrane reactor is shown schematical
Fig. 2.

2. Experimental

2.1. Materials

Hydrogen (grade 5.0), carbon dioxide (grade 5.0),
1-butene (grade 2.5) were obtained from HoekLoos (A
terdam, The Netherlands).

The membrane permeation experiments and the co
uous membrane reactor experiments were performed
a tubular microporous silica membrane provided by E
(Petten, The Netherlands). The membrane consists of
eral support layers ofα- andγ -alumina, and the selectiv
top layer at the outer wall of the tube is made of amorph
silica [27]. The silica layer has a thickness of 200 nm. T
silica top layer has a small pore size distribution with po
between 0.5 and 0.8 nm, with an average pore diamet
0.6 nm. The membrane is 0.30-m long and has a diamet
14 mm.

2.2. In situ catalyst preparation

A fluorous version of Wilkinson’s catalyst was pr
pared in situ from 1 eq. of [RhCl(COD)]2 (COD= cis,cis-
1,5-cyclooctadiene) and 6 eq. of P[C6H4-p-SiMe2(CH2)2
C8F17]3. The fluorous phosphine ligand was synthesize
reported by Richter et al. [24]. The amounts used in the
thesis are given in Table 1. The two precursors were ad
to the reactor in a 1:6 molar ratio, i.e., one rhodium at
per three fluorous ligand molecules. The idealized reac
scheme for the synthesis of the fluorinated catalyst is g

Table 1
Amounts used in the synthesis of1

P-(C6H4-p- [RhCl(COD)]2
SiMe2CH2CH2C8F17)3

m (g) m (mol) m (g) m (mol)

Batch reactor 1.9× 10−3 1.1× 10−6 9.0× 10−5 2.2× 10−7

Membrane reactor1.7× 10−3 1.0× 10−6 1.0× 10−4 1.8× 10−7
-

f
f

in Fig. 1a. The reactor was flushed with carbon dioxide to
move the oxygen. The catalyst was formed, at a tempera
of 353 K, from the precursors by pressurizing the rea
with a mixture of carbon dioxide and hydrogen. During
first 2 h of the assembly of the catalyst the pressure was e
to 10 MPa. After 2 h the pressure was increased to 20
to solubilize Wilkinson’s catalyst. During the formation
the catalyst and during the hydrogenation of 1-butene,
concentration of Wilkinson’s catalyst was measured wit
Spectronic Genesys 5 spectrophotometer by following
absorption at 410 nm.

2.3. Batch reactor

The homogeneously catalyzed hydrogenation of 1-bu
in supercritical carbon dioxide was first performed in a hi
pressure batch setup depicted in Fig. 3. The volume o
reactor was varied with a piston between 16 and 31
The reactor is equipped with two opposite sapphire w
dows, a heater, and a Pt100 thermometer. The reacto
pressurized using a LKB HPLC pump, and the pressure
monitored by a Meyvis 802-C pressure module. Sam
were taken at a constant pressure provided by the pi
After the formation of the catalyst (1 µM) the hydrogen
tion was started by the addition of 1-butene (0.02 M) a
hydrogen (0.08 M). To determine the yield of the reacti
the samples were analyzed by GC and GC-MS. The
(Chrompack CP 9001) had a TCD detector equipped
a PoraPLOT Q packed column with a length of 1.9 m. T
GC-MS was equipped with a 50-m CP-Al2O3/KCl column.

2.4. Permeation of supercritical carbon dioxide

The membrane permeability for high-density carb
dioxide was measured at 353 K with the high-pressure s
depicted in Fig. 4. The ceramic membrane was place
an oven (Heraeus) and the temperature was controlled
a Pt100 thermometer. The membrane setup can be pre
ized at the feed and permeate side up to 20 MPa. For a
measurement, the needle valve at the permeate side o
membrane was opened until a trans-membrane pressur
reached varying between 1 and 3 MPa. After the per
ate needle valve was closed, the trans-membrane pre
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Fig. 3. High-pressure setup for homogeneous catalyzed batch reactions.

Fig. 4. High-pressure membrane reactor set-up.
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was measured with a pressure-difference meter from D
(Smart Pressure Transmitter STX 2100).

2.5. Continuous membrane reactor

The continuous hydrogenation reaction in supercrit
carbon dioxide (353 K, 20 MPa) with the membrane re
tor was performed in the same high-pressure setup as
for the permeation experiments; see Fig. 4. The catalyst
first synthesized in situ in the high-pressure reactor, as
scribed above. The reaction was started by the addition o
1-butene and hydrogen in a molar ratio of 1:4. The cata
concentration was equal to 1.0 × 10−6 mol/L. The con-
centration of 1-butene and hydrogen in the feed was e
to 0.02 and 0.08 mol/L, respectively, at a total pressure
20 MPa.

The substrates and the carbon dioxide were continuo
supplied to the membrane module from a gas cylinder.
membrane was pressurized at the feed and permeate s
to 20 MPa with the reaction mixture, using a LKB HPL
pump. The pressure was monitored by a Meyvis 802-C p
sure module. The permeate needle valve was opened to
ate a trans-membrane pressure varying between 0.05
1 MPa. The catalyst was brought in the system by flush
the feed mixture (H2, 1-butene, and CO2) through the high-
pressure reactor. To assure that no leaching of the ca
and/or of the free ligand through the membrane occurred
permeate stream was led through a high-pressure vie
cell of 2.2 mL, which was placed in a Spectronic Genesy
spectrophotometer. The absorption was measured at 41
Leaching of the catalyst and the ligand was studied in d
in a separate retention measurement using ICP-AAS bec
of the limited accuracy of UV–vis spectroscopy.

To obtain the flux through the membrane, the perme
stream was led through mass flow controllers (Bronkho
The permeate stream was analyzed using GC and GC
The analytical apparatuses were the same as described
section “Batch reactor.” All the data of the pressures, the
sorbance, and the permeate mass flow were recorded
PC.

Fig. 5. Flux of gaseous carbon dioxide and 1-butene, at different tr
membrane pressures.
d
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-
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3. Results and discussion

3.1. Permeation of supercritical carbon dioxide

In Fig. 5 a comparison is made between the flux
gaseous carbon dioxide and 1-butene, at a temperatu
353 K and a feed pressure of 0.3 MPa, and for a p
sure difference across the membrane up to 0.2 MPa.
species permeate through the microporous membrane
both fluxes show a linear dependency on the pressure d
ence across the membrane. The flux of 1-butene is a fa
of 3 higher than the flux of carbon dioxide. This is main
due to a difference in equilibrium adsorption. Carbon di
ide is smaller than 1-butene with a size of 0.33 and 0.45
respectively [28]. However, 1-butene adsorbs more stro
than carbon dioxide on silica. As a result, 1-butene will h
a higher flux than carbon dioxide through the micropor
silica membrane.

Transient profiles of supercritical carbon dioxide, at d
ferent feed pressures, are given in Fig. 6. All the profiles
obtained for carbon dioxide in the supercritical state,
pressures above 7.4 MPa. With an increase in the feed
sure the approach to equilibrium becomes faster. So
at high pressures in combination with a low-pressure dif
ence across the membrane there is still a driving force
carbon dioxide to permeate. Consequently, at the rea
conditions of 20 MPa the substrates, hydrogen and 1-bu
the solvent, and the product,n-butane, will permeate throug
the silica membrane.

3.2. Batch reactor

In the high-pressure reactor the precursors of Wilkinso
catalyst are added in a molar ratio of one rhodium a
per three fluorous ligand molecules, until a concentratio
1.3 × 10−6 mol/L of Wilkinson’s catalyst is obtained. Th
reactor is heated until 353 K and all air is slowly remov
with carbon dioxide. For the formation of the catalyst,
t = 0 h, the reactor is pressurized with carbon dioxide
to 10 MPa at 353 K.

Fig. 6. Transient profiles of supercritical carbon dioxide through the s
membrane for different feed pressures, withpf andpp the pressure at th
feed and the permeate side.
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Fig. 7. UV–vis spectrum of1 in supercritical carbon dioxide and tetrachlor
carbon, obtained in the batch system.

Fig. 8. Absorbance at 410 nm of1 in supercritical carbon dioxide as a fun
tion of time, indicating the formation of1.

Fig. 7 shows the UV–vis spectrum of Wilkinson’s cataly
in scCO2 and tetrachlorocarbon as a reference. The s
bilized catalyst has a specific yellow color and a clear
sorbance maximum at 410 nm. From the spectra it follo
that1 has been synthesized in situ in scCO2.

Fig. 8 shows the absorption at 410 nm during the form
tion of fluorous Wilkinson’s catalyst. The two most like
species that are formed are the catalysts or the precurs
the catalysts. The ligand has only a benzene ring that ha
UV peak, and this peak lies between 200 and 300 nm.
spectrum at 410 nm is the result of the formation of a co
plex between rhodium-containing species and phosph
containing species. From the fact that at 10 and 20 M
the same spectrum is observed it can be concluded tha
catalyst is the most likely species that is formed. From
absorption it can be seen that the catalyst is formed in sc2
during the first 2 h, while the pressure is equal to 10 M
After the formation the catalyst precipitates. By pressur
tion up to 20 MPa, after the first 2 h, the catalyst dissol
again and is completely dissolved in the scCO2 after 8 h. Af-
ter complete solubilization of the catalyst the 1-butene
hydrogen are added in a molar ratio of 1:4, using 0.02 mo/L
1-butene.
f
e

Fig. 9. Conversion of 1-butene obtained in the batch and the memb
reactor, as a function of time. For the continuous experimentt denotes the
residence time.

In Fig. 9 a comparison is made between the conversio
1-butene ton-butane obtained in the batch setup and in
membrane reactor. In the batch reactor complete conve
is obtained after 100 min, and this corresponds to a turn
frequency (TOF) of 9.4 × 103 h−1. For comparison, Deel
man and co-workers [20,21] have performed hydrogena
reactions using the same catalyst in a fluorous biphasic
tem containingc-CF3C6F11. The advantage of the high so
ubility of hydrogen in scCO2, as compared to the solubilit
of hydrogen in conventional solvents (2.7 mM in toluene
298 K and 1× 105 Pa) or in fluorous solvents (6.1 mM i
c-CF3C6F11 at 298 K and 1× 105 Pa) has lead to an in
crease in reaction rate by at least a factor of 10. This is
rather low as compared to the ratio of hydrogen presen
scCO2 andc-CF3C6F11. At high hydrogen concentration
however, it is known that the reaction rate becomes zero
der in hydrogen [29].

3.3. Continuous membrane reactor

For the experiments in the continuous membrane r
tor the catalyst is also prepared in situ. The feed mixt
was used to pressurize the system. The residence tim
defined as the volume of the membrane module divided
the total flux through the membrane. This means that w
the pressure difference is changed across the membran
residence time in the membrane module can be varied.
pressure difference has been varied between 0.05 and 1
The flux through the membrane increases with an incre
in trans-membrane pressures, and a higher flux leads
shorter residence time.

The conversion obtained in the membrane reactor,
function of the residence time, is also given in Fig. 9. For
membrane reactor the conversion increases with an incr
in residence time, which is a result of the lower fluxes.

For both cases an increasing trend is seen, as a fun
of the (residence) time, although the conversion obtaine
the membrane reactor is somewhat lower than the conve
obtained in the batch reactor. The difference may be a re
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Fig. 10. Conversion of 1-butene in a continuous membrane reactor,
function of the number of reactor volumes permeated.

of a lower catalyst concentration in the membrane rea
in combination with a difference between the residence t
of hydrogen and 1-butene in the membrane reactor. In
membrane reactor also some of the unreacted hydroge
1-butane will permeate through the membrane.

In Fig. 10 the conversion of the hydrogenation of
butene, performed in the membrane reactor, is depicted
function of the number of reactor volumes permeated. D
ing the reaction, which is performed at 353 K and 20 M
a pressure difference of 0.3 MPa has been applied. Thi
sulted in a total flux of 9.0 × 10−8 mol m−2 s−1 Pa−1. For
these conditions the residence time equals 62 min. Afte
a constant conversion of 40% with a TOF of 4× 103 h−1 is
obtained.

Overnight, the pressure of the system is reduced
6 MPa, and the needle valve at the permeate side is clo
During depressurization the catalyst precipitates in the m
brane reactor and no reaction occurs. The precipitated
lyst can be used for a new cycle by pressurization of
membrane reactor. During the second and the third run
system is first pressurized to 20 MPa for 2 h. As a res
the catalyst dissolves again in the high-density carbon d
ide phase. At the end of the third run the conversion is ab
33%, with a TOF of 3× 103 h−1. This is about 60% lowe
than the conversion obtained during the batch experim
(TOF = 9.4 × 103 h−1). For the experiments performe
in the continuous membrane reactor a turnover numbe
1.2× 105, in 32 h, is obtained.

If the decrease in conversion would have been cause
leaching of the catalyst, the retention of the catalyst wo
still be well over 99%. Analysis of the permeate stre
with UV–vis spectrophotometry showed, however, no fl
of the catalyst or free ligand through the membrane. Ad
tional ICP-AAS analysis of the permeate stream indica
that complete retention of the catalyst occurred. This c
firms that the size of the catalysts is considerably larger
the pore diameter of 0.5–0.8 nm of the silica membrane.
size of1 dissolved in ac-C6F11CF3 solution, obtained by dy
namic light scattering, is 2–4 nm, which is similar to the s
d

a

-

.

-

obtained from a computer modeling study. With respec
the decrease in conversion, it is well known that the cata
is susceptible to oxidation [20,21]. Possible traces of oxy
present in the carbon dioxide or the feed may be respon
for deactivation of the catalyst.

4. Conclusions

A methodology for homogeneous catalysis in superc
ical carbon dioxide operated continuously has been
sented. A fluorous version of Wilkinson’s catalyst is us
for the hydrogenation of 1-butene, at a pressure of 20 M
carbon dioxide and a temperature of 353 K. The cataly
completely retained at the feed side of a microporous
ica membrane. The retention of the catalyst and the pos
free ligand is higher than 99.9%, as shown by UV–vis sp
troscopy and ICP-AAS.

The silica membrane investigated has some clear ad
tages over the polymeric membranes reported in the lit
ture. One of the main advantages is that it is not neces
to have a high-pressure difference across the membra
obtain a carbon dioxide flux. High fluxes of carbon diox
have been obtained for feed pressures up to 20 MPa.

After 32 h of continuous operation a turnover numbe
1.2 × 105 has been obtained. The turnover frequencies
tained for the reaction carried out in carbon dioxide us
the batch reactor and the membrane reactor, 4.0 × 103 h−1

and 9.4 × 103 h−1, respectively, are significantly high
than the turnover frequency obtained in an organic sol
(TOF= 100–1000 h−1).

After two shutdown and start-up procedures, by chang
the pressure, the catalyst shows a small decrease in
ity. This means that flexible processes are possible u
homogeneous catalysis in supercritical media, with in
separation of the products from the catalyst. It can be c
cluded that the methodology of using a membrane with p
sizes smaller than the size of the catalyst, but larger tha
diameter of the products, will lead to various new oppo
nities of homogeneous catalysis in supercritical fluids.
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