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Abstract

In situ synthesis and testing of Ru and Pd nanoparticles as catalysts in the presence of ammonium perfluorohydrocarbo-carboxylat
in supercritical carbon dioxide were carried out in a stainless steel batch reactor at 40◦C over a pressure range of 80–150 bar CO2/H2. Direct
visualization of the formation of a supercritical phase at above 80 bar, followed by the formation of homogeneous microemulsions c
dispersed Ru nanoparticles and Pd nanoparticles in scCO2 at above 95–100 bar, were conducted through a sapphire window reactor usingW0
(molar water to surfactant ratio) of 30. The synthesised Ru and Pd nanoparticles showed interesting product distributions in the selec
genation of organic molecules, depending critically on the density and polarity of the fluid (which in turn depends on the pressure appli
selective hydrogenation of the citral molecule, which contains three reducible groups (aldehydes and double bonds at the 2,3 and 6,7
is feasible as a chemical probe.
 2005 Elsevier Inc. All rights reserved.

Keywords:Citral hydrogenation; Micelle-hosted Ru nanoparticle; Supercritical carbon dioxide; Citronellal selectivity
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1. Introduction

Since the early 1990s, an increasing concern about disch
from chemical industries has led to the reassessment of
ous existing chemical processes. Particular attention has
paid on the use of supercritical carbon dioxide (scCO2) to re-
place organic solvent because it is nontoxic, nonflamma
inexpensive, inert, and environmentally benign[1]. Pioneering
researchers have focused on the advantages of using scC2 in
polymer synthesis and processing and have achieved enor
success[2,3]. Encouraged by these promising results, scC2

is being explored as a new medium for catalytic hydroge
tion of organic molecules. Higher reaction rates and exce
enantioselectivity have been claimed[4–8]. Catalytic fixation of
CO2 in its supercritical state, in which CO2 is used as solven
and reactant, has also been reported[9,10]. Many enzymatic
reactions taking place in this fluid are currently under inve
gation[11]. The medium is generally shown to be effective
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0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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a wide range of reactions, including hydroformylation[12,13]
and oxidation[14–19], because of its intrinsically high misc
bility with other gases, high diffusivity, and high mass trans
coefficient[1]. But little attention has been paid to the press
effect on reaction selectivity, despite the fact that the fluid m
offer some tunable properties leading to desirable products

Consequently, we have investigated hydrogenation of the
ral molecule, which contains three reducible groups (aldeh
and double bonds at the 2,3 and 6,7 positions) as a ch
cal probe for this new solvent medium. The economic imp
tance of selective hydrogenation reactions ofα,β-unsaturated
aldehydes has been emphasized[20,21], because some parti
hydrogenated products are widely used in the productio
pharmaceuticals, fragrances, and perfumes[22]. In the liter-
ature, selective hydrogenation of these compounds has
studied extensively over a wide range of catalysts, includ
promoted and unpromoted metals/alloys[23–25], metal oxides
[26,27], microporous supports[28], and polymer fibre catalyst
[29] in both liquid [21,30–32]and vapour[33,34] phases. It
has been empirically shown that the selectivity of the reac
can depend on some key parameters, including the natu
the metal and particle size[35], catalyst support[36–38], and

http://www.elsevier.com/locate/jcat
mailto:s.c.e.tsang@rdg.ac.uk
http://dx.doi.org/10.1016/j.jcat.2005.11.010
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Scheme 1. Reaction pathways of citral hydrogenation.
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type of promoters/additives[38–40]used; however, a system
control in reaction selectivity by these parameters leadin
tunable properties has not yet been achieved. Citral molecu
one interesting model compound for hydrogenation becau
contains both conjugated and isolated double bonds as wel
carbonyl group; thus numerous partially hydrogenated prod
can be synthesised, depending on the selectivity of the hy
genation reaction (seeScheme 1). Hydrogenation of the citra
molecule over Pd nanoparticles with and without support m
rials [41,42] in scCO2 has also been reported.

In the present paper we report a detailed study of pres
effect on citral hydrogenation by micelle-hosted Ru and
nanoparticles in supercritical carbon dioxide following our p
vious preliminary works on the Pd system[43,44]. Two funda-
mental issues are of particular importance in this paper: to c
out direct visualisation of surfactant/metal system in scC2

through a sapphire window reactor at different pressure ran
and to investigate the pressure effect affecting product se
tivity in hydrogenation. Both of these issues are fundament
important in terms of the future development of this new ty
of catalysis.

2. Experimental

Citral, decane, perfluorotetradecanoic acid, and amm
solution in methanol were supplied from Aldrich, and cyc
hexane and methanol were supplied from Fischer Scientific
of these reactants were used without any further purificat
Palladium chloride, ruthenium chloride, unsupported (nak
palladium, and ruthenium nanoparticles were provided by Jo
son Matthey.
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2.1. Synthesis of the fluorinated ammonium surfactant

Perfluorotetradecanoic acid, CF3(CF2)12COOH, was dis-
solved in methanol under stirring at the temperature of 40◦C.
The synthesis, purification, and characterisation of Co(II) p
fluorotetradecanoate salt were described previously[45]. Using
a similar methodology, a five-fold excess of 2.0 M ammo
solution in methanol was added to the acid solution, and
mixture was maintained at 40◦C under vigorous stirring fo
24 h. The generated CF3(CF2)12COO−NH4

+ was collected as
a dried powder by evaporating off the solvent and excess
monia at 60◦C overnight. A slightly yellow-coloured solid wa
obtained. Purity of the synthesised material was confirme
elemental analysis; the formation of ammonium salt could
be monitored by FTIR. A clear shift in wave number at t
C=O stretching absorption region was observed when the
monium salt was formed (from 1768 to 1683 cm−1). To ensure
that no acid was left over in the ammonium salt, the absenc
an acid absorption peak was particularly noted.

2.2. Visualisation of the microemulsion through a sapphire
window reactor

Experiments were carried out in a ca. 30-mL stainless s
Parr reactor equipped with two high-pressure transparent
phire windows with the window separation of ca. 4.5 cm. A
propriate amount of reactants, palladium nitrate, surfactant,
water were introduced in the reactor to create the same co
tions (40◦C and 150 bar overall pressure) as a 300-mL rea
in which catalysis was performed. The only difference betw
the two reactors was in the stirring; the small reactor was sti
using a magnetic stirrer at the bottom of the reactor.
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Fig. 1. Micro-emulsion visualisation through sapphire windows. (a) catalyst slurry at 25◦C and 67 bar (liquid CO2); (b) the liquid meniscus disappeared at 40◦C
with the pressure of above 80–85 bar suggesting that the fluid reached a supercritical state but most catalyst slurry remained insoluble in this pressure range; (c) a
majority of slurry disappeared and the mixture reached a single transparent state at 40◦C when above 95–150 bar CO2; (d) after addition of 10 bar H2 a brown
“solution” observed.
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2.3. Catalytic tests

Hydrogenation reaction of citral was carried out in a 300-
stainless steel reactor (Parr Instruments, model 4561), equ
with a heating jacket, an outlet for gas with needle valve, an
overhead stirrer. Typically, palladium nitrate (0.25 mmol), cit
(0.5 mL), decane (internal standard, 0.1 mL), perfluorotetra
canoate ammonium surfactant (0.25 mmol), and an approp
amount of water required to saturate the scCO2 under the reac
tion conditions (i.e., 0.4768 mL for a 300 mL reactor, 140
scCO2 at 40◦C), plus an extra amount of water to give aW0
(molar water to surfactant) ratio of 30, were placed in the
actor. Dried CO2 was then pumped into the autoclave reac
using a booster pump to reach the desired pressure (140
at 40◦C. Stirring was done with an overhead magnetic s
rer, the motor of which was set at 3/4 of maximum speed
550 rpm). The mixture was stirred overnight to create the
croemulsion system. Then the pressure was raised to 150 b
adding 10 bar H2, and the reaction was followed for 4 h. At th
end of the reaction, the autoclave was allowed to cool to ro
temperature, at which time the reaction mixture was vented
double-liquid traps containing cyclohexane to remove solu
species in the carbon dioxide. Then the reactor was opened
the remaining residue was extracted with another portion o
solvent. The resulting solutions were combined, and the s
containing metal particles was separated and collected
the solution by filtration. The filtrate was dried over sodiu
sulphate, then filtered before the cyclohexane was evapo
off. The leftover product was dissolved in another clean cy
hexane solvent and injected to both gas chromatography (u
an HP 5890 gas chromatograph equipped with a flame ion
tion detector and a 30 m× 0.22 mm ID-BPX5 0.25 capillary
column) and gas chromatography–mass spectroscopy (usi
Agilent Technologies 6890N gas chromatograph with the s
column coupled to a 5973 mass selective detector) for pro
identification. Conversion and product selectivity were de
mined based on all detected products with reference to an i
nal standard.

The experiments carried out in nitrogen phase used the s
experimental setup and the same experimental/work-up pr
dures with identical quantity of citral, decane (internal st
dard), water, fluorosurfactant, catalyst, and hydrogen. The
difference is that the scCO2 was replaced by N2.

For the experiments carried out using “naked” Pd and
nanoparticles, prereduction of the catalyst was performe
100◦C under 40 bar of H2 overnight before adding the rea
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tion mixture (citral, decane, water) but no surfactant. This
and Ru had similar particle sizes (∼3–4 nm) as those nanopa
ticles obtained under micellar conditions[43,44].

Hydrogenation of citronellal (CIAL) was carried out und
exactly the same conditions as for citral hydrogenation.

3. Results and discussion

Fig. 1 shows a direct visualisation of the fluid through sa
phire windows under different conditions. As shown, sepa
phases of liquid CO2 and insoluble surfactant/Pd nitrate/wa
mixture were clearly visible at below the supercritical temp
ature (room temperature;Fig. 1a). After the temperature wa
raised to 40◦C at about80–85 bar, the gas–liquid meniscu
disappeared; however, the solid remained insoluble in the tr
parent fluid (Fig. 2b). The temperature and pressure values w
above the theoretical critical points for pure CO2, and the dis-
appearance of the meniscus is consistent with the fact tha
CO2 fluid had reached a supercritical state[1]. (Our phase esti
mation based on Peng–Robinson calculation also suggest
significant modification of the critical points of the fluid by th
small quantity of substrates used.) It is interesting to observ
dissolution of solid mixture at higher pressures starting fr
above 95 bar (with increasing fluid density). This fact agr
with our earlier finding that the density of the scCO2 fluid al-
lows establishment of a “microemulsion” state with surfact
and water at above95 bar (Fig. 1c). Fig. 1d shows the colou
change of the “solution” upon the addition of H2. Presumably
at this point the metal salt ingredients in the micelles are
duced to the micelle-hosted metal nanoparticles.

The sizes of typical micelle-hosted metal were carefully
termined by X-ray diffraction (based on Debye–Scherrer eq
tion, taking instrumental broadening into account) and tra
mission electron microscopy (TEM). As can be seen fr
Fig. 2a, the size of the typical Pd nanoparticle obtained un
microemulsion conditions is ca. 3.65± 0.85 nm, with a sharp
size distribution shown on TEM. In comparison, many poo
defined particles with a broader size distribution were obta
(Fig. 2b) under the same conditions when the Pd was no
microemulsion state (collected at below 90 bar). Occasion
very large particle clusters were observed in this sample.

The influence of the overall pressure on both catalytic
tivity and product distribution was performed over Pd and
systems by varying the pressure of CO2 while keeping the hy-
drogen pressure constant at 10 bar in all cases. It was foun
virtually a complete conversion of citral (>90%) was achieved
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s
Fig. 2. (a) A typical TEM image of micelle hosted Pd nanoparticles in scCO2 with size distribution of 3.65± 0.85 nm; (b) A typical TEM image of Pd nanoparticle
in scCO2 but with no micro-emulsion formation showing the much larger and broader particle sizes.
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Scheme 2. Simplified reaction pathways of the citral hydrogenation.

shortly (<1 h) after hydrogen addition in all cases with the
actions carried out under scCO2 in a batch reactor. This clearl
demonstrates the high activity of these noble metal cata
in the fluid under such mild conditions. Unfortunately, kine
measurements could not be determined because of tech
difficulties in using the high-pressure batch reactor (i.e.,
reaction rate could be misrepresented by the contribution
catalysis during the slow heating and cooling stages). T
comparison of product distribution at different conditions w
made after 4 h reaction time at near-complete citral convers

It was found that for all of the reactions carried out in t
study, the main products were the 2,3-conjugated C=C (cit-
ronellal, CIAL), the fully saturated aldehyde (dihydrocitron
lal, DHAL), the unsaturated alcohol (citronellol, CIOL), an
the fully saturated alcohol (3,7-dimethyloctanol, DMOL), al
gether accounting for>90% selectivity). Traces of isopulego
geraniol, and 3,7-dimethyloct-2-enol were also observed. T
a much simplified reaction pathway of catalytic citral hyd
genation based onScheme 1in supercritical carbon dioxide i
now presented inScheme 2.

Plots of product distribution versus overall pressure (CO2 +
H2) are presented inFig. 3 for Ru and inFig. 4 for Pd. It can
be seen fromFig. 3 that increasing CO2 pressure leads to
dramatic change in product distribution over the Ru. Betw
80 and 95 bar (in a supercritical state but before the forma
ts

al

f
s,

n.

s,

n
n

Fig. 3. Product distribution curve versus total overall pressure for citral
drogenation over Ru system ((") DHAL, (2) CIAL, (!) DMOL, (1) CIOL)
comprised of RuCl2 (0.25 mmol), citral (0.5 mL), decane (0.1 mL), wat
(W0 = 30), surfactant (0.25 mmol), 40◦C, 10 bar H2 topped up with 70–
140 bar CO2 for 4 h reaction time. Citral conversion was virtually at 100
hence the yield (%) of a product was equivalent to the selectivity (%).

of microemulsion), the fully hydrogenated 3,7-dimethylocta
(DMOL) was the major product of the reaction, which appea
to be stable at about 50–55%, whereas the other hydroge
products accounted for only 10–20% each. At the pres
range of 95–105 bar corresponding to the regime of microem
sion (refer toFig. 1), DMOL selectivity sharply decreased, se
tling at around 15%. At the same time, the selectivity tow
CIAL increased markedly and became the dominant pro
(ca. 66%). A further increase in pressure over 105 bar did
cause any major change in product distribution. The DHAL
lectivity remained constant throughout the whole range of p
sure applied, and the CIOL selectivity decreased only slig
at high pressure.

It is interesting that for Pd, a very different profile in pro
uct distribution resulted from an increase in carbon diox
pressure (Fig. 4). At low pressure (i.e., 80–85 bar), the fully h
drogenated DMOL was again the main product of the reac
(∼85% selectivity), whereas DHAL was the only noticea
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Fig. 4. Product distribution curve versus overall pressure for the citral hy
genation over Pd system ((") DHAL, (2) CIAL, (!) DMOL, (1) CIOL)
comprised of Pd nitrate (0.25 mmol), citral (0.5 mL), decane (0.1 mL), w
(W0 = 30), surfactant (0.25 mmol), 40◦C, 10 bar H2 topped with 70–140 ba
CO2 for 4 h reaction time. Citral conversion was virtually at 100% hence
yield (%) of a product was equivalent to the selectivity (%).

product (ca. 12%). CIAL and CIOL were detected as tra
However, an increase in pressure within this pressure range
creasing the density of the fluid but before the formation
microemulsion as according toFig. 1) resulted in an increas
in DHAL selectivity at the expense of DMOL selectivity. Th
DHAL selectivity reached the maximum at a total pressure
95 bar.Fig. 4shows that a similar switch in product distributio
was also observed at above 95 bar along with the observati
microemulsion revealed earlier inFig. 1. Note the marked en
hancement in CIAL selectivity concomitant with the decre
in DHAL selectivity.

To rationalise these interesting results at this stage,
in mind the evolution of the product distribution patterns
closely related to the working state of the catalytic syste
and the stability of intermediate species on the catalyst
face(s) at a particular pressure. First, at the lowest pres
(i.e., 80–85 bar), carbon dioxide, although in a supercrit
state, the density of the fluid is close to a gas-like phase[1].
Thus the volatile citral molecules can easily gain access to
metal surface (reduced metal nanoparticles without involv
microemulsion; refer toFig. 2b) and be exhaustively hydro
genated to DMOL (total reduction of the two C=C double
bonds and C=O bonds before the desorption of the therm
dynamically most stable DMOL to the mobile phase). Bu
higher pressure, the fluid becomes more liquid-like, enab
solubility of chemical species therein. This enhances desorp
of partially hydrogenated intermediate species from the m
surface to the mobile phase. To verify the above postula
and further investigate the role of carbon dioxide, we tested
Pd and Ru systems at an overall pressure of 150 bar, usin
same conditions but replacing CO2 with N2 gas (which can-
not form a supercritical phase under the reaction conditions
both cases, changing the medium (i.e., carbon dioxide or n
gen) produced a significant difference in product distributio
virtually 100% citral conversion (seeTable 1). It is clear from
theTable 1that the total hydrogenated product, DMOL inste
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Table 1
Influence of the medium on the product distribution

Entry Solvent CIAL
(%)

DHAL
(%)

DMOL
(%)

CIOL
(%)

Over Pd
1 CO2 72.0 18.0 4.0 6.0
2 N2 12.0 20.5 62.0 5.5

Over Ru
3 CO2 75.5 13.5 5.5 6.5
4 N2 10.0 8.5 73.5 8.0

Note. Pd nitrate (0.25 mmol) or RuCl2 (0.25 mmol), citral (0.5 mL), decan
(0.1 mL), water (W0 = 30), surfactant (0.25 mmol), 40◦C, 10 bar H2, 140 bar
CO2 or N2. Citral conversion was virtually at 100% hence the yield (%) o
product was equivalent to product distribution (%).

Table 2
Influence of the Pd and Ru environment (micro-emulsion or naked) on th
tivity and product distribution

Entry Catalyst Conversion
(%)

CIAL
(%)

DHAL
(%)

DMOL
(%)

CIOL
(%)

1 Naked Pda 100 21.5 78.5 – –
2 Pd in MEb 100 72.0 18.0 4.0 6.0
3 Naked Rua 10 79.5 7.5 3.5 7.0
4 Ru in MEb 100 75.5 13.5 5.5 6.5

Note. Pd or Ru (0.25 mmol), citral (0.5 mL), decane (0.1 mL), 40◦C, 10 bar
H2, 140 bar CO2.

a No water and fluorous surfactant.
b (W0 = 30), surfactant (0.25 mmol).

Table 3
Conversion and product distribution for the citronellal hydrogenation ove
and Ru

Entry Catalyst Pressure
(bar)

Conversion
(%)

CIOL
(%)

DMOL
(%)

DHAL
(%)

1 Ru 95 93.5 – 81 19
2 Ru 150 0.4 – – –
3 Pd 95 100 – 21 79
4 Pd 150 0.5 – – –

Note. Pd or Ru nanoparticles (0.25 mmol), citronellal (0.5 mL), dec
(0.1 mL), water (W0 = 30), surfactant (0.25 mmol), 40◦C, 10 bar H2, 85 or
140 bar CO2.

of CIAL, indeed reverts as the main product in nitrogen at
high pressure, as also occurs when a low pressure of CO2 (80–
85 bar) is used.

As discussed, a further increase in fluid pressure from 8
95 bar (but before the formation of microemulsion at<95 bar),
as shown inFig. 1, resulted in a direct increase in fluid densi
which began to provide solvency for the extraction of spe
from metal surface (enhanced desorption in liquid-like flu
As a result, the nonpolar intermediate, DHAL, from the st
wise hydrogenation was gradually extracted by the increasi
dense fluid from Pd, reaching optimum concentration at 95
However, Ru is well known to strongly bind oxygenates aga
desorption; hence virtually no intermediate was extracted
pressure above 95–105 bar, the density of the fluid is s
ciently high to allow the onset of microemulsion with surfa
tant/water before reduction (as shown directly inFig. 1c). CIAL
is then the major product for both Pd and Ru. As reported
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viously [43], the high CIAL selectivity is attributed to the hig
kinetic reluctance for double-bond hydrogenation of citra
the hydrophobic end (6,7 position) and the terminal –C=O hy-
drogenation (desorption of hydrophilic alcohol in densely
drophobic scCO2 is not favourable) due to auniquemicelle
environment with a hydrophilic aqueous core hosting the m
particle in the hydrophobic carbon dioxide fluid. (The appro
from the hydrophobic end of the molecule to the metal surf
is unfavourable.) Thus, hydrogenation of the activated dou
bond 2,3 position to CIAL is the only facilitated route.

To investigate the role of microemulsion during the hyd
genation reaction of citral molecule, nanoparticles hoste
micelles and “naked” nanoparticles (with no surfactant/wa
of similar size were compared in terms of activity and prod
distribution.Table 2reports that 78.5% selectivity to DHAL i
citral hydrogenation in supercritical carbon dioxide is obtain
over the naked Pd nanoparticles at the total pressure of 150
This finding agrees very well with the recent work of Chatt
jee et al., who clearly demonstrated that the solvency of
supercritical carbon dioxide fluid indeed favours the desorp
of the relatively hydrophobic DHAL in citral hydrogenatio
over a range of supported Pd catalysts[41,42]. Note, however,
that 72.0% selectivity to CIAL was achieved in the case
microemulsion. A very similar product distribution was also o
tained over Ru when it was in the microemulsion state (entry
In a sharp contrast, the conversion for the Ru system was fo
to remain at only 10%. It is assigned to some kind of stron
adsorbed species, possibly the DHAL or related species, w
deactivates the Ru.

A possibly key question is how the metal in microemuls
inhibits the further conversion of CIAL to further hydrogenat
products.Table 3reports the hydrogenation of CIAL instea
of citral at two different pressures: at 95 bar, before the o
of microemulsion, and at 150 bar, at which the microem
sion working state is well established. It is interesting to n
from Table 3that a sharp decrease in the CIAL conversion
indeed observed for both catalysts from the transition of no
croemulsion (fluid phase) to microemulsion. This clearly s
gests that CIAL, the first intermediate produced from the ci
hydrogenation in our microemulsion system, is kinetically s
ble against further hydrogenation. This finding also reinfor
the observation of no change in CIAL selectivity over the p
longed reaction time. Thus, the low reactivity of CIAL can
clearly explained by the mismatch of this unsaturated mole
in hydrophilicity with the micelle-hosted metal catalyst syste
resulting in a repelling phenomenon of the molecule being
nied access to the enclosed metal.

Overall, our results clearly show that by controlling t
quantity of surfactant and the water-to-surfactant ratio, unu
ally high selectivity toward citronellal (CIAL) can be achiev
at high scCO2 pressures (>105 bar) compared with other m
dia. Indeed, it has long been known that inhibiting the sub
quent hydrogenation to the unactivated double bond of the c
is difficult. Thus our results on obtaining the kinetically s
ble CIAL against further hydrogenation for a prolonged con
time with the Pd and Ru microemulsion catalysts are rathe
triguing. The work of Aumo et al.[29] on citral hydrogenation
t
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using polymer-supported fiber Pd catalyst has clearly dem
strated that the initially high selectivity to CIAL (85% at 40
conversion) decreased rapidly with time at a gain in dihyd
citronellal selectivity, demonstrating the kinetically labile n
ture of this partially hydrogenated product. Work has been d
on inhibiting total hydrogenation using transition metal io
such as Fe or Sn, doped on a noble metal surface. It has
postulated that these promoters will form interaction(s) with
terminal aldehyde group, hence favouring the head-on atta
the molecule to the catalyst, and thereby reducing the likelih
of subsequent hydrogenation on the hydrophobic end. Pla
noble metal clusters in rigid inorganic zeolitic pores to fav
the head-on attack has also been reported[46].

We observed a high selectivity to citronellal, which remain
a principal product at all times when using micelle-hosted
as a catalyst without promoting our Pd with transition me
ion or zeolitic material. Clearly, this interesting observation
related to the actual metal microemulsion working state. O
possibility is that the metal nanoparticles synthesised inside
micelles in supercritical carbon dioxide may give higher
lectivity to citronellal than those particles made in nitrog
because of their particular particle size and structure. But we
lieve that the effect of particle structure on selectivity is min
because naked particles can still be accessed freely by sub
molecules to different crystallographic planes, leading to p
control of regioselectivity.

On the other hand, on the basis of micelle molecular ass
bling, the microemulsion in scCO2 is envisaged to consist o
a water core containing Pd nanoparticles, surrounded by
oriented surfactant molecules as a shell. Depending on the
ional behaviour of the individual surfactant molecules, the ci
molecule must align itself to minimise repulsions due to st
cal crowding in accessing the enclosed metal surface. Thus
posit that the relatively hydrophilic carbonyl head group pe
trates into the aqueous micelle aggregate (i.e., a head-on at
Such molecular orientation of citral guided by the micelle
semblies allows highly selective hydrogenation of theα,β-con-
jugated double bond that lies close to the metal surface,
hence citronellal is formed. This partially hydrogenated pr
uct is immediately expelled from the aqueous reverse mic
because the spatial limitation and mismatched hydrophili
reduce the likelihood of further hydrogenation of isolated d
ble bonds at the hydrophobic end. Note that similar molec
guidance of a rod-shaped unsaturated molecule leading to
usual selectivity was reported by Toshima and Takahashi[47],
who observed higher regioselectivity for the hydrogenation
10-undecenoic acid than for hydrogenation of 2-undece
acid over colloidal dispersion of platinum and palladium hos
in a normal micelle in aqueous solution. (A hydrophobic e
group containing a double bond is easily hydrogenated by
inner micelle-hosted metal in a hydrophobic environment.)

4. Conclusion

In this work we investigated the affect of CO2 pressure on
product distribution for the hydrogenation of citral over Pd a
Ru nanoparticles hosted in a water in scCO2 microemulsion.



336 P. Meric et al. / Journal of Catalysis 237 (2006) 330–336

te
su
so
to

em
9,

Us
5,

03)

9.
Mol

l.

87)

for

ekar,

. 3

usi,

Mol.

Y.

tal.

ol.

. 18

99)

986)

Ur-

04)

.

m.
We found that selective formation of a particular hydrogena
product can be made possible by carefully tuning the pres
of the fluid (density), which can alter the balance between
vation of the molecule into the fluid and its binding affinity
the metal surface.
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