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Editorial

New Design for Platinum Metals
Review e-Journal
Regular readers of Platinum Metals Review will
notice a difference in this issue's PDF version. We
have introduced a new page design, with new fonts
and a modernised layout.
The new fonts are chosen to be highly readable
both on screen and in printed form. In order to be
compatible with our usage as an electronic
Journal, and to improve sustainability when the
Journal is printed out on a home or office printer,
the page margins have also been altered to fully
exploit the widely-used standard paper sizes A4
and US Letter.
We have further introduced some new features in
line with our primarily electronic status,such as the
inclusion of the digital object identifier (doi) on
each page of every article; this ensures that no matter which page is saved or printed, there will always
be a quick permanent link to the original article
readily available. Platinum Metals Review has
always been provided free of charge and we
encourage the widest possible dissemination of
our articles and reviews; we hope that this feature
will aid our readers in ensuring that they can
always find the original publication of all Platinum
Metals Review content.
Lastly we have taken the opportunity of this
change in design, facilitated by the freedom of the
electronic format, to begin introducing graphics to
our long-established Abstracts and Patents sections. This will provide an additional platform for
communicating some of the interesting work that is
reported in those sections, for which plain words
do not always do justice. Over the coming issues
you will see further graphical abstracts appearing
in these sections wherever they will aid comprehension of the work presented.
We have brought the design up to date but kept
the traditional aims and values of the Journal: to
cover the latest research on the science and technology of the platinum group metals (pgms) and
developments in their industrial applications.
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This issue exemplifies that ethos, with contents
ranging from a very informative review on the use
of ruthenium, rhodium and iridium catalysts for
carrying out asymmetric transfer hydrogenations in
water, to an article discussing developments in the
understanding of the geological behaviour of platinum group elements in sulfide ore systems; conference reviews covering fuel cells and emissions
control and a book review on high density data
storage including the use of pgms. Forthcoming
content will extend this range of subjects even further,so that whatever your area of interest there will
be something to interest you in each volume.
As ever, we welcome feedback from our readers
and contributors. If you have any comments, good
or bad, about the new design of the PDF version of
the Journal, about our content, our website or anything else regarding Platinum Metals Review,please
get in touch. Our E-mail addresses and contact telephone numbers are below or you can reach us at
any time by visiting the ‘Contact’ page on our website:
http://www.platinummetalsreview.com/dynamic/
contact/send
SARA COLES, Assistant Editor

The Editorial Team, Platinum Metals Review
Editor: David Jollie
david.jollie@matthey.com, Tel: +44 (0)1763 256316
Assistant Editor: Sara Coles
sara.coles@matthey.com, Tel: +44 (0)1763 256325
Editorial Assistant: Margery Ryan
margery.ryan@matthey.com, Tel: +44 (0)1763 256323
Senior Information Scientist: Keith White
keith.white@matthey.com, Tel: +44 (0)1763 256324
The Editorial Office: jmpmr@matthey.com
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Asymmetric Transfer Hydrogenation in
Water with Platinum Group Metal
Catalysts
Rapid reactions and high enantioselectivities achieved for carbonyl bond reduction

doi:10.1595/147106709X481372

By Xiaofeng Wu, Chao Wang and Jianliang Xiao*
Liverpool Centre for Materials and Catalysis, Department of
Chemistry, The University of Liverpool, Crown Street,
Liverpool L69 7ZD, UK;
*E-mail: j.xiao@liv.ac.uk

http://www.platinummetalsreview.com/

Asymmetric transfer hydrogenation (ATH) is the
reduction of prochiral compounds with a hydrogen
donor other than hydrogen gas in the presence of a
chiral catalyst. The asymmetric reduction of a wide
variety of ketone and aldehyde substrates has been
carried out in water using catalysts based on complexes of ruthenium(II), rhodium(III) and iridium(III),
affording fast reaction rates and good enantioselectivities without the use of organic solvents and with
easy separation of catalyst and product. For ATH of
ketones, the Rh(III) complexes appear to perform
better than the Ru(II) and Ir(III) complexes in terms
of activity, enantioselectivity and substrate scope.
However, their performance varies with the choice of
ligands, and simple Ir(III)-diamine complexes were
found to be excellent catalysts for the reduction of
aldehydes.

1. Introduction
The technique of asymmetric transfer hydrogenation
(ATH) has emerged as a powerful and practical tool
for reduction reactions in both academia and industry, due to its operational simplicity, high reaction rate
and enantioselectivity and broad substrate scope
(1–24). The subject has been under investigation for
more than three decades (25) but until the 1990s
enantioselectivities were poor. In 1995, Noyori, Ikariya,
Hashiguchi and coworkers published a paper reporting a TsDPEN-coordinated (TsDPEN = N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine) Ru(II) complex (Ru-TsDPEN) to be an excellent precatalyst for
the asymmetric reduction of aromatic ketones,affording an enantiomeric excess (ee) up to 99% (26, 27).
This significant breakthrough has inspired intense
research into the chemistry of this class of reactions.
As a result, a variety of related metal catalysts have
been developed and have since been applied to the
asymmetric reduction of various ketones and imines
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from academic laboratory research to commercial
scale applications (1–24, 28–63).
Among all the catalysts reported so far, those that
are based on the platinum group metals (pgms) Ru,
Rh and Ir have been the most successful.While other
metal catalysts and organocatalysts have been reported,their ATH rates and/or enantioselectivities are generally inferior. Most often, the metal-catalysed ATH
reactions are performed in 2-propanol or the
azeotropic mixture of formic acid (HCOOH) and triethylamine (NEt3) (HCOOH:NEt3 in the molar ratio
2.5:1), which act as both the solvent and reductant.
Using TsDPEN type ligands, we recently discovered
that pgm-catalysed ATH reactions can be carried out
in water in a highly efficient manner (6, 7, 10, 14, 23,
64–75). The use of water is environmentally advantageous, and the reduction is easy to conduct, requiring
no modification to the ligands, no organic solvents,
and often no inert gas protection throughout. It also
uses one of the most easily available and inexpensive
hydrogen sources, sodium formate (HCOONa), thus
providing a new viable tool for ketone reduction.
Here we present a brief account of the work we have
carried out with these catalysts for C=O bond reduction in water (Equation (i)).
O
R

R’

+ HCOONa

[M]
H2O

OH
R * R’

+ NaHCO3

(i)

M = Ru, Rh, Ir
2. ATH in Water with Platinum Group Metal
Catalysts
ATH in water is not something new; in fact enzymecatalysed ATH has been taking place in aqueous
media for billions of years. However, most man-made
catalysts use organic media.Enabling the use of water
as a medium for industrial applications would be an
advantage as water is cheap and nontoxic, so it can
be used in large amounts without associated environmental or health hazards, a feature of increasing significance for the pharmaceutical and fine chemical
industries. Further, the combination of small molecule size and a three-dimensional hydrogen-bonded
network results in a large cohesive energy density, a
high surface tension and a high heat capacity. These
attributes give water its unique structure as a liquid
and lead to unique hydrophobic effects in contact
with hydrocarbon compounds.These properties have
been exploited to benefit reactions, leading to
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enhanced reactivities and selectivities and easy separation of the catalyst and product. In the case of ATH
in water,significant progress has been recorded in the
past few years. For more information about this and
other groups’ work, the reader is referred to the references cited (6, 7, 10, 14, 23, 64 –119).
2.1 Ruthenium-Catalysed ATH in Water
Reports on ATH in aqueous media with Ru(II) complexes were initially concerned with organic–water
biphasic systems, with effort being focused on the
design of water-soluble catalysts (116, 118). However,
the resulting catalysts displayed activities and/or
enantioselectivities lower than might be expected.
Before entering the ATH area, we had developed a
method for the immobilisation of chiral diamine ligands, which could be used as a platform to build supported chiral catalysts (120, 121). Of relevance here is
that we demonstrated the water-soluble poly(ethylene glycol) (PEG)-supported complex 1
(SScheme I), using PEG with molecular mass 2000 g
mol–1 (PEG 2000), to be effective in the Ru(II)-catalysed ATH in azeotropic HCOOH-NEt3 mixture; but
unexpectedly the catalyst recycle via solvent extraction of the chiral alcohol product was possible only
when water was present as cosolvent. In its absence,
much reduced conversions and ees were observed,
indicating catalyst decomposition (120).
This finding prompted us to examine the behaviour
of sulfonamide ligands 1 and 2 (SScheme I) in acetophenone reduction by HCOONa in neat water.
Rather pleasingly,we found that,without any modifica2, derived in situ
tion, the Noyori-Ikariya catalyst Ru-2
from [RuCl2(p-cymene)]2 and 2,enables efficient ATH
in neat water (74). The reaction was considerably
faster than in organic media and afforded excellent
enantioselectivities. Thus, following the addition of 5
equivalents of HCOONa and acetophenone with a
molar substrate-to-catalyst ratio (S:C) of 100, the
ketone was fully converted into (R)-1-phenylethanol
in 95% ee after 1 h reaction time; in comparison, the
reaction run in the HCOOH-NEt3 azeotrope afforded a
conversion of less than 2% in 1 h, with full conversion
requiring more than 10 h (97% ee) (74). Several other
structurally diverse ketone substrates were subsequently examined, showing again that the reduction
in water was considerably faster, although the enantioselectivities observed with the azeotrope were
slightly higher (74).This initial finding has since been
proved to be quite general, in that other ligands
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O
H2N HN–S
H2N
O
= poly(ethylene glycol) (PEG)
1

O
HN–S
O

O
H2N HN–S
O

2

3

R
a R= Me
b R= CF3

O
O
S––NH NH2
O
Ph
Ph
4

OH
NH2

5

HO

NH2
6

HO

NH2
7

HO

NHMe
8

Scheme I. Ligands used for asymmetric transfer hydrogenation in aqueous media described in this review
(shown in Scheme I ) which were designed for
organic solvents are also effective for ATH in water
with no need for modification or organic solvents. In
Table I, we summarise the results obtained with vari1, in the ATH of the
ous Ru(II) catalysts, including Ru-1
benchmark substrate acetophenone. The catalysts
were usually generated from the ligand and a Ru precursor at the reaction temperature in water without
2 from
adding a base, for example Ru-2
[RuCl2(p-cymene)]2 and ligand 2.The structure of Ru2 prepared under such conditions has been confirmed by X-ray diffraction to be the same as the one
obtained in 2-propanol (65,68,122).These precatalysts
show varying solubilities in water. Presumably their
water solubility stems from chloride–water exchange,
resulting in the formation of monoaqua cations.
However, they show much higher solubility in ketones
and alcohols, most of which are insoluble in water.
Hence, we conclude that the reaction is biphasic and
takes place ‘on water’ (in aqueous suspension).
As shown in Table I, the monotosylated diamines
1–4 all served as efficient ligands for the ATH of
ketones in water, with full conversion and up to 97%
ee reached in short reaction times (Entries 3–12,
Table I).Under the given conditions,the ligands 2 and
4 afforded the best enantioselectivity. The reaction
was frequently carried out at an S:C ratio of 100; however,a high S:C ratio of 10,000 has been demonstrated
to be feasible (Entry 8, Table I). In comparison with
ATH in azeotropic HCOOH-NEt3 with or without
water, ATH in aqueous HCOONa is much faster
(Entries 3 and 4, Table I).This finding prompted us to
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explore factors that might lead to these contrasting
results (65, 73). The clearest difference between the
two systems was found to be the solution pH.
Subsequently, the pH value was proved to be critical
to the reaction rate and enantioselectivity (see
Sections 3.1 and 3.2 of this paper). Indeed, efficient
ATH can be performed with HCOOH-NEt3 in water,
provided the ratio of HCOOH:NEt3 is controlled such
that the solution is close to pH neutral (Entries 5–8,
Table I).
Interestingly, while β-aminoalcohol ligands were
believed to be incompatible with formic acid as a
reductant for ATH of ketones (12, 20), the commercially available simple β-aminoalcohol ligands 5–8
do catalyse the ATH of acetophenone by HCOONa or
HCOOH-NEt3 in water (70). However, the reduction
rates and enantioselectivities were much lower than
those obtained with the diamine ligands (Entries
13–16, Table I) (70).
The Ru(II)-catalysed ATH has since been applied
to a wide range of aromatic ketones (SScheme II). The
reduction is easy to perform, affording the chiral
alcohols with high ee in a short reaction time for
most of the substrates at S:C ratios from 100:1 to
1000:1. While the substrate ketones are generally
water-insoluble, this does not appear to have a negative effect on the reaction rates. The reduction of
most ketones proceeded significantly faster in water
than the same transformation in azeotropic HCOOHNEt3. For example, the reduction of p-methoxyacetophenone, which is difficult under normal conditions, gave a conversion of >99% and an ee of 95%

© 2010 Johnson Matthey

•Platinum Metals Rev., 2010, 54, (1)•

doi:10.1595/147106709X481372

2 in 2 h at an S:C ratio of 100 and a temperawith Ru-2
ture of 40ºC (73, 74). With the azeotropic HCOOHNEt3 mixture as the reductant, the same catalyst
required about 60 h to complete the reduction (97%
ee) at 28ºC and an S:C ratio of 200 (26). Likewise,
1-acetonaphthone was reduced to (R)-1-(1-naphthyl)2 by aqueous HCOONa in 98% conethanol with Ru-2
version and 87% ee in 6 h at 40ºC and an S:C ratio of
100; but in the azeotropic HCOOH-NEt3 mixture with
1, a conversion of only 71% was achieved in 30 h
Ru-1
at 50ºC (120). In the aqueous phase ATH, there
appears to be no correlation between the electronic
properties of substituents and the enantioselectivity,
as shown by the reduction of para-OMe- and
2, which both gave
para-CF3-acetophenone with Ru-2
~95% ee in 2 h.

For practical applications, easy separation of the
1 catalyst
catalyst and product is necessary. The Ru-1
allows for this, due to its hydrophilic PEG chain,
which retains the catalyst in the water during
product extraction with, for example, diethyl ether. In
the case of acetophenone reduction, we measured
the leached Ru; inductively coupled plasma (ICP)
analysis showed that only 0.4 mol% of Ru leached
into the organic phase. Remarkably, the PEG-immobilised catalyst could be reused fourteen times with
no loss in enantioselectivity, demonstrating its excellent recyclability and lifetime under aqueous conditions. When HCOOH-NEt3 was used without water,
the recycle experiments could not be carried out for
more than two runs without the rates and ees being
eroded.

Table I
Comparison of Asymmetric Transfer Hydrogenation of Acetophenone Using Ruthenium(II) Catalysts in Watera
Catalyst

Hydrogen
sourceb

S:C c

Time,
h

Conversion,
%

ee,
%

Reference

1

1
Ru-1

HCOONa

100

1

99

92

(75)

2

1
Ru-1

HCOONa

1,000

12

>99

89

(75)

3

2
Ru-2

HCOONa

100

1

>99

95

(65, 74)

12

Entry

d

4

2
Ru-2

Azeotrope

100

5

2
Ru-2

FA-T/H2O

100

6

2
Ru-2

FA-T/H2O

7

2
Ru-2

8
9

98

97

(73, 74)

1.5

>99

97

(73)

1,000

9

>99

96

(73)

FA-T/H2O

5,000

57

98

96

(73)

2
Ru-2

FA-T/H2O

10,000

110

98

94

(73)

3a
Ru-3

HCOONa

100

2

99

85

(72)

10

3b
Ru-3

HCOONa

100

2.5

>99

81

(68, 72)

11

4
Ru-4

HCOONa

100

2

99

97

(71)

12

4
Ru-4

HCOONa

1,000

20

95

96

(71)

13

5
Ru-5

HCOONa

100

12

84

71

(70)

14

6
Ru-6

HCOONa

100

10

95

50

(70)

15

7
Ru-7

HCOONa

100

5

97

60

(70)

16

8
Ru-8

HCOONa

100

3.5

>99

73

(70)

a

The reaction was carried out at 40ºC in 2 ml of water or a mixture of water and formic acid-triethylamine (FA-T in a
1.2:1.0 molar ratio) under inert gas protection

b

Hydrogen source: 5 equiv. was used unless otherwise specified

c

S:C is substrate to catalyst molar ratio

d

Azeotrope refers to an azeotropic HCOOH-NEt3 mixture (2.5:1 molar ratio)
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O
R1

R2

R1 = H, R2 = p-Me

A: Ru-1
1/HCOONa-H2O
B: Ru-2
2/HCOONa-H2O
C: Ru-2
2/HCOOH-NEt3-H2O

B: 2 h, 90% ee
18 h (S:C 1000), 89% ee

R1 = H, R2 = p-OMe B: 2 h, 95% ee
C: 5 h, 97% ee
32 h (S:C 1000), 95% ee
R1 = H, R2 = p-Cl

R1 = H, R2 = p-CF3

R1 = H, R2 = p-Br
O

B: 6 h, 87% ee

A: 1.2 h, 89% ee
B: 2 h, 91% ee
C: 11 h (S:C 1000), 93% ee

B: 2 h, 94% ee
C: 1.3 h, 95% ee

B: 18 h (S:C 1000), 93% ee

O

A: 8 h, 92% ee
B: 3 h, 95% ee
11 h (S:C 1000), 95% ee

R1 = H, R2 = p-CN

C: 1.5 h, 93% ee

R1 = H, R2 = p-NO2

C: 2 h, 85% ee

R1 = H, R2 = m-OMe

B: 2 h, 94% ee
18 h (S:C 1000), 93% ee
C: 2.5 h, 95% ee

R1 = H, R2 = o-OMe

B: 2 h, 72% ee

R1 = H, R2 = o-Me

B: 6 h, 80% ee

R1 = H, R2 = o-Cl

A: 1.5 h, 85% ee
B: 2 h, 89% ee

R1 = Me, R2 = H

B: 2 h, 86% ee

R1 = Me, R2 = p-OMe C: 3 h, 92% ee
O

A: 3 h, 92% ee
B: 3 h, 94% ee

O

A: 3 h, 92% ee
B: 2 h, 95% ee

Scheme II. Selected examples of ruthenium-catalysed asymmetric transfer hydrogenation in water. All the
reactions afforded virtually full conversion in the time given. For reaction conditions, see Table I
2.2 Rhodium-Catalysed ATH in Water
2 complex
In organic media, the isoelectronic Rh-2
was shown to be highly effective in the reduction of
α-chlorinated ketones and some imines (114, 123);
2 in the reduction of
but it was less active than Ru-2
other ketones. Replacing TsDPEN with chiral
1,2-aminoalcohols yields much more active catalysts
as shown by Blacker and Mellor (124). However, these
2
catalysts tend to be less enantioselective than Ru-2
and, as with other catalysts using 2-propanol as reductant, their effect depends on the use of a low concentration of substrate unless the resulting products are
removed in situ (125–127).

7

2 and related catalysts
The direct application of Rh-2
to the aqueous-phase ATH of ketones had not been
reported before our work in 2004. It has since been
2 and its analogues also display
found that Rh-2
remarkably enhanced activities and excellent enantioselectivities in the reduction of a wide range of
ketones in water (TTable II) (66, 72). For example, ATH
3a, Rh-3
3b and Rh-4
4 by
of acetophenone with Rh-3
HCOONa in water afforded almost full conversions in
several minutes, with ees between 94% and 99% at an
S:C ratio of 100 (Entries 7–10, Table II) (68, 71, 72).The
camphor-substituted 4 led to the best enantioselectivity, affording up to 99% ee (Entries 10 and 11,

© 2010 Johnson Matthey

•Platinum Metals Rev., 2010, 54, (1)•

doi:10.1595/147106709X481372

Table II) (71). In general, as shown in Table II, the
diamine ligands afford faster reaction rates and better
enantioselectivities than aminoalcohol ligands.
Furthermore, it is noted that the reaction with the
Rh-diamine catalysts can be carried out effectively in
the open air without degassing and/or inert gas protection throughout, thus rendering the reduction easier to perform than reactions catalysed by most other
organometallic complexes (Entries 2, 7 and 9, Table
II).It is also interesting to note that there is little reduc2 in the HCOOH-NEt3 azeotrope in 16 h,
tion with Rh-2
and the reduction afforded only 45% conversion with
89% ee in 24 h in 2-propanol (Entries 3 and 4,TTable II).
A quite broad range of ketones can be effectively
reduced with the Rh-diamine catalysts by HCOONa in
water (SScheme III).Apart from the normal unfunctionalised aromatic ketones which have been successfully reduced with the Ru catalysts, heterocyclic, functionalised and multi-substituted ketones are all viable

substrates with this Rh-catalysed reduction system
(SSchemes III and IV). The reduction is again easy to
carry out, affording the chiral alcohols with excellent
ees in a short reaction time for most of the substrates.
For example, most of the reduction reactions with
3a or Rh-3
3b finished within several minutes.
Rh-3
Thus, 2-acetyl furan was completely reduced to
(R)-1-(2-furyl)ethanol within 5 minutes with the
Rh-diamine catalysts, affording 99% ees at an S:C ratio
of 100. The turnover frequency reached as high as
3a catalyst (72).(E)-Chalcone,an
4100 h–1 with the Rh-3
intermediate for a variety of biologically active com2, affording the
pounds, was reduced in 2.5 h with Rh-2
fully saturated 1,3-diphenylpropan-1-ol with 93% ee.
Gas chromatography (GC) monitoring showed that
the C=C bond was first saturated, followed by the carbonyl.While we frequently used an S:C ratio of 100,an
S:C ratio of 1000 has been demonstrated to be feasible for many ketones.

Table II
Comparison of Asymmetric Transfer Hydrogenation of Acetophenone Using Rhodium(III) Catalysts in Watera
Entry

1

Catalyst

Hydrogen
source

S:C

Time,
h

Conversion,
%

ee,
%

Reference

2
Rh-2

HCOONa

100

0.5

99

97

(66)

b

2

2
Rh-2

HCOONa

100

99

97

(66)

3

2
Rh-2

Azeotrope

100

16

<1

N/A

(66)

100

24

45

89

(66)

100

24

18

64

(66, 68)

c

0.5

4

2
Rh-2

2-Propanol

5

2
Rh-2

Azeotrope/H2O

6

2
Rh-2

HCOONa

93

97

(66)

7

3a
Rh-3

HCOONab

100

0.25

>99

95

(72)

8

3b
Rh-3

HCOONa

100

0.25

>99

94

(68)

100

0.25

>99

94

(68)

1,000

b

3

3b
Rh-3

HCOONa

10

4
Rh-4

HCOONa

100

99

99

(71)

11

4
Rh-4

HCOONa

1,000

20

89

99

(71)

12

5
Rh-5

HCOONa

100

20

92

54

(70)

13

6
Rh-6

HCOONa

100

20

85

41

(70)

14

7
Rh-7

HCOONa

100

5

63

31

(70)

15

8
Rh-8

HCOONa

100

22

77

68

(70)

9

0.7

a

The reaction was carried out at 40ºC in 2 ml of water or a mixture of water and azeotrope under inert gas protection
unless otherwise specified

b

No inert gas protection throughout

c

0.01 equiv. potassium hydroxide (KOH) was added

8
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O

Cl
D: 0.4 h, 94% ee
E: 3 h, 94% ee
F: 0.17 h, 94% ee
H: 0.17 h, 92% ee

O

O

Br
E: 4 h, 95% ee
F: 0.25 h, 94% ee

F3C
E: 1.8 h, 94% ee
F: 0.17 h, 91% ee

F
D: 0.5 h, 95% ee
F: 0.3 h, 94% ee
H: 2.5 h, 93% ee

O

O

O

O

O

NC

O2N

Me

MeO

D: 0.17 h, 91% ee
E: 4.5 h, 92% ee
F: 0.4 h, 90% ee

D: 0.5 h, 88% ee
F: 0.75 h, 87% ee

D: 6 h, 93% ee
F: 0.5 h, 92% ee
H: 0.5 h, 91% ee

D: 20 h, 97% ee
F: 0.5 h, 93% ee

O

O

O

Cl

Me

OMe

D: 1 h, 71% ee
F: 0.3 h, 77% ee
O
Br

F: 1 h, 80% ee

D: 24 h, 81% ee
F: 1 h, 79% ee

O

D: 0.5 h, 98% ee
E: 3 h, 90% ee
F: 0.5 h, 93% ee

O

F: 1 h, 92% ee

O

O

MeO
i

F: 0.25 h, 89% ee

O

Bu

G: 3.5 h, 94% ee

D: 0.75 h, 96% ee
E: 1 h, 95% ee
F: 0.75 h, 95% ee
H: 0.75 h, 96% ee

O

O

S

O
D: 3 h, 99% ee
F: 0.5 h, 97% ee

D: 9 h, 97% ee
F: 0.5 h, 95% ee

O

D: 0.08 h, 99% ee
E: 1 h, 99% ee
F: 0.08 h, 99% ee
G: 1.5 h, 99% ee
H: 0.08 h, 99% ee
O

S
O

O

D: 0.25 h, 95% ee
F: 0.17 h, 96% ee

O

O

O

N
N

F: 0.75 h, 99% ee

D: 1.5 h, 99% ee
F: 0.25 h, 94% ee

D: 0.5 h, 98% ee

N

C: 24 h, 98% ee

D: 16 h, 78% ee

D: Rh-2
2 (S:C 100); E: Rh-2
2 (S:C 1000); F: Rh-3
3a (S:C 100) in air; G: Rh-3
3a (S:C 1000) in air;
H: Rh-3
3b (S:C 100) in air
Scheme III. Examples of Rhodium-catalysed asymmetric transfer hydrogenation by HCOONa in water at 40ºC
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O

O
O

D: 1 h, 99% ee
O

D: 3 h, 93% ee

CF3
D: 0.5 h, 98% ee
O

O

O

O

OEt
D: 3 h, 80% ee
O

O

MeO

O

MeO
D: 5 h, 89% ee

D: 6 h, 85% ee

D: 2.5 h, 93% ee
O

D: 1.5 h, 92% ee

Scheme IV. Rhodium-catalysed asymmetric transfer hydrogenation of selected functionalised ketones in water.
For conditions see Scheme III. The time to completion (h) and enantiomeric excess (ee, %) are shown
2.3 Iridium-Catalysed ATH in Water
In a similar manner,we have also shown that the analogous Ir catalysts are applicable to the aqueous-phase
ATH of ketones (66, 71). Table III summarises the
results of ATH of acetophenone with the Ir(III) catalysts. Again the ATH is faster with aqueous HCOONa.
2
Thus,there is no conversion for the reduction with Ir-2
in the HCOOH-NEt3 azeotrope in 16 h; the same reaction afforded a 39% conversion and 83% ee in 24 h in
the presence of water (Entries 2 and 4,TTable III).Using
2-propanol as reductant and solvent, the reaction
gave a 48% conversion and 87% ee in 24 h (Entry 3,
Table III). Compared to the Rh-diamine catalysts, the
Ir-diamine tends to show a lower catalytic activity. For
2 afforded virtually full conversion in 3 h
instance, Ir-2
with an enantioselectivity of 93% (Entry 1, Table III),
2 and Rh-2
2 required reaction times of 1 h
while Ru-2
(with 95% ee) and 0.5 h (with 97% ee), respectively, to
give the same level of conversion under the same
conditions (Entry 3, Table I and Entry 1, Table II).
4 outperformed Ru-4
4, Rh-4
4 and other
However, Ir-4
Ir(III) catalysts in terms of both catalytic activity and
enantioselectivty. In particular, acetophenone was
reduced with 97% conversion and 98% ee in 2.5 h at
an S:C ratio of 1000 (Entry 8, Table III). Furthermore,
the Ir-aminoalcohol catalysts displayed faster reduction rates than their Ru(II) and Rh(III) analogues in
aqueous HCOONa, although the enantioselectivity
remains to be improved (Entries 9–13, Table III).
The Ir catalysts can also be applied to the reduction
of other ketones. Selected examples are shown in
Scheme V. Most of the ketones were reduced in sever4 by formate in water at an S:C ratio
al hours with Ir-4
of 1000, affording excellent enantioselectivities. The
electronic properties of the substituent on the

10

ketones impact significantly on the reaction rate, as
does the steric effect. Thus, faster reduction was
observed for ketones with electron withdrawing
groups such as Cl, Br, F, CN or NO 2 ; in contrast, electron donating groups such as Me or OMe necessitated
longer reaction times (SScheme V).
2.4 Iridium-Catalysed Transfer Hydrogenation
and Hydrogenation
In a related study, Ir complexes containing tosylated
ethylenediamines were found to be excellent catalysts for the reduction of aldehydes by HCOONa in
neat water, providing fast rate and excellent chemoselectivity towards the formyl group (69). As shown in
Table IV, while the reduction of benzaldehyde with
(1,2,3,4,5-pentamethylcyclopentadienyl)iridium(III)
chloride dimer ([Cp*IrCl2]2) afforded a turnover frequency of only 20 h–1 (Entry 1, Table IV), introduction
of diamine ligands (SScheme VI) led to a dramatic
increase in the reaction rate (Entries 2–4 and 7–9,
Table IV). In particular, Ir-1
11, formed in situ from
[Cp*IrCl2]2 and 11, afforded turnover frequencies of
up to 1.3 × 105 h–1 in the transfer hydrogenation of
benzaldehyde (Entry 9, Table IV). Under these conditions, 5.30 g of benzaldehyde was reduced to give
phenylmethanol in 98% isolated yield (5.28 g) in
1 h with 0.4 mg of [Cp*IrCl2]2, demonstrating the
superior activity, robustness and scalability of the
aqueous Ir(III) catalytic system. However, using either
more electron-rich or electron-deficient diamines as
the ligand afforded slower reduction rates (Entries 9
vs. 10 and 11, Table IV). By way of contrast, when carried out in 2-propanol or the azeotropic HCOOH-NEt3
mixture, a much slower reduction resulted (Entries 5
and 6, Table IV).
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Table III
Comparison of Asymmetric Transfer Hydrogenation of Acetophenone Using Iridium(III) Catalysts in Watera
Entry

Catalyst

Hydrogen
source

S:C

Time,
h

Conversion,
%

ee,
%

Reference

1

2
Ir-2

HCOONa

100

3

99

93

(66)

2

2
Ir-2

Azeotrope

100

16

None

N/A

(66)

3

2
Ir-2

2-Propanol

100

24

48

87

(66)

4

2
Ir-2

Azeotrope/H2O

100

24

39

83

(66)

99

93

(68, 72)

b

5

3a
Ir-3

HCOONa

100

1

6

3b
Ir-3

HCOONa

100

1.5

>99

92

(68)

7

4
Ir-4

HCOONa

100

0.7

98

97

(71)

8

4
Ir-4

HCOONa

1,000

2.5

97

98

(71)

9

5
Ir-5

HCOONa

100

>99

27

(70)

10

6
Ir-6

HCOONa

100

1.5

100

27

(70)

11

6
Ir-6

FA-T/H2Oc

100

1.5

100

55

(70)

12

7
Ir-7

HCOONa

100

5

61

7

(70)

13

8
Ir-8

HCOONa

100

2.5

100

54

(70)

a
b
c

5

The conditions were the same as in Tables I and II
No inert gas protection throughout
FA-T = mixture of formic acid and triethylamine (1:1.7 molar ratio)

Table IV
Comparison of Transfer Hydrogenation of Benzaldehyde Using Iridium(III) Catalysts in Watera
Entry

Catalyst

Hydrogen
source

S:C

Temperature,
ºC

1

Ir

HCOONa

1,000

65

2

2
Ir-2

HCOONa

1,000

65

0.08

3

9
Ir-9

HCOONa

1,000

65

1

4

10
Ir-1

HCOONa

1,000

65

0.08

5

10
Ir-1

2-Propanol

1,000

65

1

6

10
Ir-1

Azeotrope

1,000

65

1

7

10
Ir-1

HCOONa

10,000

65

1.5

>99

20,400

8

10
Ir-1

HCOONa

10,000

80

0.9

>99

28,800

9

11
Ir-1

HCOONa

50,000

80

1

98

132,000

10

12
Ir-1

HCOONa

10,000

80

0.5

>99

40,000

11

13
Ir-1

HCOONa

10,000

80

0.7

99

31,200

12

14
Ir-1

HCOONa

1,000

65

1

50

4,000

a

Time,
h
25

Conversion,
%

Turnover
frequency,
h–1

70

20

>99

12,000

99

1,800

>99

12,000

2.6
1.5

26
15

Transfer hydrogenation conditions were 10 ml water and 5 equiv. HCOONa (69)
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O

O

Cl

Br

2 h, 96% ee

1.8 h, 95% ee

O

F

O

NC

3.1 h, 96% ee

O

2 h, 94% ee

O

O2N

Me

MeO

2 h, 93% ee

8.5 h, 92% ee

22 h, 97% ee

O

O

O

O

Cl
3 h, 88% ee

O

O
Br

Me

OMe

29 h, 93% ee

21 h, 85% ee

9.5 h, 97% ee

O

O

2 h, 93% ee

O

MeO
Me
3 h, 98% ee

O

50 h, 86% ee

4 h, 97% ee

O

0.75 h, 94% ee

4 by HCOONa in water. Conditions: 5 equiv. HCOONa, 5 ml water, 40ºC at
Scheme V. ATH of ketones with Ir-4
an S:C ratio of 1000
over 99% conversion in 2 h at an S:C ratio of 1000,
12 under
while the conversion was only 48% with Ir-1
the same conditions (Entries 4 and 5, Table V). The
11 compared to Ir-1
12 may stem
higher activity of Ir-1
from the higher acidity of its dihydrogen intermediate, which renders the Ir(III)–H hydride easier to
form.
The aqueous transfer hydrogenation system works
for aromatic, α,β-unsaturated and aliphatic aldehydes
and for those bearing functional groups such as halo,

These catalysts also catalyse the hydrogenation of
aldehydes with hydrogen (H2) in water (67). As can
10 enables the hydrogenation of benzaldebe seen, Ir-1
hyde under neutral conditions (Entry 1, Table V); but
unlike the ATH of ketones, the reduction is faster in
the presence of base (Entry 2, Table V). In contrast,
introduction of acid led to a significantly lower conversion (Entry 3, Table V).Furthermore,the more elec11 and Ir-1
13 afforded faster reductron-deficient Ir-1
11 with
tion, with benzaldehyde being reduced by Ir-1

O
H2N

NH2

H2N

9

S

HN
10

HN

S

OMe

H2N

HN

O

13

S

HN
11

CF3

S
O

O
12

H2N

O

O
H2N

O

O
O
S

H2N HN
CF3

CF3

O
14

Scheme VI. Selected diamine ligands for reduction of aldehydes in water
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Table V
Comparison of Hydrogenation of Benzaldehyde Using Iridium(III) Catalysts in Watera
Entry
1

a

Catalyst

Hydrogen
source

S:C

Temperature,
ºC

Time,
h

Conversion,
%

10
Ir-1

H2

200

80

2

80

2

10
Ir-1

H2/base

1,000

80

2

88

3

10
Ir-1

H2/CF3COOH

1,000

80

2

17

4

11
Ir-1

H2/base

1,000

80

2

>99

5

12
Ir-1

H2/base

1,000

80

2

48

6

13
Ir-1

H2/base

1,000

80

2

99

7

14
Ir-1

H2/base

1,000

80

2

20

Hydrogenation conditions were 10 ml water, 20 bar H2 and 5 to 20 equiv. (relative to Ir) base (aqueous
KOH) (67)

acetyl,alkenyl and nitro groups,and is highly chemoselective towards the formyl group (SScheme VII) (67,
69). For example, 4-acetylbenzaldehyde was reduced
only to 4-acetylphenylethanol, and the reduction of 4acetylcinnamaldehyde took place without affecting
the ketone and olefin double bonds. Furthermore, the
reduction is highly efficient and can be carried out in
air, without inert gas protection throughout. Thus, S:C
10
ratios of 2000 to 10,000 were feasible for both Ir-1
11, although the electron-deficient Ir-1
11 generand Ir-1
10.
ally displayed a higher catalytic activity than Ir-1
The same aldehyde substrates have also been
11 as the catalyst
reduced with H2 in water with Ir-1
(SScheme VII). Again, a wide range of aldehydes,
including aromatic, aliphatic, heterocyclic and
α,β-unsaturated aldehydes, are readily reduced. And,
as with the transfer hydrogenation, the hydrogenation
is efficient and chemoselective and runs in neat water
with no need for an organic cosolvent.In comparison
with transfer hydrogenation, however, hydrogenation
is less efficient, with a lower S:C ratio of 1000 being
feasible under the conditions examined.
3. Mechanistic Aspects of ATH in Water
3.1 Effect of Solution pH
As indicated above, a significant feature of the aqueous ATH is that the reaction rates vary with solution
pH. We initially demonstrated this in the ATH of ace2 in water (73). It was
tophenone by formate with Ru-2
shown that an increase of 1 pH unit at ~pH 3.9 could
result in an increase in rate of ~20 times (FFigure 1).
Little reduction occurred at lower pH, but the pH

13

increased with time due to the decomposition of
HCOOH into carbon dioxide (CO2) and H2 by the catalyst (73). Of particular note is that the enantioselectivity also varied with pH (FFigure 1), indicative of
competing catalytic pathways (65,73).Further studies
have since revealed that this pH dependence is common for the ATH of ketones in water (65, 66, 69, 70, 73,
2 and Ir-2
2
85, 92, 95, 98, 107, 111). For example, the Rh-2
catalysts displayed a window of pH 5.5 to 10 and
pH 6.5 to 8.5, respectively, with a turnover frequency
of over 50 h–1 in the ATH of acetophenone in water
discussed above (66). And most recently, we showed
that quinolines are reduced in high yields and high
enantioselectivities with formate in water at pH 5,
2 type catalyst (64).
using a Rh-2
3.2 Mechanism of ATH in Water
The mechanism of the aqueous ATH has recently
been investigated (63, 65, 66, 73, 77, 85, 92, 95, 111, 128,
129). In a study into the ATH of acetophenone by for2 using nuclear magnetic resonance
mate with Ru-2
(NMR) spectroscopy, kinetic and isotope measurements, and density functional theory (DFT) calculations, we showed that two catalytic cycles are likely to
operate in the ATH reaction, depending on the solution pH (SScheme VIII) (65). Cycle 1 describes ATH
under neutral conditions and is more efficient, affording fast rates and high enantioselectivity via a waterassisted transition state. Under acidic conditions,
Cycle 2 dominates, in which protonation occurs at
both the hydride and the TsDPEN ligands, leading to
lower catalytic activity and lower ees. However,
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OH

OH

H
R

R
R
R
R
R
R

=
=
=
=
=
=

OH

H

F
Cl
Br
CF3
OMe
SMe

R

0.5 h (5 h)
0.6 h (4 h)
0.67 h
3h
0.5 h (3 h)
0.5 h*

MeO

OH

MeO
H

0.8 h (3 h)
0.5 h
0.5 h
1 h (2 h)
1.3 h (3 h)
Me OH
H

Me

OMe
12 h*

Me
8 h*
H

O

H

H

S

H

Me

S

H

0.25 h (2 h)

OH

H

OH

OH
O
0.5 h (3 h)

0.6 h

MeO

3h

OH

OH

Cl
NO2
CN
OMe
Me

H

OMe

OMe

=
=
=
=
=

OH

H

2 h (5 h)

MeO2C

MeO

OH

H

R
R
R
R
R

R

R = Cl
1.5 h (5 h)
R = Br
7h
R = OMe 1.5 h (3 h)

OH

1.5 h (3 h)

H

OH

0.5 h

2h

1.5 h

Reduction of aromatic aldehydes:
10 and 1000 for hydrogenation using Ir-1
11
S:C 5000–10,000 for transfer hydrogenation using Ir-1

OH
H
3 h (3.5 h)

0.2 h

MeO

0.3 h (5 h)

OH

H
0.4 h (6 h)

OH

OH

H

H

OH

OMe

OH

OH

OH

H

H
18 h

0.5 h (5 h)
OH

O

H

H

OH

9h

O2N

1.5 h

O

NO2 0.4 h (6 h)

H

H

3h

OH

OH

H

H

4 h (5 h)

4.5 h

Reduction of unsaturated aldehydes:
10 and 500 for hydrogenation using Ir-1
11
S:C 1000–5000 for transfer hydrogenation using Ir-1
OH
H
OH
(5 h)

H

OH

H

OH

H

OH
5 h (5 h)

H
3.7 h (7 h)

3.6 h

7h

Reduction of aliphatic aldehydes:
10 and 200 for hydrogenation using Ir-1
11
S:C 2000 for transfer hydrogenation using Ir-1
10 (transfer
Scheme VII. Selected examples of reduction of aldehydes to alcohols using iridium catalysts Ir-1
11 (hydrogenation; time in brackets) in water. *S:C 1000
hydrogenation, TH) and Ir-1
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100
100
80
80
60
60
40
40

enantiomeric excess

20
20

turnover frequency

00

22

33

4
4

5
5

6
6

77

40
40
30
30
20
20
10
10
00

Fig. 1. Initial turnover
frequency vs. initial pH
values for asymmetric
transfer hydrogenation
of acetophenone with
2
ruthenium catalyst Ru-2
in water at 40ºC

ee / %

TOF / mol mol h

–1
Turnover frequency,
-1 -1h

120
120

Enantiomeric excess, %

100
100
90
90
80
80
70
70
60
60
50
50

140
140

88

pH
pH

higher pH drives the catalyst into an inactive hydroxyl form shown in Cycle 3,thus decreasing the concentration of active catalyst and so the reduction rates,
albeit without affecting the ees.
Further details on Cycle 1 under neutral conditions
have also been revealed.The Ru-H species is visible in
the NMR spectra; however, the Ru-formato complex
could not be detected in either stoichiometric or catalytic reactions. In kinetic studies, it was shown that
the ATH is first order in both the catalyst and ketone
substrate but is inhibited by CO2.This evidence points
to the rate-limiting step of the ATH reaction being the
hydrogen transfer from Ru to ketone, probably with a
transition state similar to that proposed by Noyori for
non-aqueous media (19) (SScheme VIII).
3.3 The Role of Water
Water has been demonstrated to accelerate the ATH
(65,74).This acceleration can be at least partly traced
to its effect on the rate-limiting step mentioned
above. Thus, in the stoichiometric reduction of acetophenone by isolated Ru(II)–H, the rate in wet
deuterated dichloromethane (CD2Cl2) was six times
that in dry CD2Cl2. Further insight was gained from
DFT calculations, which showed that water participates in the transition state of hydrogen transfer, stabilising it by ~4 kcal mol–1 (~17 kJ mol–1) through
hydrogen bonding with the ketone oxygen.
Interestingly, the calculations also suggest that the
participation of water renders the hydrogen transfer
step-wise, rather than concerted as proposed for ATH
in organic solvents (65). A similar solvent effect has
been reported in a DFT study of the reduction of
formaldehyde in methanol (130).
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Water can stabilise the active catalyst species. The
lifetime of the Ru catalyst in ATH reactions is remarkably prolonged by water. Thus, in the presence of
2 catalyst was stable for up to a few
water, the Ru-2
months; in contrast, the catalyst lifetime was significantly shortened when water was removed from the
solution. For instance, the catalyst decomposed in
half an hour in diethyl ether. NMR studies indicate
that water reacts with the 16-electron species shown
in Scheme VIII, affording aqua and hydroxyl species.
This would provide a mechanism of stabilising an
unstable active species, although the hydroxide will
compete with formate for coordination to the metal
centre under more basic conditions. Recent work has
shown that the M–H hydride can react with oxygen
(O2) (52, 129, 131–133).
4. Concluding Remarks
Asymmetric transfer hydrogenation of ketones with
Ru(II),Rh(III) and Ir(III) complexes has been demonstrated to be viable in water. Affording fast reaction
rates and excellent enantioselectivities with no
organic solvent used,not only is the protocol environmentally appealing, but it is also of significance both
practically and fundamentally. Additional advantages
include an inexpensive reductant, no modification to
ligands, and ease of use. Among the catalysts, the
Rh(III) complexes appear to outperform their Ru(II)
and Ir(III) analogues for most of the reactions studied, displaying high activity, high enantioselectivity
and broad substrate scope. However, the performance of the Rh(III) complexes varies with the ligands
used, as in the case of ligand 2 compared to ligand 4,
and simple Ir(III)-diamine complexes are excellent
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+
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Scheme VIII. Proposed mechanism for the asymmetric transfer hydrogenation of ketones in water.
M = Ru, Rh or Ir (65)
catalysts for the reduction of aldehydes. Unlike most
other air- and/or moisture-sensitive transition metal
complexes, the Rh(III)-diamine catalysts are not airsensitive, allowing the reduction to be performed in
air without any inert gas protection. In comparison,
the Ru(II) complexes are more sensitive to air.
A common feature of these pgm catalysts is that
their ATH rates and enantioselectivities show a strong
dependence on the solution pH.Apart from the effect
of pH on the concentration of formate, this can be at
least partly traced to the protonation of the coordinated diamine ligand at low pH and to the formation of
catalytically-inactive M–OH species under basic conditions.
Water has been shown to play a key role in aqueous ATH reactions. It accelerates the reduction, stabilises the catalyst, alters the transition state of hydrogen transfer, and facilitates separation of the catalyst
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from the product. We expect that future work will
enable aqueous-phase ATH to be applied to a wider
range of industrially relevant hydrogenations, while
offering unique insight into the chemistry of hydrogen transfer in laboratories and in nature.
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Process Chemistry Award 2008
The UK Prize for Process Chemistry Research is
sponsored by GlaxoSmithKline, AstraZeneca and
Pfizer, and aims to encourage the development of
new chemical reactions that will solve problems in
process chemistry. Chemical reactions and novel
reagents invented in university laboratories often
turn out to be unsuitable for use at a large scale; the
reagents may be too expensive or dangerous, or the
reaction may not be feasible to scale up. The 2008
Prize for Process Chemistry Research was awarded
to Professor Jianliang Xiao from the University of
Liverpool, UK, for his group’s work on the development of chemistry suitable for large-scale manufacturing.
Professor Xiao investigated the effects of reaction
media, hydrogen bonding, ion pairing and co-catalysis on catalytic cycles and elementary steps in two
areas. The first is the design and development of
platinum group metal catalysts based on ruthenium, rhodium or iridium for the asymmetric transfer
hydrogenation of ketones in water. For these reactions, Xiao’s group revealed the viability and simplicity of the transformation and the impact of pH
on the enantioselectivity, reaction kinetics and catalyst decomposition (1–5). An overview of their
work is presented in this issue of Platinum Metals
Review (6). Further studies have led to the development of efficient metal-counteranion cooperative
catalysis for asymmetric hydrogenation of imines
and direct reductive amination (7–9).
The second area investigated by Xiao’s group is
the synthesis of aryl ketones through the control of

regiochemistry in the arylation of electron-rich
olefins. This includes a new methodology for the
direct acylation of aryl bromides with aldehydes by
palladium catalysis, as well as the oxygen- and
base-free oxidative Heck reactions of arylboronic
acids with olefins (10–13). One thrust of this
research is the tuning of the reaction pathway by
exploiting secondary interactions at the molecular
level.
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Reviewed by Chris Barnard

It says much for the enthusiasm of synthetic organic
chemists for their subject that in these economically
challenged times nearly 500 delegates gathered at the
15th International Union of Pure and Applied
Chemistry (IUPAC) Symposium on Organometallic
Chemistry Directed Towards Organic Synthesis
(OMCOS 15), held in Glasgow, UK, from 26th to 30th
July 2009. The attraction was the opportunity to discuss their common interest in the application of
organometallic chemistry to organic synthesis.
Twenty-four full lectures and fifteen short oral presentations, supported by nearly 350 posters, provided a
varied programme.

Johnson Matthey Technology Centre, Blounts Court,
Sonning Common, Reading RG4 9NH, UK;
E-mail: barnacfj@matthey.com

Palladium-Catalysed Synthesis
Palladium-catalysed coupling to form carbon–carbon
or carbon–heteroatom bonds is now very widely used
in organic synthesis (1, 2). Reactions using organozinc reagents were developed in Colorado,USA,in the
1970s and named after Ei-Ichi Negishi (Purdue
University, USA) (3, 4). Negishi gave an update on this
chemistry concentrating on reactions where other
procedures, such as the Sonogashira coupling of
alkynes, have been less successful. Other examples
included the regioselective synthesis of alkenes.Crosscoupling using boronic acids in the presence of a palladium catalyst such as palladium(II) acetate
(Pd(OAc)2) with tricyclohexylphosphine (PCy3) or
tri(tert-butyl)phosphine (P(tBu)3) has proved highly
popular for the formation of biaryl units but the
boronic acids themselves often present significant
synthetic challenges. Gary Molander (University of
Pennsylvania, USA) described the use of trifluoroborate reagents as an alternative. As potassium salts,
these trifluoroborate reagents are crystalline solids
that are readily purified and frequently offer better stability than the corresponding boronic acids. During
reaction these trifluoroborates undergo partial hydrolysis yielding aryl difluoroborates (ArBF2(OH)) and it
is believed that the hydroxyl function is important for
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the initial interaction of the boron derivative with the
palladium(0) catalyst.
Avoiding the formation of the organometallic
reagent entirely through carbon–hydrogen bond activation of the parent arene (direct arylation) has been
the focus of much recent research. In the OMCOS
Award lecture, Keith Fagnou (University of Ottawa,
Canada) discussed the mechanism of direct arylation
using Pd(OAc)2 as a catalyst.His studies have suggested formation of the arene intermediate via concerted
metallation/deprotonation (CMD) rather than by the
oxidative addition mechanism that is known for aryl
halides. Studies of the interaction of palladium complexes with pyridine-N-oxide were helpful in highlighting the role of the carbonate base in deprotonation (SScheme I) (5).

N+

Ar
Pd

O–

H
O

O

Scheme I. Arene
intermediate formed
between the palladium
complex and pyridine-Noxide, showing the role
of the base in deprotonation during palladiumcatalysed direct arylation
reactions (5)

O–

Density functional theory (DFT) calculations
showed this pathway to be much lower in energy
than oxidative addition (with a difference of
~50 cal mol–1 (~209 kJ mol–1)). DFT calculations also
showed good correlation with the regioselectivity of
further reaction on the aryl ring. The role of a directing group in initiating carbon–hydrogen and carbon–silicon bond activation, and the intermediacy of
palladacyclic structures, were described by John
Brown (University of Oxford, UK). Lutz Ackermann
(University of Göttingen, Germany) reported on his
studies of direct arylation using palladium and ruthe-
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nium complexes of secondary phosphine oxides.
Reactions with a variety of electrophilic substrates
such as aryl and alkenyl chlorides or tosylates and
mesylates were described. Carbon–hydrogen bond
activation through the use of a chelating directing
group with catalysts such as Pd(OAc)2 or triruthenium dodecacarbonyl (Ru3(CO)12) (6) was described
by Naoto Chatani (University of Osaka, Japan). He
also discussed methods of breaking C–CN bonds for
the removal of a nitrile function introduced to direct
ortho- substitution, using a (1,5-cyclooctadiene)rhodium(I) chloride dimer ([RhCl(cod)]2) catalyst (7).
Another way to increase the efficiency of synthesis
is to conduct sequential reactions, avoiding the need
for isolation of an intermediate. Even better improvements can be obtained by ‘domino sequences’,where
the reaction forms a functionality that then reacts further under the same conditions. Work in this area
using palladium-catalysed cross-coupling reactions
was described by Lutz Tietze (University of Göttingen,
Germany), reporting the synthesis of steroids (8) and
1) (9).
α-tocopherol, vitamin E (1
Using natural product synthesis as a focus for developing new reactions was discussed by Brian Stoltz
(California Institute of Technology (Caltech), USA).
Palladium catalysts bearing phosphinooxazoline
(PHOX) ligands, 2, were shown to be effective for

O
PPh2

N
R

2 PHOX ligand
a R = Ph: (R)-Ph-PHOX
b R = tBu: (S)-tBu-PHOX

1 α-tocopherol
(vitamin E)
O
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enantioselective allylation of enol carbonates (Tsuji
allylation, Scheme II) (10).
Ruthenium-Catalysed Synthesis
Ruthenium, through its range of coordination complexes of differing oxidation states, has the versatility
to catalyse a wide variety of reactions. This was illustrated by a number of talks. Robert Grubbs (Caltech,
USA) described recent progress in developing ruthenium alkylidene complexes for metathesis.Significant
progress was made by changing from bis(tricyclohexylphosphine) complexes (first generation Grubbs
catalysts) to those containing N-heterocyclic carbene
ligands (second generation Grubbs catalysts). Further
optimisation in this series has now allowed the catalysts to be used at lower loadings (typically 50 ppm to
1000 ppm). This is important both for controlling catalyst costs and for reducing ruthenium residues in the
products, which is especially important for pharmaceutical intermediates. One means of increasing
turnover numbers has been to minimise the degradation of the catalyst,which occurs,for example,through
carbon–hydrogen bond activation reactions. For tricyclohexylphosphine-containing methylene complexes
this leads to formation of methyltricyclohexylphosphonium salts.This can be avoided by using catalysts
of the Grubbs-Hoveyda type, 3.

Ruthenium catalysts have proved particularly useful for ring-closing metathesis (RCM) for creating ring
sizes of more than eight atoms, but the alternative
strategy of ring-expansion metathesis was also
described. An example of RCM for the formation of
lactone rings was described by Janine Cossy (École
Supérieure de Physique et de Chimie Industrielles de
la Ville de Paris (ESPCI), France).
Pincer complexes have been known for some years
to offer interesting properties for the activation of
small molecules. David Milstein (Weizmann Institute
of Science, Israel) discussed a number of hydrogenation and dehydrogenation reactions carried out with
a pyridine-centred pincer ruthenium complex, 4.
These included the hydrogenation of esters to alcohols under mild conditions and the reverse dehydrogenative formation of esters, the coupling of amines
and alcohols to form amides, and the direct synthesis
of primary amines from alcohols and ammonia.
Transfer of a hydrogen atom from the metal to the
ligand facilitates these reactions. In a similar way,
cooperation between the ligand and ruthenium
achieves heterolytic cleavage of hydrogen allowing
very effective catalysis for the chiral reduction of
5,and reportketones by complexes of the type shown,5
ed by Takao Ikariya (Tokyo Institute of Technology,
Japan). Use of such catalysts for both enantioselective

2b, 6.25 mol%,
Pd2(dba)3, 2.5 mol%,
THF, 23ºC

O

+
O
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O

Scheme II. Palladium-catalysed Tsuji allylation for the enantioselective allylation of enol carbonates.
dba = dibenzylideneacetone (10)
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metallacycle occurs through interaction of the metal
with unsaturated bonds (carbon–nitrogen and carbon–carbon) in the substrate. Depending on the
nature of the catalyst and the substituents of the substrate some control may be achieved over the different regioisomers that are formed (SScheme III) (11).
The formation of different ring sizes presents a number of challenges and this aspect was addressed by P.
Andrew Evans (University of Liverpool, UK). Using
rhodium-catalysed carbocyclisation reactions, he
contrasted the ready formation of six- and eight-membered rings with the often more difficult formation of
five- and seven-membered rings.

oxidation and reduction reactions was described.
Similar oxidation reactions can be carried out using
vanadyl complexes as described by Chien-Tien Chen
(National Taiwan Normal University,Taiwan).
Other Developments
Hydrogenations are one of the largest classes of reactions in catalytic asymmetric synthesis. Improvements
in both enantioselectivity and turnover, which will in
turn allow the catalyst loading to be reduced, are
needed to extend the industrial applicability of the
method. Xumu Zhang (Rutgers University, USA)
described work in his group on developing new chiral ligands aimed at achieving these objectives with
rhodium or palladium catalysts. Notable examples of
new ligands are the TunePhos series (Cn-TunePhos)
and those with a chiral backbone (Cn*-TunePhos),for
6). The formation of chiral
example C3*-TunePhos (6
amines by hydrogenation of imines is a desirable
reaction in pharmaceutical synthesis and the use of
palladium catalysis in conjunction with TangPhos, 7,
has proved successful.
Tomislav Rovis (Colorado State University, USA)
described the formation of heterocyclic products via
metallacycles. For rhodium catalysis, formation of the
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Concluding Remarks
Overall the conference demonstrated the power of
pgm-catalysed reactions in promoting the formation
of carbon bonds and emphasised the considerable
progress being made with control of the regio- and
enantioselectivity required for efficiently synthesising
complex natural products. The many posters on display also provided a variety of examples of progress
in these areas.
Abstracts for the OMCOS series of conferences will
be available through the IUPAC website (12).

N

[Rh(C2H4)2Cl]2,
5 mol%

N

N
+

Phosphoramidite,
10 mol%,
toluene, 110ºC,
16 h

Ph

O
H

H
89% ee

94% ee

Lactam

Vinylogous amide

Scheme III. Regioselective synthesis of heterocyclic products via a rhodium metallacycle (11)

24

© 2010 Johnson Matthey

•Platinum Metals Rev., 2010, 54, (1)•

doi:10.1595/147106709X481101

References
1 “Metal-Catalyzed Cross-Coupling Reactions”, 2nd Edn.,
eds. A. de Meijere and F. Diederich, Wiley-VCH,
Weinheim, Germany, 2004
2 J. Tsuji, “Palladium Reagents and Catalysts: New
Perspectives for the 21st Century”, John Wiley and Sons,
Chichester, UK, 2004
3 E. Negishi, A. O. King and N. Okukado, J. Org. Chem.,
1977, 42, (10), 1821
4 A. O. King, E. Negishi, F. J. Villani Jr and A. Silveira Jr,
J. Org. Chem., 1978, 43, (2), 358
5 L.-C. Campeau, M. Bertrand-Laperle, J.-P. Leclerc,
E. Villemure, S. Gorelsky and K. Fagnou, J. Am. Chem.
Soc., 2008, 130, (11), 3276
6 S. Inoue, H. Shiota, Y. Fukumoto and N. Chatani, J. Am.
Chem. Soc., 2009, 131, (20), 6898
7 M. Tobisu, R. Nakamura, Y. Kita and N. Chatani, J. Am.
Chem. Soc., 2009, 131, (9), 3174
8 L. F. Tietze and I. K. Krimmelbein, Chem. Eur. J., 2008,
14, (5), 1541

9 L. F. Tietze, F. Stecker, J. Zinngrebe and K. M. Sommer,
Chem. Eur. J., 2006, 12, (34), 8770
10 R. M. McFadden and B. M. Stoltz, J. Am. Chem. Soc.,
2006, 128, (24), 7738
11 J. B. Johnson and T. Rovis, Acc. Chem. Res., 2008, 41,
(2), 327
12 International Union of Pure and Applied Chemistry,
Conferences held in Organometallic Chemistry Directed
Toward Organic Synthesis:
http://www.iupac.org/publications/pac/conferences/
family/OMCOS/ (Accessed on 1st December 2009)

The Reviewer
Chris Barnard is a Scientific Consultant in the
Liquid Phase Catalysis Group at the Johnson
Matthey Technology Centre, Sonning Common,
UK, with interests in homogeneous catalysis
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Professor Keith Fagnou
We sadly report that on 11th November 2009 Professor Keith Fagnou died of complications
after contracting the H1N1 (swine flu) virus. He will be much missed by his family and
friends,but also by the wider chemistry community. Keith studied for his MSc at the University
of Toronto, Canada, between 1998 and 2000 and then completed a PhD at Toronto working
with Professor Mark Lautens. On completion of those studies in 2002 he transferred to the
University of Ottawa, Canada, as an Assistant Professor. In 2007 he was made an Associate
Professor and awarded a Research Chair in the Development of Novel Catalytic
Transformations. In recent years, his work on coupling reactions involving carbon–hydrogen
bond activation was highly regarded and the OMCOS Award was only the most recent of a
large number of research awards he received during his time at Ottawa.
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The largest and most significant type of geological
deposit of platinum group elements (PGEs) is that
associated with magmatic base metal sulfide minerals
in layered mafic or ultramafic igneous intrusions. The
common association of PGEs with sulfide minerals is
a result of processes of magmatic and sulfide liquid
segregation and fractionation. The mineralogical
nature of the ores is dependent on a number of factors
during sulfide liquid fractionation.The most significant
of these with regard to the mineralogy of the two most
important metals, platinum and palladium, is the presence and concentration of semimetals such as bismuth
and tellurium within the mineralising sulfide liquid.
Whereas rhodium, iridium, osmium and ruthenium are
almost always present in solid solution within the
resultant base metal sulfide minerals; should sufficient
semimetals be present, Pd and especially Pt will form
discrete minerals (such as platinum bismuthides)
around the margins of, and possibly away from, the
sulfides.

Introduction
Economic deposits of platinum group elements
(PGEs) in the Earth’s crust are rare. Where they do
occur, they are present in three main geological environments. By far the largest and most significant of
these is together with magmatic base metal sulfide
minerals within silicate or chromitite reefs in layered
mafic or ultramafic igneous intrusions.These deposits
are commonly platinum- and palladium-dominant,
and can produce significant nickel and copper as
byproducts or coproducts when mined. Less significant are PGE deposits in chromitites from ophiolite
massifs, which are more dominant in iridium and
ruthenium. Placer deposits of PGEs, usually sourced
from Ural-Alaskan-type ultramafic intrusions, can
include Pt-rich nuggets; however, they are a minor
source of PGEs and are not exploited on a large scale.
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The common association of PGEs with sulfide minerals is the result of processes of magmatic and sulfide liquid segregation. The behaviour of the individual PGEs during these processes is critical in determining the nature of the resulting ore deposits.
Factors like the sulfide-to-PGE ratio and the presence
of semimetals such as bismuth, tellurium and arsenic
in the magma will all affect where the individual
PGEs are likely to be present in the final, crystallised
rock.Knowledge of the distribution of the PGEs is fundamentally important when evaluating the economic
potential of a deposit and designing efficient metal
recovery systems. For example, many platinum group
metal ore processing plants use froth flotation, a concentration stage that depends on the PGEs being held
within sulfide minerals. However, this may not be the
case and a detailed investigation of the nature of
each ore type is critical in assessing the fundamentals
of an individual deposit. Recent developments in
laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) (1) have allowed the behaviour
of precious metals in sulfide minerals to be studied to
an extent not previously possible with other microanalytical techniques. This paper reviews a number of
recent LA-ICP-MS studies and draws on the findings of
these to collate a generic model for the behaviour of
the PGEs in natural sulfide systems.
Processes of PGE-Rich Magmatic Sulfide Ore
Formation
Magmatic sulfide deposits form when a fractionating
body of magma that has intruded into the crust reaches sulfide saturation, that is, the point where the
magma can no longer hold sulfur in solution, and an
immiscible sulfide liquid exsolves from the silicate
magma. The sulfide droplets are denser than the silicate magma and will, in a relatively quiescent
magma, naturally sink through it, although this may
not be the case in particularly turbulent magma
chambers or conduit systems. Chalcophile elements
such as Cu, Ni, the PGEs, gold, silver and some semimetals such as Bi and Te, will be effectively collected
by any sulfide liquid as they have high distribution
coefficients between sulfide and silicate melts.
The falling sulfide droplets may accumulate in
stratigraphic layers, or ‘reefs’, which can typically be
on a scale of a few millimetres to a few metres in
thickness, forming concentrations of PGEs that can
potentially be mined economically. Depending on
the timing of sulfide saturation,reefs may occur at any
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height within the magmatic stratigraphy in such intrusions. Examples of PGE-sulfide reefs include the
Merensky Reef of the Bushveld Complex, South
Africa, the Main Sulfide Zone of the Great Dyke of
Zimbabwe and the J-M Reef in the Stillwater
Complex, Montana, USA (FFigure 1). An extensive
review of the formation and nature of magmatic sulfide deposits can be found in Naldrett (2), and for
PGE deposits in particular, in Maier (3).
There are a number of ways a magma may reach
sulfide saturation. Mavrogenes and O’Neill (4) have
shown that sulfide solubility increases strongly with
decreasing pressure and basaltic magmas emplaced
at shallow pressures will be undersaturated in sulfide; the role of externally-derived sulfur is therefore
considered by many to be a critical factor in the
development of large, economic magmatic Ni-CuPGE deposits. Assimilation of country rock -hosted
sulfur is considered essential in producing sulfide
saturation in high-degree mantle melts such as
komatiites (see for example (5, 6)). In basaltic melts,
such as those that formed the Bushveld and
Stillwater Complexes, sulfide saturation can be
attained during low-pressure fractional crystallisation. However, assimilation of country rock sulfur is
considered by many researchers as the most reasonable mechanism for producing the large amounts of
sulfide required for giant magmatic ore deposits (see
for example (7, 8)).
Sulfide saturation and the generation of economic
sulfide mineralisation can also be achieved through
other types of contamination. Silica contamination
due to the assimilation of felsic country rocks can
decrease the solubility of sulfur in a mafic magma
(9), which can trigger sulfide saturation. In addition,
an increase in magma oxygen fugacity, for example in
response to the assimilation of oxygen-bearing country rocks, can lower the iron(II) oxide content and
thus the sulfur-carrying capacity of the magma (10).
As a variety of contamination-related processes are
capable of inducing sulfide saturation, sulfide mineralisation is common at the bases and margins of
intrusions, where contamination is most prevalent.
Examples include the Platreef of the Bushveld
Complex; the Basal Series of the Stillwater Complex;
the Penikat-Portimo Complex, Finland; the Muskox
intrusion, Canada; the Fedorov-Pansky intrusion,
Russia (11); and conduit systems such as Noril’sk,
Russia (8) and the Uitkomst Complex, South Africa
(7).These are shown in Figure 1.
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Fig. 1. Global distribution of major magmatic platinum group element sulfide deposits
Experimental Studies on Sulfide Liquid
Fractionation
Following the separation of a sulfide liquid from a silicate magma at temperatures of around 1200ºC, typical of mafic magmas, the first phase to crystallise
from the sulfide droplet is monosulfide solid solution (mss), at around 1000ºC. Ni is generally compatible with mss and will partition into it at this stage.
This leaves a Cu-rich residual liquid, which crystallises to intermediate solid solution (iss) at around
900ºC, so at this point there is a Ni-rich mss portion
and a Cu-rich iss portion.As the temperature cools to
below 650ºC, the mss recrystallises to pyrrhotite
(FeS) and pentlandite ((Fe, Ni) 9 S 8 ) and the iss
recrystallises to chalcopyrite (CuFeS2). The precise
temperature of these recrystallisations is dependent
on how rich the mss is in sulfur (2).This results in the
typical magmatic sulfide assemblage of pyrrhotitepentlandite-chalcopyrite found in natural magmatic
sulfide ores.
Experimental data in the Fe-Ni-Cu-S system have
been used to explore the partitioning behaviour of
PGEs during the crystallisation of mss from a sulfide
liquid (see for example (12–16)). These studies have
found that in sulfur-rich, alloy-poor systems (applicable to deposits such as the Platreef and Noril’sk), the
iridium group PGEs (IPGEs) (Ir, Os and Ru) and
rhodium partition into mss, which then cools and
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recrystallises to pyrrhotite and pentlandite, with
these elements remaining in solid solution in these
phases.
According to the experiments,Pt,Pd,Au and Ag will
partition into the Cu-rich residual liquid after mss
crystallisation. However, Peregoedova (17) showed
experimentally that Pt and Pd (and by implication,
Au) are also incompatible with iss. Therefore, rather
than these elements partitioning into iss when it crystallises, and then, with falling temperature, into chalcopyrite, it seems that they are concentrated in a latestage, immiscible semimetal-rich melt (18), which
may be predominantly enriched in Te, Bi, As or antimony. As a consequence,Pt and Pd combine with the
semimetals to form discrete platinum group minerals
(PGMs) and electrum (Au-Ag alloy) around the margins of sulfide grains. This phenomenon is, however,
dependent on the presence and concentration of
semimetals within the sulfide liquid, the absence of
which may cause Pt and Pd to be present in solid
solution within the sulfide phases. In addition, Helmy
et al. (18) noted that Pt has a much greater tendency
to enter this semimetal melt than Pd, raising the possibility that where there is a limited amount of this
melt, only Pt may be present within it. The present
paper reviews examples from natural sulfide ore systems to investigate these relationships, whether they
are present in naturally-formed sulfides, and if so,

© 2010 Johnson Matthey

doi:10.1595/147106709X480913

what the most important factors are in determining
the resultant mineralogical characteristics of the ores.
LA-ICP-MS Studies from Natural Magmatic
PGE-Sulfide Deposits
LA-ICP-MS is increasingly being used in geometallurgy
for a wide range of applications. One of the most successful of these is the investigation of trace amounts
of precious metals in rock-forming minerals, (1) especially base metal sulfides.Ore microscopy studies and
scanning electron microscopy (SEM)-based analyses
are not sufficient for detecting trace levels of precious
metals within sulfide minerals. LA-ICP-MS techniques
are the most precise way of achieving detection to
levels as low as tens of parts per billion,which is more
sensitive than other in situ techniques. For example, it
is around one order of magnitude greater than that
which can be achieved by secondary ion mass spectrometry (SIMS) and around three orders of magnitude more sensitive than micro proton induced X-ray
emission (micro-PIXE).
LA-ICP-MS involves the ablation of a sample, usually a polished block, using a laser in an inert atmosphere. The laser beam diameter may be varied but is
typically set to somewhere in the range of 10 μm to
100 μm. The sample position can be adjusted so the
laser can be targeted at areas with an accuracy of
micrometres.The laser ablates a pit in the sample,and
the vaporised material is passed through a conventional ICP-MS for analysis. It is possible to move the
sample during the ablation, allowing line analysis to
be performed on a trench ablated along the sample,
which gives the advantage of being able to pass over
one or more mineral phases to assess any lateral variations in element concentration through the crystals.
Typical analyses take around 60 to 120 seconds and
data is collected three or four times per second for all
the elements of interest.The data is displayed visually
as a time-resolved analysis (TRA) spectrum, which
shows relative abundance (in counts per second) of
the detected isotopes versus time. Further details of
the technique can be found in McDonald (19).
This technique has the ability to reveal fine-scale
mineralogical characteristics, including where certain elements are held in a physicochemical sense.
For example, certain precious metals may be present
in solid solution within a sulfide mineral (evenly or
unevenly distributed throughout the crystal lattice),
or as discrete minerals (microinclusions) often too
small to detect by other methods. The use of line

29

•Platinum Metals Rev., 2010, 54, (1)•

analysis is particularly useful in determining this fundamental difference, with elements in solid solution
being detected in constant amounts with time, and
any discrete minerals showing up as short peaks within the analysis.The ability to identify such fundamental mineralogical differences is one of the biggest
advantages of the LA-ICP-MS technique.
The Platreef, Bushveld Complex
The Bushveld Complex in South Africa is the world’s
largest layered igneous intrusion, and is the single
largest repository of PGE deposits on Earth. The PGE
deposits are hosted within the layered mafic-ultramafic sequence of the Rustenburg Layered Suite. The
Complex is made up of five limbs: large, roughly symmetrical eastern and western limbs; a smaller northern limb; a southern limb, covered by younger sediments; and an extension of the western limb, called
the far western limb.The eastern and western limbs of
the Complex host the Upper Group 2 (UG2) chromitite layer and the pyroxenite-hosted Merensky Reef,
and the Platreef is located in the smaller northern
limb. Unlike the deposits in the eastern and western
limbs, the Platreef rests directly on country rock sediments and Archaean basement.
The Platreef is a 10 m to 400 m thick sequence of
pyroxenitic rocks at the base of the igneous succession in the northern limb (20–23), Figure 2 (24). It is
considered to be, in genetic terms, an orthomagmatic
sulfide deposit, with the least contaminated sections
containing disseminated, fractionated, polyphase
blebs of pyrrhotite, pentlandite and chalcopyrite with
associated PGMs (FFigure 3) within the interstitial
regions of feldspathic pyroxenites (23, 25). There is
also, however, a great deal of hydrothermal alteration
and contamination from footwall rocks along strike,
which varies greatly in volume and nature according
to local footwall lithology. Two recent studies on the
Platreef (25, 26), from sections with radically different
floor rocks, have utilised the LA-ICP-MS analytical
technique together with conventional SEM studies to
investigate the nature and distribution of the PGEs in
base metal sulfide phases and PGM phases, respectively, and have revealed fundamental differences
between the two areas.
Holwell and McDonald (23) identified that the
anhydrous nature of the floor rocks in the northern
part of the Platreef prevented significant amounts of
contamination and hydrothermal activity and led to
the most ‘primary’ style of Platreef mineralisation
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preserved along strike.They subsequently undertook a LA-ICP-MS investigation
of these ‘primary’ sulfides, such as those
shown in Figure 3 (25). Some of the LAICP-MS results of pyrrhotite, pentlandite
and chalcopyrite from this study are
shown as TRA spectra in Figure 4.
Figure 4(a) shows a TRA spectrum for
a pyrrhotite grain from the Platreef
pyroxenites, with smooth, parallel patterns of Ir, Os and Ru with sulfur, indicating that the IPGEs are present in solid
solution in the pyrrhotite. Pentlandite
was also found to contain concentrations of the IPGEs. In contrast though,
pentlandite is the major carrier of Pd
and Rh. Concentrations of Pd and Rh
within individual pentlandite crystals
are quite variable and high Rh contents
do not necessarily correlate with high
Pd contents. Some minor Pt (<0.2 ppm)
is apparently present in solid solution in
a few pentlandite analyses, one example
of which is shown in Figure 4(b). This
demonstrates smooth profiles for all
PGEs, with particularly high abundances
of Pd and Rh mirroring Ni and S, thus
confirming their presence in solid solution. No PGEs were present in solid solution within chalcopyrite; however, some
Pt (with correspondingly high Bi and
occasionally high Te concentrations)
was detected that did not mirror base
metal concentrations.The TRA spectrum
for one of these examples is shown in
Figure 4(c) where Pt and some trace Pd,
rather than mirroring the sulfur and base
metal contents, show distinct peaks
along with Bi. In these relationships, Pt
appears to be present as discrete,
micrometre to sub-micrometre-sized
PGM microinclusions, rather than in
solid solution in the sulfide. A further
example is also present in the TRA spectra for a pentlandite shown in Figure
4(d). Such microinclusions are present
in all of the major sulfide phases.
Fig. 2. Geological map of the Platreef,
Bushveld Complex, South Africa (24)
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Hutchinson and McDonald (26) investigated the
nature of the Platreef ores in the Turfspruit area where
the floor rocks are particularly volatile-rich sediments
and contamination from these country rocks has
been particularly prevalent (22).Their LA-ICP-MS data
showed virtually no Pd held within solid solution in
any pentlandite, but a vast increase in the number of
Pd-bearing PGMs, particularly Pd arsenides and antimonides, which are not observed further north (26).
This key difference in platinum group mineralogy is
likely to be due to localised contamination via the
assimilation of Sb- and As-bearing sediments in the
Turfspruit area, with Sb and As scavenged by the sulfide liquid.This produced a relatively high proportion
of immiscible semimetal melt when iss crystallised,
into which virtually all the Pt and, unlike further
north, all the Pd partitioned. On further cooling this
produced the large amount of Pt and Pd antimonide
and arsenide minerals found in the area.
The Merensky Reef, Bushveld Complex
The Merensky Reef is a thin (typically <2 m), stratiform PGE deposit located at the top of the Critical
Zone in the eastern and western limbs of the
Bushveld Complex, and is hosted by pyroxenitic
cumulate rocks. The PGEs are associated with base
metal sulfides in a similar manner to those in the
Platreef. In addition, there are also some thin
(~1 cm) chromitites which have PGEs associated
with them. It is widely believed that the reef is
orthomagmatic in origin and formed from the separation of a sulfide liquid from a silicate magma (see
for example (27)).

Ballhaus and Sylvester (28) conducted a LA-ICP-MS
study of sulfide minerals within the Merensky Reef
deposit of the Bushveld Complex. They found Ir, Os
and Ru to be present in solid solution in pentlandite
and pyrrhotite,Rh and some Pd in pentlandite and Pt,
Au and the remainder of the Pd present as discrete
PGM phases, identical to the observations made by
Holwell and McDonald (25) for the Platreef. A
number of microinclusions or micronuggets were
also identified, including Os-Ir-Pt alloys and Pt-Bi-Te
minerals.
Godel et al. (29) conducted a similar multi-disciplinary study, using both LA-ICP-MS of sulfides and PGM
studies to investigate the behaviour of the PGEs within the Merensky Reef.They found that pentlandite was
the main host of Pd and Rh; pyrrhotite hosted Ir, Os,
Ru and some Rh; and chalcopyrite hosted no PGEs in
solid solution. Pt and Au were not found in solid solution in any base metal sulfide phases and occurred
exclusively as PGMs and electrum, respectively. The
same patterns were found in sulfides within the
chromitites.
The J-M Reef, Stillwater Complex
The Stillwater Complex in Montana, USA, is another
layered ultramafic to mafic intrusion, which contains
several PGE-rich layers including the J-M Reef, which
has the highest Pt + Pd grade of all known PGE reefs
(~18 ppm, with a Pt:Pd ratio of around 1:3.3), with the
PGEs associated with base metal sulfides in olivine
gabbronorites. Godel and Barnes (30) presented the
results of a LA-ICP-MS study of sulfides in the J-M Reef
of the Stillwater Complex. In this study, pentlandite
opx

mon
kot

cpy
20 μm

opx
po

Fig. 3. Typical nature of interstitial magmatic
base metal sulfide grains within the Platreef,
consisting of pyrrhotite (po) rimmed by
pentlandite (pn) and chalcopyrite (cpy) with
platinum group minerals (in this case
moncheite (mon) and kotulskite (kot))
around the margins. Cumulus silicate phases
are orthopyroxene (opx) (24)

cpy
pn
0.5 mm
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Fig. 4. Time-resolved analysis (TRA) spectra from line analysis of sulfides from the Platreef (25): (a) pyrrhotite;
(b) pentlandite; (c) chalcopyrite showing microinclusions; and (d) pentlandite showing microinclusions (25)
was found to carry the most PGEs in solid solution,
primarily Pd, with some IPGEs. No Pt was found in
solid solution, with all Pt being present as discrete
minerals. However, it is pertinent to note that the J-M
Reef is highly altered, so the final host minerals of the
PGEs, particularly the more hydrothermally-mobile
Pd, may not represent the products of a fractionated
sulfide liquid.
The Noril’sk Deposit
The Noril’sk-Talnakh area of Siberia, Russia, hosts the
largest Ni-Cu-Pd deposits in the world.The deposits are
magmatic in origin and formed within a conduit system which fed the Siberian Traps large igneous
province. Barnes et al. (31) presented results of a LAICP-MS study of precious metal concentrations in
magmatic sulfides from the Medvezky Creek Mine,
Noril’sk.They found Rh, Ir, Os and Ru to be present in
solid solution within pyrrhotite and pentlandite, Pd
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to be present in pentlandite and Pt and Au not to
have any affinity with any sulfide phase and to occur
instead as discrete PGMs and electrum around the
margins of the sulfide grains.
Other Deposits
Similar LA-ICP-MS analyses for other PGE-sulfide
deposits, including the Great Dyke, Zimbabwe, and
the Penikat-Portimo Complex, Finland, were reviewed
by Barnes et al. (32). The findings from these studies
also showed that Pd was present within pentlandite
in the PV Reef of the Penikat-Portimo Complex and
the Main Sulfide Zone of the Great Dyke, and that no
PGEs were present within chalcopyrite in either
deposit. Pd contents within the sulfide minerals were
noted to vary greatly from one deposit to the next.
The IPGEs and Rh were also found to be present in
solid solution within pyrrhotite and pentlandite in
both deposits.
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Discussion
According to the experimental data in the Fe-Ni-Cu-S
system that have been used to explore the partitioning behaviour of PGEs during the crystallisation of
mss from a sulfide liquid, mss in natural sulfur-rich
magmatic systems would be expected to be
enriched in the IPGEs and Rh.These elements would
then be present in solid solution within the cooling
products of mss: pyrrhotite and pentlandite. The
available LA-ICP-MS data from the various PGE-rich
magmatic sulfide deposits mentioned above show
precisely this pattern, with pyrrhotite and pentlandite
both enriched in Ir, Os and Ru, with all three elements present in solid solution rather than as discrete PGMs. It is, however, the semimetals that have
profound effects on the behaviour of Pt, Au and, in
particular, Pd.
Figure 5 shows schematically the behaviour of the
PGEs during fractionation of a sulfide droplet from
magmatic temperatures, as implied from the data
reviewed in this paper. At magmatic temperatures of
around 1200ºC, the sulfide liquid contains dissolved
PGEs, Au and semimetals, plus Fe, Ni and Cu (FFigure
5(a)). On cooling to around 1000ºC, the IPGEs, Rh and
Ni are concentrated in mss and Pt, Pd and Au and the
semimetals will partition into the Cu-rich residual liquid after mss crystallisation (FFigure 5(b)).
On further cooling to around 900ºC, iss crystallises
out of the residual liquid. However, the Pt, Pd and Au,
rather than partitioning into iss, are concentrated in
an immiscible semimetal rich melt as they are incompatible in iss (FFigure 5(c)). Work by Helmy et al. (18)
suggests that this melt remains liquid after iss has
crystallised. They also noted that Pt and Pd are more
strongly complexed with Te and Bi than S, and Pd will
only enter mss when the Pd:semimetal ratio is sufficiently high to have an excess of Pd that cannot be
accommodated by the semimetal melt. Therefore
some Pd may at this point partition into mss (FFigure
5(c)), although the mechanism and temperature conditions for this are as yet unknown. A high Pd:semimetal ratio can thus explain the presence of Pd in
pentlandite in some ores and vice versa. This control
by semimetals appears to be the most fundamental
factor affecting the mineralogical characteristics of
magmatic sulfide-hosted Pt and Pd ores.
Finally, at low temperatures (200ºC to 650ºC) the
mss recrystallises to pentlandite and pyrrhotite,
respectively, with the IPGEs remaining in solid solution in both, and Rh and some Pd in solid solution in
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pentlandite. In all the LA-ICP-MS studies reviewed
here, pentlandite is the major carrier of Rh, although
Cabri et al. (33) found Rh to also be present in
pyrrhotite in a micro-PIXE study of ores from Noril’sk.
This relationship, whereby virtually all the IPGEs
and Rh are present in pyrrhotite and pentlandite,
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PGE-rich sulfide liquid
Pt

Os

Pd
Rh
Au

(b)

1000ºC
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Pt
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(c)

900ºC
Pt, Pd, Au
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PGEs, semimetal-rich
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650ºC–250ºC
chalcopyrite
PGMs (e.g.: Pt-Bi,
Pt-Te, Pd-Te, electrum)
IPGEs, Rh,
Pd-rich pentlandite
IPGE-rich pyrrhotite

Fig. 5. Schematic representation of a fractionating,
platinum group element-rich sulfide droplet (see text
for explanation). Major partitioning behaviour at
each stage is highlighted by larger text
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appears to be almost universal in the magmatic sulfide deposits reviewed here. The iss recrystallises to
chalcopyrite with no PGEs in solid solution, which is
also a universal feature of the natural sulfides.
Crystallisation of the semimetal rich liquid on
cooling forms discrete PGMs around the margins of
the sulfide blebs and in small veinlets injected into
the surrounding silicates, which explains the tendency for PGMs to be present around the margins of sulfide blebs (FFigure 5(d)).Later alteration of the sulfide
blebs, with replacement by secondary amphiboles
around the margins of base metal sulfide blebs,
appears not to affect the early formed PGMs, which
are then isolated as satellite grains within secondary
silicates around the base metal sulfide blebs, and are
therefore no longer spatially associated with sulfides. This relationship of Pt- and Pd-bearing PGMs
occurring as satellite grains around the margins of

sulfide blebs has long been recognised in natural
ores (34, 35).
The presence of trapped microinclusions of Pt-BiTe minerals in all sulfide phases implies that Bi and
Te were present within the initial sulfide liquid at
high temperature. In this sense, the differences
between the Platreef studies by Holwell and
McDonald (25) and Hutchinson and McDonald (26)
show a fundamental difference in the sources of certain semimetals (primary magma versus external
country rocks) and the profound influence that has
had on the resultant mineralogy. The key factor in the
mineralogical differences in Platreef ores from
Turfspruit and Overysel in the northern Bushveld
Complex is the proportion of semimetals within the
mineralising sulfide liquid.Where there was a limited
amount, Pt partitioned into the semimetal-rich melt
with a little Pd,and most Pd was accommodated with-

Glossary
Term

Definition

amphibole

A group of hydrated double silicate minerals containing calcium,
iron, magnesium, sodium and aluminium

bleb

A irregular bubble-like mass of one or more minerals

chalcophile

An element that has a high affinity for sulfur and thus readily
forms sulfide minerals

chalcopyrite

CuFeS2, a sulfide ore of copper

chromitite

A rock with high concentrations of chromite ((Fe, Mg)Cr2O4)

feldspathic

Containing feldspar (aluminium silicates with potassium, sodium,
calcium or barium)

felsic

Rock rich in silicate minerals such as feldspar and quartz

footwall

The layer of rock beneath a vein or expanse of ore

fugacity

Tendency of a compound in a mixture to vaporise or escape from
the liquid phase

komatiites

Ultramafic rocks low in silica, potassium oxide and alumina and
high in magnesium oxide

mafic/ultramafic

Rock rich in silicate minerals containing iron and magnesium, such
as olivine and pyroxene

ophiolite

Oceanic crust rocks that have been moved onto a continental crust

orthomagmatic

Referring to the stage where silicates crystallise from magma

pentlandite

(Fe, Ni)9S8, a sulfide mineral of nickel

pyroxenite

Rock with high concentrations of pyroxenes (silicates of iron,
magnesium and calcium)

pyrrhotite

Fe(1––x)S, a sulfide mineral of iron (0≤x ≤0.2)
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in pentlandite. However, where there was an abundance of semimetals (as a result of contamination at
high temperature), virtually all the Pt and Pd could
be accommodated in the semimetal-rich melt, forming PGMs around the margins of the sulfide grains,
and very little Pd in pentlandite.This is a direct result
of the introduction of semimetals, particularly As and
Sb, from the contaminant rock. Therefore, localised
contamination of the ore-forming sulfide is fundamentally important in determining the metallurgical
nature of the resultant ores.
Conclusions
In natural magmatic sulfide ore systems, PGEs are collected by immiscible sulfide droplets that segregate
from a silicate magma.The studies reviewed here suggest that, during fractionation and cooling of the sulfide liquid, Rh, Ir, Os, Ru and Ni may partition effectively into the earliest crystallising phase,monosulfide
solid solution, which on further cooling recrystallises
to pentlandite and pyrrhotite, with these elements
remaining in solid solution within the sulfide phases.
The critical factor in determining the behaviour of Pt,
Pd and Au appears to be the amount of semimetals
available in the sulfide liquid, as Pd and especially Pt
and Au will partition into an immiscible semimetalrich liquid when all the sulfide has crystallised. If the
amount of semimetals is limited, much of the Pd and
perhaps some of the Pt will be present in solid solution within sulfides like pentlandite. If there is a relatively high concentration of semimetals,primarily due
to localised contamination of the magma, the majority of the Pt and Pd will be present as discrete minerals, potentially not spatially associated with sulfides.
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The annual Society of Automotive Engineers (SAE)
World Congress is the automotive industry’s largest
conference and covers all aspects of automotive
engineering. The 2009 World Congress was held in
Detroit, USA, from 20th to 23rd April 2009.There were
upwards of a dozen sessions focused on vehicle
emissions technology, with most of them on diesel
emissions. Attendance was down about 50% relative
to earlier years, but most sessions had perhaps fifty to
a hundred attendees, and some had more than two
hundred.
This review focuses on key developments on diesel
emissions control and catalysts from the conference.
References in brackets refer to the SAE Technical
Papers which can be purchased and downloaded
from the SAE website (1).
Selective Catalytic Reduction
Selective catalytic reduction (SCR) is the leading
nitrogen oxides (NOx) abatement, or deNOx, strategy
for both light-duty and heavy-duty applications.
Recent studies have focused on system optimisation
to allow 90% and greater deNOx efficiency.
Ford Motor Co continues to lead the publishing of
cutting edge SCR papers at the SAE World Congress.
At the SAE Powertrains, Fuels and Lubricants Meeting
in October 2008, they showed that if upstream platinum-containing diesel oxidation catalyst (DOC) systems are exposed to temperatures above 670ºC, platinum sublimation and subsequent condensation on
the downstream SCR catalyst compromises deNOx
efficiency as the presence of platinum leads to the
oxidation of ammonia on the SCR catalyst (2).In a follow-up paper at the 2009 World Congress,they showed
that palladium substitutions for platinum can help
stabilise the precious metal, resulting in improved
deNOx performance (FFigure 1) (3). Hydrocarbon
light-off temperatures were nearly unchanged for the
mixtures containing platinum and palladium in a 2:1
ratio versus a platinum-only formulation. The authors
showed that the formulation needed to be optimised
for the DOC compositions, as one formulation with
Pt:Pd = 2:1 outperformed the other.
Copper zeolites are preferred for light-duty applications because they have better low-temperature
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Fig. 1. Replacing platinum with palladium decreases platinum migration from the
upstream diesel oxidation catalyst (DOC) to the downstream selective catalytic
reduction (SCR) catalyst, leading to a higher NOx conversion over a wider temperature range. The precise formulation of the catalyst also has an effect on its deNOx
performance (3). Ageing of the SCR catalyst was carried out at 850ºC for 16 hours.
‘DOC B’ and ‘DOC C’ represent two different formulations of the Pt:Pd = 2:1 catalyst, from different suppliers, with different methods of stabilising the Pt. The ‘Pd’
line (green) shows that no Pd migrated to the SCR catalyst. For comparison, a Pt
DOC had a NOx conversion efficiency of 20% at 300ºC (2)
deNOx efficiencies. Ford investigators confirmed earlier reports by others (see for example (4)) that lowtemperature performance strongly depends on
ammonia storage status and capability (5).They have
now found that about half of the ammonia is stored
in sites that hold the ammonia more tightly than the
other half.This ammonia was not as readily available
during rapid, short-lived changes in conditions as the
more loosely held ammonia. Ford also explained
ammonia oxidation dynamics unique to copper zeolites, with ammonia oxidation reactions in the
absence of NOx beginning at 250ºC. DeNOx performance above 400ºC was significantly compromised as
a result. No N2O, NO or NO2 was detected between
250ºC and 400ºC.
To overcome the high-temperature deNOx deficiencies of copper zeolites due to ammonia oxidation,
Ford showed in another paper that if iron zeolite is
used in the front two-thirds of the SCR catalyst, with
copper zeolite in the back third, a better balance
between low- and high-temperature deNOx efficiency
can be realised (6). To regain lost light-off performance, they added a small copper zeolite catalyst
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upfront (in an amount equivalent to 8% of the volume
of the main catalyst), although this compromised
some performance at temperatures above 475ºC due
to ammonia oxidation.
There is continued interest in applying SCR catalysts to diesel particulate filters (DPFs) to save on
space and perhaps cost. Most reports (see for example (7)) show the expected back pressure increase
for the DPF together with a minor compromise in
deNOx efficiency of the SCR as soot builds up, at least
to modest levels. However, Ford showed a surprising
and unexplained drop in deNOx efficiency below
400ºC when going from a space velocity of 30,000 h–1
to 40,000 h–1 in dynamometer testing (5), which was
not evident in laboratory reactor studies. They also
revealed a consistent loss of deNOx efficiency
between 275ºC and 350ºC.
In a sister paper, Ford showed that this latter phenomenon may be related to hydrocarbon coking (8).
Two copper zeolite catalysts showed reduced deNOx
efficiency when exposed to propylene in this temperature range. Coking was observed at ~310ºC, which
correlates to the onset of propylene oxidation under
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the experimental conditions. This coking did not
affect the DPF back pressure, indicating a morphology different from that of diesel soot. One zeolite formulation showed the same susceptibility to diesel
fuel exposure, while the other did not.
Lean NOx Traps
Lean NOx traps (LNTs) are emerging as the favoured
deNOx system for smaller diesel passenger cars due
to lower costs and smaller space requirements compared to SCR systems. They are also the system of
choice for lean-burn direct injection gasoline
engines. Investigators from the University of
Tennessee and Oak Ridge National Laboratory, USA,
quantified the ageing behaviour of baria-based LNTs
(9). As shown in Figure 2,platinum grain size increases upon exposure to temperatures above 843ºC but
does not change much with short exposures to
1000ºC. Conversely, with long exposure times, grain
size increases over the whole temperature range,
with rapid grain growth at above 1000ºC. Similarly,
baria grain size increases upon exposure to temperatures greater than 929ºC. Baria grain growth more
adversely affects nitrate stability (and therefore
deNOx efficiency) at temperatures above 300ºC than
at 200ºC.
Hydrocarbon slip during the rich LNT regeneration
cycle can be problematic. Investigators at Cummins

and Johnson Matthey in the USA and UK looked at
two approaches: using a downstream oxygen storage
catalyst to release oxygen to burn the hydrocarbons
during the rich purge, and using a zeolite-based
hydrocarbon trap (10). Trapping the hydrocarbons
during the rich purge and then oxidising them during
the lean cycle proved more effective than the oxygen
storage method at temperatures below 300ºC. The
investigators were able to save platinum group metal
(pgm) by transferring some of it from the LNT to the
hydrocarbon slip catalyst.
Many researchers have shown that hydrogen and
carbon monoxide (CO) improve LNT desulfation and
low-temperature NOx conversion (see for example
(11)). Cummins and Johnson Matthey added an
improved partial oxidation catalyst to the LNT formulation to generate more hydrogen and CO in situ (10).
Desulfation temperatures were dropped from 700ºC
to 500ºC, low-temperature (200ºC) deNOx efficiency
increased from 40% to 60%, and 0.10 g of rhodium
(out of 0.14 g in the catalyst tested) could be replaced
with 1.06 g of palladium.
There is emerging interest in combination LNT and
SCR systems, wherein ammonia (NH3) is purposefully
generated in the LNT during rich periods, and then
stored in the downstream SCR catalyst to reduce
NOx. Ford showed that by shifting deNOx capacity to
the SCR, LNT pgm loading could be reduced, while
Fig. 2. Platinum
grain size rapidly
increases to >5 nm
upon ageing at temperatures >843ºC.
The starting size
was 2.5 nm. Growth
is significant for
long times and/or
higher temperatures
(9)
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improving aged low-temperature deNOx efficiency
(85% efficiency at 225ºC for the highly loaded LNT
versus 95% efficiency for the lightly loaded LNT + SCR
combination), and decreasing ammonia and hydrogen sulfide emissions (12).
Similarly, Delphi incorporated an iron-zeolite SCR
behind a silver-based lean NOx catalyst (creating a
‘dual SCR’ for both hydrocarbon- and NH3-SCR) (13).
The deNOx system has no pgm and does not need an
external source of ammonia. As shown in Figure 3, in
the presence of 1% hydrogen the total system deNOx
efficiency is >80% at ~175ºC and above, and the NH3SCR contributes 10% to 40% of this deNOx efficiency
depending on temperature.Even the addition of as little as 0.1% hydrogen improved system deNOx efficiency by 20% to 25% between 200ºC and 325ºC, and
fuel penalties were only 1% to 3% at 20% exhaust gas
recirculation (EGR), and decreased further at higher
EGR levels.
Diesel Particulate Filters
Work is continuing on performance enhancements
and fundamental understanding of diesel particulate
filters (DPFs). Michigan Technological University,
USA, quantified soot oxidation on catalysed soot
filters (14). They recommended carrying out partial
regenerations to maintain a soot membrane that
keeps soot from penetrating into the walls and
increasing back pressure.This approach also reduces
fuel consumption due to more rapid and efficient
oxidation at higher soot loadings.

Investigators at Aristotle University of Thessaloniki,
Greece, in collaboration with Ecocat Oy (Finland)
and Notox A/S (Denmark) used modelling and experimental approaches to investigate the effects of pgm
distributions and loadings and DPF characteristics on
system performance (15). For example, while keeping
the total Pt content constant, they showed that it is
best to put half of the Pt on the DOC and half on the
filter, as shown in Figure 4. Using a DOC had a much
larger impact than total pgm content on soot burn;
CO and hydrocarbon oxidation on the DPF was more
dependent on washcoat dispersion than on pgm
loading; and the application of depth filtration mechanisms resulted in higher back pressure with no
improvement in soot oxidation.
Toyota found counterintuitive particulate filtration
results when they increased DPF washcoat loadings
(16). Figure 5 shows that particulate emissions initially decrease as washcoat levels increase, but at higher
washcoat loadings particle emissions go up. The
authors show that 10 μm to 20 μm-diameter pores are
highly efficient in removing diesel soot particles due
to Brownian motion synergies, but filtration efficiency
decreases as the volume of pores with a diameter
greater than 30 μm increases. At the higher washcoat
loadings, 10 μm to 20 μm pore volume goes down
while >30 μm pore volume stays constant.
NGK Insulators Ltd showed some benefits of
adding an inorganic membrane to the inlet walls of
DPFs (17).The membrane improves initial (or clean)
DPF filtration efficiency, and keeps particulates from
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Fig. 3. Performance of the hydrocarbon selective catalytic reduction catalyst (lean NOx catalyst) combined with a downstream ammonia selective catalytic reduction catalyst (NH3 SCR) (13). Ammonia generated in the lean NOx catalyst is stored in the NH3 -SCR and used
to improve system deNOx efficiency. Conditions: 1% H2, C:N = 3, space velocity =
27,000 h–1, NO:NO2 = 1 (Note: The difference in performance is due to the NH3 -SCR)
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entering the wall, resulting in lower soot-burdened
back pressure.
Some of the more interesting work on DPF catalysts
reflects the recent interest in direct soot oxidation
catalysis, wherein the soot oxidation is carried out at
the soot–catalyst interface by lattice oxygen at relatively low temperatures compared to the gaseous oxidation (see for example (18)). In an oral-only presentation, Honda reported direct oxidation of soot beginning at ~200ºC, with rapid oxidation occurring at
250ºC, using the yttrium-manganese-ruthenium-oxide
YMn0.95Ru0.05O3 as a catalyst (19).

100

Diesel Oxidation Catalysts
DOCs have been a staple of diesel emissions control
for about fifteen years and are present in all systems.
Despite the significant commercial tenure of DOCs,
researchers in the field are still learning about their
behaviour and improving their performance.
For example, researchers at Oak Ridge National
Laboratory and the University of Tennessee, USA,
investigated DOC poisoning effects by analysing fieldaged Pt/CeO2/γ-Al2O3 catalysts from a transit bus
application (low load) (20). Almost all of the ageing
effects were attributed to soot accumulating on and
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Fig. 5. Particle number emissions (dotted line) go down and then up as washcoat loadings increase. The
low washcoat loading effect is due to decreasing levels of deleterious pores larger than 30 μm, and the
high washcoat effect is due to loss of helpful 10 μm to 20 μm-sized pores (16). ‘A’ represents the chosen
washcoat loading
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blocking catalyst sites.Oxidising the soot returned the
DOCs to their fresh-state performance. Phosphorous
and other ash components had negligible effects.
Finally, DOCs will play a very important role in
enabling engines to run in low-temperature combustion modes. These low-load modes of operation use
high levels of EGR (low oxygen) to give very low NOx
and particulate emissions, but rather high hydrocarbon and CO emissions in cooler exhaust gas.
Investigators at Johnson Matthey (Japan) and Isuzu
Advanced Engineering Center, Ltd (Japan) showed
that hydrocarbon and CO oxidation temperatures
increase as oxygen content decreases and hydrocarbon + CO levels increase (21).They improved the catalyst by improving its oxygen storage properties, suppressing CO adsorption, and increasing the number
of active sites that have multiple functions. Figure 6
shows that the temperature of 50% conversion (T50)
for hydrocarbon oxidation for aged catalysts drops
from 260ºC to 180ºC.
Conclusions
The 2009 Society of Automotive Engineers World
Congress had many valuable contributions and continues the tradition of providing insights into future
directions in diesel emissions control.
Although the first selective catalytic reduction catalysts were tested on vehicles more than fifteen years
ago,much progress is still being made on understanding fundamentals, such as ammonia storage and oxidation dynamics, and improving performance
through composition engineering and optimising the
interplay with other components. Hydrocarbonbased deNOx methods are advancing, with more
information being provided on durability and further
progress being made on cost reduction, specifically
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CO

Fig. 6. The impact on the
temperature of 50% conversion (T50 ) of a new oxidation catalyst designed for
engines using low temperature combustion modes
(low oxygen, cooler exhaust)
(21). Catalyst B is a commercially-available Euro 4 catalyst with a high Pt:Pd ratio,
while D and E are newlydeveloped catalysts with a
lower Pt:Pd ratio. Each has
a different washcoat

by using the device to generate ammonia for use in a
downstream SCR catalyst. Diesel particulate filter
development is aimed at further improvements in filtration efficiency and regeneration behaviour. Finally,
improvements are still being made to diesel oxidation
catalysts, the diesel emissions control technology
with the longest history, in terms of understanding
their in-use ageing and improving their performance
in exhaust gas with low levels of oxygen.
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The Eleventh Grove Fuel Cell Symposium was held at
the Queen Elizabeth II Conference Centre in
Westminster, London, UK, on the 22nd to 24th
September 2009 together with its accompanying
Exhibition (1). This event marked the twentieth
anniversary of the Grove Fuel Cell Symposium series,
which began in 1989. Reflecting a combination of foreign travel restrictions due to the global recession
and the threat of an influenza pandemic, the conference was less well attended than on previous occasions, with a total of 207 delegates, divided roughly
equally between academics and industrialists.
However, the atmosphere was generally very optimistic, as fuel cell technology appears to have turned
the corner in terms of commercial exploitation in several areas and mass production of components and
complete fuel cell systems is being ramped up.
Because of the wide range of fuel cell types and
applications being developed, this review is mainly
restricted to the use of the platinum group metals
(pgms), in line with the coverage of this Journal.
The Grove Medal
The Grove Medal was presented to the Honda Motor
Company by Kit Malthouse, Deputy Mayor of London,
in recognition of its achievement in developing the
Honda FCX Clarity hydrogen-powered passenger
vehicle (FFigure 1). Malthouse stated that ground
based transport is responsible for 22% of London’s
carbon dioxide emissions, as well as a significant proportion of pollutants such as nitrogen dioxide and
particulate matter, and fuel cells are seen as a longterm solution to these challenges. In a very upbeat
speech, he expressed the wish to be the first owner of
a hydrogen-powered electric vehicle in London. One
reason that the manufacturers of fuel cell-powered
cars have given for not staging demonstrations in
London is the lack of hydrogen refuelling facilities.
This will be addressed by the installation of six refuelling stations across the capital,built by Air Products,
and sponsored by the Greater London Authority bodies together with the London Hydrogen Partnership.
Following on from participation in the European
Clean Urban Transport for Europe (CUTE) project,five
hydrogen fuel cell buses will undergo trials starting in
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Fig. 1. Schematic illustration of the Honda
FCX Clarity hydrogen
fuel cell vehicle.
Courtesy of Honda
Motor Company

spring 2010 and these will be used as part of the transport provision for the 2012 London Olympic Games.
In collaboration with Intelligent Energy, UK, twenty
London taxis fuelled by hydrogen will also be
deployed. The 2012 Olympic Games will require a
fleet of 4000 vehicles, and it is hoped that 150 of these
will be fuel cell powered.
Accepting the Grove Medal on behalf of Honda,Yuji
Kawaguchi (Honda R&D Ltd) forecast that half the
light vehicle market will be taken by fuel cell and electric vehicles by 2050.The Honda FCX Clarity has been
in development since 2000, and has been demonstrated particularly in the Japanese and North American
markets, where vehicles are being leased to the public. Technical and stylistic improvements have been
made during this time, and the car provides room for
four passengers and their luggage. It has double the
fuel economy of its petrol equivalent, and one and a
half times that of a petrol-electric hybrid on an energy
efficiency basis in the United States Environmental
Protection Agency Dynamometer Drive Schedule,
known as the LA4 mode. The car incorporates a
100 kW platinum-catalysed polymer electrolyte membrane (PEM) fuel cell containing thin metal stamped
separators with wave-shaped gas channels, weighing
only 67.3 kg, and a lithium-ion battery, which together
provide a range of 240 miles on 3.92 kg of hydrogen,
stored at 34,470 kPa (5000 psi). Although Honda are
beginning limited mass production of 200 vehicles,
they acknowledge that cost reduction and improvements in durability and reliability are still needed in
order to bring the technology to a level equivalent to
that of the internal combustion engine.
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Fuel Cells and Climate Change
It is generally acknowledged that fossil fuels must be
used more efficiently, both to conserve natural
resources and to alleviate climate change. In his talk,
‘The Roles of Business and Government in
Developing Clean Energy Technologies’ Tom Delay
(The Carbon Trust, UK) explained the role of the
Carbon Trust in providing expert advice, accrediting
emission reductions and promoting labelling
schemes to help companies and organisations to cut
their carbon dioxide emissions.The UK is committed
to reducing carbon emissions by 20% by 2015, and by
80% by 2050 relative to a 1990 baseline.The long-term
target can only be met through technological innovation.The UK has relatively few producers of complete
fuel cell systems, but it does have a large number of
second and third tier manufacturers who provide
materials, components and expertise to the global
fuel cell industry.
In a talk entitled ‘Fuel Cells for Sustainability in
Transport and Stationary Applications: A User’s
Perspective’ Martin Blake (Royal Mail, UK) expounded the reasons why Royal Mail are examining alternative technologies. Royal Mail have 33,000 vehicles
travelling 1.8 million miles carrying 75 million items
of mail each day from 113,000 collection points.They
have an obligation to reduce fuel and energy consumption, but their price structure is fixed, while factors such as oil prices are variable.They are currently
investigating options including biogas, the use of
double decked trailers and hydrogen and fuel cellpowered vehicles in order to reduce their greenhouse gas emissions.
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The Changing Environment for Fuel Cells in
Buildings
Various incentives are being explored by the UK government as a means to improve the efficiency of energy use in buildings, including feed-in tariffs (FiT) for
electricity sold back to the grid by domestic and
industrial users, and Renewable Heat Incentives
(RHI). Several technologies are competing in this
area, including photovoltaic generators, heat pumps,
and microgenerators such as fuel cells and Stirling
engines. In a talk entitled ‘The Potential for
Microgeneration in the UK’ Martin Orrill (British Gas
New Energy, UK) mentioned that Centrica (the owner
of British Gas) is collaborating with fuel cell developer Ceres Power, UK, and BAXI, Germany, who are also
developing a Stirling engine, with the aim of helping
domestic and business customers to use less energy
and also cleaner fuels.The potential market for microgeneration systems is estimated to be between 6 million and 16 million units by 2020 in the UK alone.
Dwellings consume almost 30% of the primary
energy supply in many European countries. Micro
combined heat and power (mCHP) production – the
simultaneous generation of heat and energy – presents an ideally efficient means of consuming fuel.
Micro-CHP is being widely developed in Europe and
Japan as a way to decentralise energy generation and
potentially use renewable fuel supplies. In his talk
‘Pre-Series Fuel-Cell-Based Micro Combined Heat and
Power (CHP) Units in Their Field Test Phase’ Philipp
Klose (BAXI INNOTECH GmbH, Germany) described
the latest generation of small domestic units on trial
(FFigure 2). These use platinum-catalysed low-temperature PEM fuel cells manufactured by Ballard,
Canada, with an output of 1.0 kWe (electrical power)
and an efficiency of 32%, together with an integrated
boiler producing up to 20 kW of thermal energy, with
an overall combined efficiency exceeding 95%.
BAXI have joined with De Dietrich Remeha GmbH,
Germany, and are producing mCHP units for use as
part of the Callux project, in which the German
Ministry for Transport, Construction and Urban
Development (BMVBS), together with nine partners
from industry, will carry out Germany’s biggest practical test of fuel cell heating systems for domestic
applications.
Residential mCHP was also the subject of a talk by
David Morgado (Delta Energy and Environment, UK)
entitled ‘The Six Ingredients for Micro-CHP Fuel Cell
Heaven’. Fuel cells have a better electric energy to
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Fig. 2. The GAMMA 1.0 micro-CHP unit for domestic
installation built by BAXI INNOTECH, Germany, with
an electrical output of 1 kWe and a thermal output
of 15 kW or 20 kW
heat ratio for modern homes than do Stirling engines
since they are not limited by the Carnot energy cycle,
and are three to four more times more efficient.There
are currently 32 developers of mCHP, and in Japan
there are over 2000 PEM fuel cell units on field trials
together with 36 solid oxide fuel cells supplied by
Kyocera, Japan. In Germany, the Callux trial will evaluate 800 units by 2012.
Fuel cells are also finding niche markets as standby
power supplies in commercial buildings such as the
Palestra building in London, explained Bill Ireland
(Logan Energy Ltd, UK) in his talk ‘The Commercial
Application of Stationary Fuel Cells in the Built
Environment’. Phosphoric acid fuel cells (PAFCs),
which are also catalysed by pgms, have been highly
developed over the past 30 years, and may be gridlinked or independent generators which also act as
standby power supplies. They are used by organisations such as the US military in locations varying from
desert to Arctic conditions,as well as in more conventional industrial and commercial premises. The
Palestra building contains computers that require
highly reliable power supplies to operate many of the
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services essential to the efficient running of London.
It has a 200 kWe United Technologies Corporation
PAFC that runs on natural gas, and provides absorption chilling as well as high and low-grade heat for the
building.
Vehicle Applications
Environmentally conscious California, USA, is leading
the way by implementing low pollution small passenger cars and transit buses,and encouraging a network
of hydrogen refuelling stations. In her talk ‘On the
Road in California: Moving Toward an Early Market’
Catherine Dunwoody (California Fuel Cell
Partnership, USA) explained that they now have 300
fuel cell vehicles operating from 26 refuelling stations, which have collectively travelled over 2.8 million miles. With the aid of US$180 million funding
(US$120 million contributed by government and
US$60 million by industry) three main areas are currently being addressed: passenger vehicles, transit
buses, and codes and regulations. Forty-six new
hydrogen filling stations are being built in Santa
Monica, Torrance, Newport Beach, San Francisco and
Sacramento and by 2011 there will be 15 fuel cell
buses and 40 other fuel cell vehicles, and by 2014 this
will increase to between 20 and 60 fuel cell buses and
680 other vehicles.
Relatively little independent evidence on the performance of various vehicles is available to policy
makers, explained Gregory Offer (Imperial College
London, UK) in his talk ‘Comparative Analysis of
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Battery Electric, Hydrogen Fuel Cell and Hybrid
Vehicles in a Future Sustainable Road Transport
System’. Road transport is responsible for over 20% of
carbon dioxide emissions in London and it is currently almost entirely dependent on oil supplies. Studies
comparing battery electric vehicles (BEVs) with fuel
cell/battery hybrid and purely fuel cell-powered vehicles indicate that the fuel cell/battery hybrid is the
most economical for a wide range of vehicles and
applications.A battery pack as small as 10 kWh is sufficient to cover 80% of vehicle journeys, and may be
recharged either from the electricity grid or by the
fuel cell during vehicle operation.
Several projects to build and operate fuel cell electric vehicles are being carried out partly as education exercises in British universities. One such project, to construct racing cars, was described by
Michael Cordner (Imperial College London, UK) in
his talk ‘Designing, Building, Testing and Racing a
Low Cost Fuel Cell Range Extender for a Motorsport
Application’.Three zero emission vehicles have been
constructed at Imperial College since 2007. The first
incorporated an 8.5 kWe Ballard PEM fuel cell stack
in conjunction with supercapacitors providing a
maximum of 40 kWe, and was raced by students in
Formula Zero events in 2008. The current vehicle
(shown in Figure 3) will be raced in the Formula
Student race series, to be arranged by the Institute of
Mechanical Engineers in 2011. The 5 kWe PEM fuel
cell is provided by Nedstack, The Netherlands. In
combination with a lithium battery, it will provide a
Fig. 3. A PEM fuel cell-powered
racing car, one of a series built
and raced by students at
Imperial College, London, UK
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power of up to 100 kWe and acceleration of 0 to
60 mph (0 to 97 kph) in 4 seconds. This single seat
vehicle is capable of speeds over 70 mph (113 kph)
with a motor on each wheel.
Kevin Kendall (University of Birmingham, UK)
described a series of five small PEM fuel cell/battery
hybrid delivery vans in use on the University’s campus, in his talk entitled ‘Hydrogen Fuel Cell Hybrid
Cars in Birmingham’. The vehicles were designed by
MicroCab, UK, and built by a consortium of specialist
local companies in collaboration with the University
(see Figure 4).An Air Products filling station provides
a hydrogen supply for this fleet, which is being monitored to provide practical experience of operating
such zero emission vehicles.The hybrid fuel cell vans
each have a 1 kWe fuel cell with 10 kWe of battery
power, which is sufficient to meet the needs of deliveries within the campus where there is a 20 mph
(32 kph) speed limit. Development work is being
undertaken to increase the capacities of the fuel cell
and battery with the aim of increasing the top speed
to 50 mph (80 kph).

Fig. 4. One of a fleet of five PEM fuel cell/battery
hybrid delivery vehicles in daily use on the campus of
the University of Birmingham, UK
A novel development in electric vehicles was
described by J. G.Williams (University of Glamorgan,
UK) in his talk ‘Tribrid – Taking the Fuel Cell Hybrid
Bus to the Next Development Stage’. A conventional
IVECO delivery van has been converted to a minibus
with a power plant comprising a PEM fuel cell, an
ultracapacitor and a lead acid battery, in conjunction
with an electric motor drive train.A 12 kWe auxiliary
power pack is combined with a novel bipolar lead
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acid battery pack supplied by Atraverda Ltd, UK,
which has a 42% reduction in weight and 22% reduction in volume compared to conventional lead acid
batteries.A fuzzy logic controller monitors the motor
current and state of charge to determine the most
efficient rate of charging or power boost.The ultracapacitor pack enables increased regenerative braking
and improved acceleration. The vehicle has a maximum power of 75 kWe, a range of 190 miles, a top
speed of 55 mph (88 kph) and is capable of climbing
a 20% gradient. Its CO2 output is 278.69 g mile–1 compared to 401.5 g mile–1 for the diesel van equivalent
covering the same hilly drive cycle around
Pontypridd, Wales, supervised by the Motor Industry
Research Association (MIRA).
Direct Methanol Fuel Cells
Primary or secondary batteries provide the power for
most of today’s portable electronic devices, and rapid
development of these products is closely linked to the
availability of improved power supplies. The reaction
to oxidise methanol to yield electrical power is more
difficult than that for hydrogen,particularly at relatively low temperatures, and reasonable outputs can only
be achieved using pgm catalysts. Alexander Dyck
(FBW GmbH, Germany) in his talk ‘Direct Methanol
Fuel Cells for Small Industrial Applications’ described
progress made in developing small, planar direct
methanol fuel cells (DMFCs) for a wide range of consumer devices such as cameras, mobile telephones,
global positioning systems, MP3 players and television sets. These often require in excess of 8 Wh of
energy storage for adequate periods of use. This can
be facilitated by rapidly refuelling the devices using
liquid methanol, which has a theoretical energy density of 1000 Wh kg–1, and a realistically achievable
density of over 300 Wh kg–1. The realisable energy
density is invariably less than the theoretical energy
density due to cell inefficiencies, and the weight of
the device and fuel container. Standard refuelling
containers for the safe carriage of methanol on public transport including aircraft have been approved
the US Department of Transport and the United
Nations Committee of Experts on the Transport of
Dangerous Goods.
The FWB concept includes constructing flat cells
with planar connectors to provide a multivolt output.
The cells need no air circulation fan, and the fuel cell
can be used in a hybrid system with a lithium battery
to meet peak power demands. The complete system
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can be fitted into existing battery compartments so as
to be compatible with existing equipment.FWB plan to
introduce DMFCs into niche markets during 2010 for
tracking, video and monitoring systems, proceeding
into mass market applications as costs are reduced.
Since mobile device power and run time needs are
outpacing battery performance, DMFCs are also
being developed for larger applications such as
portable power sources for military battery recharging and logistics, as well as larger electronic devices
such as laptop computers. Young-Soo Chang
described work in this area by the Korea Institute of
Science and Technology and Korea University in a
talk entitled ‘Experimental Study on Performance
Analysis of Direct Methanol Fuel Cell for Efficient
Operation’. A fuel cell unit is being developed with a
stable output of 10 W, although the stack itself is capable of supplying a maximum of 20 W. The fuel cell
stack incorporates 20 cells, each having an area of
50 cm2 and a loading of 2 mg cm–2 of platinum/ruthenium alloy on the anode and 2 mg cm–2 of platinum
on the cathode. The system includes pumps for
methanol and a blower for cathode air supply, together with a DC-DC converter to stabilise the output voltage.Tests have shown that for maximum efficiency of
operation, methanol concentration should be controlled to maintain a constant voltage of 6 to 8 volts
from the stack.
DMFCs are being sold commercially for a wide variety of applications including recreational vehicles,
leisure boats,remote cabins,telecommunications and
highway signs, and disaster recovery (2). The cells
offer an 80% reduction in weight compared to conventional batteries, which also makes them desirable
for military use. In his talk ‘Portable Fuel Cells – A
Commercial Success Story’ Peter Gray (Johnson
Matthey Fuel Cells,UK) explained that due to the 60%
reduction in cost achieved during the past five years,
unsubsidised sales are now being made directly to
consumers, driven by the shortcomings of existing
battery systems. Johnson Matthey produces pgm catalysts and membrane electrode assemblies, collaborating with numerous fuel cell manufacturers, including
SMART Fuel Cells in Germany.A marketing and distribution network has been developed for fuel cells and
their fuel which has resulted in sales of over 15,000
fuel cells and 100,000 fuel cartridges into markets
including the camping and caravanning industry,
where devices and fuel are stocked by camping
shops.These have collectively operated for over 6 mil-
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lion hours,saving over 600,000 kg of CO2 emissions.At
the end of life of the fuel cell, up to 99% of the pgms
can be recovered from scrap materials. The recovery
rate also depends on the form of the scrap and the
level of pgm it contains.
New Markets for Fuel Cells
During the past decade, a whole series of new and
exciting markets have become apparent for fuel cells,
including manned and unmanned flying machines.
Many diesel-electric submarines have been supplied
new or retrofitted with auxiliary power systems by
IKL/HDW GmbH in Germany, while fuel cell-powered
boats are operating on inland waterways and fuel
cell-powered railway locomotives are being used as
shunting engines.
Gerd-Michael Würsig (Germanischer Lloyd,
Germany) offered the prospect of yet another large
potential market in his talk ‘Shipping – A Market for
Fuel Cell Systems? – Challenges and Opportunities
for Fuel Cell Technology in Shipping’. Germanischer
Lloyd carry out classification of ships and offer guidelines for their construction and operation. They are
carrying out a market study supported by the local
environmental authority BSU in Hamburg. The
German National Innovation Program managed by
the Nationale Organisation Wasserstoff (NOW) in
Berlin is supporting hydrogen and fuel cell technologies, with the aim of introducing these technologies
within the next decade. Guidelines for fuel cell ship
construction were issued in 2003 (3) and have been
used in building several vessels, including the
“Alsterwasser” which has been operating on Lake
Alster in Hamburg since 2008 and uses a PEM fuel
cell.The Hy-Ferry project headed by Beluga Shipping
will introduce fuel cell technology into passenger
transport to the islands on the North Sea coastline of
Germany, using a PEM fuel cell supplied by Proton
Motor Fuel Cell GmbH, Germany. There are considerable numbers of smaller craft already approved for
fuel cell power, including pleasure boats up to 24 kW,
and whale watching boats of up to 100 kW.
For large vessels, 70% of all emissions occur within
400 km of coastlines, and even giant cargo ships
require auxiliary power while in harbour which would
benefit from pollution-free operation.There are about
90,000 merchant ships worldwide, and 3000 are built
annually.If 10% of these new build ships (i.e.300) each
required 2 MW of auxiliary power this would amount
to 600 MW per annum.However,these vessels are built
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to the very lowest capital cost, and run on heavy fuel
oil, which represents the most difficult market to
attack. The initial market for large ships is probably
higher value types,such as cruise liners,roll on/roll off
passenger (‘RoPax’) ferries and mega-yachts.
There are 284 large cruise liners, each of which
require 10 MW of auxiliary power, particularly while
in harbour, and 35 are built each year.There are 2489
RoPax ferries and 46 are built annually, each of which
requires 5 MW of auxiliary power. Finally, there are
around 33 mega-yachts built annually, each of which
need 1.2 MW of auxiliary power. All of these passenger-carrying vessels represent a potential market for
fuel cells due to their need for low pollution and
absence of noise and vibration.
Exhibition and Poster Presentations
The Symposium was accompanied by a daily trade
Exhibition which was well attended, and where
exhibits such as those shown in Figures 2 and 3 could
be seen. A range of posters reported the latest developments in catalysis, electrode structures and fuel
cell construction and operation under extreme conditions.The posters were too numerous to mention all
of them in this short review, but many involved the
preparation and use of pgms in the form of carbonsupported nanometre scale catalysts.The entries were
judged by members of the Grove Steering Committee,
and three prizes were awarded, one for each category
of posters:
Category One: Poster 1.16,‘A Reverse Flow Reactor
for Efficient, Heat-Integrated Decentralised Hydrogen
Production by Methane Steam Reforming’, C.
Tellaeche-Herranz, B. Glöckler, G. Eigenberger and U.
Nieken, University of Stuttgart and Evonik Degussa
GmbH, Germany
Category Two: Poster 2.19, ‘Lifetime Estimation
Method for PEFC by Electrode Polarization Model’,Y.
Mugikura and K. Asano, Central Research Institute of
Electric Power Industry (CRIEPI), Japan
Category Three: Poster 2.31,‘Effect of Cold Start on
PEMFC Performance and Durability’, J.-P. PoirotCrouvezier, E. Pinton, Y. Fourneron, S. Rosini and L.
Antoni, Laboratory for Innovation in New Energy
Technologies and Nanomaterials, CEA-LITEN, France
Conclusions
Fuel cells are finding new and quite substantial markets in telecommunications and portable power.
Standby power supplies for computers and disaster
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recovery, as well as mobile telephone networks, are
being widely sold. Small combined heat and power
units for domestic use are being assessed in large trials in Japan and Europe,while larger utility and industrial CHP units are becoming popular as a means of
energy conservation. Fleet transport including buses,
taxis, fork lift trucks, airport vehicles and other specialised applications are rapidly growing. However, it
is recognised that penetration of the huge passenger
car market will be achieved more slowly, due to the
long life of internal combustion engine vehicles and
the need to reduce costs. The need for a fuel supply
infrastructure for hydrogen-powered vehicles has
been recognised, and implemented in local areas
which are being joined to form “hydrogen highways”
in North America and Europe. Virtually all of these
applications have a role for pgms, either in generating
pure hydrogen fuel or utilising it in highly efficient
fuel cells.
Slides from the various presentations can be found
on the Grove Fuel Cell Symposium website (4). The
next conference in the Grove series will be Fuel Cells
Science and Technology 2010: Scientific Advances in
Fuel Cell Systems and will take place on 6th and 7th
October, 2010, in Zaragoza, Spain. Further information
will be available via the website (5).
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In July 2009, the United Kingdom Hallmarking Act
was amended to include palladium alloys into those
that need hallmarking (1).The amendment states that
from January 2010, it will be compulsory for jewellery
items made of palladium alloys to be hallmarked if
they are to be sold in the UK, as are gold, silver and
platinum.
The introduction of any new metal for hallmarking is an incredibly rare event. Palladium is only the
fourth metal in the 700-year history of hallmarking in
the UK that has required such treatment, the last
being platinum in 1975 (2).The inclusion of palladium into the Act in 2009 might suggest that it is a
recent discovery, but in fact it was first described in
1803 by William Hyde Wollaston (3).The real reason
for the current level of interest in palladium is a
combination of commercial and technical factors
which make it highly suitable for jewellery manufacture.
Palladium for Jewellery Manufacture
Palladium has an atomic number of 46 and lies in the
same vertical group of the Periodic Table as nickel
and platinum. It is considered a precious metal as it
commands a value between that of silver and gold. It
is also a noble metal, exhibiting excellent corrosion
resistance. Its appearance is naturally white and it is
capable of being polished to give a bright lustrous finish. Current palladium alloys are highly malleable,
making them particularly useful for setting gemstones, and they can be used with both machine
forming and handcrafting techniques (4).This ability
to work the alloys easily across a wide variety of forming methods makes them ideal for both mass market
production and for designer-makers who focus on the
bespoke market.
Palladium has been used in the jewellery industry
since 1939, although mainly as an alloying element,
notably to ‘bleach’ gold’s natural yellow colour closer
to that of platinum. It is only in recent years, with the
steep rise in the prices of gold and platinum, that
Chinese jewellers have begun producing significant
volumes of palladium jewellery.At the time of writing
this article, the price of palladium was about a quarter that of platinum and half that of 18 carat gold (5).
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The new palladium hallmark showing (left to right): the sponsor’s mark for the London Assay Office; the
head of Pallas Athena; the millesimal fineness mark for 950 palladium; the leopard’s head symbol of the
London Assay Office; and the date letter ‘I’ for the year 2010
Moreover its density is about half of that of platinum,
and three quarters that of 18 carat gold. The result is
that an object made of palladium would cost about
eight times less than an equivalently sized object
made of platinum and nearly three times less than
one in 18 carat gold.The lightness of palladium compared with platinum and gold also has the benefit of
allowing larger, more flamboyant pieces of jewellery
to be made.
The interest has since spread westwards with jewellers in the USA,mainland Europe and the UK starting
to appreciate the advantages of this ‘new’metal with its
exciting potential for the jewellery industry. With a
retail price point between those of 14 carat and 18
carat gold, palladium alloys are seen as an excellent
alternative to white gold,where their natural whiteness
means that rhodium plating is not necessary.

A traditional symbol of the head of Pallas Athena, the
Greek goddess of war, wisdom and craft will also be
available.

Guarantee Offered by Hallmarking
In response to the growing use of palladium alloys,
the UK assay offices through the British Hallmarking
Council and National Measurement Office encouraged the UK Government to amend the Hallmarking
Act to include palladium alloys. Regulatory impact
assessments concluded that the guarantee offered by
hallmarking would bolster confidence in the eyes of
both the consumer and the jewellery trade, leading
to increased sales. The assay offices at Birmingham,
Edinburgh, London and Sheffield began marking as
soon as the Hallmarking Act was amended and are
pleased to report that their efforts to bring palladium
alloys into the realm of those that require hallmarking were well justified: between July 2009 and
September 2009, over 27,000 palladium articles were
hallmarked. It took platinum many years to reach this
level!
The standards of fineness that are available for hallmarking palladium are 500, 950 and 999. However, it is
expected that 950 will be the most common standard.

The Author
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The so-called ‘internet age’ has led to ever increasing quantities of data as many people increasingly
live their lives online. Higher resolution digital photographs, video blogs and downloadable high definition movies all place demands on data storage
technologies, requiring higher data storage densities
to accommodate the rising quantities of information.
The book “High Density Data Storage: Principle,
Technology, and Materials”, edited by Yanlin Song and
Daoben Zhu from the Chinese Academy of Sciences,
is a comprehensive and well illustrated review of the
current state of the art in information storage; it also
includes descriptions of the potential next-generation
technologies. The chapters cover four main fields of
data storage ranging from methods familiar to the
general public such as magnetic recording for hard
disk drives (HDDs) and optical data storage for CDs
and DVDs, to less commonplace techniques employing electroactive materials or nanoscale data storage.
The chapter on magnetic media begins by introducing the fundamental properties of magnetic materials. It is essential to understand these properties as
they define the ease of writing and stability of these
materials.The first chapter explains the fundamentals
and sets the scene for the technological sections
which follow.
Perpendicular Magnetic Recording
The book was written during 2008, and the first chapter contains a section on longitudinal magnetic
recording (LMR) based on platinum and ruthenium
technology, which was the incumbent technology at
the time. It is still manufactured for a small number of
legacy applications. This section discusses the areal
density limitations which were rapidly being
approached at that time and which led to a requirement for alternative technologies to be introduced.
The move to perpendicular magnetic recording
(PMR) by the HDD industry during 2008 was the
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means for them to increase areal densities and realise
continually increasing storage density targets. In LMR
the data bits are oriented horizontally, parallel to the
surface of the disk; in contrast PMR data bits are
aligned vertically, perpendicular to the disk. This orientation allows the use of smaller crystalline grains
that remain stable at room temperature, resulting in
smaller physical bits and an increase in areal density
(see Figure 1). PMR media are covered in some
detail in the first chapter of the book, including their
complex layered structure of platinum alloys and the
soft underlayer containing ruthenium. The platinum
alloys typically contain chromium, cobalt or iron.
Looking to the future, the rest of the chapter
reviews four alternative designs intended to enable
the next increases in areal density, all based on existing materials. Of the four alternative designs presented, patterned media is perhaps the closest to market.
Based on similar pgm-containing alloys to PMR, patterned media add a degree of physical spacing
between bits, enabling the use of smaller bits, and
therefore further increasing areal density. The novel
fabrication methods required to produce patterned
media are taken from the semiconductor industry,
and are discussed alongside the magnetic properties
of the materials and the new read/write methods that
will be needed for this technology to succeed.

(a)

Magnetic grains
of pgm alloy

2D random
medium

(b)
Oriented medium

Fig. 1. Schematic diagrams representing: (a) longitudinal and (b) perpendicular magnetic media.
Reproduced with kind permission from Springer
Science and Business Media (1)
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Eventually the fabrication methods used to manufacture conventional style magnetic media are
expected to struggle with the continual decreases in
physical spacing between data-storing bits. This is
the point at which the other three technologies discussed in the chapter are expected to offer advantages: these are nanoscale magnetic particles, organic molecular magnets and single molecule magnets.
All three of these technologies offer the ability to
record data on the nano- or atomic scale, although
only nanoscale magnetic particles are likely to use
pgms. Further research and development will be
needed in all of these technology areas, to overcome stability issues and enable the technologies to
reach commercialisation.
Other Approaches to Data Storage
The chapter on optical storage begins with a history
of the field discussing the familiar technologies of
CDs, DVDs and the advances made in rewritable formats. The materials for future advances in optical
data storage, including organic, biological and polymeric materials, are all still in the development
phase and it is likely that new methods of reading
and writing will need to be developed in order to
utilise these materials. Techniques that may offer a
solution to overcoming the diffraction limit are also
reviewed; these include the use of lenses (FFigure 2 )
and more complex techniques such as scanning
near-field optical microscopy (SNOM or NSOM).The
final part of this chapter reviews the use of holographic materials to enable data recording in the
third dimension.
Chapters 3 and 4 address technologies which are
at earlier stages in their development and offer
potential for the future. A number of high density
electroactive and nanoscale data storage methods
are introduced, including thin film single-component organic materials developed by the authors.
Rotaxanes, catenanes and carbon nanotubes are all
reviewed as potential electrical storage methods. On
the subject of nanomaterials, the fabrication and
operating methods are less well defined, but the
authors review current research in the fields of
molecular and bioelectronics. Problems associated
with manufacture, and improving the performance
and stability of both electroactive and nanoscale
storage materials are identified as key obstacles to
be overcome before we see these devices in products of the future.
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Integral near-field optics

be developed! Although, considering that automatic
doors, laptop computers and cloning were at one
time all considered science fiction, who knows what
might be possible in the future? In the meantime,
pgm-based technology is likely to be dominant for
the coming few years, as long as we continue to use
magnetism as the storage method of choice.

References

Fig. 2. The use of lenses to beat the diffraction limit.
Reproduced with kind permission from Springer
Science and Business Media (2)
Concluding Remarks
Finally the reader is left with the question of what
will supersede these technologies once they have
been exploited to their full potential. Using currently
undiscovered materials and combinations of the
methods discussed in the review, the authors offer a
suggestion straight out of science fiction: that semiintelligent, human brain-like systems could one day
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The annual Johnson Matthey Academic Conference
was held on 6th and 7th April 2009 at Holywell Park,
Loughborough, UK. Attendance at these conferences
is by invitation only and the principal aim is to stimulate discussion and encourage exchange of information and ideas between Johnson Matthey's technical
teams and the students and academics being supported by the company.
Both days of the conference were opened with a
Plenary Lecture by an eminent speaker, followed by a
session of technical presentations by students. These
technical sessions covered a wide array of topics,
such as catalyst preparation and characterisation,
nanoparticles and nanotechnology, computational
chemistry, emissions control, chemical engineering
and fuel cell technology.
Plenary Lectures were given by Professor Chris
Hardacre (CentaCat, Queen’s University, Belfast, UK)
and Professor Lynn Gladden (Department of
Chemical Engineering and Biotechnology, University
of Cambridge, UK). Both lectures concentrated on
different aspects of the recently completed
‘Controlling the Access of Reactant Molecules to
Active Centres’ (CARMAC) Programme. This was an
integrated collaborative programme of predominantly Engineering and Physical Sciences Research
Council, UK (EPSRC)-funded research between
Queen’s University, Belfast, University of Reading and
University of Cambridge, UK; University of Virginia,
USA; Johnson Matthey Plc and Robinson Brothers
Ltd, UK.
The principal aim of the CARMAC project was to
understand heterogeneous catalysis kinetics at the
molecular level through both theoretical modelling
and experimental data.This improved understanding
should then enable the design of optimised catalytic
systems at the plant scale.
Reactions in the Liquid Phase
Professor Chris Hardacre opened proceedings with a
keynote address on ‘Reactions in the Liquid Phase’.
The presentation concentrated on hydrogenation and
dehydrogenation reactions.
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The transformation of tetrahydrocarbazole to carbazole in the liquid phase over palladium-based catalysts was discussed using results from both dehydrogenation experiments and theoretical computational
analysis (1).The preparation of carbazole derivatives
is highly important since they have valuable medicinal properties (such as antitumour, antimicrobial
and anti-HIV activities) as well as being important
materials for the production of agrochemicals, dyes,
pigments and optical devices.
A combination of density functional theory
(DFT) modelling (FFigure 1 ) and kinetic isotope
experiments has led to an enhanced understanding
of the dehydrogenation mechanism, with the initial
hydrogen abstraction found to be the step with the
highest activation energy over a Pd/Al2O3 catalyst (2).

(a)

The addition of gas-phase hydrogen acceptors
(such as alkenes) allowed the equilibrium to be shifted in favour of desired product formation over a
Pd/Al2O3 or Pd/C catalyst (3). For example, the addition of ethene, propene and but-1-ene resulted in up
to a five-fold increase in reaction rate.
Professor Hardacre also described the liquid phase
hydrogenation/hydrogenolysis of disulfides over
palladium catalysts supported on charcoal (4). It is
commonly perceived that sulfur poisoning of platinum group metal catalysts makes this class of reaction impractical. However, it was demonstrated, by
using both experimental and theoretical data, that
the hydrogenation of sulfur-containing compounds
over a Pd catalyst could be successfully achieved
(FFigure 2).The catalyst could even be recycled under

(b)

–1.490 eV

–1.590 eV

Fig. 1. Density functional theory (DFT) calculations of: (a) tetrahydrocarbazole
and (b) carbazole binding on a palladium(111) plane
(Fig. 1(a) Reprinted from (2), with permission from the American Chemical
Society; Fig. 1(b) Courtesy of Professor Chris Hardacre)
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Fig. 2. Reaction profile of the hydrogenation of 4,4’-dinitrodiphenyldisulfide over a Pd/Al2O3 catalyst.
DNDS = 4,4’-dinitrodiphenyldisulfide, NT = 4-nitrothiophenol, NADS = 4-nitro-4’-aminodiphenyldisulfide,
DADS = 4,4’-diaminodiphenyldisulfide, AT = 4-aminothiophenol, ‘A’ = dinitrosodiphenyldisulfide
(Reprinted, with minor adaptation, from (4) with permission from Elsevier)
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relatively mild reaction conditions (hydrogen gas
pressure <5 bar).
Throughout his talk, Professor Hardacre demonstrated the power of combining theoretical calculations with experimental data. This allows a full and
comprehensive understanding of catalytic systems to
be obtained.In order for industry to realise significant
benefits from this fundamental chemical knowledge
it is vital that real-life applications continue to be
studied in collaboration with chemical engineers and
computational chemists.
Building a Measurement Platform for
Catalysts and Reactors
Day two opened with a keynote address by Professor
Lynn Gladden, entitled ‘Magnetic Resonance
Research Centre: Past, Present and Future – Working
with Johnson Matthey’.This focused on applying magnetic resonance imaging (MRI) techniques, developed in the laboratory, to solve real problems faced
by scientists and engineers aiming to scale up
processes in industry.
It is commonly accepted that catalysts which exhibit high selectivities and activities on the gram scale
may not perform to their optimum when the catalyst
is formed into larger pellets and packed into a reactor. It is difficult to examine all of the potential reasons for this underperformance, especially when the
catalysts are operating in closed industrial reactor systems at high pressures and temperatures. One way to
overcome this problem is to use MRI to investigate the
system.
MRI is an imaging technique used primarily in
medical settings to produce high quality, non-invasive
images of the inside of the human body. The MRI
scanner uses a powerful magnetic field to align the
nuclear magnetisation of (typically) the hydrogen
atoms of water molecules in the body. The variation in
relaxation times of protons in water in different environments can be measured and allows detailed
images to be acquired (FFigure 3). In industrial catalysis, the technique can be applied to 1H or 13C nuclei
associated with organic liquids and gases.
Professor Gladden demonstrated how the hydrogenation and isomerisation reactions of 1-octene
over a Pd/Al2O3 catalyst in a trickle-bed reactor can
be followed using 13C distortionless enhancement by
polarisation transfer (DEPT)-MRI (5) (FFigure 4 ).
Trickle-bed reactors are widely used in the petroleum, chemical and waste treatment industries, and
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understanding how the reactants are interacting
inside is of great interest. Their performance can be
closely linked to the flow fields of the fluids within
the catalyst bed (6). Inhomogeneities within the
packing structure can cause significant local variation in the liquid holdup, wetting and fluid velocities,
and in turn,these can impact on the catalyst performance.
Professor Gladden went on to demonstrate the use
of similar techniques to investigate the behaviour of
liquids inside catalyst pellets. Using a technique
known as pulsed-field gradient nuclear magnetic resonance (PFG-NMR), it is possible to measure the diffusion coefficients both inside and outside the ruthenium-on-silica catalyst pellets.The relative rates of diffusion of the reactants and products can have a large
impact on the catalyst performance (7). All the data
collected with MRI techniques can be used to validate standard computational fluid dynamics techniques and can be used to help design improved
reactors and catalyst pellets.

Fig. 3. Sagittal magnetic resonance imaging (MRI)
image of a human head (Courtesy of the Oxford
Centre for Functional MRI of the Brain, Department
of Clinical Neurology, University of Oxford, UK)
The final part of Professor Gladden’s talk concentrated on the study of catalysts for alkane dehydrogenation, and probing the catalysts using the relatively new technique of terahertz (THz) time-domain
spectroscopy (terahertz radiation is in the far infrared
region of the electromagnetic spectrum,from approximately 0.1–20.0 THz, with most work being carried
out between 0.5–5.0 THz). In this technique, a short
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THz pulse created by a laser passes through the sample and electro-optic detection generates the THz
spectrum (more detail on the technique can be
found in (8)). Further use of this new spectroscopy
technique was shown for the characterisation of different forms of carbon, such as nanotubes and
nanofibres.
The relationship between the University of
Cambridge and Johnson Matthey has shown how academics and industrialists can work together to develop techniques that are useful in solving real technical
problems.However,it was pointed out that a beneficial
return is rarely achieved quickly, and it was thought
that such collaborations need to be long-term (of at
least five years’ duration) to be truly effective.
Short Talks and Poster Prizes
There were also a number of short talks and a poster
session in which doctoral students presented their
latest research.A prize was awarded for the best overall talk given by a student and this went to Sarah
Burton (née Hudson) (University of Southampton,
UK; now working at Johnson Matthey Fuel Cells,
Swindon, UK) for her talk entitled ‘A Comparative
Study of Alloys and Platinum for Fuel Cell
Applications’.Burton described the challenges facing

the commercialisation of fuel cell vehicles and the
ways in which alloying with cobalt has resulted in
increases in activity (9) and improved stability (10)
for fuel cell cathode catalysts. She also showed how a
greater understanding of these phenomena could be
obtained using X-ray absorption spectroscopy (XAS)
(11). Using this technique, the study of structural
changes in the catalyst can now be observed during
fuel cell operation.
Prizes for the best posters were also awarded, with
Paul Rounce (University of Birmingham, UK) winning
the second year prize with his poster ‘Speciation of
Particulate Matter (PM) from Compression Ignition
Engines for a Range of Fuels and Biofuels’,and Haibo
E (University of Oxford, UK) taking the first year prize
with her poster entitled ‘Custom Microscopy
Techniques for Imaging of Core-Shell Catalyst
Particles’.
Concluding Remarks
The JMAC 09 conference was deemed a huge success
with a high standard of technical presentations and
posters that stimulated much debate. Such events
have proved mutually beneficial for both academics
and industrialists in approaching and tackling key
global challenges.
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Platinum 2009 Interim Review
Johnson Matthey’s latest market survey of platinum
group metals (pgms) supply and demand,
“Platinum 2009 Interim Review”, was published on
17th November 2009 and provides an update of the
information presented in “Platinum 2009”.
Platinum
Platinum Market Surplus Forecast for 2009
Net global platinum demand was forecast to
decrease by 4.4 per cent to 5.92 million oz in 2009,
while supplies were expected to increase by
110,000 oz to 6.06 million oz. As a result, the platinum market was forecast to be in surplus by
140,000 oz in 2009.
Platinum Supply to Grow
In South Africa, a mixture of safety issues, shaft closures and industrial unrest led to a reduction in
tonnes of ore milled by the industry. However, the
sale of additional platinum from refined stocks
means that South African supplies were anticipated
to rise by 210,000 oz in 2009 to 4.73 million oz.
Platinum supplies from North America were set to
fall to 255,000 oz following the shutdown of North
American Palladium’s mine and the accelerated
closure of a number of nickel mines. From Russia,
supplies were expected to fall to 745,000 oz,
although supplies from Zimbabwe and elsewhere
would climb.
Autocatalyst Platinum Demand to Fall
Gross autocatalyst platinum demand was forecast
to decline by 33.0 per cent to roughly 2.48 million
oz in 2009. European autocatalyst demand for platinum was expected to fall by 45.7 per cent, or
900,000 oz, to 1.07 million oz, partly due to an
anticipated fall in European light-duty vehicle sales
in 2009. In addition, platinum demand was affected
by the declining market share for diesel vehicles in
Europe, as fleet sales were depressed and incentive
schemes such as the German government’s
scrappage scheme saw individual consumers buying smaller and cheaper models, which are typically fuelled by gasoline rather than diesel. There has
also been an increase in the use of palladium
alongside platinum in diesel oxidation catalyst
(DOC) and diesel particulate filter (DPF) formulations in Europe, further eroding demand for platinum. Chinese platinum autocatalyst demand
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however was expected to rise due to a strong performance by the automotive sector there.
Industrial Demand to Drop
Industrial demand for platinum was forecast to
drop by 31.5 per cent to 1.16 million oz in 2009.
Falling commodity prices and lower capital investment meant a fall in platinum demand from sectors
such as nitric acid production, process catalysts,
petroleum refining and the glass industry. The
chemical industry was expected to purchase
355,000 oz of platinum in 2009, 45,000 oz less than
in 2008. Meanwhile demand for platinum from the
glass industry was set to fall dramatically from
320,000 oz in 2008 to 35,000 oz in 2009. In the electrical sector, platinum demand was forecast to fall
from 225,000 oz to 175,000 oz, following weak sales
of electronic devices together with destocking of
materials and components during early 2009.
However, demand in this and many of the other
industrial sectors improved throughout the year,
and was forecast to be stronger in the second half
of 2009 than in the first six months.
Net Jewellery and Physical Investment
Demand to Rise
Demand for platinum from the Chinese jewellery
sector was forecast to rise by 900,000 oz to a record
1.75 million oz in 2009, as the industry replenished
Gross Global PGM Use in the Automotive Industry (‘000 oz)
4460

Platinum Palladium Rhodium
3700 765

618
2008

2480

3895

2009

Although the total weight of platinum group metals
used in the autocatalyst sector was expected to fall
in 2009, palladium demand would be supported by
a short term increase in the share of the gasoline
engine within the European automotive market,
and by increased Chinese vehicle production
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and further built its stocks while the price was low,
particularly in the first half of the year. Net
Japanese jewellery industry demand for platinum
rose as the fall in the platinum price depressed
recycling volumes from second hand jewellery.
Demand from European and US jewellers declined
due to the impact of the recession on consumer
sales. Still, global net platinum demand for jewellery was forecast to rise by almost 80 per cent to
a net 2.45 million oz in 2009.The lower price of platinum was also expected to boost physical investment demand to 630,000 oz.
Palladium
Palladium Market Oversupply Forecast for 2009
Net global palladium demand was forecast to
decline by 3.8 per cent to 6.52 million oz in 2009.
Total supplies of palladium were expected to fall by
1.8 per cent to 7.18 million oz. The palladium market was therefore forecast to be in oversupply in
2009 by 655,000 oz.
Supplies of Palladium Expected to Decline
Sales of palladium from primary production in
North America and Russia were set to decline.
Palladium sales from South African producers were
forecast to rise, despite a decrease in underlying
production of palladium in concentrate. Sales of
palladium from the remainder of the Russian state
stocks, previously shipped to Switzerland, were
expected to contribute a further 960,000 oz to supplies.
Gross Palladium Autocatalyst Demand
Forecast to Fall
Gross palladium demand for use in catalytic converters was expected to decrease by 12.7 per cent
to 3.90 million oz in 2009. Demand in Japan, North
America and the Rest of the World region was forecast to fall, in line with lower light-duty vehicle production. Strong growth in domestic vehicle sales
looked likely to boost Chinese demand by 135,000
oz in 2009. European demand was forecast to fall
only marginally as palladium benefitted from a
short term rise in the share of the gasoline engine
within the European market, and the introduction
of palladium alongside platinum in diesel exhaust
aftertreatment.
Dental, Electronics and Industrial Demand
Net demand for palladium from the dental sector
was forecast to fall by 3.2 per cent to 605,000 oz in
2009 despite some support from a high gold price
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and lower recycling rates in the industry. In Japan,
net palladium usage in the dental sector was
expected to slip by 5000 oz to 270,000 oz. North
American dental demand for palladium was also
forecast to fall to 255,000 oz.The electronics industry was expected to purchase a net one million oz
of palladium in 2009, a 100,000 oz fall from the previous year as the slowdown in the world’s economy
hit consumer sales and industry stock levels. The
chemical sector was expected to purchase a net
345,000 oz of palladium this year, little different to
the 355,000 oz bought during 2008.
Net Palladium Jewellery Demand to Rise
Net jewellery sector demand for palladium was
expected to increase in every region in 2009.
Palladium continued to make steady progress as a
jewellery metal in Europe and North America. The
Chinese jewellery market appeared to have stabilised and demand there was predicted to rise to
680,000 oz as recycling rates declined. Physical
investment demand was also expected to be boosted by the lower price of palladium.
Special Features
There were two special features in this edition.The
first, ‘The Global Automotive Market in 2009’, discloses the varying factors affecting demand for
platinum,palladium and rhodium for use in catalytic converters during 2009. The second special feature covers ‘Exchange Traded Funds’. Physicallybacked Exchange Traded Funds (ETFs) in platinum
and palladium were launched in Europe in 2007,
allowing investors from private individuals to pension funds to gain exposure to the prices of these
metals. The understanding of investor behaviour
gained from more than two years of history in these
funds is discussed in the feature.
Availability of the Interim Review
“Platinum 2009 Interim Review”can be viewed and
downloaded as PDF files in English, Chinese or
Russian from the website Platinum Today, at:
http://www.platinum.matthey.com/publications/
pgm-market-reviews/. Alternatively a printed copy
of the English version can be ordered by
contacting Johnson Matthey via E-mail at:
platinum@matthey.com or by writing to: Johnson
Matthey, Precious Metals Marketing, Orchard Road,
Royston, Hertfordshire SG8 5HE, UK.
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Abstracts
CATALYSIS – APPLIED AND PHYSICAL
ASPECTS
Low Temperature CO Pulse Adsorption for the
Determination of Pt Particle Size in a Pt/CeriumBased Oxide Catalyst
T. Tanabe, Y. Nagai, T. Hirabayashi, N. Takagi, K. Dohmae, N.
Takahashi, S. Matsumoto, H. Shinjoh, J. N. Kondo, J. C.
Schouten and H. H. Brongersma, Appl. Catal. A: Gen., 2009,
370, (1–2), 108–113

Large amounts of CO adsorption resulted from a
pulse adsorption experiment at 323 K,giving ~300% Pt
dispersion in the title catalyst.An in situ DRIFTS investigation showed that carbonate species on the Ce
oxide surface are responsible for the CO adsorption,
as a result of CO spillover. Lowering the temperature
to 195 K reduced the amount of CO adsorption.The Pt
particle size could be determined by CO pulse
adsorption at 195 K.
Preparation and Performance of Ce-Pt-Pd/Stainless
Steel Wire Meshes Catalyst
M. Chen, Y. Ma, C. Song, T. Zhang and X. Zheng, Chin. J.
Catal., 2009, 30, (7), 649–653

The title catalyst was prepared by anodic oxidation
techniques. The catalyst was characterised by SEM,
XPS and O2 temperature-programmed oxidation. The
results indicated that the high catalytic activity and
stability of the catalyst are due to the stainless steel
wire meshes, whose surface is covered by a porous
anodic oxidation membrane. The catalyst showed
good catalytic activity for total oxidation of toluene,
acetone and ethyl acetate.
Controlled Synthesis of Pompon-Like Self-Assemblies
of Pd Nanoparticles under Microwave Irradiation

CATALYSIS – INDUSTRIAL PROCESS
Extending Ru-BINAP Catalyst Life and Separating
Products from Catalyst Using Membrane Recycling
D. Nair, H.-T. Wong, S. Han, I. F. J. Vankelecom, L. S. White,
A. G. Livingston and A. T. Boam, Org. Process Res. Dev.,
2009, 13, (5), 863–869

Application of organic solvent nanofiltration technology to recycle Ru-BINAP significantly increased the
catalyst TON and lifetime for the asymmetric hydrogenation of dimethyl itaconate to dimethyl methylsuccinate (DMMS). By reducing and optimising the
catalyst loading (substrate (S):catalyst (C) ratio of
7000), product purities <20 μg Ru per g DMMS were
achieved, and the TON was increased from 6950 (14
reactions at S:C = 500) to 13,100 (2 reactions at S:C =
7000 with no readdition of Ru-BINAP).

EMISSIONS CONTROL
Effect of Hydrocarbon Species on NO Oxidation over
Diesel Oxidation Catalysts
K. Irani, W. S. Epling and R. Blint, Appl. Catal. B: Environ.,
2009, 92, (3–4), 422–428

Hydrocarbons were shown to affect NO oxidation
over a model Pt-Pd/Al2O3 diesel oxidation catalyst.
Increasing amounts of propylene resulted in lower
NO conversion, due to the consumption of product
NO2 in C3H6 oxidation. This was verified by experiments that included NO2 leading to NO2 reduction at
a significantly lower temperature in the presence of
C3H6. Furthermore, increasing amounts of C3H6 further decreased the NO2 reduction temperature.
Similar results were exhibited with m-xylene and
dodecane.

X. Tong, Y. Zhao, T. Huang, H. Liu and K. Y. Liew, Appl. Surf.
Sci., 2009, 255, (23), 9463–9468

The Alteration of the Performance of Field-Aged PdBased TWCs Towards CO and C3H6 Oxidation

Pd nanoparticles with a uniform, self-assembled pompon-like nanostructure were obtained by decomposition of Pd acetate under microwave irradiation with
methyl isobutyl ketone as solvent, in the presence of
a small amount of ethylene glycol and KOH. The Pd
nano-pompons had average diameters of 28–81 nm
and were formed of smaller primary nanoparticles
(~2.4 nm). The Pd nano-pompons were easily supported on γ-Al2O3 and their catalytic activity for the
hydrogenation of cyclohexene was examined.

I. Heo, J. W. Choung, P. S. Kim, I.-S. Nam, Y. I. Song, C. B. In
and G. K. Yeo, Appl. Catal. B: Environ., 2009, 92, (1–2),
114–125
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The deactivation of the title three-way catalysts
(TWCs) for oxidation of CO and C3H6 was investigated with respect to the catalyst field mileage by: sweep
test (ST), steady-state sweep test and light-off test. No
change in the oxidation activity at 673 K towards C3H6
was observed, due to the oxidative capability of Pd.
The activity towards CO oxidation gradually
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decreased with respect to the catalyst mileage by ST.
The catalyst deactivation arose from the sintering of
Pd and degradation of oxygen storage capacity
(OSC).As the deactivation proceeded, the OSC of the
TWC simultaneously decreased, due to the degradation of CexZr(1–x)O2 and weakness of the Pd–Ce interaction.

FUEL CELLS
Improving the Activity and Stability of a Pt/C
Electrocatalyst for Direct Methanol Fuel Cells
J. Qi, S. Yan, Q. Jiang, Y. Liu and G. Sun, Carbon, 2010, 48,
(1), 163–169

Ketjen black (KB) was treated at 900ºC in the presence of Co(NO3)2·6H2O and Ni(NO3)2·6H2O. The
treated KB (T-KB) exhibited better graphitisation and
a larger mesopore volume than untreated KB. A Pt
electrocatalyst supported on T-KB was obtained by a
modified polyol process. CV and single cell tests
showed that the Pt/T-KB exhibits better electrochemical activity and stability than Pt/KB.
Bendable Fuel Cells: On-Chip Fuel Cell on a Flexible
Polymer Substrate
S. Tominaka, H. Nishizeko, J. Mizuno and T. Osaka, Energy
Environ. Sci., 2009, 2, (10), 1074–1077

On-chip fuel cells on cycloolefin polymer films were
successfully fabricated. First, the microchannel was
replicated onto a cycloolefin polymer film by hot
embossing using a Ni mould.The film was spray coated with a photoresist and then was patterned by UV
lithography.The exposed cycloolefin polymer surface
was modified with an oxygen plasma treatment; and
a 200 μm Au layer with a 30 nm Ti adhesion layer was
deposited by electron-beam evaporation. Finally, the
Au current collectors were catalysed by electrodeposition of a Pt-Ru alloy for the anode and of a Pd-Co
alloy for the cathode.
Facile Synthesis of Nafion-Stabilized Iridium
Nanoparticles and Their Direct Use for Fuel Cells and
Water Electrolyzers
Y. Zhang, H. Zhang, Y. Zhang, Y. Ma, H. Zhong and H. Ma,
Chem. Commun., 2009, (43), 6589–6591

Ir nanoparticles with controlled particle size were
prepared using a small amount of Nafion as stabiliser,
and a high electrochemically active surface area was
obtained. Towards ORR, the Nafion-Ir exhibited comparable activity to Pt, especially when supported on C
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black.Towards OER, the activity of Nafion-Ir was higher than that of IrO2.After dialysis treatment the NafionIr colloid product could be used to prepare catalyst
layers for fuel cells and water electrolysers.

APPARATUS AND TECHNIQUE
Real-Time Monitoring of Oxidative Burst from Single
Plant Protoplasts Using Microelectrochemical Sensors
Modified by Platinum Nanoparticles
F. Ai, H. Chen, S.-H. Zhang, S.-Y. Liu, F. Wei, X.-Y. Dong, J.-K.
Cheng and W.-H. Huang, Anal. Chem., 2009, 81, (20),
8453–8458

An electrochemical sensor was fabricated by the
electrochemical deposition of Pt nanoparticles on
the surface of C fibre microdisc electrodes via the
nanopores of a Nafion polymer matrix. The Nafion
clusters coated on the electrode surface served as the
molecular template for the deposition and dispersion
of Pt nanoparticles. The sensor demonstrated a high
sensitivity for detection of H2O2 with a detection limit
of 5.0 × 10–9 M. Oxidative bursts from plants play significant roles in plant disease defense and signal
transduction. The oxidative burst from individual living plant protoplasts were monitored for the first time
in real time.
Free Standing Pt–Au Bimetallic Membranes with a
Leaf-Like Nanostructure from Agarose-Mediated
Electrodeposition and Oxygen Gas Sensing in Room
Temperature Ionic Liquids
X. Shen, X. Chen, J.-H. Liu and X.-J. Huang, J. Mater. Chem.,
2009, 19, (41), 7687–7693

A Pt-Au membrane was electrodeposited onto an
agarose-modified ITO substrate, which was then
immersed in boiling water to dissolve the agarose.
The membrane was carefully separated from the ITOcoated wafer. The free standing membrane was used
to prepare an electrode, which was tested by CV
measurements. The sharp nanoedges and nanotips
on the membrane offer many active centres for catalysis. Sensing behaviour for O2 in room temperature
ionic liquids using the electrode was investigated.
Chiral Separation of Underivatized Amino Acids by
Reactive Extraction with Palladium–BINAP Complexes
B. J. V. Verkuijl, A. J. Minnaard, J. G. de Vries and B. L.
Feringa, J. Org. Chem., 2009, 74, (17), 6526–6533

Pd (S)-BINAP complexes, [PdCl2((S)-BINAP)], were
employed as hosts in the separation of underivatised
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amino acids.The system showed the highest selectivity for the enantioselective liquid–liquid extraction
(ELLE) of tryptophan with metal complexes as hosts
reported at the time of publication and showed a
good selectivity toward a range of natural and unnatural amino acids. The pH, organic solvent and
host:substrate ratio are all important parameters in
this ELLE. 31P NMR spectroscopy was used to confirm
the preferred enantiomer in the extraction experiments.The intrinsic selectivity was deduced by determination of the association constants of [PdCl2((S)BINAP)] with the tryptophan enantiomers.

CHEMISTRY
Behavior of P–Pt and P–Pd Bonds in Phosphido
Complexes toward Electrophilic Fragments
E. Alonso, J. Forniés, C. Fortuño, A. Lledós, A. Martín and A.
Nova, Inorg. Chem., 2009, 48, (16), 7679–7690

The reactions between unsaturated 30-valence-electron-count [(C6F5)2Pt(μ-PPh2)2M(PPh3)] (M = Pt, Pd)
and [M'(OClO3)PPh3] (M' = Ag, Au) gave
[(C6F5)2Pt(μ-PPh2)2M(PPh3)(M'PPh3)][ClO4] (M = Pt,
Pd; M' = Ag, Au) 1. The X-ray structures of 1 revealed
that the core of the molecules is planar and the Pt–M
and M–M' distances indicated the presence of Pt–M
and M–M' bonds. A computational study on the formation of 1 and the analysis of the interaction
between the binuclear fragment [(C6F5)2Pt(μPPh2)2Pt(PPh3)] and the cation [Ag PPh3]+ has been
carried out on the basis of DFT and showed that the
Ag centre interacts weakly with the M and P (PPh2 ligand) atoms of the binuclear fragment.
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ELECTRICAL AND ELECTRONICS
Effect of Ni Doping on the Microstructure and
Magnetic Properties of FePt Films
K. Dong, X. Cheng, J. Yan, W. Cheng, P. Li and X.Yang, Rare
Met., 2009, 28, (3), 257–260

FePtNi films were deposited on glass substrates by RF
magnetron sputtering.The as-deposited samples gave
L10-FePtNi films when subjected to vacuum annealing.With increasing Ni content (FePtNi film), the FePt
(001) peak position shifts to a higher angle, in comparison with FePt. The perpendicular coercivity
decreases from 661 to 142 kA m–1 and magnetisation
decreases from 512 to 433 kA m–1 with increasing Ni
content. The FePtNi films can effectively reduce the
Curie temperature, which makes them promising
media candidates in thermally assisted recording.
Self-Assembled CNT Circuits with Ohmic Contacts
Using Pd Hexadecanethiolate as In Situ Solder
T. Bhuvana, K. C. Smith, T. S. Fisher and G. U. Kulkarni,
Nanoscale, 2009, 1, (2), 271–275

The passive self-assembly and subsequent nanosoldering action of Pd(SC16H35)2 was demonstrated on
multiwalled C nanotubes (CNTs). Pd(SC16H35)2
directs the self-assembly of individual CNTs spanning
a gap between Au electrodes.This is achieved by first
patterning Pd(SC16H35)2 along the edges of the gap
electrodes, as it allows direct patterning by electon
beam. Thermolysis of Pd(SC16H35)2 at 250ºC leads to
metallisation and ohmic electrical contact between
the CNTs and the electrodes beneath.

Efficient Microwave Syntheses of the Compounds
Os3(CO)11L, L = NCMe, py, PPh3
J. Y. Jung, B. S. Newton, M. L. Tonkin, C. B. Powell and G. L.
Powell, J. Organomet. Chem., 2009, 694, (21), 3526–3528

The simple microwave-assisted ligand substitution
reactions of triosmium dodecacarbony (Os3(CO)12)
were investigated.The activated carbonyl custer complex Os3(CO)11(NCMe) was rapidly prepared in high
yield by microwave irradiation of a mixture of
Os3(CO)12 and acetonitrile in a sealed reaction vessel.There was no need for a decarbonylation reagent
such as trimethylamine oxide. Microwave irradiation
of Os3(CO)12 in a relatively small amount of acetonitrile was shown to be a useful first step in two-step,
one-pot syntheses of the cluster complexes
Os3(CO)11(py) and Os3(CO)11(PPh3).
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Patents
CATALYSIS – INDUSTRIAL PROCESS

World Appl. 2009/111,095

Transparent Silicone Rubber for Coating
Semiconductor Chips
T. Kashiwagi, US Appl. 2009/0,236,759

A curable composition, developed to bond securely
to thermoplastic materials such as liquid crystal polymers and to metals such as Pd, consists of: (a) an
organopolysiloxane with two or more alkenyl groups;
(b) an organohydrogensiloxane with Si bonded to
two or more H atoms; (c) a condensation catalyst,
preferably Zr- or Al-based; (d) a pgm-based curing catalyst, preferably Pt-based, added in an amount equivalent to 0.1–1000 ppm, preferably 0.5–200 ppm, pgm
relative to the mass of (a); and (e) an adhesionimparting agent.The maximum and minimum refractive indices of (a), (a)+(b), and (e) differ by ≤0.03,
giving the composition a high degree of transparency.
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Haloalkylalkoxysilanes, 1, which are intermediates of
coupling agents used in tyre manufacture, are prepared by reacting silanes, 2, with alkenylhalides, 3, in
the presence of 5–900 mole ppm (based on limiting
reagent) of an Ir catalyst, 4 or 5, at 20–200ºC in an
atmosphere containing <5% v/v O2. Haloalkylhalosilanes, 6, are prepared by reacting silanes, 7, with 3 in
the presence of 4 or 5. 6 may further be reacted with
a C1–C6 alcohol. The activity of 4 or 5 is increased by
limiting the O2 content of the reaction atmosphere.
Economic Preparation of Biphenylanilides
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Q = 1,3-butadiene, 1,3-hexadiene,
1,3-cyclohexadiene, 1,3-cyclooctadiene,
1,5-cyclooctadiene, norbornadiene
L = C1–C6 alkoxy
R4 = hydrocarbyl, halohydrocarbyl, cyanoalkyl,
alkoxy, cyanoalkoxy, amino,
hydrocarbyl-substituted amino
R5 = H, hydrocarbyl, halohydrocarbyl, acyl
R6 = hydrocarbyl, halohydrocarbyl, cyanoalkyl
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Bayer CropScience AG, European Appl. 2,093,216

Substituted biphenylanilides, 1, are prepared with
high yield from a compound, 2, a diphenylboronic
acid, 3, and a base such as NaOH(aq) in a mixture of
water and a solvent such as ether, in the presence of
a Pd catalyst selected from: (a) a Pd(0) complex such
as Pd(PPh3)4 or Pd(P t Bu3)4; (b) a Pd salt such as
PdCl2 with 6–60 equiv. PPh3; or (c) optionally supported metallic Pd in the presence of PPh3, with
phenyl groups optionally substituted by 1–3 sulfonate
groups. The reaction is carried out at 50–120ºC and
1–6 bar, with a low loading of Pd catalyst (0.001–1.0
mol% based on 2). The products, 1, are used as precursors for crop fungicides.
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Iridium-Catalysed Production of Alkoxysulfidosilane
Intermediates
Dow Corning Corp, World Appl. 2009/111,095

R1, R3 = C1–C6 alkyl
R2 = C1–C6 alkyl or H
X = Cl, Fl, Br, I
n = 0, 1 or 2
z = 1, 2, 3, 4 or 5
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halogen
H, F, Cl
cyano, nitro, halogen, C1–C6 alkyl, C1–C6
alkenyl, C1–C6 alkynyl, C1–C6 alkoxy, C1–C6
haloalkyl, (C1–C6 alkyl)carbonyl or phenyl
n = 1, 2, 3
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EMISSIONS CONTROL
Double-Layer Lean NOx Trap
Toyota Motor Corp, Japanese Appl. 2009/101,252

A catalyst for an LNT is formulated to counter thermal
sintering by separating the Rh and Pt components.
First (upstream) and second (downstream) catalyst
beds are formed on a substrate,with the lower layer of
each bed containing Rh and an alkaline earth- or
alkali metal compound for NOx storage. The upper
layer of each bed contains Pt and Pd, with the concentration of Pd being higher in the first bed than in
the second, and the concentration of Pt being higher
in the second bed than the first.
Platinum and Iridium Catalyst for Methane Oxidation
Tokyo Gas Co Ltd, Japanese Appl. 2009/112,912

A catalyst suitable for CH4 removal from lean-burn
engine exhaust containing SOx operates at
350–500ºC, preferably 400–450ºC. The catalyst is prepared by impregnating a porous ZrO2 support with Pt
and Ir from solution(s) containing the necessary precursors, preferably at pH 3, followed by calcination.
The Pt:Ir mass ratio is in the range 1:0.1–1:1.
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and a transition metal precursor such as NiCl2·6H2O
(5–60 wt% relative to Pt) to anhydrous EtOH; adding
CH3COONa powder, or EtOH in an NH3 solution;
adding NaBH4 to reduce the metal ions; and washing
and drying the mixture to yield a Pt alloy powder, for
example PtNi/C.

APPARATUS AND TECHNIQUE
Osmium-Based Chromium Sensor
Yeda Res. Dev. Co Ltd, World Appl. 2009/095,924

An Os-, Ru- or Fe-based system for the quantitative
detection and removal of the pollutant Cr6+ is preferably based on a tris-bipyridyl complex of Os2+, 1,capable of absorption of light in the 400–900 nm range.
The change in the absorption spectrum of 1 in
response to the reduction of Cr6+ in the presence of
H+ may be monitored spectroscopically. 1 may be
adsorbed on a transparent substrate such as glass or
on beads or nanoparticles of a variety of materials,
and used for the treatment of water by reduction of
Cr6+. 1 can be regenerated by exposure of the resulting Os3+ complex to H2O.
Gold-Platinum Nanoparticle Labelling Agent

FUEL CELLS
Carbon Monoxide Removal from Hydrogen Feed
Ford Global Technol. LLC, European Appl. 2,103,348

A catalyst system for the oxidation of CO in H2 fuel
cell feed has two catalysts, 1 and 2, held separately on
a support. 1 consists of Cu plus a metal oxide, preferably Cu/MnO2 or Cu/CeO2. 2 contains a mixture of Pt
with one or more of Fe, Ru, Co, Rh, Ir, Ni and Pd, preferably Pt-Co, Pt-Fe or Pt-Co-Fe on Al2O3. The upstream
catalyst 1 is deposited at a higher loading so that the
space velocity (SV) over 1 is lower than over 2. At
100ºC, 1 has higher selectivity than 2, and/or 2 gives
higher conversion than 1.The O2 :CO ratio in the feed
is 0.5–2.0, preferably 0.7–1.5. Good conversion of CO
over a wide temperature range (80–220ºC, preferably
100–220ºC) and under variable SV makes the system
suitable for automotive applications.
Platinum Alloy Nanocatalyst for PEMFC
Hyandai Motor Co Ltd, US Appl. 2009/0,227,445

A highly-dispersed Pt alloy nanocatalyst with
reduced Pt loading is formed by adding a C material,
a Pt precursor such as PtCl4 (5–90 wt% relative to C),
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NE Chemcat Corp, Japanese Appl. 2009/120,901

An Au-Pt core-shell nanocolloid for use in immunochromatography is manufactured by forming Au
particles with sizes 30–80 nm by reduction of an Au
compound, followed by selective deposition of Pt
nanoparticles with sizes ≤5 nm on the Au cores by
reduction of a Pt compound such as chloroplatinic
acid.The Au:Pt atomic ratio is 0.5:1–2:1.The mean particle size is 50–100 nm and the degree of dispersion
about the mean is ≤0.08.The colloid has a maximum
plasmon absorption peak at 517–540 nm.The method
reproducibly produces highly spherical particles.

BIOMEDICAL AND DENTAL
Biocompatible Platinum Alloy for Blood Pump
HeartWare Inc, World Appl. 2009/099,653

A magnetic impeller, which can be implanted in a
patient suffering from heart failure and magnetically
driven to assist in pumping blood, consists of a Pt-CoB alloy that is biocompatible and resistant to corrosion and can form the entire blood-contacting surface
of the pump. Alloy composition is preferably 42 at% Pt,
45 at% Co and 13 at% B,with a coercivity of 12–14 kOe.
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ELECTRICAL AND ELECTRONICS
Granular Recording Layers for Magnetic Storage
Fujitsu Ltd, US Appl. 2009/0,109,579

A magnetic recording medium, described as having
both thermal stability and good overwrite properties,
has a first, 1, and second, 2, granular layer each
composed of magnetic grains dispersed with an
oxide.The magnetic grains are CoCrPt which for 1 are
5–15 at% Cr and 11–25 at% Pt and for 2 are 7–15 at%
Cr and 11–17 at% Pt. The anisotropic magnetic field
intensity of 1 is 13–16 kOe, and of 2 is 10–13 kOe.
1 and 2 are separated by a non-magnetic Ru or Ru
alloy layer 0.05–1.5 nm thick, which provides an
antiparallel exchange coupling between 1 and 2.
Rhodium-Doped Lithium Tantalate Wafer
Sumitomo Metal Mining Co Ltd, Japanese Appl.
2009/120,417

A low-cost method of preparing a substrate for a
surface acoustic wave device uses a substrate sliced
from a LiTaO3 single crystal, and contacted with a Rh
or Pt-Rh alloy plate and heat-treated for 3–50 h at
800ºC≤T<1650ºC. Rh is found to diffuse effectively and
homogeneously into the LiTaO3, with Rh concentrations of ~300 ppm (after 3 h) and ~890 ppm (after 50 h)
at 1600ºC, while Pt diffusion is minimal (<2 ppm).
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semiconductor layer, 1, to counter diffusion of Ag or
Al into 1.The contact layer is preferably Pt or a Pt alloy
0.1–4.9 nm thick, formed by radio frequency sputter
deposition, followed by heat treatment at ≤350ºC.
To limit formation of Ag and Al precipitates between
1 and the n-type semiconductor, the electrode may
additionally have a pgm-based overcoat layer ≥10 nm
thick and in ohmic contact with 1 at a contact resistivity ≤10–3 Ω cm2.

PHYSICAL METHODS
High Purity Ruthenium Powder for Target
Nippon Mining Co, US Patent 7,578,965

A Ru powder composition is claimed, which when
used for a sputtering target minimises impurities generated during deposition and gives a high-quality thin
film of uniform thickness. The powder is ≥99.99%
pure (excluding gaseous components),but an Al content of 5–50 ppm by weight, preferably 5–20 ppm, is
found to be beneficial. Also claimed is a method for
producing the powder from a Ru starting material
with ≤99.9% purity,by electrolytic refining in an acidic
or NH3 solution.

SURFACE COATINGS
Single-Step Deposited Platinum Coating for Turbines

ELECTROCHEMISTRY
Cathode for Water Electrolysis
Casale Chem. SA, European Appl. 2,085,501

A formulation and method of production for a cathode used in the electrolytic generation of H2 from
H2O is disclosed, specifically suitable for use with an
intermittent power source such as solar- or wind-generated power. The cathode has a metallic substrate,
such as mild steel or Ni alloy, coated with 0.1–2.0
(preferably 0.4–1.0) mg cm–2 of Ru oxide obtained
from a precursor such as a solution of RuCl3.

PHOTOCONVERSION

Honeywell Int. Inc, US Patent 7,604,726

A method for simultaneously electroplating a substrate with Pt and a supplementary constituent is
claimed. A specific embodiment has the electrolyte
composed of: 25–55 g l–1 Pt(NO2)2(NH3)2; 1–200 g l–1
alkali metal (bi)carbonate; 0.2–80 g l–1 Cr metal powder with particles 1–50 μm in size; and optionally Al or
another reactive element. When applied for oxidation
and corrosion resistance, the coating may be
5–100 μm thick with 2–35 wt% Cr,or 15–25 wt% Cr plus
10–30 wt% Al. Heat treatment at 300–650ºC bonds the
electroplated layer to the substrate, or at 1000–1100ºC
interdiffuses the electroplated layer with the substrate.

Positive Electrode for a Semiconductor Light-Emitting
Device
Showa Denko KK, US Appl. 2009/0,263,922

A method of producing a reflective positive electrode
for a flip-chip type semiconductor light-emitting
device is claimed. It has a pgm-based contact layer
deposited between the reflective layer and the p-type
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FINAL ANALYSIS

The Use of Metal Scavengers for Recovery
of Palladium Catalyst from Solution
Introduction
Cross-coupling reactions are among the most important chemical processes in the fine chemical and pharmaceutical industries. Widely used procedures such
as the Heck, Suzuki and Sonogashira cross-coupling
reactions and Buckwald-Hartwig aminations most
commonly employ a palladium-based catalyst (1).
Initially these reactions used simple Pd catalysts such
as palladium chloride and palladium acetate,often in
conjunction with a ligand. However, the need to carry
out more challenging coupling reactions (for example those using less reactive aryl halides or pseudohalides, including aryl chlorides) has resulted in the
development of more advanced Pd catalysts (1, 2).
Product Clean-Up
Once the reaction is complete, the catalyst must be
separated from the product to avoid contamination
by Pd as well as the loss of precious metal into the
product or waste stream. Heterogeneous catalysts
may be separated quite easily from the product solution and sent for refining to recover the metal, but
homogeneous catalysts are more problematic. One
way to achieve separation is by recrystallisation of the
product; however this can result in the loss of up to
1% of the product yield.
Therefore an alternative method for removing the
residual Pd is required. Scavengers such as Smopex®
can be used to recover platinum group metals
(pgms) including Pd down to parts per billion
(ppb) levels. Smopex® is a fibrous material with a
polypropylene or viscose backbone grafted with
functional groups that can selectively remove the
pgms from solution (FFigure 1).The fibres can carry a
metal loading of up to 10 wt%, and the loaded fibres
can then be collected and sent for traditional refining
to recover the precious metal (3).
Smopex® Metal Scavengers
The choice of scavenger for a particular process
depends on several factors. These include the oxidation state of the Pd catalyst, the nature of the solvent
system (aqueous or organic), the presence of byproducts or unreacted reagents in solution and whether

69

(a)

(b)

Fig. 1. (a) Smopex®, a fibrous material with a polypropylene
or viscose backbone; (b) Schematic representation of the
functional groups (red) located on the surface of the
Smopex® fibres (3)

the scavenger will be applied in a batch process or
continuous flow system. Some examples of Smopex®
fibres that can be applied under different conditions
are shown in Figure 2.
Process Screening
Prior to using a scavenger in a particular process, it is
common practice to screen a selection of scavengers
to determine the most selective individual or combination of scavengers. Properties including the type of
scavenger used (based on metal species), amount of
scavenger used (based on concentration),and effects
of solvent and permitted temperature will be investigated and optimised, as well as the kinetics and flow
system requirements. Data is also available on the
scavengers which are known to perform best for specific reactions (4),and this can be used to make a recommendation on the scavenger that is likely to offer
the best recovery in each case.
Two examples to illustrate the screening process
follow.

© 2010 Johnson Matthey
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SO3–H+
Smopex®-101
Styryl sulfonic acid
grafted fibre

NH+Cl–
Smopex®-105
Vinyl pyridine grafted
fibre
O
SH

SH
®

Smopex -111
Styryl thiol grafted
fibre

O
Smopex®-234
Mercaptoethylacrylate
grafted fibre

Fig. 2. Examples of Smopex® functional groups grafted
onto polypropylene fibres (3)

Case Study 1: Suzuki Reaction
The process stream from a Suzuki coupling reaction
using the catalyst trans-dichlorobis(triphenylphosphine)palladium(II) (PdCl2(PPh3)2) in toluene was
analysed and found to contain 100 parts per million
(ppm) of Pd as well as triphenylphosphine and inorganic salts. For Pd present following a reaction using
PdCl2(PPh3)2,thiol-based scavengers are known to be
the most suitable as they are able to break down any
Pd complexes in the solution and bind strongly to the
metal. An excess of Smopex® was applied for the initial screening process at a rate of 1 wt% Smopex® for
100 ppm Pd.
In this case toluene was used as the process solvent, therefore hydrophobic fibres were recommended. A process temperature of 80ºC was used in the
coupling step, but the preferred stage for Pd recovery
was after the washing step, at a slightly lower temperature of 60ºC. Screening was carried out using
Smopex®-111 and Smopex®-234, both thiol-based
scavengers (see Figure 2). In both cases, 1 wt% of
Smopex® was stirred at 60ºC for 1 hour, the liquor was
then filtered off and the filtrate was found to contain
<2 ppm Pd when Smopex®-111 was used, and <5 ppm
with Smopex®-234. After further optimisation it was
determined that the amount of Smopex® could be
reduced by half if 3 hours’ contact time was applied.

analysed and found to contain 30 ppm of Pd. In this
case,the Pd was present as both Pd(II) and Pd(0) and
therefore two different scavengers were tested.
Scavenging conditions of 60ºC for 1 hour were again
applied, and a first pass with Smopex®-105 (an anion
exchanger) gave 85% Pd recovery. A further treatment
with Smopex®-101 (a cation exchanger) recovered
the additional 15%, giving an overall recovery of
100%. In some similar cases a thiol fibre such as
Smopex®-111 can give total recovery on its own, but
where this is not achievable, a mixture offers another
way to achieve full recovery of the Pd.
In Conclusion
The widespread use of Pd catalysts for coupling reactions continues to precipitate a requirement for Pd
scavenging of the product solution. Metal scavengers
such as Smopex® fibres can be used with a wide variety of processes to recover Pd, other pgms or base
metals down to ppb levels, and offer a viable alternative to traditional procedures such as product recrystallisation.
STEPHANIE PHILLIPS and PASI KAUPPINEN
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Case Study 2: Multiple Palladium Species
A process stream from a tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4)-catalysed coupling
reaction with tetrahydrofuran as the solvent was

70

© 2010 Johnson Matthey

EDITORIAL TEAM
Editor
David Jollie
Assistant Editor
Sara Coles
Editorial Assistant
Margery Ryan
Senior Information Scientist
Keith White
E-mail: jmpmr@matthey.com
Platinum Metals Review is the quarterly E-journal supporting research on the science and technology
of the platinum group metals and developments in their application in industry
http://www.platinummetalsreview.com/

Platinum Metals Review
Johnson Matthey PLC, Precious Metals Marketing, Orchard Road, Royston, Hertfordshire SG8 5HE, UK
E-mail: jmpmr@matthey.com
http://www.platinummetalsreview.com/

