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Controlling NOx and PM for US Interim Tier 4 and EU Stage III B emission regulations
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Waterloo, IA 50613, USA
Email: doudanan@johndeere.com
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In this paper, applications of the platinum group metal
(pgm)-based diesel oxidation catalyst (DOC) and
diesel particulate filter (DPF) technologies for John
Deere Interim Tier 4 non-road machines are presented.
The same criteria apply to EU Stage III B regulations.
The design and performance of engine aftertreatment
systems are discussed in detail, and a few key
performance characteristics of DOC-DPF systems
are addressed. Significant passive soot oxidation
was observed. Model based controls were found to
properly account for passive regenerations of the DPF
and could be used to schedule active regenerations
automatically. Active regenerations were transparent
to operators. Tight DPF inlet temperature control and
engine exhaust temperature management were found
to be key for successful active DPF regenerations. The
average fuel consumption for active regenerations
was estimated by a simple energy balance model. The
emission performance of a DOC-DPF system under
normal and active regenerations is summarised, and
ash accumulation and DPF pressure drop impact are
analysed.

Introduction
To comply with the US Interim Tier 4 or EU Stage III
B emission standards, implementation of either a
particulate matter (PM) or a nitrogen oxides (NOx)
aftertreatment is recommended. Deployment of
aftertreatment enables the engine to extend its power
range, altitude capabilities and transient performance
characteristics. Both exhaust gas recirculation (EGR)
and selective catalytic reduction (SCR) technologies
are available for the Interim Tier 4 market. The choice
between EGR and SCR for NOx reduction depends
on the original equipment manufacturer’s (OEM’s)
production history, technology experience, customer
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requirements and long term product strategy. Engines
with EGR consume only diesel fuel but typically
require the fitment of a DPF. DPF active regenerations
mean that the maximum skin temperatures of the
aftertreatment devices and tailpipe exhaust gases
must be limited by the exhaust system design.
US Interim Tier 4 or EU Stage III B standards, shown
in Table I, have been in effect since 1st January 2011.
Besides significant tightening of criteria pollutant
limits, a new Non Road Transient Cycle (NRTC) was
introduced. Emission compliance on the NRTC is
required on top of the existing eight mode steady state
test. Speed and torque definitions of NRTC and eight
mode tests are displayed in Figure 1. Emissions from
cold and hot NRTC tests are weighted in a similar way
to those for on-highway regulations. Not-to-exceed
(NTE) rules equivalent to those for on-highway
applications also apply to non-road engines.
NOx and PM criteria pollutant limits for engines
above 130 kW are higher than those for 2007 onhighway trucks. However, the NRTC has a higher
average load factor and is significantly more transient
than the Federal Test Protocol (FTP) heavy-duty cycle.
The NOx limit for engines below 130 kW is 3.4 g kW–1.
Engines with a power output below 56 kW must comply
with a combined NOx + non-methane hydrocarbons
(NMHCs) limit of 4.7 g kWh–1. The required emission

Table I
Interim Tier 4 Criteria Pollutant Limits
Pollutant,

Engine rated power, kW

g kWh–1

<56

56–129

130–560

NOx

–

3.4

2

PM

0.03

0.02

0.02

NMHC [NOx +
NMHC]

[4.7]

0.19

0.19

CO

5

5

3.5

useful life is 8000 h for all diesel engines above 37 kW.
This requirement differs signficantly from those for onhighway engines (1).
Different factors must be taken into account when
designing exhaust aftertreatment systems. Non-road
applications are very diversified with a wide range
of engine configurations, power bands and machine
forms. Some examples are shown in Figure 2.
Agricultural applications, particularly row-crop tractors
(Figure 2(a)) and harvesters (Figure 2(b)), have high
load factors with signficant portions of operating time
at full loads and rated speeds. Construction machines
(Figures 2(c) and 2(d)) demand highly transient
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Fig. 1. Non-Road Transient Cycle (NRTC) and eight mode test cycles. Circle points are eight mode; % represents
emission weighing factor per point

145

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (3)•

http://dx.doi.org/10.1595/147106712X645466

engine performance, altitude capabilities and longevity.
Utility tractors (Figure 2(e)) and small construction
machines (Figure 2(f)) can operate persistently at
light loads with extended idle time.Their usage profiles
are sporadic. This market segment is very sensitive to
cost, especially the initial machine purchase price.
Most non-road machines are used for commercial
purposes, therefore reliability and uptime are premium
for the equipment owners and operators. Modern
large scale agriculture and construction operations
require a fleet of machines to work together. If one
piece of equipment goes down, the whole operation
may be jeopardised. Further, production volumes
for the equipment vary drastically. High volume
equipment is manufactured in tens of thousands
of units annually, while specialty machines may be
made at a rate of a handful a year. And non-road
machines often have to perform at extreme ambient
temperatures, high altitudes and off-level positions.
Some machines operate in remote areas, in harsh
terrains and under unique environmental conditions.
System Design for Interim Tier 4
Three types of system designs are available for Interim
Tier 4 compliant machines. For engines with power
output above 130 kW, both cooled EGR (cEGR) and
SCR are offered by different manufacturers. For
engines under 130 kW, cEGR with a DPF is currently
the most popular system, although some cEGR engine
applications with a narrow power range below 130 kW
will not use particulate filters. Engines have been
designed and calibrated to meet the PM standards

with or without a DOC (2). This product strategy
becomes technically feasible when permitted NOx
output levels are 3.4 g kWh–1. Several OEMs offer both
cEGR and SCR technologies depending on machine
applications (3).
At John Deere, externally cooled EGR technologies
had been successfully implemented on Tier 3 engines,
offering fuel economy advantages over the alternative
approach of internal EGR and fuel injection timing
retards. John Deere’s global product strategy for
Interim Tier 4 is cEGR technology with a DPF. Due to
the variability of the applications, only a high efficiency
wall flow DPF was considered, although it would be
technically feasible to meet the PM standards with a
partial flow filter or a DOC. To be fully robust towards
all applications and operating conditions, active DPF
regenerations were enabled for each engine.
Implementation of any aftertreatment technology
must overcome its respective challenges for non-road
applications. The following discussions will focus
on design and performance development of EGR
with DOC-DPF solutions for John Deere Interim Tier
4 products. How engine and aftertreatment systems
were integrated and optimised to ensure quality,
reliability, performance and emission compliance will
be reviewed, and perspectives on design trade-offs will
be provided.
Engine and DOC-DPF Designs
Five engine families are offered from John Deere for
the Tier 4 market. The engine line up is summarised
in Table II.

(a)

(e)

(d)

(b)

Fig. 2. Examples of nonroad machines produced
by John Deere, including:
(a) row-crop tractor; (b)
harvester; (c) and (d)
construction machines; (e)
utility tractor; (f) a small
construction machine
(Images © copyright John
Deere)

(c)

(f)
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Interim Tier 4 engines were based on Tier 3 engines
using cEGR technology, re-optimised to meet the new
NOx standards and to facilitate active DPF regenerations.
Precise control of EGR rates and combustion events
under transient operations was achieved by a
redesigned engine control unit (ECU) with a new
software package. A single ECU manages both engine
operations and aftertreatment performance.
Engine out PM and NOx predictive models were
used to calculate DPF soot loadings. New engine
combustion modes enabled the engine to raise exhaust
gas temperatures when DPF active regenerations were
required. This was accomplished by increasing engine
fuelling and reducing exhaust flow through an air
intake throttle or an exhaust brake. Exhaust temperature
management is critical to ensure the completion of
an active DPF regeneration event when the exhaust
temperature can fall below the pgm catalyst light-off
temperature in a normal combustion mode. Capable
engine hardware and calibration strategies eliminated
the need for an exhaust diesel burner.
The DOC and DPF were sized according to exhaust
flow rates, which correlated well with engine power
outputs if EGR rates and air to fuel ratios were similar.
A total of seven DOC-DPF sizes were designed and
released for the five engine families ranging from 37 kW
to 460 kW. The DPF dimensions are summarised in
Table III. Each design also features ash serviceability,
inlet/outlet rotatability, three temperature sensors and
one delta pressure sensor. Round filters with a larger

diameter and shorter length were preferred for vehicle
installations as they provide lower DPF pressure
drop, higher volumetric soot loading and active
regeneration robustness. Filters made of 200 cells
per squre inch (cpsi) cordierite and 300 cpsi silicon
carbide (SiC) materials were applied to engines
above 130 kW and under 130 kW, respectively. DOC
substrates were sized to have the same diameters and
approximately half the volume of the filters.
DPF designs must consider the worst case pressure
drop when loaded with ash and soot. The ash cleaning
service requirement is 4500 h for engines above 130 kW
and 3000 h for engines under 130 kW. A 200 cpsi cell
structure is more tolerant towards ash accumulations,
and is therefore preferred for applications above
130 kW. For engines under 130 kW, a higher volumetric
soot limit and smaller volume filters favour 300 cpsi
cell structures. A 300 cpsi filter offers lower pressure
drop in a soot loaded state due to its higher geometric
surface area and a thinner soot layer. In addition,
smaller SiC filters fit better into compact vehicles.
A DOC was designed to convert nitrogen
monoxide (NO) to nitrogen dioxide (NO2) for passive
regenerations and to provide high hydrocarbon (HC)
oxidation activity for active DPF regenerations. PGM
loading was selected to provide adequate residual
conversion efficiencies of NO to NO2 as well as
sufficient HC light-off performance beyond 8000 h.
A catalysed DPF with a low pgm loading was highly
effective to prevent HC emissions during active DPF

Table II
Tier 4 Engines Made by John Deere
Criteria

Displacement, l
2.9

4.5

6.8

9

13.5

3

4

6

6

6

Max power rating, kW

56

129

224

317

460

Fuel system

Common rail

Common rail

Common rail

Common rail

Electronic unit
injector

Turbos

Single

Single

Dual

Dual

Dual

Cooled EGR

No

Yes

Yes

Yes

Yes

Number of cylinders

Table III
DPF Sizes Available for Different Engines
Size 2

Size 3

Size 4

Size 5

Size 6

Size 7

Size 8

DPF diameter, inches

7.5

9

9.5

9.5

10.5

12

13

DPF length, inches

6

6

8

9

11

11

12.5

147

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (3)•

http://dx.doi.org/10.1595/147106712X645466

regenerations.The catalyst on the DPF was highly active
for HC oxidations during active regeneration because
of high reaction temperatures and an abundance
of oxygen. NO2 generated by the DPF catalyst also
promoted more passive regenerations. Design and
function relationships are summarised in Table IV.
The DOC, DPF and exhaust gas sensors were
packaged and integrated into a converter assembly,
shown in Figure 3. An integrated DOC-DPF design was
preferred over separated DOC and DPF converters as
it required less space and had higher efficiency. This
system design eliminated the need for two additional
end cones and reduced heat loss and pressure drop.
To accommodate diversified vehicle installations,
the inlet and outlet cones were made fully rotatable.
Two serviceable flanges, one on each side of the DPF,
allowed the DPF to be removed for ash cleaning.
Cylindrical converters with two service flanges
provided flexibility in the installation of aftertreatment
sensors and the positioning of wire routings. Each
DOC-DPF converter contained three temperature
sensors and one delta pressure sensor across the DPF.
The DOC inlet temperature sensor (T1) was used to
initiate HC dosing for active regenerations; the DOC
outlet sensor (T2) was used primarily for temperature
control; and the DPF outlet sensor (T3) was used for
temperature diagnostics.
The DOC-DPF converters were heavily insulated,
including areas around the sensor ports, to keep
converter skin temperatures below the required limits
even during active DPF regenerations. The design
assumed no air flow around the converters. Under
normal engine operating conditions, which accounted
for over 97% of the total time, the DOC-DPF converter
skin temperature was lower than that typically found
for a traditional muffler. Since the DOC-DPF converters

T2

P
T3

T1
DOC

DPF

Fig. 3. Integrated DOC-DPF converter schematic. T1,
T2, T3 = temperature sensors; P = delta pressure

were internally insulated with a stainless steel sheet
metal surface, any external air flow would effectively
reduce skin temperatures further.
For engines above 130 kW, HC was delivered to the
DOC through an airless exhaust fuel doser, as shown in
Figure 4. A tip coking resistant design was selected. No
air purging or tip cleaning service was necessary. Late
post injections were used for engines under 130 kW.
The exhaust fuel doser was mounted next to the
engine turbocharger to maximise fuel evaporation
and mixing. For engines with two-stage turbochargers,
a fuel doser was placed between the two turbines.
The second stage turbine served as an active mixer.
Uniform HC distributions maximised DOC catalytic
efficiencies and exhaust temperature homogeneities
for DPF regenerations. Perfect HC mixing avoided hot
spots on the DOC and reduced its degradation rate.
Diesel Oxidation Catalyst-Diesel Particulate
Filter Performance
Wall flow DPFs were selected due to their high PM
trapping efficiencies and their robustness towards
diversified applications and engine operating
conditions. Measured PM trapping efficiencies on

Table IV
DOC-DPF Design-Function Matrix
Design criteria

Function criteria
DOC

a

DPF
a

Volume

HC slip, NO to NO2conversion, ∆P

Soot and ash loading, ∆P

Platinum group metal
loadings

NO to NO2 conversion, HC quench
temperature

HC slip clean up, secondary NO2

Cell structure

∆P

Ash loading, ∆P

Length/diameter ratio

DOC retention, vehicle package

Soot limit, DPF retention, ∆P

Material

Reliability, cost

Soot loading

∆P = delta pressure
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Metering
unit
Fuel supply

Exhaust

Fig. 4. An exhaust fuel hydrocarbon dosing system
schematic

a 9 l engine are summarised in Table V. The results
demonstrated a filtration efficency of over 95% with
a brand new DPF. The PM trapping efficiency well
exceeded 99% when the ramped modal tests were
repeated and a soot layer had been established on the
DPF. Similar performance data for a DPF after 5000 h
field usage showed efficiencies greater than 99% both
before and after an ash cleaning service.
The full benefits of passive regenerations were
achieved with a DOC and a catalysed DPF (4). The
DOC oxidised NO to NO2 under normal engine
operating conditions. A production design DOC, after
accelerated ageing to simulate 8000 h field usage,
was capable of providing NO to NO2 conversion
efficiencies of over 50%, as shown in Figure 5. Each
data point in Figure 5 represents an engine operating
condition. The bubble size signifies the actual engine
out NOx ppm level. To fully benefit from passive soot
oxidations, the DPF soot predictive models must
account for the soot and NO2 reaction rates, and adjust
for catalyst degradation over time.
Due to a higher NOx limit of 3.4 g kWh–1, engines
for applications under 130 kW produce less PM. Table
VI compares the NOx:PM ratios of an engine running
at 2 g kWh–1 vs. 3.4 g kWh–1 permitted NOx output
levels. A higher NOx:PM ratio provided a greater
opportunity for passive regenerations. In principle,
active regeneration is only required when an engine
operates persistently at low loads with low exhaust
temperatures. Under low load conditions, the engines
produced little soot and the DPF soot loading rates
were low. Infrequent active regenerations for engines
under 130 kW enabled HC to be delivered by late post
injections without oil dilutions or compromises in
engine durability.
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Table V
Measured DPF PM Trapping Efficiencies
Ramped modal cycle
DPF first test
(brand new DPF)
DPF second test
DPF third test

Trapping efficiency, %
96.6
99.9
100

At 2 g kWh–1 NOx for engines above 130 kW, active
regenerations were more frequent. But significant
passive regenerations were also observed. Engines for
applications above 130 kW tended to operate at higher
average loads with temperatures over 250ºC, which are
more favourable for passive regenerations. High speed
and low load engine operations tended to produce
more PM and lower exhaust temperatures, and
therefore required more frequent active regenerations
than other operating conditions.
Passive Regenerations
To assess the passive regenerations, a 4.5 l Interim Tier 4
engine was programmed to repeat a tractor cycle on an
engine dynamometer. Engine out soot was measured
by an AVL List GmbH smoke meter. The DPF was
periodically weighed to determine the soot loading
levels. The results are shown in Figure 6. DPF soot
levels reached a balanced point below the soot limit
of the DPF material, and an increasing percentage of
soot was oxidised passively over time. Approximately
80% of engine out soot was oxidised passively in
50 h, 85% in 100 h and 90% in 150 h. In theory, no
active regenerations were required for this drive

NO2:NOx ratio

Injection
unit

100

200
300
400
DOC temperature, ºC

500

Fig. 5. NO2:NOx ratio at a DOC outlet
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Table VI
Comparison of NOx:PM Ratios for Engines
Above and Below 130 kW
Pollutant

Engine rated power, kW
<130

>130

3.4

2

PM, g kWh

0.05

0.08

NOx:PM ratio

68

25

NOx, g kWh–1
–1

cycle, but in practice active DPF regenerations were
necessary as they allowed the soot predictive models
to reset and system performances to recover from slow
sulfur poisoning. Furthermore, an active regeneration
can effectively allow the system to recover from misfueling with high sulfur fuels.
Figure 7 displays the passive regenerations of a
DOC-DPF system on a John Deere 744K wheel loader
powered by a 220 kW 9 l Interim Tier 4 engine. The
744K loader was operated to perform real world truck
loading routines. Soot on the DPF was determined by
weighing the DPF module periodically. Over a span
of 50 h, soot on the DPF reached a balance point
far below the soot mass limit of the DPF material.
The truck loading cycle is one of the most transient
operations for non-road applications.
An alternative to the passive regeneration DOCDPF system is to use a burner-DPF combination to
enable active regenerations. However this has the

disadvantage of greater mechanical complexity.
In practice a DOC is recommended even if a full
capacity burner is used to benefit from passive
regenerations.
Active Regenerations
During an active regeneration, the engine switches
to an exhaust temperature management mode to
ensure the exhaust gas temperature stays above
275ºC at the DOC inlet. HC from an exhaust doser or
from late post injections enters the downstream DOC.
Released fuel energy from oxidation reactions heats
the exhaust gas before it reaches the DPF. An energy
balance model calculates the required fuel quantity
based on temperature rise demands and exhaust
flow rates. The T2 sensor, at the DOC outlet, provides
feedbacks for closed loop controls. A fast response
control system ensures the DOC outlet temperature
stays on target while engine operations vary
considerably. To verify the tight DPF inlet temperature
control, an active regeneration was enabled during a
NRTC test. The results are shown in Figure 8. Despite
large fluctuations of engine speeds and torques, the
DOC outlet temperature was maintained around
600ºC and the active regeneration was sustained for
the whole NRTC.
A DOC offers a cost effective means to actively
regenerate a DPF while providing the full benefit
of passive regenerations. A DOC oxidises nearly all
the injected HC under most conditions, except near
peak exhaust flows. The small amount of slipped

Fig. 6. Passive regeneration
test on DPF for a 129 kW
rated 4.5 l engine
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DPF soot loading, g
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Time, h
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Fig. 7. Passive regeneration test for a DOC-DPF
system on a John Deere 744K wheel loader with
a 9 l engine

HC is oxidised over the downstream platinumpalladium (Pt-Pd) catalysed DPF, as shown in Figure
9. The black bar represents the HC concentration
before the DOC and is above 2000 ppm (off the
scale of measurement). The blue bar represents the
measured HC level at the DOC outlet, or HC slip. Only
low ppm levels of HC were detectable at the DPF
outlet, represented by the green bar. Despite a light
pgm loading, the catalysed DPF was very efficient
for HC oxidations during active regenerations due to
its large volume and high reaction temperatures. At
lower flow conditions, DOC HC oxidation efficiency
was nearly 100%.
The DOC ensured a good energy balance for
temperature controls with little waste. Even after full

700

DOC outlet temperature

500

Assisted Passive Regenerations
An alternative approach is to raise the exhaust
temperature to 300ºC to promote passive soot oxidation
by NO2.This is sometimes refered to as assisted passive
regeneration.
A simple energy model was used to compare the
fuel consumptions of an active regeneration vs. an
assisted passive regeneration. Assumptions used for
the calculations are summarised in Table VII. The
base exhaust temperature was kept at 150ºC. An

Fig. 8. DOC outlet temperature during a
NRTC with active regeneration
4500
3500

400
Engine speed

300
200

2500

Speed, rpm

Temperature, ºC

600

useful life of 8000 h, the HC oxidation efficiency of the
DOC for active regenerations was hardly changed.
The DOC was also effective at oxidising HC under
normal operating conditions. Figure 10 shows the
performance of a DOC for reducing engine out HC
during a NRTC test.The cumulative engine out total HC
is shown as the black line which, in this case, already
meets the emission standard of 0.19 g kWh–1 (shown
as the green line).The DOC reduced an additional 95%
of the engine out HC, as shown by the blue line. The
red curve represents the tailpipe HC when an active
regeneration was enabled with DOC.
Although a DOC is not required for HC emission
compliance, removing HC is beneficial for extending
DPF active regeneration intervals. The DOC oxidises
the soluble organic fraction of PM and extends the
soot loading limit by eliminating the excess exotherm
associated with HC oxidation during an active
regeneration. Active regeneration is an efficient way
to oxidise soot. During an active regeneration, the fuel
consumption is increased, but this is necessary for
DPF applications.

1500
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Off scale

HC slip, ppm

1600
1200
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DOC out

Engine out HC, g kWh–1, normal
Tailpipe HC, g kWh–1, normal
Tailpipe HC, g kWh–1, regeneration
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0.08
0.04
0

0
DOC in

HC emission limit

0.20
HC emission, g kWh–1

2000

0

200

400

DPF out

600

800 1000 1200

Time, s

Fig. 9. HC emission during an active regeneration of
a DPF

Fig. 10. NRTC HC emission with and without DPF
active regenerations

active regeneration raised the exhaust temperature by
450ºC with a total regeneration time of 30 minutes. An
assisted passive regeneration had a lower temperature
increase and was assumed to take 2 h to oxidise the
same amount of soot.
The fuel consumption was time averaged between
normal and regeneration events.The results are shown
in Figure 11. This conservative simulation revealed
a 1.5% fuel consumption increase with an active
regeneration interval of 10 h. As the regeneration
interval increased, the average fuel consumption
decreased. With a 50 h regeneration interval, the
average fuel consumption increase was less than
0.5%. These estimates are consistent with previously
published results (5). It may be concluded that an
active regeneration is more fuel efficient than an
assisted passive regeneration.

sulfated ash are required for Interim Tier 4 engines.
Ash accumulation on a DPF can be estimated by the
oil consumption and an empirically measured ash
trapping efficiency (6).
The impact of ash loading on the DPF pressure drop
was calculated using an in-house model based on the
method published by Konstandopoulos (7).The model
was first calibrated using production DPF hardware.
The results, shown in Figure 13, assume the use of
CJ-4 oil with an ash content of 1% and an empirical
ash retaining efficiency for the DPF of 60%. The ash
loading on the DPF increased over time, leading to a
higher pressure drop.The solid blue line represents the
DPF pressure drop at a soot loading of 3 g l–1 at rated
power with the maximum exhaust flow rate and the
highest normal operating temperature.The dotted blue
line represents a soot loading of 0 g l–1 at rated power.
The green lines represent the DPF pressure drops at
an average exhaust flow rate and an average exhaust
temperature calculated from a NRTC test.

Steady State Tests
Steady state eight mode emission results of a fully
aged engine aftertreatment system for a 9 l engine
are shown in Figure 12. The blue bars represent the
US Interim Tier 4 or EU Stage III B standards for CO,
HC, NOx and PM. The engine out NOx emission is
under the limit with a reasonable engineering margin.
HC, CO and PM criteria pollutants are far below the
regulatory limits.
Ash Residues
A DPF traps not only engine out soot particles, but also
metal containing particles in the form of ash residues.
Ash accumulation on a DPF is primarily due to engine
oil consumption. Engine oils with a maximum of 1%
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Table VII
Assumptions Used for Fuel Consumption
Calculations of Regenerations
Parameter

Assisted
passive
regeneration

Active
regeneration

Temperature
increase, ºC

150

450

Time, min

120

30
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4.0

3.5

2.0
1.5
1.0
0.5
0
10

3.0

Regulation, g kWh–1
Tailpipe, g kWh–1

2.5
2.0
1.5
1.0
0.5

30
50
70
Regeneration interval, h

0

90

Fig. 11. Time averaged fuel consumptions of active
vs. assisted passive regenerations of a DPF

These results illustrate low average DPF pressure
drops although the instantaneous DPF pressure drop
could spike to high values when engine exhaust flow
rates suddenly increased. This high pressure drop
condition disappeared over time if the engine was
operated near peak power. The DPF pressure drop
returned to the dotted blue line over time due to
passive regenerations.
Field data have shown the real world ‘apparent’ ash
trapping efficiency of the DPF is approximately half
of the intial 60% assumption. A number of hypotheses
could explain this observation: (a) engine oil sulfated
ash content may be less than the specification limit
of 1%; (b) not all consumed oil may be converted
into sulfated ash and transported to the DPF; and (c)
sulfated ash may decompose to metal oxides of lower
mass during active regenerations. In practice, the ash
cleaning interval is expected to be much longer than
the initial assessment.
Conclusion
Cooled EGR, DOC and DPF are proven technologies
for meeting the US Interim Tier 4 and EU Stage III
B emission control standards for non-road diesel
applications. High trapping efficiency wall flow filters
enable flexibility in engine design, broad engine
applications and wide operating windows. The
platinum-palladium based DOC is cost effective and
robust and provides the benefit of passive regenerations
through NO2 and soot reactions. The DOC oxidises HC
and the soluble organic fraction of PM and heats the
exhaust gas for active DPF regenerations under a wide
range of exhaust flow, O2 level and inlet temperature
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Emission, g kWh–1

2.5

3.5

CO

HC

NOx

PM×10

Fig. 12. Eight mode emission results for a 9 l
non-road engine at 8000 h

conditions. The robust HC performance and thermal
inertia of a DOC are beneficial for precise control of
the DPF inlet temperature for active regenerations.
For non-road applications, passive soot regeneration
occurred extensively in the DOC-DPF system. The
aftertreament control alogrithm within the engine
management system was designed to take advantage
of this. The DOC-DPF system is less complex than
the burner-DPF alternative. A key enabler was a new
engine exhaust temperature management mode
to ensure exhaust gas temperatures are above the
DOC light-off temperature. Active regenerations are
recommended for wall flow DPF applications to
provide a reliable and robust system for diversified

25
Model predicted P, kPa

Fuel increase, %

3.0

Assisted passive regeneration
% Active regeneration

20

P at rated, 0 g l–1 soot
P at rated, 3 g l–1 soot
P at normal usage, 0 g l–1 soot
P at normal usage, 3 g l–1 soot

15
10
5
0
0

1000

2000
3000
Time, h

4000

5000

Fig. 13. Calculated DPF pressure drop over time with
and without soot
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non-road applications. Uniform HC distributions and
precise DPF inlet temperature controls are critical for
reliable active DPF regenerations. Additional vehicle
level integrations are required to effectively manage
the DOC-DPF converter skin and exit gas temperatures.
Overall, the EGR and DOC-DPF solution offers the best
in class engine and emission performance as well as
being cost effective.
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There is much interest in developing new casting
alloys and techniques for platinum. Despite numerous
advances in casting equipment and technology, there
are still many areas to improve upon which can reduce
production costs and result in a sturdier product. This
review examines the casting behaviours of 900 and
950 platinum alloys with additions to increase the
hardness. The main aim of this study was to discover
the solidification patterns of platinum alloys from
molten to the solid state, with characteristics assessed
including shrinkage porosity, gas porosity and form
filling. In addition, alloy hardness levels and the effects
of thermal post-processing of castings were explored.

Introduction
There has always been interest in improving the
casting of platinum. Following its renaissance in the
early 1990s as a popular jewellery metal there have
been many advances in materials and technologies
that have increased the quality of cast products.
Yet, despite these significant advances there remain
many areas to improve upon that can greatly reduce
production costs while also offering the consumer a
more robust product. It is widely agreed that porosity
and non-metallic inclusions are frequently found
in platinum castings, and even the best-equipped
casting operations have their fair share of rejections
and costly rework. The reasons for this are typically
attributed to platinum’s high melting temperature and
density, combined with a limited understanding of its
solidification behaviours in the various alloyed states.
With these challenges in mind, we designed a research
project to better understand the casting behaviours of
a number of platinum alloys that are in wide use today.
Although we looked at a number of characteristics in
the study, our focus was on solidification patterns of
platinum alloys from molten to the solid state.
The Cost of Quality
The market price of platinum has risen from
approximately $400 per troy ounce in the mid-1990s
to over $1500 at the time of this writing (1). This has
had an impact on the cost to manufacturers of substandard casting quality. If a product must be recast,
the inherent metal loss in the casting process will be
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increased. When surface quality is characterised by
metal to mould reaction and porosity is pervasive,
substantially more platinum will be lost or transformed
into refining dust than would be the case with a high
quality casting. The high density of platinum means
that even small volumes of the metal lost to inventory
shrinkage in the manufacturing process have a high
cost. Furthermore, platinum castings that have been
welded, soldered and blended multiple times will
undoubtedly suffer in terms of the quality of the
finished piece.
Research Objectives
A survey of platinum jewellery manufacturers (2) was
undertaken to determine what types of casting defects
were encountered most frequently. The number
one defect reported was subsurface microporosity
emerging late in the polishing process. Unfortunately,
this is the point at which manufacturers have invested
the most time and money in producing a piece, and
therefore are at risk of the greatest financial loss,
whether in the form of rework costs or outright scrap.
Other reported defects included poor reproducibility
of detail, cracking, large internal voids and shrinkage
porosity.
The primary goal of the present research project was
to generate knowledge that might aid manufacturers
who spend significantly more time finishing castings in
platinum than in other precious metal alloys because
they encounter excessive porosity. In addition, it was
also hoped that more would be learned about which
platinum alloys should perform best from a wear
resistance point of view by comparing their hardness
values. While this is by no means a comprehensive
analysis of wear resistance, it gives an indication of
the relative performance that can be expected from
each alloy. Metallurgical results, including detailed
microsections, are reported for 950 platinumruthenium, 950 platinum-cobalt, 900 platinum-iridium,
and a platinum 950 alloy containing elements that
substantially increase hardness (referred to as 950
PtCo+). Characteristics assessed include shrinkage
and gas porosity, form filling, hardness and the effects
of thermal post-processing of castings.
Solidification Characteristics
Since solidification characteristics were a key focus
of the present study, a test geometry specifically
designed to encourage directional solidification was
used in order to attain optimal results. The graduating
thicknesses, as well as the locations for the sprue/gate
attachments (indicated in blue), are shown in Figure 1.
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The casting experiments were carried out using an
induction melting machine with optical temperature
control. The aim was to investigate the difference in
solidification patterns that occur through the use of
different sprue systems, casting atmospheres and
investments. A wide variety of tests were carried
out, but this short report only includes results
for the optimised sprue approach, non-vacuum
atmosphere and a ceramic shell-type investment.
Casting parameters used are listed in Table I. In each
case two samples were prepared, using a mould
temperature of 850ºC in an argon-only atmosphere
and using a shell-type investment. Based on the
results found, these parameters are considered
sufficiently representative of the group as a whole.
Ceramic shell-type casting investments, most
commonly used in industries such as medical device,
aerospace and automotive are typically comprised of
a series of dip and stucco layers that are proprietary
to the individual foundries. A key benefit of this
system over typical jewellery investments lies with
its ability to be customised by the user for optimal
performance rather than the ‘one size fits all’ approach
found in standard off-the-shelf investments. Platinum’s
high density and melting temperature require a very
high strength and high refractory investment system
for success. Therefore, it is appropriate to use a
customised approach that takes into account both the
casting process as a whole and the specific needs of
the required geometry.
Metallographic samples were prepared from each set
of casting trials by sectioning the samples longitudinally,

4.3 mm
1.7 mm

17.3 mm

3.4 mm

1.5 mm
2.5 mm
Fig. 1. Double top sprue test geometry
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Table I
Parameters for Casting Trials Using Different Platinum Alloys
Alloy

Melting range, ºCa

Pour temperature, ºC

950 PtCo

1655–1680

1850

950 PtRu

1780–1795

1900

900 PtIr

1780–1790

1900

950 PtCo+

1640–1670

1830

a

Melting range is derived from both data found in the literature and alloy supplier information. These data originate from
different methods of determination and therefore are not always consistent

followed by a mount and polish. The results (shown in
detail in Figures 2–5) suggest that shrinkage porosity
was the dominant and most enduring defect present.
Independently of specific casting parameters, 950
PtCo performed the best from a shrinkage porosity
standpoint and 950 PtRu performed the worst. The 900
PtIr was very close to 950 PtCo, and the hard 950 PtCo+
alloy was slightly inferior to 950 PtCo with small but
consistently higher levels of microporosity.

The results from an optimised double top sprue
system, as shown in Figure 2, demonstrate that
comparably thick and multiple sprues attached to
heavy sections of the pattern were necessary for
obtaining acceptably low levels of porosity in all
platinum alloys tested. A single bottom sprue system,
shown for 950 PtRu in Figure 3, resulted in huge
voids in all alloys except the 950 PtCo, which had
somewhat less porosity than the other alloys. As one

(a)

(b)

(c)

(d)

1000 μm

Fig. 2. (a) 950 PtCo double top sprue; (b) 950 PtRu double top sprue; (c) 900 PtIr double top sprue; and
(d) 950 PtCo+ double top sprue
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1000 μm

Fig. 3. 950 PtRu single bottom sprue
would expect, shrinkage and gas porosity were found
to accumulate in areas that solidified last.
In sum, a significant reduction in porosity was
obtained for all alloys if a well-designed sprue
system was used. It is notable, however, that 950 PtRu
developed a comparably large amount of scattered
shrinkage porosity regardless of sprue system.
Form Filling
Fluidity of alloys is most often considered as
beneficial for form filling. As can be seen in
Figure 4, both of the cobalt-containing alloys in this
study easily filled a test grid pattern at the standard
pouring conditions used, while 950 PtRu and 900 PtIr
failed to achieve complete fill. Cobalt as an alloying
addition is well known for its enhancement of
fluidity, thus this result is not too surprising. Perhaps
more noteworthy is the fact that the higher fluidity
of an alloy was also critical for feeding during the
solidification process in order to minimise the
formation of shrinkage porosity. Although this
aspect has not been fully analysed, the commonly
known excellent fluidity and form filling properties
of 950 PtCo in comparison to 950 PtRu and other
alloys suggest better feeding properties during
solidification. As seen in Figure 2, the results for 950
PtCo lend support to this conclusion.

Hot Isostatic Pressing
Since none of the trials resulted in castings that were
completely free of internal porosity, it was decided to
send test samples to a thermal treatment company (3)
for a densification process called hot isostatic pressing.
This high-pressure thermal treatment, commonly
referred to by its acronym ‘HIP’, is a regularly used
process on base metal investment castings in
quality-critical industries such as medical device
and aerospace. The HIP process involves placing the
castings into a high-pressure vessel for a specified
period of time with inert gas applying pressure at
elevated temperatures. The result is densification,
which happens when the platinum’s creep resistance
is surpassed and plastic flow enables the surrounding
material to move into subsurface voids. Time at
temperature allows diffusional bonding to occur,
which eliminates any internal porosity.
For this experiment the same test geometry, alloys,
and casting parameters were used as shown in
Figure 1. The entire casting tree was sent out for
processing because the HIP process will only heal
porosity that is not exposed in any way to the surface
of the casting. Leaving the castings on the tree ensured
that any porosity under the sprues would be HIPed out
of the casting. The metallographic sections following
the HIP cycle are shown in Figure 5.
Almost no porosity was left after the HIP treatment
for all castings. Any microporosity was completely
closed, and the few smaller cavities that were still
present were probably the remainders of some larger
gas pores that did not completely close during HIP.
Grain Size and Hot Isostatic Pressing
The next phase of HIP research was conducted at a
later date and involved grain size analyses before and
after HIP for the alloys covered in the earlier part of the
study. Since the HIP process involves annealing and
creep deformation at relatively high temperatures, in
theory it can result in grain growth. While the initial
trials did indeed show grain growth, subsequent
adjustment of the HIP parameters corrected this

Fig. 4. Grid fill test for a selection of
platinum alloys

Pt 950 Co 50
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Pt 900 Ir 100

Pt 950 Ru 50

Pt 950 Co 40+
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(a)

(b)

(c)

(d)

1000 μm

Fig. 5. (a) HIPed 95 wt% Pt-5 wt% Ru; (b) HIPed 90 wt% Pt-10 wt% Ir; (c) HIPed 95 wt% Pt-5 wt% Co+; and
(d) HIPed 95 wt% Pt-5 wt% Co
condition and the same grain size could be achieved
for all alloys before and after HIP. Figure 6 illustrates
this for the 950 PtRu alloy. It was further noted that the
appearance of the grains had qualitatively changed
after HIP despite the fact that their size had remained
the same. The results of that investigation are reported
in the next section on hardness.
(a)

Hardness of Platinum Alloys
While the importance of alloyed platinum hardness
levels varies from industry to industry, it is of particular
interest for the jewellery trade. The bulk of platinum
jewellery is produced for the bridal market, thus
long-term wear resistance is of prime importance.
A very positive yet unexpected outcome of the HIP
(b)

250 μm

250 μm

Fig. 6. (a) 950 PtRu as-cast grain structure – ASTM micro grain size 4.0; and (b) 950 PtRu post hip grain
structure – ASTM micro grain size 4.0
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study was an average increase in hardness of 20% for
all the tested alloys. This increase in hardness might
have been attributed to densification resulting from
the HIP process, although the precise mechanism
for this was not abundantly clear. Next, the possible
role of age hardening during the slow cooling process
from the HIP temperature was investigated. A second
round of hardness testing was conducted on HIPed
samples after an anneal cycle at 950ºC for 15 minutes,
followed by open air cooling rather than slow furnace
cooling. The results yielded the same hardness levels
as the HIP-only condition, confirming that this was
not a result of temporary age hardening, but rather an
intrinsic hardness of HIPed product. In referring back
to the grain size analyses in Figure 6, the absence
of segregations in the grain interiors of the HIPed
samples was noted. Hence, the qualitative difference
observed was likely a result of greater homogeneity of
the hardening elements, meaning these elements were
more evenly dispersed throughout the crystal lattice
and therefore able to harden the metal to a greater
extent. This happens when alloying elements that
were previously accumulating in segregations formed
during solidification diffuse the platinum lattice more
effectively and contribute to solid solution hardening.
Table II shows hardness results before and after HIP
for the tested alloys.

hardness also impact the cost, quality and durability
of the end product. It is hoped that through this
research technical solutions have been demonstrated
that will go some way towards improving the quality
of platinum castings. Whether one finds a solution
through the improved solidification of the PtCo based
alloys, the use of HIP to densify and further harden
shrinkage-prone alloys, or the use of intrinsically
harder alloys like the PtCo+ alloy, opportunities for
real and positive improvement exist.
This is an abridged and updated version of an article
originally published as Reference (4).

Conclusions
Platinum manufacturing operations are strongly
impacted by the characteristics of the particular
casting alloys that are chosen and how well the
gating/sprue systems are engineered. Beginning
with casting and continuing all the way through to
the end use, decisions on the alloys and conditions
to use have significant cost and quality implications.
Solidification behaviours directly impact the labour
required to finish a cast platinum item, and other
characteristics such as form filling ability and
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“Modeling and Simulation of Heterogeneous Catalytic
Reactions”is the latest in a series of books by Wiley-VCH
covering various topics in catalysis and engineering.
The current title is a comprehensive textbook
designed to provide an introduction to computational
methods, aimed mainly at the research communities
in chemistry, materials science, chemical engineering
and physics, though it would also be useful additional
reading material for undergraduate students.The book
is edited by Professor Olaf Deutschmann, who holds
the Chair in Chemical Technology at the Karlsruhe
Institute of Technology in Germany, and is a good
choice for this title as his background and research
covers a range of modelling techniques in catalytic
science. Though not specifically a book concerning
platinum group metals (pgms), there are plenty
of examples shown in the text which use pgms to
illustrate concepts and applications of computational
modelling.
The first impressions were that this book attempts
to cover a huge breadth of topics in a little over 300
pages, a tall order by anybody’s measure. However, it
does in fact succeed to a large extent, by presenting an
overview to a field that is truly ‘multi-scale’. The book
tackles subjects ranging from fundamental electronic
structure theory, that describes the interactions of
atoms and molecules, all the way to continuum
approaches and reactor modelling, and everything
in between. A book tackling such a broad field
necessarily requires a superficial approach so any
potential reader must come to the book not expecting
a complete exposition of each area, but rather an
introduction and primer to further reading in each
sub-field.
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Atomic Scale Modelling
Taking the opening chapters as examples, alongside
the applications (adsorption on platinum fuel
cell catalysts, carbon monoxide oxidation using
ruthenium) the reader will find an introduction to the
basic theory and equations that are necessary to solve
computational problems at the atomic and molecular
level from fundamental electronic descriptions. This
section is highly detailed, for instance, it explains the
origins of density functional theory. Although there are
many other texts that tackle this subject in great detail
(for example, (1, 2)) the achievement of the present
book is to cut through the chaff and take the reader
straight to what they need to know. Ample references
are also provided to take the reader further.
Following the introductory chapter, the text
progresses to dynamics of molecular processes,
coarse grained dynamics in the form of Monte Carlo
simulations and micro-kinetic modelling of whole
reaction networks.
As the book progresses, larger scale phenomena
are covered, all of which are of general interest to
the catalysis community, with a few examples of
pgm applications interspersed, such as methane
combustion over platinum and catalytic partial
oxidation over rhodium catalysts. There is a general
chapter concerning modelling reaction and diffusion
in porous media, including sections on pore models
and reaction in zeolite materials. This is followed
by a chapter on more applied aspects of modelling
transport in porous media, with an emphasis on solid
oxide fuel cell materials.

the final chapter on automotive catalysis has
sections on modelling most of the technologies
available for automotive emissions control, many
of which include pgms; there are sections on NOx
traps, diesel oxidation catalysis, diesel particulate
filters, urea selective catalytic reduction, and a small
section on washcoat diffusion.

Modelling and Engineering of Systems
The final chapters focus on applications of modelling
and engineering of systems, using modelling to
help understand catalytic processes and system
design. A chapter introducing the necessary theory
of computational fluid dynamics (CFD) in catalysis
and catalytic reactors is included. This chapter is
followed by examples of the application of CFD, in
particular to monolith reactors such as those used in
automotive catalysts, which are typically platinum,
palladium and rhodium; wire gauzes, for example,
platinum-rhodium used in ammonia oxidation; and
fixed bed reactors packed with catalyst pellets.
In the last two chapters the book concentrates on
the use of modelling in steam reforming (Figure 1)
(3), and in aftertreatment catalysis, with both these
subjects being covered in some detail. In particular
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Concluding Remarks
The only two minor criticisms of the book are a
couple of typographical errors. In particular one
of the figures is impossible to understand as it
is printed, due to a misprint. There is also a fair
amount of self-citation in a couple of the chapters;
perhaps the latter is not totally surprising given that
the book chapters have been written by experts
in each chapter’s field, but nevertheless it is felt
that a slightly wider view could have been taken in
these cases.
Overall the book is a good attempt to tackle a
research topic that is very current. Indeed the book
is up-to-date and there are very recent citations, many
of which concern pgm applications in catalysis. In
summary the book is a good introduction to the
rapidly changing and wide reaching field of multiscale computational research.
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Ten application areas and ten properties of platinum
(or its alloys) are selected here to represent a “platinum
decathlon”. Platinum has a unique combination of
properties which make it eminently suitable for many
applications from jewellery to anticancer drugs, from
high-temperature engineering to a range of catalytic
applications. The 18th century French chemist Antoine
Baumé foresaw the desirability of platinum’s use in
industry and its use today in many essential areas bears
this out.

Introduction
Platinum (atomic number 78) is an element of the
third row of the transition metal series and hence is
one of the densest of metals (ca. 20 g cm–3) with a high
melting point (>1750ºC). It comprises only 1–10 ng g–1
of the earth’s crust (1) making it a genuinely rare
metal, with annual output less than a tenth that of
gold. There are only a few locations in the world
where platinum has sufficient concentration to make
mining economically viable. The largest area of this
type is the Bushveld igneous complex in South Africa,
identified by Hans Merensky in 1924. In recent times
this region has provided approximately three quarters
of the world’s platinum supply.
The specific properties of platinum have been
exploited over the years to create a range of
consumer and industrial uses. These are indicated
in Table I and below we will discuss how the
applications have arisen.

“Chymie Experimentale et Raisonnée”
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Table I
Properties

Value, units

Melting point

~1770ºC



Ductility (tensile
elongation,
annealed, room
temperature)

35–40%



Oxidation resistance:
1200ºC
1600ºC

0.1–0.3 g m–2 h–1
1.2 g m–2 h–1



Electrochemical
oxidation potential

–1.2 V



DC corrosion
resistance

5–7 mg amp–1 year–1



Relative radiopacity

30 × Ti
6.7 × Ni

Electrical
conductivity

9.937 × 106 S m–1

Creep rate:
1000ºC

0.04% h–1

Coercivity:
Pt/Co alloy

ca. 10 kOe

Common oxidation
states

0, +2, +4

Anticancer drugs



Silicones

Emissions control



Hard disks

Petrochemicals
reforming

Sensors and
thermocouples

Ammonia oxidation

















Ten Application Areas of Platinum
1. Jewellery
The values of rarity and purity, associated with its
enduring quality and resistance to tarnishing, mean
that platinum has been used for decoration since
the 7th century BC, as shown by the Thebes casket
(Figure 1). More recently, these qualities have made
platinum a very popular metal for wedding rings
(Figure 2) particularly in Asian countries and this
has accounted for significant growth in platinum
jewellery demand in China as consumer wealth has
increased.
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High-temperature
engineering

Biomedical devices

Jewellery

Applications








Fig. 1. The Casket of Thebes
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Fig. 2. Platinum wedding rings (Copyright © J. Fischer
& Sohn KG)
Each of the jewellery metals lends itself to particular
types of work related to its properties. For example,
pure gold can be used to provide large areas of
reflective finish but it is too soft (Vickers hardness 25)
for constructing many pieces and must necessarily be
alloyed with other metals. Platinum is harder (Vickers
hardness 45) but must still be alloyed with small
amounts of other metals, which can include other
platinum group metals, for jewellery use. Whereas
platinum cannot be used for large areas of reflective
finish, it is particularly suited to creating intricate
designs using laser welding (2). The whiteness of
platinum is also advantageous in not imparting any
colour when setting stones, and it can be used to
make very fine settings for holding stones which are
not possible using gold.
A common jewellery component is wire. Platinum
is formable enough that jewellery manufacturers
can melt and cast small ingots before rolling them
to rod and hand drawing to wire, allowing the wire
to be produced as it is required (3). Platinum wire is
a striking example of the ductility of platinum. The
platinum can be drawn down to 0.0006 mm diameter
for commercial supply. At that final thickness, if
the wire was drawn down from a 10 cm long, 1 cm
diameter rod, approximately 2777 km of wire could
be produced.
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2. Biomedical Devices
Biomedical devices are used inside a living body.
There is a wide range of such devices, from the
complex (pacemakers) (Figure 3) to the very simple
(bone pins to help broken bones heal correctly), and
even replacement parts (artificial knees or hip joints).
All of these have a primary requirement that they do
not harm the tissues exposed to them.
One problem suffered by in vivo devices is that
they are exposed to the body’s naturally occurring
fluids. The environment which these fluids form is
not constant; for example, the pH can change with
exertion. The fluids also contain a wide variety of
ions, including chloride ions, which are known to be
very aggressive in corrosion. As a result, biomaterials
must be resistant to corrosion in a wide range of
environments. If corrosion does occur it will result in
metal ions being released into the body. These can
be toxic to surrounding tissues, and will also interact
with the fluids, potentially forming more dangerous
compounds. Thus the corrosion resistance of
platinum makes it a good candidate for biomaterials
as it is not susceptible to this kind of reaction within
the body. As a result platinum has been used
increasingly as a biomaterial as the range of devices
has been extended.
A given device will also have other properties
required by its function. For example, one biomedical
device with increasing use is the stent (Figure 4).
Typically, this consists of a tube or scaffold and a
balloon. The stent is inserted into an artery with the
tube collapsed and carefully manoeuvred through
the artery till it is in the correct position. The balloon
is then inflated to expand the tube, then deflated
and removed. The tube must be ductile enough to
be opened, yet strong enough to remain open once
the balloon is removed. It is also highly useful to
the surgeon that the stent is radiopaque such that its
position can be seen by X-rays to assist positioning.
This can either be done through the use of marker
rings if the stent itself is made of base metal alloy, or
through construction of the stent using a platinum
alloy, for example, chromium-platinum (37% iron,
33% platinum, 18% chromium etc.) as supplied
by Boston Scientific. Since the first insertion of a
stent into a patient in 1986 the design of stents has
improved steadily. One problem which has been
addressed for coronary stents is that of restenosis
(4). This is the growth of smooth muscle cells at the
site of the injury (analogous to a scar forming over
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Platinum or
platinumiridium
through wires
for multi-pin
hermetic seal,
inside the
seal housing
(0.015”
(0.381 mm)
and 0.013”
(0.330 mm))

Platinum-iridium,
MP35N® or stainless
steel machined
parts for terminal
connector
Platinum or
platinum-iridium
wire and ribbon
multifilar coils
for high-voltage
shocking
electrodes
Titaniumnickel-coated
platinumiridium
machined parts
for passive
fixation leads

Platinum-iridium alloy
rings for shocking
electrodes

Porous titanium-nickelcoated platinumiridium helix and post
assembly for active
fixation leads
Fig. 3. An implantable cardioverter defibrillator, showing the components that are made from platinum or
platinum group metal alloys

Stent (stainless
steel, cobaltchromium, cobaltchromium with
platinum, or nitinol)

Balloon
supporting
the stent

Guidewire with coiled
platinum-tungsten tip

Fig. 4. A balloon-mounted
stent used in percutaneous
transluminal coronary
angioplasty (PTCA, or balloon
angioplasty) procedures
(Copyright © Abbott Vascular
Devices)

Marker band (platinum,
platinum-iridium or
gold)

an injury) leading to reblocking. Drug-eluting stents,
where a drug is released from a biocompatible
polymer forming the stent or a coating, can help in
reducing restenosis (5). A temporary stent procedure
can also be used to unblock arteries in the brain in
people suffering strokes. A platinum-titanium stent

168

(for example, as manufactured by Covidien) is guided
to where the clot has formed and expanded to allow
blood to reach the patient’s brain as soon as possible,
minimising ischemic damage. The clot seeps into the
mesh of the stent and after a few minutes the stent and
clot are removed together (6).
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A large number of other radiopaque platinum
marker rings are also produced for other devices
such as catheters to allow the surgeon to follow their
progress during an operation.
The
corrosion
resistance
and
electrical
conductivity of platinum have made it a metal of
choice for the electrodes used in both pacemakers
and neuromodulators, and the array of electrodes
within a cochlear implant. A much older use is as
a coating for irradiated iridium wire for localised
delivery of radiation for cancer therapy. The tip of
the iridium wire is left exposed, and the radiopaque
platinum prevents the rest of the wire from affecting
the body, allowing radiotherapy to be targeted on
specific sites.
Platinum metal is therefore used for treating many
conditions from deafness to Parkinson’s disease, to
heart conditions, to cancer (7).
3. High-Temperature Engineering
3.1 Glass Fibre Manufacture
Glass fibres are produced by passing molten glass
through a ‘bushing’ (8) (Figure 5). This consists of a
box with many nozzles in the base. The glass strands
produced from these nozzles are collected in a
variety of ways depending on the planned application
– for example the fibres may be broken by periodic
blasts of cold air to produce fibres of a known length,
or wound onto reels, or even allowed to settle into
a tangled mat (used for fibre glass insulation). The
driving force for improvements has been the desire
to fit more nozzles into a bushing, requiring the
nozzles to have the thinnest walls and be packed as

Fig. 5. Molten glass passing through a platinumrhodium ‘bushing’, which consists of a box with
many nozzles in the base, to create glass fibres (9)
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tightly as possible. The application also exerts some
high demands on the material. In order for the fibres
produced from each nozzle to be the same, the force
exerted on each nozzle by the molten glass must
remain constant. The material used must therefore
be able to retain strength, especially creep strength
(avoiding deformation over long time periods under
the influence of loads at high temperature) to avoid
the base ‘bowing’. This results in the middle of the
base sinking further than the edges, introducing a
curve, and causing the nozzles to point in different
directions, altering the forces at each nozzle. Stiffening
ribs are often added to help mitigate this. The molten
glass is also hot, alkaline and corrosive. The material
must resist oxidation and chemical attack, both from
the glass, and from impurities within the glass (for
example, sulfur).
The materials used for this application are
platinum-rhodium alloys. These have the strength
at high temperatures and general corrosion
resistance required by the application. Despite
this, the bushings still only have a production life of
approximately one year.
The requirement to fit more nozzles onto the base
of a bushing has seen an increase in numbers from 51
in the original bushings to 4000 in more recent ones.
This has been made possible by improvements in both
processing and understanding (9). For example, the
addition of rhodium improved the high-temperature
properties, but also changed the way the glass
wetted the nozzles. This made it possible to remove
a countersink previously required to stop the glass
flowing over the edges of the nozzle and coating the
bushing, thus reducing the nozzle size. The nozzles
can be made by either pressing and drilling out the
ends, or by cutting holes in the base and welding on
the nozzles. In both cases, the main limitation on how
close to each other the nozzles can be is the space
required for the processing equipment.
The ability of platinum-rhodium alloy to resist
corrosion from the glass is also important in
maintaining the purity of the glass. In recent years
this has become important for the production of
the liquid crystal flat screen displays which have
become ubiquitous in mobile phones, computers and
televisions.
3.2 Turbine Engines
Today’s civilian air fleet is propelled primarily by
turbofan jet engines. A series of fans and compressors
force air into the combustion chamber, where it is
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mixed with fuel and ignited. The gases expand and
produce thrust to power the jet. The gas temperature
rises as the gas is compressed throughout the engine,
and the efficiency of the engine rises dependent
on this gas temperature. As a result, the operating
temperature of each stage has been increased over
the years, and the materials used have therefore
had to be improved to withstand higher and higher
temperatures. The final compressor stage is now
exposed to temperatures (1500ºC or more) which are
above the melting point of the construction alloy used
(a nickel-based superalloy) under highly oxidising
conditions.
The blades need protection from these
temperatures, and this is provided both by internal
air cooling and by coatings to prevent the heat from
reaching the blade. The coating must also protect the
blade from oxidation. A platinum aluminide coating
is a well-established technology to provide oxidation
resistance (10) (Figure 6). Applying such a coating
is a multi-stage process – first a platinum coating is
applied (both aqueous and spray techniques are
used for this) then the coated blade is heated to
allow the platinum to diffuse into the nickel-based
superalloy blade. The blade is then pack aluminised,
which diffuses aluminium into the surface, forming a
platinum aluminide layer. The layer greatly improves
the oxidation resistance of the blades. As it was
formed by diffusing platinum and aluminium into the
nickel superalloy, it is well adhered to the surface.
The platinum aluminide surface also allows a further
ceramic thermal barrier layer to be applied. This
ceramic layer helps to protect the blade from the high
temperatures, but without the platinum aluminide
coating, it would not adhere to the superalloy. The

Fig. 6. In a turbine engine, a platinum aluminide
coating protects the blade from oxidation
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platinum aluminide coating allows the blades to
operate continuously for 20,000 hours, and can be
stripped and replaced once per blade.
4. Ammonia Oxidation
A major use for platinum wire is in the production
of gauzes for nitric acid production in the Ostwald
process. This is the oxidation of anhydrous ammonia
to nitrogen dioxide over platinum (today generally
a 90/10 or 95/5 platinum-rhodium alloy) at high
temperature and pressure. The nitrogen dioxide is
then reacted with water to make nitric acid. The
platinum is in the form of woven or knitted (Figure 7)
gauze sheets, and several of these sheets are stacked
into a pack.
The process is a mature technology, having been
patented by Wilhelm Ostwald in 1902. It was based
on an 1838 patent by Kuhlman on the oxidation of
ammonia over platinum sponge, which was in turn
based on a 1789 experiment by Milner who oxidised
ammonia over manganese(IV) oxide. The first plant
was built in 1906, producing 300 kg of nitric oxide
per day. By 1908 this production had been increased
tenfold. These initial plants used crimped and coiled
platinum strips, but 1909 saw the first use of platinum
gauzes. The process became much more popular in
1913 when the Haber process for the production of
ammonia was developed, and the two technologies
have been linked since then (11).

Fig. 7. Nitro-LoK was the second of the knitted gauze
products and was developed for those ammonia
oxidation plants whose main requirement is strength
and flexibility. The extra strength when compared
to the traditional knits is achieved by reducing the
central loop and creating a more uniform structure,
improving the strength by 40%
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The conditions for the Ostwald process (a typical
example is 300ºC and 9 bar pressure) are very
aggressive (12). It therefore requires a very corrosion
and oxidation resistant material, which must also
catalyse the oxidation. The platinum-rhodium alloy
used fulfils these requirements, but even such a
resistant material is slowly consumed. The gauzes
suffer from oxidation and slow loss of platinum (it
is believed that this comes from the formation of a
volatile platinum oxide). As a result, the gauzes slowly
become less efficient and need replacement. The
used gauzes are refined to recycle the platinum and
rhodium. A further gauze is fitted downstream in the
processing to catch and assist recovery of the lost
platinum. Advances in gauze and catalyst design have
also been incorporated over the years, such as the
addition of palladium to the packs to reduce platinum
loss, and the use of knitted rather than woven gauzes
to reduce production costs (13).
The Ostwald process is also a key part of the
agricultural industry as it supplies the nitrates
required for fertilisers.
5. Sensors and Thermocouples
Platinum is used for a wide range of sensor
applications. These range from thermocouples to
more modern applications such as oxygen sensors in
car exhaust systems.
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efficiently (14). The oxygen content is related to the
amount of unburned fuel remaining in the engine. The
sensor consists of a porous platinum coating on both
the inside and the outside of a zirconia tube. The tube
is closed at one end and placed in the exhaust stream.
This exposes the outside to the exhaust and the inside
remains exposed to normal air. The exhaust heats the
zirconia tube, which becomes an ionic conductor.
As the oxygen content in the atmosphere at each
platinum sensor is different, there will be a potential
difference between them. This difference is monitored,
and changes are used to control the fuel flow through
the engine to ensure that the gas/fuel mixture allows
for complete combustion of the fuel (15).
5.2 Thermocouples
A thermocouple consists of two wires of different
metals (Figure 9). When any metal is subjected
to a thermal gradient it will generate a voltage (the
Seebeck effect). If two dissimilar metals are joined
together, a potential difference will exist between
them. Using a third metal to complete the circuit
allows this potential to be measured, and compared
to the voltage generated at a known temperature. This
then allows the temperature of the joint between the

5.1 Oxygen Sensors
Oxygen sensors for car exhaust gas (lambda sensors)
(Figure 8) are used to help run a gasoline engine more

Fig. 8. Oxygen sensors for car exhaust gas (lambda
sensors) monitor oxygen levels in the exhaust gases
and provide feedback to the electronic engine
management system which controls the air to fuel
ratio (Copyright © Robert Bosch GmbH)
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Fig. 9. A thermocouple consists of two wires of
different metals joined together at one end to enable
the temperature of the joint between the two metals
to be calculated
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two metals to be calculated. Platinum and platinumrhodium alloys are used for three high temperature
standard grades of thermocouple (16). Grade B links
a 30% rhodium-platinum wire with a 6% rhodiumplatinum wire, and is used at temperatures up to
1800ºC. Type R links a 13% rhodium-platinum alloy
with pure platinum and is effective to 1600ºC. Type S
joins a 10% rhodium-platinum wire to pure platinum
and is also used to 1600ºC. Type S thermocouples
are also used as the standard of calibration for the
melting point of gold.
6. Petrochemical Reforming
The major uses of petroleum products, both as fuels
(motor, aviation and heating) and petrochemicals
(solvents, polymers and plastics) require low
molecular
weight
hydrocarbons.
However,
naturally occurring deposits contain a significant
amount of heavier compounds that are unsuitable
for these applications. During the refining of crude
oil these heavier materials must be converted
to the valuable lighter fractions by cracking and
reforming processes. Platinum catalysts, which
were first introduced by Universal Oil Products
(UOP Ltd) in 1949, play a key role in these reforming
processes (17). The catalysts offer a combination of
the hydrogen transfer properties of platinum with
the acid catalysis provided by the alumina support
treated with chloride. This allows the isomerisation
of alkanes to cyclic and branched structures and
an increase in aromatic content that improves
the octane rating. Over the years, improvements
to the catalysts have involved the addition of
promoters such as tin or rhenium and the thrifting
of the platinum loading (18). Nonetheless, despite
the recovery of platinum from used catalysts, the
increase in demand for fuels in the corresponding
period has required the steady increase in the
amount of platinum used in this way.
The ability of platinum to catalyse hydrogenation/
dehydrogenation processes also plays a role in
the production of alkenes for polymerisation. In
particular, processes to exploit the increasing
amounts of shale-derived gas are of current interest.
The dehydrogenation of propane to propene, the
monomer of polypropylene, is one such process.
Dow Texas Operations have recently announced
that a 750,000 metric tonnes per annum propene
plant, will be operational from 2015 using platinum
catalysts as part of Honeywell UOP’s OleflexTM
technology (Figure 10).
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Fig. 10. The UOP OleflexTM Process produces polymer
grade propylene from a propane feedstock (Photo
courtesy of UOP, A Honeywell Company)
7. Emissions Control
The ability of platinum to promote the oxidation of
coal gas was identified by Sir Humphry Davy in the
very earliest days in the study of catalysis (1817). This
ability to promote the oxidation of hydrocarbons and
carbon monoxide, while also allowing the reduction
of nitric oxides to nitrogen, underlies the modern
application of platinum in automobile exhaust
catalysts (three-way catalysts) (Figure 11). This has
become the largest use of platinum in the present
day. Since the introduction of the first catalysts in the
1970s, there has been continual improvement due to
the use of different promoters and support materials,
with thrifting of platinum levels and substitution
with palladium. The complex chemistry of reactions
required has resulted in complex formulations for
the catalyst coatings, with the support materials in
the form of a coating on ceramic also playing an
important part. Continuing challenges are provided
by the progressive tightening of legislative limits
around the world. Examples include the need for
better performance at low temperatures, such
as those occurring at start up of the engine, and
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Fig. 11. A three-way catalyst system which
simultaneously promotes the oxidation of
hydrocarbons and carbon monoxide, while also
allowing the reduction of nitric oxides to nitrogen

better control of nitrous oxide, which is a powerful
greenhouse gas (19).
In addition to gasoline engines, the technology has
now been developed for diesel engines. The exhaust
gas from diesel engines contains higher levels of
oxygen and more particulate carbon (soot) than
gasoline emissions so a different approach is required.
Particulate matter is removed by a diesel particulate
filter (DPF) which is periodically regenerated by
a high temperature excursion. Hydrocarbons and
carbon monoxide are oxidised with a diesel oxidation
catalyst (DOC) while reduction of nitrogen oxides
requires the addition of a reductant, usually ammonia
formed from urea injected into the exhaust stream,
and a selective reduction catalyst (SCR) (20). The
legislation to control these pollutants has now been
extended from light vehicles to heavy-duty trucks
and is being increasingly introduced to stationary
diesel engines. The geographical spread of regulation
along with the tightening of limits in mature markets
provides the demand for continued developments in
this area.
8. Hard Disks
While for many applications it is the properties of
the pure element that lead to the use of platinum, its
alloys also show useful properties that have brought
about significant applications. One such is the use of
platinum-cobalt based alloys as magnetic recording
media (21) (Figure 12). Nanoparticulate grains of
these materials create small magnetic domains with
high perpendicular anisotropy and high magnetic
coercivity, i.e. they are ‘hard’ magnetic materials
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Fig. 12. Platinum-cobalt based alloy in a hard disk
drive
providing permanent magnets. This has led them
to being chosen as the materials of choice for
magnetic data storage devices such as hard disks.
In maximising the efficiency of data storage, it is
important that the magnetisation is not influenced
by the magnetisation of neighbouring domains and
other local fields (degrading the data). Therefore,
high coercivity is necessary to allow domain size to
be reduced. In addition, other techniques, such as
perpendicular recording and the use of ruthenium
interlayers providing ‘antiferromagnetically-coupled
media’, have also allowed a reduction in domain
size, leading to data capacity increasing by 50% per
year or more. In the future, new modifications to the
technology such as heat-assisted magnetic recording
or patterned media will allow further increases to
data levels of up to 100 terabits per square inch (22).
With this potential it is unlikely that other data storage
methods such as the use of semiconductor materials
will match the economy of hard disks, allowing them
to remain as the preferred mass market data storage
devices for some time to come.
9. Silicone Manufacture
Despite the fact that platinum metal is relatively inert,
once dissolved (using chloride media) it displays a
rich variety of coordination chemistry leading to uses
in catalysis and biomedical applications (23).
The availability of the d-orbitals of transition
metals provides the opportunity for the formation
of coordination bonds with a wide variety of donor
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groups. The reactivity of the ligands themselves is then
modified leading to the potential for the formation
of new bonds. This leads to homogeneous catalysis
processes where, in contrast to heterogeneous
catalysis, every atom of the metal is capable of acting
as a catalytic centre. This property of platinum is
used in the preparation of a wide variety of silicone
polymers by the reaction known as hydrosilation.
Typical catalysts range from simple salts such as
potassium hexachloroplatinate(IV) to complexes
such as Karstedt catalyst, Figure 13. Alkenes are
inserted into silane precursors, R nSi-X(4–n) (for
example, X = H) see Figure 14 (24, 25).
Silicone polymers have widespread application
as easy-release surfaces and coatings. The different
catalysts in combination with inhibitors can be used
to control the initiation of the polymerisation, assisting
in achieving great control over the properties of the
final polymer. The catalyst (a few parts per million)
remains embedded in the polymer and so this one
of the few areas of application where recycling of
platinum does not occur.

just these properties that have resulted in platinum
giving rise to some of the most effective anticancer
agents of modern times. The first in this series of
compounds, cisplatin (Figure 15), is a remarkably
simple compound first synthesised by Peyrone in
1844. However, it wasn’t until the late 1970s that
cisplatin was licensed for cancer treatment. Since
then it has had a major impact on the treatment of
testicular and ovarian cancer and is used widely in
combination with other chemotherapeutic agents and
other treatment modalities to benefit cancer patients
(26). Other platinum drugs that have been licensed
include carboplatin and oxaliplatin (Figure 16),
extending the use of platinum agents to a wider group
of tumours (27).
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Fig. 15. cis-Diamminedichloroplatinum(II) – known as
cisplatin
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10. Anticancer Drugs
As one of the heavier transition metals the exchange
reactions of ligands bound to platinum are slow
compared to many metals, but this is not always an
undesirable feature. In order to influence the function
of cells in the body, limited reactivity is required to
allow distribution of the chemical within the body,
and in many cases strong bonding to reactive sites
is necessary to bring about therapeutic benefit. It is

+
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Si
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Sustainability
The increasing demand for platinum in a wide range
of applications, some of which we have illustrated
above, has in recent times been met by increased
mine output. However, due to its high value in
scrap, platinum has always been recycled where
possible, for example, nitric acid gauzes, glass fibre
bushings and reforming catalysts. In recent years,
networks have been established for the recycling of
automotive emission catalysts and this is playing an
ever increasing role in the global platinum market.
With the growth in the use of exhaust catalysts in
developing countries and applications to a wider
variety of engines, this can only increase. Although
economic mineral resources of platinum are limited, it
is clear that the market mechanisms exist to maintain
supplies of platinum that will allow its unique benefits
to be widely exploited now and in the future.
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Fig. 14. Use of platinum catalysis in the preparation of silicone materials

174

© 2012 Johnson Matthey

http://dx.doi.org/10.1595/147106712X650811

•Platinum Metals Rev., 2012, 56, (3)•

Properties and Applications of Refractory and
Platinum Group Metals for the Contact with Glass
Melts”, glasstech 2006, Düsseldorf, Germany, 24th
October, 2006
10 R. G. Wing and I. R. McGill, Platinum Metals Rev., 1981,
25, (3), 94
11 L. B. Hunt, Platinum Metals Rev., 1958, 2, (4), 129
12 “Catalyst Handbook”, 2nd Edn., ed. M. V. Twigg,
Manson Publishing Ltd, UK, London, 1996
13 B. T. Horner, Platinum Metals Rev., 1993, 37, (2), 76
14 P. T. Moseley, Meas. Sci. Technol., 1997, 8, (3), 223
15 J. Riegel, H. Neumann and H.-M. Wiedenmann, Solid
State Ionics, 2002, 152–153, 783
16 ‘Platinum Thermocouples’, in R. E. Bedford, G. Bonnier,
H. Maas and F. Pavese, “Techniques for Approximating
the International Temperature Scale of 1990”,
Organisation intergouvernementale de la Convention
du Mètre, Bureau International des Poids et Mesures,
Sèvres, France, 1990 (reprinted 1997), Chapter 9: http://
www.bipm.org/en/publications/its-90_techniques.
html (Accessed on 17th May 2012)
17 S. W. Curry, Platinum Metals Rev., 1957, 1, (2), 38
18 M. Moser and C. C. Sadler, ‘Reforming–Industrial’, in
“Encyclopedia of Catalysis”, John Wiley and Sons, Inc,
New York, USA, 2010

Fig. 16. Platinum anticancer drugs

19 P. J. Millington and A. P. E. York, Platinum Metals Rev.,
2012, 56, (1), 58

References

20 R. M. Heck, R. J. Farrauto and S. T. Gulati, “Catalytic Air
Pollution Control: Commercial Technology”, 3rd Edn.,
John Wiley & Sons, Inc, Hoboken, New Jersey, USA,
2009, 522 pp

1 C. M. Rao and G. S. Reddi, Trends Anal. Chem., 2000,
19, (9), 565
2 J. C. Wright, Platinum Metals Rev., 2002, 46, (2), 66
3 C. Tse, ‘Manufacturing Platinum Wire by Hand’:
http://www.platinumguild.com/files/pdf/V5N5W_
manufacturing_platinum.pdf (Accessed on 15th May
2012)

21 M. Nakano, N. Fujita, M. Takase and H. Fukunaga, Elect.
Eng. Jpn., 2006, 157, (4), 7
22 “Developments in Data Storage: Materials Perspective”,
eds. S. N. Piramanayagam and T. C. Chong, John Wiley
and Sons, Inc, Hoboken, New Jersey, USA, 2012

4 Drug-Eluting Stent Overview: http://www.ptca.org/
stent.html (Accessed on 15th May 2012)

23 J. M. Fisher, R. J. Potter and C. F. J. Barnard, Platinum
Metals Rev., 2004, 48, (3), 101

5 “Drug-Eluting Stents for Treatment of Coronary Artery
Disease”, NICE technology appraisal guidance 152,
National Institute of Health and Clinical Excellence,
London, UK, 2008

24 L. N. Lewis, J. Stein, Y. Gao, R. E. Colborn and G.
Hutchins, Platinum Metals Rev., 1997, 41, (2), 66

6 C. Brekenfeld, G. Schroth, P. Mordasini, U. Fischer, M.-L.
Mono, A. Weck, M. Arnold, M. El-Koussy and J. Gralla,
Am. J. Neuroradiol., 2011, 32, 1269
7 A. Cowley and B. Woodward, Platinum Metals Rev.,
2011, 55, (2), 98
8 K. L. Loewenstein, Platinum Metals Rev., 1975, 19,
(3), 82
9 M. Koch and D. Lupton, ‘Design and Manufacture of
Bushings for Glass Fibre Production’, in “Production,

175

25 D. Troegel and J. Stohrer, Coord. Chem. Rev., 2011, 255,
(13–14), 1440
26 “The Discovery, Use and Impact of Platinum Salts as
Chemotherapy Agents for Cancer”, eds. D. A. Christie
and E. M. Tansey, Wellcome Witnesses to Twentieth
Century Medicine, Vol. 30, Wellcome Trust Centre for
the History of Medicine at UCL, London, UK, 2007
27 “Platinum-Based Drugs in Cancer Therapy”, eds. L. R.
Kelland and N. P. Farrell, ‘Cancer Drug Discovery and
Development; 7’, Humana Press Inc, Totowa, New
Jersey, USA, 2000

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (3)•

http://dx.doi.org/10.1595/147106712X650811

Useful Additional Information Sources
D. McDonald and L. B. Hunt, “A History of Platinum and its
Allied Metals”, Johnson Matthey, London, UK, 1982:
http://www.platinummetalsreview.com/resources/
history-of-platinum-2/
Platinum Metals Review: http://www.platinummetalsreview.com/
Platinum 2012: http://www.platinum.matthey.com/publications/
pgm-market-reviews/archive/platinum-2012/
PGM Database: http://www.pgmdatabase.com/
Platinum Today: http://www.platinum.matthey.com/

The Authors
Chris Barnard is a Scientific
Consultant in the Catalysts
and Materials group at
the Johnson Matthey
Technology Centre, Sonning
Common, UK, with interests
in homogeneous catalysis
employing the platinum
group metals. He is also
interested in the application
of platinum compounds as
cancer therapy.
Andrew Fones is a
Research Scientist at
the Johnson Matthey
Technology Centre,
UK, working in the
Platinum Group Metals
Applications group. He is
a corrosion scientist with
a materials background,
interested in the effects
of platinum group metals
doping on alloys.

176

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (3), 177–180•

International Solvent Extraction
Conference – ISEC 2011
Refining and processing of platinum group metals at the 19th ISEC
http://dx.doi.org/10.1595/147106712X645673

Reviewed by Neil Davidson
Johnson Matthey Technology Centre, Sonning Common,
Blounts Court, Reading RG4 9NH, UK
Email: neil.davidson@matthey.com

http://www.platinummetalsreview.com/

The 19th International Solvent Extraction Conference
(ISEC 2011), with the theme of building bridges
between industry and academia (1, 2), was held in
Santiago, Chile, between 3rd and 7th October 2011. It
was the first time this conference had been held in
South America and it was located there to recognise
the large amount of solvent extraction research being
carried out to support the continent’s mining industry,
especially copper mining. The conference was
attended by over 350 delegates from around the world
and over 200 papers were presented.
Presentations were given in three parallel sessions
covering a range of eight different topics. The session
topics were:
 Industrial practices and new projects;
 Hydrometallurgy and metals extractions;
 Nuclear fuel reprocessing;
 Process chemistry and engineering;
 Analytical and preparative applications;
 Biotechnology, pharmaceuticals, life science
products and organic products;
 Fundamentals;
 Novel reagents, materials and techniques.
There were also eight excellent plenary lectures
over the course of the conference with poster sessions
interspersed between the oral presentations. Although
the focus of the metal refining in South America is on
Cu there were still a number of papers and posters
presented on developments in platinum group metal
(pgm) refining and processing.This review only covers
the papers and posters which involved the pgms.
Comments on the papers are split into the different
session topics under which they were presented and
their ISEC paper numbers (as found on the CD of
papers accompanying the proceedings (1)) are given
in brackets.
Hydrometallurgy and Metal Extractions
Sarah Belair (Johnson Matthey Technology Centre
(JMTC), UK) and coworkers from Anglo Research,
South Africa, (ISEC Paper No. 54) presented an
interesting paper on a new solvent extraction system
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that could be used to separate ruthenium, iridium and
rhodium. The process involved nitrosylating the Ru to
produce extractable Ru nitrosyl species.These species,
along with some Cu can then be separated from the
non-extractable Ir(III) and Rh(III) species using a 0.5 M
amide solution in TMCH. The raffinate could then be
oxidised to produce a solution containing Ir(IV) and
Rh(III) from which the Ir(IV) could be extracted using
the same solvent system. Due to the success of this
process a degradation study was carried out which
simulated the industrial process and the results were
presented in a separate paper (ISCE Paper No. 178) in
the Fundamentals section.
Fundamentals
Following on from Sarah Belair’s paper (ISCE Paper No.
54) on the separation of Ru, Ir and Rh, Barbara Breeze
and coworkers (JMTC, UK) (ISCE Paper No. 178)
presented a poster detailing the degradation study
carried out on the proposed solvent system (Figure 1).
The stability of the organic phase (0.5 M amide in
TMCH) in both acidic non-oxidising conditions and
acidic oxidising conditions was determined. In the
case where no oxidant was added the performance of
the organic phase remained constant over the course
of the trial. However in the case where oxidant was
added there was a noticeable decrease in extraction

0.5

1.0

1.5

2.0

2.5

36 days
29 days
22 days
15 days
8 days
3.0

Retention time, min
Fig. 1. The gas chromatography-flame ionisation
dectector (GC-FID) trace of the impurity region of
the organic phase during the extraction degradation
study of ruthenium

178

performance when using the aged organic phase.
Gas chromatography-mass spectrometry (GC-MS)
data revealed that the organic phase had degraded
forming mostly chlorinated derivatives of TMCH. This
showed that the oxidising conditions present in the Ir
extraction caused the TMCH to degrade casting doubt
on the suitability of this process (Figure 2).
Another solvent extraction system was investigated
by Basudev Swain (Indiana University Southeast,
USA) and coworkers from the Korea Institute of
Geoscience and Mineral Resources, Korea, (ISEC
Paper No. 182) in which they used Alamine 300 (trin-octylamine) to separate platinum and palladium
from a chloride medium. Two methods of separation
were investigated: the selective extraction of Pt leaving
Pd in the raffinate; and the co-extraction of Pt and Pd,
followed by selective stripping of Pt first and then Pd.
A very high separation factor between Pt and Pd was
achieved when the organic phase (0.005 M Alamine
300 and 5% TBP in kerosene) was contacted with a
solution of Pt and Pd in a saturated aqueous sodium
chloride solution. The separation factor dropped by a
factor of almost 20 when 0.5 M hydrochloric acid was
used instead of saturated NaCl. The selective stripping
of Pt could be achieved by using 0.05 M sodium
thiocyanate followed by the selective stripping of Pd
using 0.1 M thiourea in 0.5 M HCl.

36 days
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3 days
0.5

1.0

1.5
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Clean org

2.5
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3.0

Fig. 2. The GC-FID trace of the impurity region of
the organic phase during the extraction degradation
study of iridium

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (3)•

http://dx.doi.org/10.1595/147106712X645673

Matthew Wilson (The University of Edinburgh,
UK) and coworkers from JMTC, UK, (ISEC Paper No.
188) presented a paper evaluating the performance
of a simple aldoxime (4-tert-butylbenzaldehyde
oxime) and ketoxime (4-tert-butylacetophenone
oxime) as extractants for Pd(II) from acidic chloride
solutions. The aldoxime showed faster extraction
kinetics and reached a higher level of extraction
than the ketoxime but this could have been because
the ketoxime is more susceptible to hydrolysis and
not because the aldoxime is intrinsically a better
extractant.
The idea of moving away from the traditional
organic-aqueous solvent extraction systems seems
to be a growing area of interest with the possibility
of replacing the organic phase with an aqueous
polymer phase. Kun Huang and coworkers (Institute
of Process Engineering, Chinese Academy of Sciences,
Beijing, China) (ISEC Paper No. 190) demonstrated the
possibility of using aqueous two-phase extraction to
extract Pt, Pd and Rh. This technique avoids the use
of an organic solvent which has been proposed to be
advantageous for safety and environmental reasons.
EO-PO in sodium sulfate solution was used as the
second aqueous phase and it was found that the
extraction occurred by ion exchange at the interfaces
of the micellar microphases produced during mixing.
By changing the concentration of Na2SO4 it was
possible to control the mass transfer of the different
metal ions into the micelles.

Novel Reagents, Materials and Techniques
John Ralston (Ian Wark Research Institute, University
of South Australia, Australia) and coworkers from
The University of Tokyo, Japan, (ISEC Paper No. 214)
presented a paper on process intensification of solvent
extraction systems using microfluidics. Microfluidics
involves using small chips to contact two phases under
laminar flow conditions resulting in a very high surface
area to volume ratio as shown in Figure 3 (3). He
showed that these chips could cope with fine silica
particles in the feed without forming crud. Although
the examples presented involved Cu extraction this
technology has the potential to increase the efficiency,
yield and containment of a solvent extraction process
and so is of great interest to pgm refining.
The extraction of metals from spent nuclear fuel
has the additional problem of ionising radiation and
so organic degradation can be a large problem. Yuji
Sasaki (Japan Atomic Energy Agency, Japan) and
coworkers from Ibaraki University and the Tokyo
Institute of Technology, Japan, (ISEC Paper No. 219)
presented a paper detailing a novel complexing
agent for Pd(II), technetium(VII) and rhenium(VII)
for the recovery of these metals from radioactive
waste. Several IDAAs were synthesised and showed
promising extraction properties from a nitric acid
medium. Little degradation was observed when the
extractant was exposed to gamma radiation and acid
suggesting that with further development these could
be promising extractants.

Cu2+
Extractant
Cu complex
Silica particles

(a)

Organic
Aqueous

Product

Fig. 3. Schematic of a solvent extraction
microchip: (a) two liquids meet, flow in
parallel through the extraction channel,
and separate at a Y-junction; (b)
cross-section of the extraction channel,
showing the channel dimensions and
the liquid–liquid interface. Flow is partly
stabilised by a guide structure; (c) image
of microchip mounted in an aluminium
chip holder with fluid connections
(Reprinted from (3) with permission
from Elsevier)

(c)
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Waste/recycle
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160 m
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Glossary
TMCH:
EO-PO:
IDAA:
TBP:

3,3,5-trimethylcyclohexanone
polyethylene oxide-polypropylene oxide random block copolymer
2,2'-(imino)bis(N,N-dialkylacetamide)
tributyl phosphate

Conclusions
Once again the ISEC was a highlight on the calendar for
anyone working in the field of solvent extraction. The
conference, with its very well attended short course on
the solvent extraction of base metals and its technical
tour of some of Chile’s Cu mines and plant (Figure 4),
was a great success. Solvent extraction remains one
of the most attractive options for pgm separation and
thus this is the best forum to share ideas. The organisers
succeeded in bringing engineers, researchers,
academics and consultants together to discuss the latest
issues, best practices and new technologies in the field
of solvent extraction and they are to be congratulated on
a very well-run conference. The next ISEC conference,
ISEC 2014, will be held in Würzburg, Germany, between
8th and 12th September 2014 (4).
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The crystallographic properties of palladium at
temperatures from absolute zero to the freezing point are
assessed following a review of the literature published
between 1901 to date. However values above 1100 K
are considered to be highly tentative since they are
based on only one set of measurements. Selected values
of the thermal expansion coefficient and measurements
of length change due to thermal expansion have been
used to calculate the variation with temperature of
the lattice parameter, interatomic distance, atomic and
molar volumes and density.The data is presented in the
form of Equations and in Tables whilst a comparison
between selected and experimental values is shown in
the Figures.

This is the fifth in a series of papers in this Journal on
the crystallographic properties of the platinum group
metals (pgms), following two papers on platinum
(1, 2) and one each on rhodium (3) and iridium (4).
Like these metals palladium exists in a face-centred
cubic (fcc) structure (Pearson symbol cF4) up to the
melting point which is a secondary fixed point on
ITS-90 at 1828.0 ± 0.1 K (5).
In the low-temperature region, high precision
experimental thermal expansion values were
available up to 283 K (6–9) and were correlated
using a relationship between thermal expansion and
specific heat as explained in the earlier review on
platinum (1). The adoption of this procedure leads
to a very close agreement with length change values
obtained from both dilatometric (10) and lattice
parameter measurements (11) and below 293 K
the crystallographic properties of palladium can be
considered as being known with a high degree of
confidence.
In contrast, in the high-temperature region there
have been a significant number of determinations
of thermal expansion but few correlate with the lowtemperature data and the selected thermal expansion
curve must to a certain extent be considered as being
tentative, especially above 1100 K where the values are
essentially based on a single data point at the freezing
point. Because of the quality difference between the
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high- and low-temperature data they are considered
separately in this review, with the low-temperature
data used to obtain the selected values at the pivotal
temperature of 293.15 K.
Thermal Expansion
Low-Temperature Region
The thermodynamic thermal expansion coefficient,
, is based on a combination of the measurements of
Waterhouse and Yates (6) and Bailey et al. (7) (from
30 K to 270 K) and White and Pawlowicz (8) (from 3 K
to 85 K and at 283 K) except that the value at 283 K
was amended by White (9) to 11.70 ± 0.10 × 10–6 K–1.
The correlated thermal expansion coefficients can
be calculated from Equations (i) to (iii) where the
specific heat (Cp) measurements for Equations (ii)
and (iii) are those selected by the present author in
an earlier review of the thermodynamic properties
of palladium (12). Equation (i) is accurate to
± 1 × 10–9 K–1, Equation (ii) to ± 2 × 10–8 K–1 and
Equation (iii) to ± 4 × 10–8 K–1 overall but with an
accuracy of ± 1 × 10–7 K–1 above 150 K. Because the use
of Equations (ii) and (iii) requires a knowledge of the
specific heat values then they can also be represented
by a series of spline-fitted polynomials, Equations (iv)
to (ix). The equations are given in the box below with
derived values of low-temperature crystallographic
properties given in Table I. The accuracies suggested
for the low-temperature thermal expansion equations

and for lattice parameter, density and atomic volume
at 293.15 K can be considered as applying directly to
all values in the low-temperature region due to the
precision accuracy of the thermal expansion equations.
On the basis of the expression:
100 × (L/L293.15 K (experimental) – L/L293.15 K (calculated))
where L/L293.15 K (experimental) is the experimental length
change relative to 293.15 K and L/L293.15 K (calculated) is
the relative length change calculated from the selected
values for , length change values calculated from the
dilatometric measurements of Nix and MacNair (10)
(from 86 K to 299 K) overall agree with the selected
values given by Equations (i) to (ix) to within 0.002. A
single measurement of Henning (13) at 82 K is 0.001 low
and a value of Scheel (14) at 83 K is 0.002 low. Length
change measurements calculated from the lattice
parameter measurements of King and Manchester (11)
(from 6 K to 293 K) overall agree to within 0.004 but
other low-temperature lattice parameter measurements
show poorer agreement.Values of Nagender-Naidu and
Houska (15) at 80 K and 195 K are both 0.014 high,
a measurement by Abrahams (16) at 4 K is 0.090
high whilst a single measurement by Balbaa et al.
(17) at 77 K is 0.022 low. Of the lattice parameter
measurements given over a range of temperatures,
those of Smirnov and Timoshenko (18) (from 77 K to
300 K) were only shown graphically, with actual data
points being given by Touloukian et al. (19) which

Table I
Low-Temperature Crystallographic Properties of Palladium
Temperature, Thermal

Length

Lattice

K

change,

parameter, distance,

expansion
coefficient,
–6

0
10
20
30
40
50
60
70
80
90
100
110

–1

, 10 K
0
0.085
0.436
1.23
2.38
3.63
4.76
5.76
6.63
7.36
7.98
8.47

a/a293.15 K
× 100, %
–0.2378
–0.2378
–0.2376
–0.2368
–0.2350
–0.2320
–0.2278
–0.2225
–0.2164
–0.2094
–0.2017
–0.1935

a, nm
0.38810
0.38810
0.38810
0.38810
0.38811
0.38812
0.38813
0.38815
0.38818
0.38821
0.38824
0.38827

Interatomic
d, nm
0.27442
0.27442
0.27443
0.27443
0.27443
0.27444
0.27445
0.27447
0.27448
0.27450
0.27452
0.27455

volume,
–3

10 nm
14.614
14.614
14.614
14.614
14.615
14.616
14.618
14.620
14.623
14.626
14.629
14.633

Density,

Molar

Atomic
3

volume,
–6

10 m
mol–1
8.800
8.800
8.801
8.801
8.801
8.802
8.803
8.804
8.806
8.808
8.810
8.812

kg m–3

3

12093
12093
12092
12092
12092
12090
12089
12087
12085
12082
12079
12076
(Continued)
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Table I (Continued)
Temperature, Thermal

Length

Lattice

K

expansion

change,

coefficient,

a/a293.15 K

120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
293.15

–1

, 10 K
8.88
9.23
9.53
9.80
10.03
10.24
10.42
10.59
10.74
10.89
11.02
11.14
11.26
11.37
11.47
11.56
11.65
11.74
11.77

× 100, %
–0.1848
–0.1758
–0.1664
–0.1567
–0.1468
–0.1367
–0.1264
–0.1159
–0.1052
–0.0944
–0.0835
–0.0724
–0.0612
–0.0499
–0.0385
–0.0270
–0.0154
–0.0037
0

Molar

Density,

parameter, distance,

volume,

volume,

kg m–3

a, nm

10–3 nm3 10–6 m3

0.38830
0.38834
0.38837
0.38841
0.38845
0.38849
0.38853
0.38857
0.38861
0.38865
0.38870
0.38874
0.38878
0.38883
0.38887
0.38891
0.38896
0.38901
0.38902

indicated a bias of 0.011 low below 220 K. Values of
Lawson et al. (20) (from 15 K to 300 K) are also shown
only graphically but estimates suggest deviations
of 0.012 to 0.019 high, whilst the measurements of
Schröder et al. (21) (from 91 K to 1809 K) are initially
0.044 low before converging to selected values in the
room temperature region. Similarly the dilatometric
measurements of Masumoto and Sawaya (22) (from
125 K to 1184 K) show the same behaviour being
initially 0.084 low. Deviations of the last two sets of
measurements are shown in Figure 1.
High-Temperature Region
There have been a significant number of determinations
of thermal expansion in the high-temperature region
but of these only length change measurements
derived from the lattice parameter measurements of
Owen and Jones (23) (from 283 K to 559 K), Dutta and
Dayal (24) (from 298 K to 1151 K) and Rao and Rao
(25) (from 296 K to 1063 K) show any agreement with
the low-temperature data. It was found that continuity
with the low-temperature selected values could best
be achieved if Equation (iii) was extrapolated to 500 K
and length change values obtained by integrating this
equation were combined with the measurements of
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d, nm
0.27457
0.27460
0.27462
0.27465
0.27467
0.27470
0.27473
0.27476
0.27479
0.27482
0.27485
0.27488
0.27491
0.27494
0.27497
0.27500
0.27504
0.27507
0.27508

14.637
14.641
14.645
14.649
14.653
14.658
14.662
14.667
14.672
14.677
14.681
14.686
14.691
14.696
14.701
14.706
14.711
14.717
14.718

mol–1
8.814
8.817
8.819
8.822
8.825
8.827
8.830
8.833
8.836
8.838
8.841
8.844
8.847
8.850
8.853
8.856
8.859
8.863
8.864

12073
12070
12067
12063
12060
12056
12052
12048
12044
12041
12037
12033
12029
12025
12020
12016
12012
12008
12007

Rao and Rao for the range 873 K to 1063 K. In order
to extend beyond this temperature limit it was noted
that length change values derived from the lattice

0

90

140

Temperature, K
190
240

290

–0.02

Deviation

–6

Atomic

Interatomic

–0.04
–0.06
Ref. (21)
–0.08

Ref. (22)

–0.10
Fig. 1. The difference between length change
values calculated from Equations (i) to (ix) and
experimental length change values of Schröder et
al. (21) and Masumoto and Sawaya (22) for the lowtemperature region
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low at 1200 K but are still 0.061 low at the freezing
point. The exceptions to these trends are the
measurements of Masumoto and Sawaya (22) (from
318 K to 1184 K in the high-temperature region)
which deviate to a maximum of 0.057 high at 877 K
whilst the volume ratios of Hüpf and Pottlacher (28)
(from 1300 K to 1828 K) trend from initially 0.25 high
to 0.050 high. The measurements of Masumoto and
Sawaya (22) and Masumoto et al. (34) were only
shown graphically with actual data points being
given by Touloukian et al. (19). Figure 2 shows hightemperature values that differ from Equation (x) by
less than 0.12, whilst Figure 3 includes those values
that differ by more than 0.12.
In their review of the thermal expansion of palladium,
Touloukian et al. (19) appeared to have favoured the
same set of lattice parameter measurements as used
in the present review but although acknowledging
in a table that the thermal expansion at 293 K was
11.8 × 10 –6 K–1, in agreement with the present selection,
their actual equations representing length change
values led to a value of 12.1 × 10 –6 K–1 at 293 K which
appears to have no basis. However in spite of these
different approaches the agreement between the
presently selected values and those of Touloukian et al.
Ref. (13, 30)
Ref. (22)
Ref. (26)
Ref. (27)
Ref. (31)
Ref. (33)
Ref. (34)

0.06
0.04
0.02
0
Deviation

parameter measurements of Filipponi et al. (26) (from
1249 K to 1769 K), direct density measurements of
Stankus and Tyagel’skii (27) (from 293 K to 1827 K) and
volume ratio measurements of Hüpf and Pottlacher
(28) (from 1300 K to 1828 K), although disagreeing
with the selected values at 1100 K, converged when
approaching the freezing point which on the basis
100L/L293.15 K leads to values of 2.41, 2.35 and 2.46
respectively. Since the last two values straddle the
lattice parameter value then the latter is selected.
However, possibly because of the large interval from
1100 K to the freezing point, it was found that standard
polynomial fits showed abnormal behaviour with a
sudden very sharp increase in the thermal expansion
coefficient above about 1300 K, which is considered to
be unnatural behaviour. Therefore, in this special case,
a non-standard polynomial, Equation (x), was selected
in which the thermal expansion coefficient increases
in a more natural manner.
On the same basis as used to represent deviations
of the low-temperature data, i.e. lattice parameter
measurements not used in the fit, those of Owen and
Jones (23) on average agree with the selected values
to within 0.002 whilst the measurements of Dutta and
Dayal (24) trend to a maximum of 0.031 high. The
measurements of Schröder et al. (21) initially agree
closely to 500 K and then deviate sharply to 0.39 low at
1809 K. A single measurement of Bidwell and Speiser
(29) at 1173 K biases 0.029 low.
Dilatometric measurements in the hightemperature region generally show satisfactory
agreement with each other and form a consistent set
of data. They are nevertheless incompatible with the
low-temperature values and lead to deviations from
Equation (x) as shown in Figures 2 and 3, except
for the measurements of Scheel (14) (from 83 K to
373 K) which agree with the selected values. The
measurements of Holborn and Day (30) (from 273 K
to 1273 K) and Henning (13) (from 289 K to 1273 K
in the high-temperature region) both shown an
identical trend to 0.067 low whilst the measurements
of Holzmann (31) (from 293 K to 1257 K) trend to
an average of 0.091 low above 1064 K and those of
Krikorian (32) (from 298 K to 1273 K) trend to 0.063
low. The measurements of Vest (33) (from 293 K
to 1068 K) trend to 0.085 low whilst smooth values
derived from the measurements of Masumoto et al.
(34) (from 296 K to 862 K) trend to 0.084 low. The
density measurements of Stankus and Tyagel’skii
(27) (from 293 K to 1827 K) converted to length
change values show a maximum deviation of 0.099

Temperature, K
300

700

1100

1500

1900

–0.02
–0.04
–0.06
–0.08
–0.10
–0.12

Fig. 2. The difference between length change values
calculated from Equations (x) and experimental
length change values of Henning (13), Masumoto
and Sawaya (22), Filipponi et al. (26), Stankus and
Tyagel’skii (27), Holborn and Day (30), Holzmann
(31), Vest (33) and Masumoto et al. (34) for the hightemperature region
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0.3

L/L293.15 K (obs) – L/L293.15 K (calc)

0.2
0.1
0
300

Temperature, K
700

1100

1500

1900

–0.1
–0.2
–0.3

Ref. (21)
Ref. (28)

–0.4

Fig. 3. The difference between length change values
calculated from Equations (x) and experimental
length change values of Schröder et al. (21) and Hüpf
and Pottlacher (28) for the high-temperature region
(expanded scale)
which extend to 1200 K show a reasonable agreement
with a maximum deviation of their values of only 0.012
low at 1000 K.

The Lattice Parameter at 293.15 K
The values of the lattice parameter, a, given in Table
III represent a combination of those values selected
by Donohue (35) and more recent measurements.
Values originally given in kX units were converted
to nanometres using the 2010 International Council
for Science: Committee on Data for Science and
Technology (CODATA) Fundamental Constants (36)
conversion factor for CuK1, which is 0.100207697 ±
0.000000028 whilst values given in ångströms (Å) were
converted using the default ratio 0.100207697/1.00202
where the latter value represents the old conversion
factor from kX units to Å. Lattice parameter values
were corrected to 293.15 K using the values of the
thermal expansion coefficient selected in the present
review. Density values given in Tables I and II were
calculated using the currently accepted atomic
weight of 106.42 ± 0.01 (37) and an Avogadro constant
(NA) of (6.02214129 ± 0.00000027) × 1023 mol–1 (36).
From the lattice parameter value at 293.15 K selected
in Table III as 0.38902 ± 0.00006 nm, the derived
selected density is 12007 ± 6 kg m–3 and the molar
volume is (8.8635 ± 0.0041) × 10–6 m3 mol–1. In Tables I
and II the interatomic distance, d, is equal to a/√2
and the atomic volume to a3/4. The molar volume is
calculated as NA a3/4 which is equivalent to atomic
weight divided by density.

Table II
High-Temperature Crystallographic Properties of Palladium
Temperature, Thermal

Length

Lattice

K

expansion

change,

parameter, distance, d, volume,

coefficient,

a/a293.15 K

a, nm

293.15

, 10–6 K–1
11.77

× 100, %
0

0.38902

300

11.83

0.0081

0.38905

400

12.63

0.131

0.38953

500

13.24

0.260

0.39003

600

13.76

0.396

700

14.24

0.537

800

14.68

900

15.10

1000
1100

Interatomic Atomic

Molar

Density,

volume, kg m–3

10–3 nm3

10–6 m3

0.27508

14.718

mol–1
8.864

12007

0.27510

14.722

8.866

12004

0.27544

14.776

8.898

11960

0.27579

14.834

8.933

11913

0.39056

0.27617

14.894

8.969

11865

0.39111

0.27655

14.956

9.007

11815

0.682

0.39167

0.27695

15.021

9.046

11764

0.832

0.39226

0.27737

15.089

9.087

11712

15.50

0.987

0.39286

0.27779

15.158

9.128

11658

15.88

1.145

0.39347

0.27823

15.230

9.172

11603

1200a

16.24

1.308

0.39411

0.27868

15.303

9.216

11548

1300

16.58

1.474

0.39475

0.27913

15.379

9.261

11491

1400

16.91

1.644

0.39542

0.27960

15.456

9.308

11433

nm

(Continued)
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Table II (Continued)
Temperature, Thermal

Length

Lattice

K

expansion

change,

parameter, distance, d, volume,

coefficient,

a/a293.15 K

a, nm

1500

, 10–6 K–1
17.22

× 100, %
1.818

0.39609

1600
1700
1800
1828.0

17.52
17.80
18.06
18.13

1.995
2.175
2.358
2.410

0.39678
0.39748
0.39819
0.39840

a

Interatomic Atomic

Molar

Density,

volume, kg m–3

10–3 nm3

10–6 m3

0.28008

15.536

mol–1
9.356

11375

0.28057
0.28106
0.28157
0.28171

15.617
15.700
15.784
15.808

9.405
9.455
9.506
9.520

11316
11256
11196
11179

nm

The values above 1100 K are considered to be tentative and are given in italics

Low-Temperature Thermal Expansion Equations for Palladium
0–28 K:  = 4.15367 × 10–9 T + 4.27891 × 10–11 T 3 + 7.05954 × 10–15 T 5 – 9.39675 × 10–18 T 7

(i)

28–96 K:  = Cp (4.30784 × 10–7 + 1.79706 × 10–10 T + 1.63606 × 10–7 / T)

(ii)

96–283 K:  = Cp (3.93325 × 10–7 + 1.69782 × 10–10 T + 3.85873 × 10–6 / T)

(iii)

Low-Temperature Thermal Expansion Equations (Spline-Fitted Equations above 28 K)
28–42 K:  = 1.62297 × 10–5 – 1.74247 × 10–6 T + 6.98420 × 10–8 T 2 – 1.16942 × 10–9 T 3
+ 7.40073 × 10–12 T 4

(iv)

42–67 K:  = 8.38484 × 10–7 – 1.64721 × 10–7 T + 8.74617 × 10–9 T 2 – 1.11101 × 10–10 T 3
+ 4.87713 × 10–13 T 4

(v)

67–96 K:  = – 5.11937 × 10–7 + 2.36230 × 10–7 T – 1.43355 × 10–9 T 2 + 4.31403 × 10–12 T 3
– 4.71931 × 10–15 T 4

(vi)

96–150 K:  = – 2.14978 × 10–6 + 1.47086 × 10–7 T – 3.46315 × 10–10 T 2 – 1.96244 × 10–12 T 3
+ 8.49737 × 10–15 T 4

(vii)

150–270 K:  = – 1.39162 × 10–6 + 1.59438 × 10–7 T – 8.50840 × 10–10 T 2 + 2.25095 × 10–12 T 3
– 2.32845 × 10–15 T 4

(viii)

270–293.15 K:  = 5.04531 × 10–6 + 5.65325 × 10–8 T – 2.05622 × 10–10 T 2 + 3.97366 × 10–13 T 3
– 2.96804 × 10–16 T 4

(ix)

High-Temperature Thermal Expansion Equations for Palladium (293.15 K to 1828.0 K)
a/a293.15 K = – 3.67831 × 10–3 + 1.10122 × 10–5 T + 2.69121 × 10–9 T 2 – 2.25680 × 10–13 T 3+ 6.58134 × 10–2 / T


* = 1.10122 × 10–5 + 5.38242 × 10–9 T – 6.77040 × 10–13 T 2 – 6.58134 × 10–2 / T 2

(x)
(xi)

* is the thermal expansion coefficient relative to 293.15 K. All thermal expansion coefficients given in the tables are
in units of K–1
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Table III
Lattice Parameter Values at 293.15 K
Authors (Year)

Reference

Original

Original

Lattice

temperature,

units

parameter, a,

K,

Notes

corrected to
293.15 K, nm

Stenzel and Weerts (1931)

(38)

293

kX

0.38890

Owen and Yates (1933)

(39, 40)

291

kX

0.38906

Owen and Jones (1937)

(23)

293

kX

0.38906

Swanson and Tatge (1953)

(41)

298

Å

0.38898

Coles (1956)

(42)

295

kX

0.38909

Rayne (1960)

(43)

300

kX

0.38895

Dutta and Dayal (1963)

(24)

298

Å

0.38899

Anderson (1964)

(44)

293

kX

0.38896

Goetz and Brophy (1964)

(45)

rt

Å

0.38891

Rao and Rao (1964)

(25)

296, 298

Å

0.38906

Bidwell and Speiser (1964)

(29)

298

Å

0.38900

Maeland and Flanagan (1964) (46)

293

Å

0.38898

Catterall and Barker (1964)

(47)

295

kX

0.38910

Rao (1965)

(48)

rta

Å

0.38908

Humble (1968)

(49)

rt

Å

0.38905

Siller et al. (1969)

(50)

298

Å

0.38900

Nagender-Naida and

(15)

298

Å

0.38900

Schröder et al. (1972)

(21)

296

Å

0.38903

King and Manchester (1978)

(11)

292.7

Å

0.38876

(a)

Balbaa et al. (1987)

(17)

296

Å

0.38917

(a)

Stankus and Tyagel’skii (1992)

(27)

293

–

0.38905

(b)

Filipponi et al. (2000)

(26)

293

Å

0.38909

Houska (1971)

a

rt = room temperature

Notes to Table III
Lattice parameter value selected for the present paper = 0.38902 ± 0.00006
(a) Not included in the average
(b) Calculated from direct density measurement 12004 kg m–3

Summary
Whilst thermal expansion data for palladium below
293.15 K is of high quality, above this temperature
there is a marked lack of agreement between lattice
parameter and dilatometric determinations, with
the latter showing a particular incompatibility with

187

the low-temperature data. Whilst selected hightemperature values up to about 1100 K can be said
to be reasonably determined, above this temperature
the selected values are highly tentative and essentially
based on the selection of a single value at the freezing
point. This may be of concern since it is noted that
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the thermal expansion derivative d/dT is decreasing
at high-temperatures whereas this value would be
expected to be at least constant or even increasing.
However rather than suspect that this selected value
is too low it could be considered that the number of
acceptable data points are far too few and that further
high quality measurements are required in the hightemperature region to replace the current speculation.
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Introduction
30th November 2011 marked the 250th anniversary
of the birth of Smithson Tennant in Selby, North
Yorkshire, UK. Smithson Tennant described his
discovery of osmium and iridium in a single paper
in the Philosophical Transactions of the Royal Society
in 1804 (1). There remains a strong connection to the
Yorkshire region through BP’s use of Ir catalysts on
Humberside as part of the CativaTM process (2), the
biggest single use of Ir in the chemical industry, and
through pioneering research at the local universities.
The University of York, UK, marked the anniversary
with a public lecture by Dr Annie Hodgson in Selby
itself, followed by two events at the University, one
for schools and the public and one for scientists (3).
The schools and public event at the National Science
Learning Centre (23rd November 2011) attracted
more than 200 participants and included exhibits
from Johnson Matthey, BP and the University of York
plus two lectures. The scientific celebration at the
Department of Chemistry of the University of York
(30th November 2011) was marked with lectures
on a variety of research topics involving Ir and Os.
In addition, a historical perspective was provided by
David Lewis (a Selby chemist and local historian)
and Bill Griffith (Imperial College, London, UK). This
symposium attracted about 120 participants with
visitors from Newcastle, Manchester, Sheffield, Leeds,
Hull and Bradford. The events were sponsored by
Johnson Matthey Catalysts, BP Plc, the Royal Society
of Chemistry and the University of York.
The Discovery of Osmium and Iridium
The highlight of the first event for me was Martyn
Poliakoff’s (University of Nottingham, UK and
Foreign Secretary of the Royal Society, London,
UK) lecture; he led the audience through his own
early adventures with the Os and Ir, then onto his
role as anchorman of ‘The Periodic Table of Videos’
on YouTube with its huge following. There you will
find not only videos on the two metals, but a special
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video about their discovery by Smithson Tennant
(4). With help from the Royal Society’s archivist,
Poliakoff found the original manuscript copy of
the paper describing the discovery, complete with
numerous original corrections and an explanation of
the naming of both metals. The name of Os comes
from the Greek ‘’ – smell – for the smell that
Tennant obtained when extracting the very volatile
metallic oxide, evidently osmium tetroxide. Poliakoff
also read a letter from the President of the Royal
Society written following Smithson Tennant’s death,
suggesting that he had been about to announce his
next discovery at the time.

for photoluminescence. Moreover, the high level of
spin-orbit coupling allows 100% use of the excited
states, whether they are initially formed as singlet
or triplets. One of De Cola’s most fascinating
discoveries is that aggregation can induce
emission rather than quenching it. Thus the salts
of type [Ir(2-(4,6-difluorophenyl)pyridine)2(2,2'bipyridine)]+ [Ir(2-phenylpyridine)2(CN)2]– 1 emit
strongly and even act as white light emitters in
acetonitrile. The crystals have narrow pores between
electrostatically bound ions that can be loaded with
different solvents resulting in differently coloured
emission (6).

Organic Light-Emitting Diodes
The scientific event illustrated new applications of
both Os and Ir. Luisa De Cola (University of Münster,
Germany) gave a masterly presentation of the new
organic light-emitting diodes (OLEDs) that she has
developed, principally using Ir complexes (5). Ir
complexes are so effective for electroluminescence
in OLEDs because they have high quantum yields

Catalysis and Medical Applications
Luis Oro (University of Zaragoza, Spain) reviewed
imine hydrogenation and related reactions of iridium
dihydride complexes; for instance [Ir(H)2(6 -C6H6)(PiPr3)]BF4 2 acts as a an excellent precatalyst (7).
This lecture linked with Anna Peacock’s (University
of Birmingham, UK) demonstration that analogous
half-sandwich Os complexes OsCl(picolinate)-

–
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N
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(6 -arene) such as 3 are active anticancer agents
and can even be more effective than their ruthenium
analogues (8). Good activity depends particularly
on the pKa and the rate of hydrolysis. Simon Duckett
(University of York, UK) demonstrated how the
mechanism of reaction of Ir complexes may be
probed in the presence of para-hydrogen through the
use of para-hydrogen induced polarisation (PHIP)
of nuclear magnetic resonance (NMR) spectra. It
is possible to see reaction intermediates such as
an unstable isomer of Vaska’s dihydride complex
and probe the mechanism of reaction of anionic
Ir complexes in BP’s carbonylation processes. The
spectra of both the complexes and the reaction
products, for instance in hydrogenation, may be
enhanced by factors of hundreds or even thousands.
The most remarkable development is the use of Ir
complexes as catalysts for ligand exchange in the
presence of para-hydrogen, thereby enhancing
NMR spectra. This approach, known as signal
amplification by reversible exchange (SABRE),
allows the enhancement of spectra of nitrogen
bases without permanent coordination to the metal
in the presence of para-hydrogen and catalysts
such as [Ir(H)2(PCy3)(pyridine)3]BF4 4. SABRE
can be observed both in solution and in magnetic
resonance imaging and is under development for
medical purposes (9).

H

N
Ir

H

(b)

BF4–

N

N

4

Catalytic Applications in Organic Synthesis
Finally, Tim Donohoe (University of Oxford, UK)
demonstrated the development of Os(VI) catalysts
for oxidative cyclisation. He included examples of
isolated Os derivatives as well as simple catalysts such
as potassium osmate K2[OsO2(OH)4]. The Os complex
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Conclusion
The symposium, dubbed as a ‘scholarly birthday
party’ by Donohoe, illustrated a remarkable range of
applications of Ir and Os. I particularly enjoyed seeing
the way in which common structural types linked
totally disparate applications. The structures provided
food for thought on the question of whether research
should be led by the application or by the fundamental
chemistry. The events owed much to the inspiration
of David Lewis who helped us celebrate with a 250th
anniversary birthday cake and ale specially brewed in
Selby for the anniversary, complete with a label taken
from the blue plaque in Selby (Figure 1).

(a)

+

PCy3

is reduced to Os(IV) in the reaction and is re-oxidised
by an amine N-oxide or pyridine N-oxide. Initially, the
catalyst was used with very acidic conditions, but it
can now be employed in the presence of copper
triflate as a Lewis acid and buffered close to neutral
pH. This methodology has been demonstrated in the
synthesis of the drug target (–)-neodysiherbaine A to
make a tetrahydrofuran ring (10).

Fig. 1. (a) The 250th anniversary birthday cake for
Smithson Tennant; (b) ale specially brewed in Selby
for the anniversary
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Editors’ Note
Platinum Metals Review produced a special Virtual
Issue to celebrate the anniversary of Smithson
Tennant’s birth. Virtual Issue 3: ‘Smithson Tennant:
Iridium and Osmium’ can be downloaded from our
website at: http://www.platinummetalsreview.com/
virtual-issues-2/#VI3. The issue includes several
papers on the history of iridium and osmium and one
about Smithson Tennant himself.
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In the latest contribution to the “Springer Theses”
series, which celebrate outstanding graduate research
from the physical sciences, Shinsuke Inuki provides
a detailed account of his PhD research, entitled
“Total Synthesis of Bioactive Natural Products by
Palladium-Catalyzed Domino Cyclization of Allenes
and Related Compounds”. Inuki carried out this work
in the laboratory of Professor Hiroaki Ohno (Kyoto
University, Japan), whose young research group has
established a reputation in the field of late transition
metal-catalysed ‘cascade’ organic reactions (also
known as ‘domino’ reactions) involving alkynes
and allenes. The target audience for the book
includes practicing organic chemists with interests
in synthesis, and those with specific interests in
palladium-catalysed organic reactions, and as such is
suited to graduate level and above.
As the title suggests, the book delves extensively
into mechanistic aspects of palladium-catalysed
allene chemistry, with a focus on two reaction types:
intramolecular reactions of allenylpalladium(II)
complexes with pendant nucleophiles, and
intramolecular reactions of allenes activated by
pendant palladium(II) species (Scheme I). The
key feature of these processes is the ability of the
palladium(II) catalyst to enhance the electrophilicity
of the allene through coordination to the metal atom
in its +2 oxidation state, thus triggering nucleophilic
attack. Having established an understanding of
each metal-catalysed bicyclisation, Inuki goes on to
apply this chemistry to the synthesis of a number of
bioactive alkaloid natural products. The overall aims
of the work are firstly to extend the state of the art
in palladium-activated allene chemistry through a
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detailed investigation of the influence of substrate
stereochemistry on the selectivity and outcome of
these reactions, and secondly to demonstrate the
utility of this chemistry in the efficient assembly of
bioactive natural products. In both respects, the author
has certainly succeeded, and delivers an entertaining
and informative account of his graduate research.
For Schemes I, II and V:
Nu1 = O, N nucleophiles, 1,3-dicarbonyl enolates
Nu2 = O, N nucleophiles, alkenyl/aryl/alkynyl zinc
or copper species
R, R = alkyl, aryl
L = mono or bidentate phosphine ligands
X = halide, carbonate, acetate

Cascade (or domino) reactions are of great appeal
to organic chemists, as they allow the formation of
multiple covalent bonds in a single step, and therefore
the synthesis of relatively complex products from
simple starting materials (1); for recent reviews, see
(2, 3). In the context of this book, the palladium
catalyst is able to mediate the formation of two
covalent bonds through sequential nucleophilic
attacks on an allene, thereby building stereochemistryrich bicyclic products from acyclic starting materials.
The book begins with a short review of this reactivity,
including background work from the author’s own
group, and an outline of the topics covered in each
chapter. This introductory section also contains an
extensive selection of seminal and recent references
which the reader may consult for further details of the
discovery and evolution of this mode of palladiumcatalysed reactivity.
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Reactivity mode 2:

1
Nu
Nu1

Reactivity Mode 1: Reactions of
Allenylpalladium(II) Complexes
The second and third chapters focus on
investigations into the first mode of allene activation:
the formation of allenylpalladium(II) complexes.
These intermediates may be formed from oxidative
addition into two distinct precursors: allenyl halides
(1, Scheme II), and propargylic electrophiles 2,
which – on paper at least – deliver an equivalent
neutral 1-allenylpalladium intermediate 3 (4).
Nucleophilic attack on these species is believed to
be accelerated via formation of a non-linear cationic
3 -allenylpalladium complex 4 (5, 6), which is formed
by coordination of the second allene double bond to
the initially-formed 1-allenylpalladium(II) species
3 following loss of an anionic ligand. There are
multiple ways to represent complex 4, including the
recognition that 4 contains a π- and -coordinated
palladium atom, and can therefore be represented as
a kind of π-allyl complex 5 (the allyl complex being
coplanar with the -framework of the molecule). What
is clear and common to all representations is that
this coordination causes an increase in strain at the
central allene carbon through bending of the allene
structure (C=C=C angle ~150º), which is relieved by
nucleophilic attack with concurrent (or subsequent
rapid) protonation to give an 3 -π-allylpalladium
intermediate 6. This latter palladium(II) complex
is then susceptible to standard π-allyl nucleophilic
addition chemistry, giving rise to the corresponding
double addition product 7 – which in the case of this
work is a bicyclic structure arising from the use of
two tethered (i.e. intramolecular) nucleophiles. For
a general review of nucleophilic cyclisations onto
propargyl/allenylpalladium complexes, see (7).
Inuki investigates both allenyl and propargyl
electrophiles as sources of allenylpalladium(II)
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Scheme II. Generation of allenylpalladium(II) complexes and double addition reactions with nucleophiles

complexes, and in the second chapter begins
with reactions of bromoallenes. Throughout
his work, tetrakis(triphenylphosphine)palladium(0)
(Pd(PPh3)4) serves as the palladium precatalyst, with
a variety of bases and solvents being investigated
for their influence on the stereo- and regioselectivity
of the cyclisation events. Both are found to play an
important role; for the bromoallenes, the combination
of caesium carbonate (Cs2CO3) in a mixed
tetrahydrofuran/methanol solvent system delivers
a high yield of bicyclic product 8 (Scheme III).
Interestingly, both diastereomers of bromoallene 9
delivered the same product 8 in comparable yield,

Pd(PPh
(5 mol%),
mol%),
Pd(PPh33)4)4(5
Cs
Cs22CO
CO33(1.2
(1.2 equiv.)
equiv.),

OH
H
OH H
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(S,
(S, aS)-9
aR)-9

H
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Br
H

THF/MeOH
THF/MeOH (10:1),
(10:1),
50ºC
50
°C
89%
88%

reflecting the ability (and requirement for cyclisation)
of the palladium(II) π-allyl intermediates 10 and 11 to
interconvert via the usual π--π mechanism.
In the third chapter, Inuki contrasts the bromoallene
precursor to the 3-allenylpalladium intermediate with
propargylic chlorides and carbonates (Scheme IV).
The former react more efficiently under equivalent
conditions to the bromoallenes, delivering the
corresponding bicyclic products (E)-12 or (Z)-12
depending on which diastereomer of 13 is used as
substrate. In these cases, some monocyclic byproducts
14 were isolated which correspond to a rarely
observed direct propargylic substitution reaction,
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Scheme III. Degeneracy in the bicyclisation of allenes (S, aS)-9 and (S, aR)-9 to oxazoline 8
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Scheme IV. Cyclisation of propargylic chlorides to bicyclic products: diastereomer-dependent stereoselectivity

also likely mediated by the palladium catalyst, arising
from a choice of which of the two nucleophiles
(hydroxyl or carbonyl) reacts in the initial cyclisation
event. For a recent case where propargylic cyclisation
predominates, see (8). The corresponding propargylic
carbonates (not shown) show less reliance on the
presence of a basic additive, but give slightly inferior
yields and selectivities to the chlorides. The author
concludes this chapter by successfully converting the
cyclised products to the natural product jaspine B
(pachastrissamine) 15 (9).
Throughout these two chapters, a more in-depth
discussion of the precise mechanism of cyclisation
could have been beneficial to the reader. Certainly,
there remains controversy over the pathway of the
conversion of the cationic 3-allenylpalladium(II)
intermediate 16 to the 3-π-allylpalladium(II)
complex 17 (Scheme V) – where this pathway
could occur via a transient palladacyclobutene 18
(recent DFT calculations support the formation of

the palladacyclobutene(II) intermediate, although
its formation is distinctly less facile than the
corresponding platinacyclobutene (10), see also
(5, 6)) or a palladium carbenoid 19 (Tsuji has
performed deuterium labelling studies which lend
support to the carbenoid mechanism (11)), either of
which are converted to 17 by inter- or intramolecular
protonation (the latter is shown in Scheme V). Few
workers in the field have comprehensively examined
the influence of diastereomer stereochemistry on
this process, and the significant body of results Inuki
has gathered for these reactions may yet contain
information which reveals or supports the exact
mechanism of these cyclisations,due to the distribution
and nature of the reaction products. The source of the
allenylpalladium(II) intermediate may also be crucial,
with oxidative addition into the bromoallene being
perhaps more likely to lead to an 3-intermediate than
addition into a propargylic chloride, and certainly a
propargylic carbonate.
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Scheme V. A mechanistic dichotomy: conversion of allenylpalladium(II) to allylpalladium(II) intermediates
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Reactivity Mode 2: Palladium(II)-Promoted
Reactions of Allenes
The fourth and fifth chapters of the book switch the
focus of palladium-catalysed allene activation to
a π-acid role for the metal. Now, arylpalladium(II)
intermediates generated from oxidative addition
into pendant aryl bromides are able to activate
allenes
towards
intramolecular
nucleophilic
cyclisation. This reaction, illustrated in Scheme VI,
leads to the formation of two rings in a single step,
here corresponding to the carbon framework 20 of
the lysergol ergot alkaloids. Chapter 4 establishes
this reactivity using racemic allene substrates;
in Chapter 5, this work is extended to enantioand diastereomerically enriched substrates. The
experimental observation in this work is that the
cyclisation event proceeds in markedly contrasting
yields and diastereoselectivities depending on
the choice of allene diastereomer, with 21 giving
significantly better results than 22. Inuki provides
some rationalisation for these outcomes based
on possible reaction mechanisms. These likely
involve a choice (or competition) between allene
carbopalladation (to give a π-allyl intermediate
through C–C bond formation at the central allene
carbon, not shown) followed by aminocyclisation, or
aminopalladation of the π-activated allene 23 to give
an alkenylpalladium(II) intermediate 24 followed
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Concluding Remarks
Overall, the book is well-written and provides plenty
of food for thought for specialists in palladium(II)
chemistry, as many aspects of palladium-activated
allene reactivity are explored, but not totally solved,
in the course of this work. Being a thesis, the book
also benefits from a comprehensive experimental
section at the end of each chapter. This section
will prove most valuable to practising chemists in
this field, particularly in detailing the conditions
employed for the key palladium-catalysed cascade
cyclisations. In total, the book reflects the high
quality experimental skills of the author, and
provides a useful handbook for the synthetic
organometallic chemist. Whilst the audience
for such theses is always likely to be somewhat
specialised, the concise but clear nature of the book
retains the interest of the reader, and gives insight
into the subtleties and many reaction pathways of
palladium-activated allene chemistry.

NHTs
NHTs

H
H

N
N
Ts
Ts

by reductive elimination, with the latter being the
pathway favoured by Inuki. Although it remains
unclear from the experimental results whether one or
both of these pathways operate, synthetically useful
levels of selectivity can be obtained. This chapter
concludes with the application of this bicyclisation to
the synthesis of three lysergic alkaloids (12).
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“Platinum 2012”
Johnson Matthey’s latest review of the platinum
group metal (pgm) markets, “Platinum 2012”, was
published on 14th May 2012. It covers the trends in
supply and demand in the calendar year of 2011,
together with a market outlook for 2012.
Platinum
Platinum Market Moved into Surplus in 2011
In 2011, gross demand for platinum rose by 2% to
just under 8.1 million oz. Supplies grew to a fouryear high of 6.48 million oz while recycling rose to
2.05 million oz. As a result, the platinum market was
oversupplied by 430,000 oz.
Global Supplies Rose
Although underlying mine production in South
Africa fell by around 120,000 oz, the release of
metal from in-process and refined inventories
meant that total shipments from that country rose
by 5% to 4.86 million oz. Russian supplies grew
marginally to 835,000 oz. A ramping up of mined
output in North America following shutdowns in
2010 meant that supplies increased by 75% yearon-year to 350,000 oz. Expansion of operations
contributed to a 21% increase in platinum supplies
from Zimbabwe, to 340,000 oz.
Autocatalyst Demand Grew Modestly
Gross platinum demand in vehicle emissions
control grew by 1% to 3.11 million oz. The bulk of
the growth came from higher production of heavyduty diesel trucks. Due mainly to pent-up demand
for large trucks in North America following the
recession, purchasing of platinum for heavy-duty
emissions control increased by 27% to 515,000 oz.
However, there was lower use of platinum in
light-duty emissions systems due to substitution
by palladium, as well as reduced buying from
Japanese manufacturers in the wake of the Great
East Japan Earthquake in March 2011.
Industrial Demand for Platinum Record High
Purchasing of platinum for industrial applications
rose by 17% to 2.05 million oz in 2011, a new
record high. A combination of better economic
conditions in developed markets and strong
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Schematic of an emissions control system from
Johnson Matthey. Several of the components
contain platinum (Image © Johnson Matthey Plc)
growth in China resulted in new manufacturing
capacity being installed in a number of industrial
applications. Driven ultimately by demand for
televisions and display screens, sales of platinum
into the glass sector increased by 44% to 555,000 oz
as new liquid crystal display melting tanks were
installed in Asia. There was also strong growth
in new catalyst purchases in the petrochemical
sector.
Purchases by Jewellery Sector Robust
The jewellery manufacturing industry purchased
2.48 million oz of platinum in 2011, a 2% increase
on the previous year. Demand was boosted by
a surge in buying by the trade in China after
platinum’s price dropped below that of gold.
There was strong demand growth in India, from a
low base, as the number of retail outlets offering
platinum increased.
Investment Demand Declined
Physical investment demand for platinum
remained positive at 460,000 oz but was 30% lower
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than in 2010. There was net buying into physicallybacked exchange traded funds (ETFs), but at a
reduced level compared to the previous year. In
the Japanese large investment bar sector, there was
substantial purchasing once again during price
dips.
Palladium
Palladium Market Swung into a Surplus
Autocatalyst and industrial demand for palladium
rose, however total gross demand declined by
13% to 8.45 million oz due to a large amount of
metal from the investment sector being sold back
to the market. This contrasted with the situation
in 2010 when there was strong net investment
into newly-launched palladium ETFs. In addition,
the sale of palladium from
Russian government-controlled
inventories in 2011 meant that
the palladium market swung into
surplus by 1.26 million oz.
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competition from cheaper alternatives eroded
palladium’s market share.
Softer Jewellery Demand
Purchasing of palladium by the global jewellery
industry declined once again in 2011, to 505,000 oz.
Palladium continued to suffer from a lack of
positioning in the key Chinese market while in
Europe and North America, demand declined in
response to higher prices.
Investment Demand Turned Negative
The physical investment demand sector returned
565,000 oz of palladium to the market in 2011. Deep
sell-offs in ETFs, especially in the final quarter of
the year when prices were falling, left investment
demand in starkly negative
territory by the year-end.

Special Features
In addition to a special feature
on the Russian mining industry
(see also p. 202 in this issue),
Supplies of Palladium Almost
“Platinum 2012” includes a link
Flat
via a quick response (QR) code
Palladium supplies from South
to an online animation detailing
Africa fell as producers added
how pgms are used in heavy-duty
to stocks, while primary mined
emissions control. Upcoming
output from Russia declined
Euro VI legislation in Europe
slightly to 2.71 million oz. There Scan this QR code to access
requires the control of regulated
was growth in output from “Platinum 2012” online
pollutants including NOx and
North Americaf and Zimbabwe.
particulate matter, which will typically require
Once again, substantial quantities of palladium
a diesel oxidation catalyst, diesel particulate
were sold from Russian state stocks. However, the
filter and selective catalytic reduction plus an
volume of these shipments, at 775,000 oz, was
ammonia slip catalyst. The move from Euro V to
the lowest for several years. Overall, palladium
Euro VI generally means the addition of three new
supplies remained almost flat at 7.36 million oz.
platinum-containing catalyst components.
Purchasing Strengthened in Autocatalyst
and Industrial Applications
Availability of “Platinum 2012”
Gross demand for palladium in autocatalysts
The book can be downloaded, free of charge,
reached record levels in 2011 of 6.03 million oz. as a PDF file in English, Chinese or Russian from
Higher vehicle output in all regions apart from
Platinum Today at: http://www.platinum.matthey.
Japan as well as the greater use of palladium in
com/. The English version can be ordered in hard
light-duty diesel autocatalyst formulations helped
copy, by filling in the form at: http://www.platinum.
spur demand for palladium in emissions control. matthey.com/publications/pgm-market-reviews/
Demand for palladium in industrial applications
request-a-copy/, by emailing: ptbook@matthey.com,
increased marginally to 2.48 million oz, driven by
or by writing to: Johnson Matthey, Precious Metals
higher purchasing of process catalysts in China. Marketing, Orchard Road, Royston, Hertfordshire
In the electrical sector, purchasing softened as
SG8 5HE, UK.
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The Russian PGM Mining Industry
In the latest issue of Johnson Matthey’s annual
review of the platinum group metals (pgms),
“Platinum 2012”, Dr Jonathan Butler, Publications
Manager at Johnson Matthey, presents a special
feature giving an overview of the Russian pgm
mining industry, historically the main source of
platinum before the discovery of the Merensky
Reef in South Africa in the 1920s.
World’s Second Largest PGM Supplier
Currently, Russia is the second largest global pgm
supplier. In 2011 shipments amounted to 835,000 oz
of platinum and 3.48 million oz of palladium,
or 12.9% and 47.3% of the world’s total supplies,
respectively. However, over recent years the supply
volumes for both metals have been on the decline
due to both falling ore grades at the existing
deposits and depletion of state stocks, which in
the last 5 years have contributed 14% of global
palladium shipments.
The special feature is largely dedicated to Norilsk
Nickel, by far the major Russian pgm producer. Its
main operations both on the Taimyr Peninsula
(Oktyabrsky, Talnakh and Norilsk-1 deposits) and
on the Kola Peninsula (Pechengskoye ore field)
are based within the Arctic Circle and, unlike South
Africa, pgm output there is a byproduct of nickel
and copper extraction, so it is strongly dependent
on the economics of base metals mining.
On the Taimyr Peninsula the current falling
grades are partially compensated by the processing

of tailings from previously mined ores and also
stockpiled pyrrhotite concentrates. Exploration
confirms further massive cuprous ore deposits at
the Talnakh ore field and longer term at the new
Maslovskoye deposit.
Opportunities for PGM Mining
There is also good potential for pgm mining on the
Kola Peninsula and in adjacent Karelia. Recently
confirmed deposits in Fedorovo Pana province and
a variety of smaller deposits close to Monchegorsk
are being explored by a number of companies,
including Eurasia Mining and Barrick Gold.
Up to 20% of the platinum mined in Russia comes
from alluvial deposits, mostly from the Russian Far
East (Kondjor and Korjak-Kamchatka platinum
belt), but also the original pgm province of the
Urals mountains. The Russian Platinum Company,
owner of Kondjor, is in the process of exploring the
promising disseminated Chernogorskoye deposit
close to Norilsk-Talnakh.
Due to operational and environmental
challenges, it is concluded that Russian pgm output
will remain largely flat in the near term. However,
with significant investment, there are a small
number of new projects which have the potential
to add reasonable volumes to current pgm output.
The special feature is equipped with a useful
interactive map showing details of Norilsk Nickel’s
operations at Kola and Taimyr.
Dr MIKHAIL PISKULOV
General Manager, Johnson Matthey Moscow Office,
Ilyinka 3/8, Building 5, Office 301, 109012 Moscow,
Russia
Email: piskum@matthey.com

Metallurgical processing at Norilsk Nickel’s
Monchegorsk plant (Image © Jonathan Butler/
Johnson Matthey Plc)
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Availability of the Special Feature
The special feature can be downloaded, free of
charge, as a PDF file from Platinum Today at:
http://www.platinum.matthey.com/uploaded_files/
PT_2012/the_russian_pgm_mining_industry.pdf. The
interactive map for the Kola Peninsula can also be
accessed at: http://www.platinumtoday.co.uk/
platinum-2012/kola. The interactive map for the
Taimyr Peninsula can be accessed at: http://www.
platinumtoday.co.uk/platinum-2012/taimyr.
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Publications in Brief
BOOKS

“The Periodic Table: A Very Short Introduction”

“Applications of Transition Metal Catalysis in
Drug Discovery and Development: An Industrial
Perspective”
Edited by M. L. Crawley (Main Line
Health, USA) and B. M. Trost (Stanford
University, USA), John Wiley & Sons,
Inc, Hoboken, New Jersey, USA,
2012, 376 pages, ISBN: 978-0-47063132-4, £66.95, €80.40, US$99.95

This book focuses on the drug
discovery and development
applications of transition metalcatalysed
processes,
which
can
efficiently
synthesise
preclinical and clinical drug candidates as well as
commercial drugs. The authors give attention to the
challenges of developing laboratory reactions into
scalable industrial processes. Additionally, the book
describes how continued development of transition
metal-catalysed processes can deliver new drug
candidates. The pgms including palladium, rhodium
and ruthenium feature in many of the synthetic
procedures discussed.
“Catalysis for Alternative Energy Generation”
Edited by L. Guczi (Department of
Surface Chemistry and Catalysis,
Institute of Isotopes, Hungarian
Academy of Sciences, Hungary) and
A. Erdôhelyi (Department of Solid
State and Radiochemistry, University
of Szeged, Hungary), Springer
Science+Business Media, New York,
USA, 2012, 536 pages, ISBN: 9781-4614-0343-2, £117.00, €139.05,
US$179.00

This book summarises the role
of catalysis in the production of new energy carriers
and in the utilisation of different energy sources. The
book discusses the use of biomass or biomass-derived
materials as energy sources, hydrogen formation
in methanol and ethanol reforming, biodiesel
production, and the utilisation of biogases. There are
separate sections for fuel cells, photocatalysis and
solar cells, which all depend heavily on catalysts,
including those of the pgms.
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By E. Scerri (University of California,
Los Angeles, USA), Oxford University
Press, Oxford, UK, 2011, 147
pages, ISBN: 978-0-19-958249-5
(paperback), £7.99, US$11.95

This
book
considers
the
implications of the arrangements
of the Periodic Table to atomic
physics and quantum mechanics.
The author looks at the history
of the discovery of trends in the
properties of the elements that led to the construction
of the Periodic Table, and how the deeper meaning
of its structure gradually became apparent with the
development of atomic theory and quantum mechanics.
“Phosphorus(III) Ligands in Homogeneous
Catalysis: Design and Synthesis”
Edited by P. C. J. Kamer (EaStCHEM,
School of Chemistry, University of
St. Andrews, UK) and P. W. N. M.
van Leeuwen (Institute of Chemical
Research of Catalonia (ICIQ), Spain),
John Wiley & Sons, Ltd, Chichester,
West Sussex, UK, 2012, 547
pages, ISBN: 978-0-470-66627-2,
£125.00, €147.60, US$180.00

This book covers the design and
synthesis of P(III) donor ligands
for use in homogeneous catalysis. The reactivity of
transition metal complexes is dependent on the ligand
environment of the metal. Consequently, optimising
the catalytic centre by varying the ligand properties
is a powerful tool in homogeneous catalysis. Both
small-scale (asymmetric) catalytic preparation of fine
chemicals and industrial production of bulk chemicals
are achievable. Ligand families covered include
phosphine, diphosphine, phosphite, diphosphite,
phosphoramidite,
phosphonite,
phosphinite,
phosphole,
phosphinine,
phosphinidenene,
phosphaalkenes, phosphaalkynes, P-chiral ligands,
and cage ligands.
“Smithson Tennant: Selby’s Scientific Genius”
D. Lewis (Selby, UK), Fulprint, York, UK, 2011, 40 pages,
ISBN: 978-0-948330-07-0, £6.00

While Smithson Tennant’s achievements, including
the discovery of iridium and osmium are relatively
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well known, his background
in Selby, North Yorkshire, is not.
This book illustrates his family
connections, his properties in
Selby and how he obtained the
wealth that enabled his scientific
life and extensive touring to
be funded. The book also
documents his many scientific
achievements. It is intended as a
general primer to Tennant’s life and times. The book
is available from the author Mr David Lewis (Email:
dglewis49@btinternet.com; 32 Church End, Cawood,
Selby YO8 3SN, UK).

JOURNALS
ACS Sustainable Chemistry & Engineering
Editor-in-Chief:
D.
T.
Allen
(University of Texas at Austin, USA);
American Chemical Society: e-ISSN:
2168-0485

American Chemical Society
(ACS)
Publications
has
announced a new peer-reviewed
journal
ACS
Sustainable
Chemistry & Engineering, with
a focus on advancing research that aims to minimise
environmental harm and achieve sustainable
processes. Its first issue will be published online
only in January 2013. Experts in the field are invited
to contribute original research letters and articles.
Authors will be encouraged to establish correlations
between their research and the principles of green
chemistry/engineering. The journal scope will
emphasise five focal areas of research:
(a) Life-cycle assessment;
(b) Green chemistry;
(c) Waste as resources;
(d) Alternative energy;
(e) Green innovative manufacturing.
Metallography, Microstructure, and Analysis:
Application and Innovation for Metals, Alloys,
and Engineered Materials
Editor: R. M. Deacon (Johns Hopkins University, Applied
Physics Laboratory, USA); Advisory Editor: C. Bagnall (MCS
Associates, Inc, USA): International Metallographic Society/
Springer; e-ISSN: 2192-9270; Springer journal no. 13632

Metallography, Microstructure, and Analysis (MMA) is
a new journal from the International Metallographic
Society (IMS), an Affiliate Society of ASM International.
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MMA focuses on the art
and science of preparing,
interpreting
and
analysing
microstructures for the purpose
of
understanding
material
behaviour and performance.
MMA is available online to IMS
members as part of their annual
subscription.
Special Issue: Catalytic Control of Lean-Burn
Engine Exhaust Emissions
Catal. Today, 2012, 184, (1), 1–300

This issue of Catalysis Today
includes
original
research
articles based on select
presentations from the 22nd
North American Meeting of
the North American Catalysis
Society (NACS) held in Detroit,
USA, in June 2011, with a
particular focus on catalysed
diesel emissions control. The symposium on mobile
emissions control was dedicated to the memory of
Dr Haren Gandhi, who throughout his entire career at
the Ford Motor Company was deeply engaged in the
technical aspects of emissions control.
Special Issue: Phase Stability, Phase
Transformation and Reactive Phase Formation
in Electronic Materials
J. Electron. Mater., 2012, 41, (1),
1–175

The “Phase Stability, Phase
Transformation and Reactive
Phase Formation in Electronic
Materials” symposium at the
TMS Annual Meeting addresses
the stability, transformation, and
formation of phases during the
fabrication, processing, and
utilisation of (opto)electronic materials and devices.This
special issue has papers from the symposium held from
27th February to 3rd March, 2011, in San Diego, California,
USA. The collected papers discuss phase-related and
reliability issues in lead-free solders, thermoelectrics and
interconnect materials. Items of interest include: ‘CrossInteraction Study of Cu/Sn/Pd and Ni/Sn/Pd Sandwich
Solder Joint Structures’, ‘Kinetics of Solid-State Reactive
Diffusion in the (Pd-Ni)/Sn System’ and ‘Low-Resistivity
Ru-Ta-C Barriers for Cu Interconnects’.
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Organometallics Roundtable 2011
J. A. Gladysz, Z. T. Ball, G. Bertrand,
S. A. Blum, V. M. Dong, R. Dorta, F. E.
Hahn, M. G. Humphrey, W. D. Jones,
J. Klosin, I. Manners, T. J. Marks, J.
M. Mayer, B. Rieger, J. C. Ritter, A.
P. Sattelberger, J. M. Schomaker and
V. Wing-Wah Yam, Organometallics,
2012, 31, (1), 1–18

Organometallics assembled a
panel of seventeen experts
who shared their thoughts on a
variety of matters of importance to the field.The panel
was chosen to represent a number of countries and
career stages, including industry. This item constitutes
an edited transcript of the panel discussion held
on 29th August 2011, which was structured around
ten questions on the past, present and future of
organometallic chemistry.
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published
in
1982 by Johnson
Matthey, describes
the history of platinum and its associated metals,
covering important discoveries and scientific work
on the pgms up to the early twentieth century. With
twenty-four chapters, 450 pages, over 600 references
and 235 illustrations (20 in colour) including 100
portraits, it is the definitive description of how science
was able to progress by means of the unique properties
of these metals.
Find this at: http://www.platinummetalsreview.com/
resources/history-of-platinum-2/

ON THE WEB
Cover Story: Ever-Cleaner Auto Exhaust
M. Jacoby, Chem. Eng. News,
2012, 90, (21), 10–16

Mitch Jacoby, Senior Editor
of Chemical & Engineering
News, has written a detailed
item on the progress of catalytic chemistry methods
to further reduce emissions levels – especially diesel
emissions, which until recently were not regulated
– to comply with ever-tightening engine emissions
laws. Ford Technical Leader Robert W. McCabe
points out that unlike carefully controlled and finely
optimised stationary catalytic reactors, catalytic
converters experience wild and frequent temperature
excursions, rapid and large fluctuations in feed stream
composition and pressure, and constant jostling from
road vibrations. And unlike chemical plants that
are operated by teams of highly trained engineers,
automobile catalytic converters can be turned on and
turned off by anyone who can drive a car.
Find this at: http://cen.acs.org/articles/90/i21/Ever-CleanerAuto-Exhaust.html

A History of Platinum and its Allied Metals:
Digital Formats
The book “A History of Platinum and its Allied Metals”,
by Donald McDonald and Leslie B.Hunt,is now available
in digital formats as a free download. Documents are
supplied as high-resolution PDF files or as an ebook
for use with e-reader devices. The book, originally
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Abstracts
CATALYSIS – INDUSTRIAL PROCESS

of losartan, the Merck Singulair® process, the total
synthesis of discodermolide and the Novartis route to
Gleevec® (imatinib). Unsolved problems, challenges
and outlook for metal-catalysed cross-couplings are
also discussed. (Contains 194 references.)

Development of Preformed Pd Catalysts for
Cross-Coupling Reactions, Beyond the 2010
Nobel Prize
H. Li, C. C. C. Johansson Seechurn and T. J. Colacot, ACS
Catal., 2012, 2, (6), 1147−1164

Strategies for the development of Pd catalysts based
on L2Pd and LPd species, beyond the contributions
of the 2010 chemisty Nobel laureates Heck, Negishi
and Suzuki are reviewed. Well-defined, preformed
Pd catalysts improve the selectivity and activity of
cross-coupling reactions by reducing metal loading
and ligand:metal ratios. This review describes the
development of Pd precatalysts over the last ten years
and highlights the benefits of using well-defined
preformed catalysts relative to those generated in situ.
It is concluded that new catalyst development can
significantly expand the scope of these highly valued
organic transformations. (Contains 145 references.)
Palladium-Catalyzed Cross-Coupling: A
Historical Contextual Perspective to the 2010
Nobel Prize
C. C. C. Johansson Seechurn, M. O. Kitching, T. J. Colacot
and V. Snieckus, Angew. Chem. Int. Ed., 2012, 51, (21),
5062–5085

This review attempts to trace the historical origin of
the powerful Pd-catalysed C–C bond construction
reactions, and outlines developments from the
seminal discoveries leading to their eminent
position today. Syntheses of natural products and
drug molecules where the key step(s) consist of
Pd-catalysed cross-couplings include the synthesis

CATALYSIS – REACTIONS
Ion-Paired Chiral Ligands for Asymmetric
Palladium Catalysis
K. Ohmatsu, M. Ito, T. Kunieda and T. Ooi, Nature Chem.,
2012, 4, (6), 473–477

An achiral cationic ammonium–phosphine hybrid
ligand paired with a chiral binaphtholate anion
has been designed. This ion-paired chiral ligand
gives a remarkable stereocontrolling ability to its
Pd complex (prepared from Pd2(dba)3), which
catalyses a highly enantioselective allylic alkylation
of -nitrocarboxylates. By exploiting the possible
combinations of the achiral onium entities with
suitable coordinative functionalities and readily
available chiral acids, this approach could contribute
to the development of a range of metal-catalysed,
stereoselective chemical transformations.
Recent Advances and Applications of IridiumCatalysed Asymmetric Allylic Substitution
P. Tosatti, A. Nelson and S. P. Marsden, Org. Biomol. Chem.,
2012, 10, (16), 3147–3163

The development of chiral Ir catalysts for asymmetric
allylic substitution reactions and their application to
the synthesis of natural products and other biologically
relevant compounds is reviewed. Since their discovery
in 1997, Ir-catalysed asymmetric allylic substitutions

P. Tosatti et al., Org. Biomol. Chem., 2012, 10, (16), 3147–3163
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have developed into a powerful tool for the synthesis
of chiral building blocks via C–C and C–heteroatom
bond formation. This overviews the development
of Ir catalysts derived from an Ir salt and a chiral
phosphoramidite. (Contains 78 references.)

was studied. The anode hinders the crossover rate of
the alcohol. At below 100ºC, physical blocking effect
was dominant to alcohol oxidation rate to reduce
alcohol crossover, but over 100ºC, MeOH oxidation rate
superior to physical blocking effect.

EMISSIONS CONTROL

Nanoporous Surface Alloys as Highly Active
and Durable Oxygen Reduction Reaction
Electrocatalysts

Efficient Degradation of TCE in Groundwater
Using Pd and Electro-generated H2 and O2: A
Shift in Pathway from Hydrodechlorination to
Oxidation in the Presence of Ferrous Ions
S. Yuan, X. Mao and A. N. Alshawabkeh, Environ. Sci.
Technol., 2012, 46, (6), 3398–3405

Degradation of TCE in simulated groundwater by
1% wt Pd/Al2O3 and electrogenerated H2 and O2
was investigated. Oxidation of TCE in the presence
of Fe(II) is significantly more efficient than
hydrodechlorination in the absence of Fe(II) under
weak acidic conditions. Complete dechlorination is
achieved with the formation of nontoxic organic acids
and CO2. A novel Pd-based electrochemical process is
proposed for groundwater remediation.
Catalytic Ozonation of Oxalate with a Cerium
Supported Palladium Oxide: An Efficient
Degradation Not Relying on Hydroxyl Radical
Oxidation
T. Zhang, W. Li and J.-P. Croué, Environ. Sci. Technol., 2011,
45, (21), 9339–9346

PdO/CeO2 at a low Pd loading was very effective
in catalytic ozonation of oxalate. The oxalate was
degraded into CO2. The catalyst was highly active
and selective for oxalate degradation in water. ATRFTIR and in situ Raman spectroscopy revealed that
oxalate was adsorbed on the CeO2 forming surface
complexes, and O3 was adsorbed on the PdO and
further decomposed to surface atomic O, surface
peroxide and O2 gas in sequence.

FUEL CELLS
Alcohol Crossover Behavior in Direct Alcohol
Fuel Cells (DAFCs) System
Y. H. Chu and Y. G. Shul, Fuel Cells, 2012, 12, (1), 109–115

The alcohols (methanol, ethanol and 1-propanol)
crossover behaviour of through MEA in DAFC was
studied. The crossover rate decreased when the
molecular chain length of alcohol became longer.
The effect of the electrodes (60% Pt-Ru/C anode;
60% Pt/C cathode) to hinder crossover rate of MeOH
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R. Wang, C. Xu, X. Bi and Y. Ding, Energy Environ. Sci., 2012,
5, (1), 5281–5286

Nanoporous Pt/Ni alloys with nearly pure Pt surface
and alloy core were obtained by a two-step dealloying
process; they exhibit improved durability and activity
toward ORR as compared to the Pt/C catalyst.
Nanoporous-Pt1Ni1 alloys were first fabricated by
dealloying Pt/Ni/Al alloy foils in 0.5 M NaOH solution
at rt for 48 h. Then nanoporous-Pt1Ni1 alloys were
further treated in dilute HNO3 (0.7 M) at rt for 30 min
to prepare nanoporous surface alloys (nanoporousPt6Ni1). The products were washed several times with
ultrapure water and dried at rt.

APPARATUS AND TECHNIQUE
A Voltammetric Electronic Tongue as Tool
for Water Quality Monitoring in Wastewater
Treatment Plants
I. Campos, M. Alcañiz, D. Aguado, R. Barat, J. Ferrer, L. Gil,
M. Marrakchi, R. Martínez-Mañez, J. Soto and J.-L. Vivancos,
Water Res., 2012, 46, (8), 2605–2614

A voltammetric electronic tongue can be used for
the determination of water quality parameters from
influent and effluent wastewater from a Submerged
Anaerobic Membrane Bioreactor pilot plant. The
electronic tongue consists of a set of noble (Au, Pt, Rh,
Ir and Ag) and non-noble (Ni, Co and Cu) electrodes
housed inside a stainless steel cylinder. The electronic
tongue could be used for the determination of
soluble biological oxygen demand (BOD), soluble
chemical oxygen demand (COD), ammonia (NH4–N),
orthophosphate (PO4–P), sulfate (SO4–S) and
alkalinity.
Real-Time DNA Detection Using Pt
Nanoparticle-Decorated Reduced Graphene
Oxide Field-Effect Transistors
Z. Yin, Q. He, X. Huang, J. Zhang, S. Wu, P. Chen, G. Lu, P.
Chen, Q. Zhang, Q. Yan and H. Zhang, Nanoscale, 2012, 4,
(1), 293–297

A large-area, continuous, few-layer reduced graphene
oxide (rGO) thin film was fabricated on a Si/SiO2 wafer
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using the Langmuir--Blodgett method followed by
thermal reduction. After photochemical reduction of
Pt NPs on the rGO, the obtained Pt NPs/rGO composite
was used as the conductive channel in a solutiongated field effect transistor. Real-time detection
of hybridisation of single-stranded DNA with high
sensitivity was achievable.

CHEMISTRY
An Unexpected Triammine(oxalato)platinum(II)
Complex Obtained from the Aqueous Solution
of Tetraammineplatinum(II) Oxalate
X.-Z. Chen, Q.-S. Ye, M.-J. Xie, J.-L. Chen, Z.-F. Pan and W.-P.
Liu, Res. Chem. Intermed., 2012, 38, (2), 421–428

Triammine(oxalato)platinum(II) in which the oxalate
anion acts as a monodentate ligand, was isolated
when recrystallising [Pt(NH3)4](C2O4). Single crystal
XRD study showed that the Pt(II) atom is coordinated
on a distorted square by three N atoms of the
ammine molecules and one O atom of the oxalate
ligand. The crystal packing is stabilised by H bonds
formed between ammine, water molecules and O
atoms of oxalate. The complex underwent thermal
decomposition at 200–231ºC in N2 atmosphere, giving
rise to Pt, NH3 and CO2.

MEDICAL AND DENTAL
Mechanism of Unique Hardening of Dental
Ag–Pd–Au–Cu Alloys in Relation with
Constitutional Phases
Y. Kim, M. Niinomi, M. Nakai, T. Akahori, T. Kanno and H.
Fukui, J. Alloys Compd., 2012, 519, 15–24

A commercial dental Ag-Pd-Au-Cu alloy (Ishifuku
Metal Industry Co, Ltd, Tokyo, Japan) fabricated by
cold rolling consisted of Cu-rich 1, Ag-rich 2 and
 phases. Ag-Pd-Au-Cu alloy fabricated by the liquid
rapid solidification (LRS) method consisted of single
 phase. Both alloys were subjected to various heat
treatments. In the alloy fabricated by cold rolling,
the fine L10-type-ordered  phase is precipitated
and the coarse  phase is remained after solution
treatment at 1123 K. The hardness increases drastically.
In the alloy fabricated by LRS, the single phase was
decomposed into the 1 phase and the 2 phase after
solution treatment at 1023 K and its hardness change
was small. However, after ageing treatment at 673 K,
the fine  phase is precipitated in the  phase and the
hardness increases greatly even in the alloy fabricated
by the LRS method.
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NANOTECHNOLOGY
Enhanced Thermal Stability of Au@Pt
Nanoparticles by Tuning Shell Thickness:
Insights from Atomistic Simulations
Y.-H. Wen, R. Huang, C. Li, Z.-Z. Zhu and S.-G. Sun, J. Mater.
Chem., 2012, 22, (15), 7380–7386

Molecular dynamics simulations were used to
investigate the thermal stabilities of Aucore/Ptshell
bimetallic NPs.The thermal stabilities of core-shell NPs
are significantly enhanced with increasing thickness
of the Pt shell. When the core size or shell thickness
is very small, the melting is initiated in the shell and
gradually spreads into the core. As the core increases
up to moderate size, an inhomogeneous melting was
observed. Due to the relatively weak confinement of
the thin shell, local lattice instability preferentially
takes place in the core, leading to the inhomogeneous
premelting of the Au core ahead of the overall melting
of the Pt shell.

PHOTOCONVERSION
Evaluation of a Ruthenium Oxyquinolate
Architecture for Dye-Sensitized Solar Cells
H. C. Zhao, J. P. Harney, Y.-T. Huang, J.-H. Yum, Md. K.
Nazeeruddin, M. Grätzel, M.-K. Tsai and J. Rochford, Inorg.
Chem., 2012, 51, (1), 1–3

[Ru(dcbpy)2(OQN)]+ (dcbpy = 4,4-dicarboxy-2,2-
bipyridyl; OQN– = 8-oxyquinolate) was prepared.
Spectroscopic, electrochemical and theoretical
analyses are indicative of extensive Ru(OQN)
molecular orbital overlap due to degenerate Ru d(π)
and OQN p(π) mixing. [Ru(dcbpy)2(OQN)]+ exhibited
spectroscopic properties similar to those of the N3
dye. Its solar power conversion efficiency will require
further optimisation.

SURFACE COATINGS
Research Situation of Precursors for Palladium
Thin Films by MOCVD Process
G. Chen, Q. Chang, X. Chen, Q. Ye, L. Chen and W. Liu,
Precious Met. (Chin.), 2012, 33, (1), 78–83

Pd thin films have wide application as protective coating
for high temperature,dielectric films in microelectronics
and catalysis.Advances in the preparation of Pd films by
metal organic chemical vapor deposition are reviewed.
The advantages and disadvantages of various precursors
such as Pd(3-ally)2, Pd(acac)2 and Pd(Me)2(PMe3)2
are discussed. (Contains 19 references.)
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Atomic Layer Deposition of Osmium

metal. The impurity contents of O, C and H were less
than 1 at% each at all deposition temperatures. The
deposition process has a substantial nucleation delay
of ~350 cycles at 350ºC on the Al2O3 surface, which
means that either NPs or thin films can be easily
deposited by adjusting the number of deposition
cycles.

J. Hämäläinen, T. Sajavaara, E. Puukilainen, M. Ritala and M.
Leskelä, Chem. Mater., 2012, 24, (1), 55–60

Os thin films and NPs were grown using atomic layer
deposition. The Os thin films were successfully grown
between 325ºC and 375ºC using osmocene (OsCp2)
and molecular O2. The films consisted of only Os

H. C. Zhao et al., Inorg. Chem., 2012, 51, (1), 1–3

N3 vs. [Ru(dcbpy)2(OQN)]+

1.5

1 0.5 0 –0.5 –1 –1.5
Potential (V) vs. NHE

1.5 1 0.5 0 –0.5 –1 –1.5 –2 –2.5
Potential (V) vs. NHE

+
N
(dcbpy)2RuI
O

2+
–e–
+e–

N

N
(dcbpy)2RuII

(dcbpy)2RuII
O

O

Image copyright © 2012 American Chemical Society. Reprinted with permission

209

© 2012 Johnson Matthey

http://dx.doi.org/10.1595/147106712X653106

•Platinum Metals Rev., 2012, 56, (3), 210–212•

Patents
CATALYSIS – APPLIED AND PHYSICAL
ASPECTS

Pd, Rh, Ru, Ir, Os, Ti,V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, Ag,
Hf, Ta, W, Re or Au.

Shaped Catalyst Layers

Dehydrogenation of Hydrocarbons

Johnson Matthey Plc, World Appl. 2012/032,325

Johnson Matthey Plc, British Appl. 2,486,317; 2012

An additive layer method is used to produce a catalyst.
A layer of powdered catalyst preferably selected from
Pt, Pd, Ir, Ru or Re or a catalyst support powder is
formed into a layer; the layer is bound or fused into a
predetermined pattern; these steps are repeated layer
upon layer to form a shaped unit; and optionally a
catalytic material is applied to the shaped unit.

A process for dehydrogenation of hydrocarbons
having from 2 to 24 C atoms is carried out using a
catalyst containing <0.1 wt%, preferably <0.05 wt%, of a
metal selected from Pt, Pd, Rh, Ru,V, Cr, Mn, Fe, Co, Mo, Ni
or Au supported on Al2O3, SiO2, MgO, ZrO2, TiO2, CeO2,
SiO2-Al2O3, C black or a mixture. The process is carried
out at 650–750ºC and may be in the absence of O2.The
product is an alkene.

CATALYSIS – REACTIONS
Production of Linear Saturated Alkanes
Saltigo GmbH, European Appl. 2,415,738; 2012

The dehydroxymethylation of primary linear alcohols
to produce linear saturated alkanes is carried out in
the presence of a Ru or Rh catalyst, preferably Ru/C, at
1–250 bar and 150–250ºC. 0.1–10 wt% of the catalyst is
used. The starting material is a primary alcohol, ROH,
where R is a saturated straight-chain linear alkyl radical
with 8–24 C atoms.
Ruthenium Catalyst for Conversion of Cellulose
BIOeCON Int. Holding NV, European Appl. 2,431,394; 2012

Cellulose is simultaneously hydrolysed and hydrogenated.
The process consists of: (a) a cellulose-containing
feedstock (comprising of lignocellulose and
hemicellulose) is mixed with an ionic liquid in a
reactor where a Ru/C catalyst is present at <80ºC,
preferably below 70ºC. The ionic liquid consist of
ZnCl2·4H2O. The undissolved components, consisting
of lignin, are removed from the ionic liquid and used
to generate H2; (b) a H2-containing gas is admitted to
the reactor; and (c) the temperature of the reactor is
increased to 80–220ºC and is maintained for between
0.5 h and 6 h. Cellulose is converted to sorbitol at a
yield of >90%.

EMISSIONS CONTROL
Gold-Palladium Catalyst in Exhaust System
Caterpillar Inc, US Appl. 2012/0,051,992

A catalyst consisting of ~0.8–1.2 wt% Au and ~0.4–0.6 wt%
Pd supported on TiO2, is applied to a particulate filter.
The exhaust stream is flowed over the catalyst, CO is
oxidised at ~84ºC and the hydrocarbon is oxidised at
~206ºC. NO is oxidised to NO2.

FUEL CELLS
Platinum-Transition Metal Catalyst
Elcomax GmbH, World Appl. 2012/028,313

A process for preparing Pt-transition metal catalyst
particles comprises of: (a) providing MxNy where M is
Pt; N is an element chosen from Co, Ni, Fe, Cr, Cu, Ti, Mn
and W or any intermetallic compound of two or more
elements of this group; x and y are the weight fractions,
0 < x < 1 and 0 < y < 1 and x + y ≤1; (b) treating the
catalyst particles in acid selected from HClO4, H3PO4,
HNO3, H2SO4, HCl, HCOOH or CH3COOH; and (c)
depositing Pt on the catalyst treated in step (b). The
catalyst particles are used in fuel cells.

METALLURGY AND MATERIALS

Catalytic Conversion of Sugars to Polyethers

Nanocomposite with Multiple Uses

Carter Technol., US Appl. 2012/0,065,363

Indian Institute of Technology, World Appl. 2012/028,944

Sugars (monosaccharides and disaccharides) are
catalytically converted to polyethers in an acid medium
containing 0.1%–80% metal sulfates at 75–250ºC.
Catalysts possessing a degree of symmetry are formed
from transition metal compounds comprising of Pt,

A nanocomposite is formed from reduced graphene
oxide and nanoparticles of Pt, Pd, Rh, Ru, Ir, Au, Ag, Co,
Mn, Fe, Te, Cu, Mo, Cr, or Ce. The particles may be nonspherical and may have shapes such as tetrahedron,
triangle, prism, rod, etc. The nanocomposite may be
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used to adsorb heavy metals such as Pb, Mn, Cu, Ni, Cd
and Hg from water; as a catalyst for Suzuki couplings,
hydrogenation, dehydrogenation or petroleum cracking;
in fuel cells; or in hydrogen storage.

layers. A part of the oxidised surfaces are removed and
further heated for oxidation. These moulds provide
stable moulding performance continually without melt
adhesion and are suitable for moulding lenses.

Platinum-Rhodium Jewellery

Osmium Complexes for Biosensors

C. Hafner GmbH + Co KG, German Appl. 10/2010/026,930;
2012

A tarnish-resistant precious metal jewellery alloy
containing 40–70 wt% Rh and 60–30 wt% Pt for the
manufacture of watches and jewellery is claimed.
Optionally ≤20 wt% of Ru, Ir and/or Au or ≤30 wt% Pd
may be included. The jewellery is made using a lost
wax process.

Roche Diagnostics GmbH, European Appl. 2,465,862; 2012

A novel Os complex-based electrochemical species
is claimed for use in detecting an analyte in a
liquid sample. The complex is selected such that its
substituents will bind to one or more of: a biowarfare
agent, an abused substance, a therapeutic agent, an
environmental pollutant, a protein or a hormone.
European Appl. 2,465,862; 2012

APPARATUS AND TECHNIQUE
Platinum-Containing Parts for Glass Making
W. G. Dorfeld and S. L. Schiefelbein, US Appl. 2012/0,048,459

A process to remove the carbon contamination in the
Pt-containing components for glass making involves
two Pt-containing components welded together to
form an assembly. An O2-generating material (oxide of
Sn) is disposed in an interstitial volume between the
two Pt-containing components.The assembly is heated
to 1450ºC for ≥12 h in an atmosphere of ≥20 vol% O2.
US Appl. 2012/0,048,459
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ELECTROCHEMISTRY
Composite Electrode

10–2

I. D. Kim et al., US Appl. 2012/0,063,058
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10–4
100 300 500 700 900 1100 1300 1500 1700
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Moulds for Press Forming Optical Glass
Elements
Olympus Corp, Japanese Appl. 2012-051,790

Moulds are made by forming surface layers (containing
Pt,Pd,Ir,Os,Ru,Re,Hf,Ta or their alloys) on a hard alloy or
SiC-based substrate.This is then heated to form oxidised
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A composite electrode active material comprises of
M1–xRuxO3, where M is selected from Sr, Ba and Mg,
and x is between 0.05–0.5. The composite material
consists of nanofibre (50–3000 nm in diameter)
and comprises nanoparticles (1–20 nm in size).
The procedure for manufacturing the composite
electrode active material is: (a) preparing a spinning
solution containing a precursor of M oxide, a
precursor of Ru oxide, a polymer and a solvent; (b)
spinning the spinning solution on a collector to
produce a nanofibre web (0.5–100 μm in thickness)
having M1–xRuxO3 precursor, then performing
thermocompression at 200ºC to enhance the
adhesion between the collector and the nanofibre
web; (c) heat treating the nanofibre web at 300–650ºC
to remove the polymer; and (d) milling the porous
nanofibre web to create an electrode active material
comprising nanorods, microrods, nanoparticles,
fibrils having nanoparticles or a fibril network.
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MEDICAL AND DENTAL
Ruthenium-Based Dual Function Complexes
University of Sheffield, British Appl. 2,483,253; 2012

Antineoplastic agents consist of mononuclear
complexes of Ru(II), Os(II) or Ir(II), preferably
Ru(II). The complexes contain a tpphz ligand and
have dual functioning imaging and therapeutic
properties. They may be used in photodynamic
therapy and as chemotherapeutic agents.
Their cytotoxicity is comparable to Pt-based
chemotherapeutics and they may be used for
patients who display resistance to Pt-based
chemotherapeutics.
British Appl. 2,483,253; 2012

N

N

N

N

N

N
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REFINING AND RECOVERY
Recovery of Platinum
Asahi Pretec Corp, Japanese Appl. 2012-057,193

A process is claimed for recovering Pt from a Rucontaining acidic Pt solution by adding KCl in a
stoichiometrically excess amount of K ion relative
to Pt, therefore obtaining K chloroplatinate. This is
dissolved in water, the pH of the solution is adjusted
to 1–7 and K chloroplatinate is recrystallised from the
solution (preferably in the presence of KCl).
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FINAL ANALYSIS

Palladium in Temporary and Permanently
Implantable Medical Devices
For more than forty years platinum alloys have been
employed extensively in a range of medical devices
and components (1). What is less well known is that
palladium, another of the platinum group metals, has
recently emerged as a viable alternative to platinum
in certain medical device applications. The relative
cost of palladium has been much lower than that of
platinum (2) and this has led some medical device
designers and developers to consider palladium as a
replacement for platinum in temporary and permanently implantable electronic devices. Palladium is
already widely used in dental applications, where its
biocompatibility has proven to be satisfactory; and
palladium shares many of the properties and performance characteristics which make platinum so suitable for medical use, such as strength, corrosion
resistance and radiopacity. Work has been undertaken at Johnson Matthey Inc, USA, to compare the
mechanical properties of platinum and palladium
alloys and to develop suitable palladium alloys for a
range of biomedical applications.
Palladium in Dentistry
Palladium-based alloys have been used as dental
restorative materials for more than two decades with
a good clinical history. Palladium alloys have long
been tested and used in dental implant applications
as dental casting alloys and have been shown to be
reliable and relatively risk free (3). Palladium has a
good range of solubility with several metals (helpful
for alloying) and an ability to impart good mechanical properties including strength, stiffness and durability to the resulting alloys. It has excellent tarnish/
corrosion resistance and biocompatibility in the oral
environment. These properties make it ideally suited
for use in dental crown and bridge alloys (those fitted
in the as-polished state) and generally such
palladium-based alloys are ‘white’, however many
gold-based alloys also contain small amounts of palladium (typically 1–5%) to improve resistance to tarnishing and corrosion without significant loss of
colour (4). Palladium is usually mixed with gold or
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silver as well as copper and zinc in varying ratios to
produce alloys suitable for dental inlays, bridges and
crowns where the alloy forms the core onto which
porcelain is bonded to build up an artificial tooth.
Mechanical Properties
Palladium shares many of platinum’s mechanical
properties despite its lower density and melting point.
Table I summarises the mechanical properties and
currently available product forms for a variety of these
alloys. The density of pure palladium is 12.02 g cm–3,
approximately 40% lower than that of platinum at
21.45 g cm–3, making its relative consumption rate significantly lower for a component of the same dimensions. This, combined with the lower weight-for-weight
cost of palladium compared to platinum (2), makes it
an attractive substitution choice, as long as other
requirements in terms of its properties can be met.
To date, most of the technical development has been
focused on replacing platinum alloy wires with palladium alloy wires on feedthrough filter housings which
make up parts of cardiac pacemaker, defibrillator and
neurostimulator device terminals (Figure 1). Such
filter housings serve to shield electronic components
from electromagnetic interference, with the terminal
pins transmitting and receiving electrical signals to
and from a patient’s heart while hermetically sealing
the inside of the medical instrument against body
fluids that could otherwise disrupt the instrument’s
operation (5). The replacement of platinum and platinum alloys by palladium and its alloys can currently
offer lower cost, without loss of mechanical properties.
After high temperature brazing, there was found to be
no significant degradation in the mechanical properties of palladium, such as in strength and elongation.
Palladium also has comparable soldering and welding
characteristics and good radiopacity. It has been found
to be biocompatible under both soft tissue and bone
studies (6) and is regarded as chemically inactive
within the body environment.
The replacement of platinum-based alloys with
palladium-based alloys can be carried out using the

© 2012 Johnson Matthey

214

70
130
155
200
210
230
180
220
240
300
300

1769

1775

1790

1820

1830

1860

1780

1870

1650

1460

1430

21.45

21.51

21.56

21.62

21.68

21.74

21.34

21.23

18.8

15.07

12.69

Platinum
5% iridium

Platinum
10% iridium

Platinum
15% iridium

Platinum
20% iridium

Platinum
25% iridium

Platinum
4% tungsten

Platinum
8% tungsten

Platinum
10% nickel

Platinum
30% nickel

Platinum
49% nickel

190

200

190

170

140

195

175

160

140

80

55

110

120

120

130

75

120

105

75

55

40

23

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

>2

>5

>2

>3

>2

>2

>2

>2

>2

>2

>5

Density, Melting Ultimate tensile strength, kpsi Elongation, %
g cm–3
point, ºC AsStress
Annealed AsStress
drawn relieved
drawn relieved

Pure
platinum

Material

>20

>20

>20

>20

>10

>10

>10

>10

>10

>10

>20

62
29.8
22.7
19.1

215a
218a
222a

36

33

31

29

25

19

10.6

210

195

218

199

187

172

171

168

Young’s Resistivity,
modulus,
 cm
Annealed
kpsi

Mechanical Properties and Product Forms of Platinum and Palladium Alloys for Biomedical Applications

Table I

–

–

–

–

–

Yes

Yes

Yes

Yes

Yes

Yes

Sheet

–

–

–

–

–

–

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Wire

(Continued)

Yes

Yes

Yes

Yes

Yes

Tube

Product form

http://dx.doi.org/10.1595/147106712X651748
•Platinum Metals Rev., 2012, 56, (3)•

© 2012 Johnson Matthey

215

100
110
160
200

1590

1625

1675

1740

12.31

12.61

12.93

13.27

Palladium
5% iridium

Palladium
10% iridium

Palladium
15% iridium

Palladium
20% iridium

a

Estimated values

110

250

1650

12.79

Palladium
14%
rhenium

1600

230

1620

12.29

Palladium
10%
rhenium

13.18

115

1560

11.71

Palladium
5% rhenium

Palladium
20%
platinum

110

1554

12.02

55

100

85

75

70

200

200

200

65

35

80

60

50

40

100

80

55

25

<2

<2

>2

<2

<2

<2

<2

<2

<2

>5

>2

–

>2

>2

>2

>2

>2

>5

Density, Melting Ultimate tensile strength, kpsi Elongation, %
g cm–3
point, ºC AsStress
Annealed AsStress
drawn relieved
drawn relieved

Pure
palladium

Material

Table I (Continued)

>10

>10

>10

>10

>10

>10

>10

>10

>10

155a

292

270

232

Yes

–

25a
12.3

–

Yes
20.3

16.3

Yes

11.6a
225

–

40a

200a

–

32.5

195a

Yes

Yes

21.2

9.98

Sheet

Yes

–

–

Yes

Yes

–

–

Yes

Yes

Tube

Product form

125a

118

Young’s Resistivity,
modulus,
 cm
Annealed
kpsi

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Wire

http://dx.doi.org/10.1595/147106712X651748
•Platinum Metals Rev., 2012, 56, (3)•

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (3)•

http://dx.doi.org/10.1595/147106712X651748

(a)

(b)
Terminal pins
(Pd alloy)

Terminal pins (Pd alloy)

Filter
discoidal
capacitor

“Active”
electrode
plates

Ferrule

Ceramicbased
capacitor
monolith

Fig. 1. (a) A perspective
view of an internally
grounded feedthrough
capacitor assembly with
palladium terminal pins;
(b) an enlarged sectional
view (5)

“Ground”
electrode
plates

Flange
Insulator
Metallisation
layers

same manufacturing processes and generally without
adding a secondary manufacturing stage. Palladium
therefore provides a good alternative to conventional
platinum or platinum-iridium alloys as a corrosion
resistant material for terminal pins in feedthrough
filter housings.
Radiopacity of Palladium Alloys
Palladium alloys have also been tested as catheter
guidewire and electrode components on temporary
implants used to treat cardiovascular and peripheral
vascular disease. Palladium and platinum, when
alloyed with superelastic metals such as nickel-titanium (Nitinol), have also been shown to improve the
radiopacity in tubular stents compared with those
made from stainless steel (7). Johnson Matthey manufactures a wide range of palladium-based alloys for
these applications ranging from pure palladium to
palladium-20% platinum (Table I). Figure 2 shows
the results of an investigation into the relative radiopacities of two palladium alloys compared to two
traditional platinum alloys used in guiding catheter
applications, plus Nitinol, demonstrating a good level
of equivalency in the radiopacity of the precious
metal alloys.
Conclusions
The most recently developed platinum substitution
materials for certain temporary and permanently
implantable medical devices have been palladium
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Feedthrough

alloys. Palladium’s physical, mechanical and chemical
properties have been found to be comparable to those
of platinum in a variety of biomedical device applications. Palladium has a long history of reliability for use
in dental restoration applications. However, while palladium has been demonstrated to be a good replacement for platinum in certain medical device
applications, platinum and platinum alloys continue to

9004.00 (Inconel-Pd)
Nitinol
9013.00 (Pd-Re)
2909.00 (Pt-Ni)
1920.00 (Pt-W)

Fig. 2. Comparative radiopacities of two platinum
alloys, two palladium alloys and Nitinol as coiled
fine wire
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be the first choice for device companies seeking a
proven and reliable implantable metal that is biocompatible, radiopaque and electrically conductive.

5

C. A. Frysz and S. Winn, Greatbatch Ltd, ‘Feedthrough
Filter Capacitor Assemblies Having Low Cost Terminal
Pins’, US Patent 7,564,674; 2009

6

“Microfabrica Materials Dossier: Biocompatibility”,
Microfabrica Inc, Van Nuys, CA, USA, 2010: http://www.
microfabrica.com/pdf/Biocompatibility_092310.pdf
(Accessed on 28th May 2012)

7

J. F. Boylan and D. L. Cox, Advanced Cardiovascular
Systems, Inc, ‘Radiopaque Nitinol Alloys for Medical
Devices’, US Patent 6,855,161; 2005
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