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FOREWORD

The fission product nuclides generated during the irradiation of reactor fuel 
include several useful materials, among them precious metals of the platinum group 
(ruthenium, rhodium and palladium) which are of great commercial importance, 
occur rarely in nature and are highly valuable. The problems of economic recovery 
and use of these metals from fission product wastes have been discussed since the 
dawn of the ‘atomic era’ in the late 1950s and have not lost their relevance. Indeed, 
with reprocessing now an established large scale technology, it is time to find an 
acceptable solution because the current policy of vitrification of high level wastes 
will mean that this potential resource will be lost to mankind.

This report is intended mainly to provide a basis for further consideration of 
the options for platinum group metals recovery, and for the formulation of appropri
ate strategies. The report may be of interest to policy makers in the nuclear fuel cycle 
and in waste management and also to the processors and consumers of platinum 
group metals.

The IAEA wishes to thank all the experts who participated in the development 
of this report: H.J. Ache (Kemforschungszentrum Karlsruhe, Federal Republic of 
Germany), L.H. Baetsle (SCK/CEN, Belgium), R.P. Bush (Harwell Laboratory, 
United Kingdom), V.P. Popik (Radium Institute, Union of Soviet Socialist Repub
lics) and Yu Ying (Institute of Atomic Energy, China). The IAEA officer responsible 
for this work was A.F. Nechaev of the Nuclear Materials and Fuel Cycle Technol
ogy Section, Division of Nuclear Fuel Cycle and Waste Management.
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1. INTRODUCTION

The concept of utilization of by-products from spent nuclear fuel processing 
is not a new one — it evolved from Atoms for Peace initiatives of the late 1950s and 
was then ‘renewed’ in the 1960s, 1970s and 1980s. The attractiveness of this concept 
is determined by the following factors: spent nuclear fuel contains thirty different fis
sion product elements and several actinides in addition to uranium and plutonium and 
these by-products represent a potentially significant resource for a variety of process
ing industries and, for example, may find large scale applications in the waste saniti
zation and medical fields. Furthermore, removal of selected fission products (e.g. 
Sr and Cs) could, in principle, reduce certain waste management costs.

Present spent fuel management strategies include two fundamental options:

— The reference fuel cycle with reprocessing, vitrification and disposal of 
wastes;

— The so-called once-through cycle with storage of fuel in a retrievable manner 
followed eventually by disposal.

The nuclear industry has now reached a stage where reprocessing is an estab
lished technology, and there will be a large increase in world reprocessing capacity 
in the 1990s. The high level wastes (HLW) from reprocessing operations will contain 
substantial quantities of ruthenium, rhodium and palladium, which are useful and 
strategically important materials whose supply is limited. The current policy of 
vitrification of HLW will mean that this potential resource will be lost to mankind.

The reference fuel cycle involves reprocessing after three to ten years from 
reactor discharge and storage of the HLW for five to ten years. The vitrification can 
be performed on all high activity streams from the reprocessing operation, including 
undissolved residues.

The once-through cycle contemplates the storage of fuel elements during a 
relatively long period in a retrievable way or storage of rebundled fuel rods in semi
permanent storage facilities.

The recovery of platinum group metals (PGMs) in the context of these two 
options is quite different and needs careful consideration since any change in the flow 
sheet must be prepared well in advance and needs to be supported by documented 
laboratory, pilot and industrial scale research and development work. If the recovery 
of PGMs from HLW solutions is seen to be desirable, it has to be performed in the 
time interval of HLW liquid storage between three and ten years after discharge and 
the methods envisaged must be compatible with the characteristics of the HLW solu
tions: high radioactivity, high acidity, high salt content and high suspended matter 
content. Considerable quantities of PGMs are also present in insoluble residues from 
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fuel dissolution. Methods of recovery of PGMs from these residues must take into 
account their high radioactivity and intractable nature. The separation flow sheets 
should take account of the cross-contamination of radionuclides and the ultimate 
radiochemical purity of the recovered metals. However, the merits of possible flow 
sheets will depend on the benefits that they provide for waste management and the 
long term requirements of disposal of vitrified waste. In particular, proposed flow 
sheets should not generate new waste streams for treatment and disposal.

The once-through fuel cycle defers any decision on PGM recovery to a later 
stage but preserves the potential for noble metal recovery unaltered. The tendency 
to delay reprocessing and to lengthen the interim storage of fuel elements might pro
vide a new opportunity to preserve the potential for fission product separation and 
utilization for later use. Such a delay will simplify the reprocessing operations since 
the overall activity will have decayed and this will produce fission product platinum 
metals with lower residual activity.

The purpose of the present report is to review the market potential of PGMs 
in the light of the present and future economic prospects and to evaluate the impor
tance of the nuclear by-products in the overall market. The PGMs occur in the 
nuclear fuel cycle in a variety of forms and these are reviewed in the context of 
reprocessing prior to vitrification. The separation techniques available at present are 
discussed and evaluated on their merits for PGM recovery from high activity 
streams.

2. PROPERTIES, USES AND MARKETS FOR 
PLATINUM GROUP METALS

The platinum group metals are a group of elements within the periodic table 
having properties broadly similar to those of platinum. The group consists of the two 
triads: ruthenium, rhodium and palladium; and osmium, iridium and platinum. This 
report is concerned with the lighter triad, ruthenium, rhodium and palladium, all of 
which arise as fission products in the irradiation of nuclear fuel.

2.1. PROPERTIES

Some important physical properties of ruthenium, rhodium and palladium are 
presented in Table I. All three elements are hard, silvery white metals. Their durabil
ity and resistance to chemical attack under a range of conditions make them very use
ful materials for many special applications. In addition the metals and certain of their 
compounds exhibit a high degree of catalytic activity in important reactions such as 
hydrogenation and dehydrogenation.

The chemistry of ruthenium and rhodium was thoroughly described by Griffith 
in 1967 [1]. Although there have clearly been advances in the chemistry of these ele-
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TABLE I. SOME PROPERTIES OF RUTHENIUM, RHODIUM AND 
PALLADIUM

Ruthenium Rhodium Palladium

Atomic number 44 45 46

Atomic weight 
(natural material)

101.07 102.91 106.40

Electronic structure 
(ground state) 4s24p64d75s' 4s24p64d’5s' 4s24p64d10

Ionization potential 
(eV) 7.36 7.46 8.33

Crystal structure Hexagonal Face centred cubic Face centred cubic

Melting point (°C) 2310 I960 1552

Vapour pressure at 
melting point (Pa) 1.31 0.133 3.47

Specific gravity 12.45 12.41 12.02

Specific heat 
(J kg-') 230.6 247 244

Tensile strength
(annealed) (MPa) 4.96 758.6 165.5

Young’s modulus (GPa) 413.8 344.8 117.2
Vickers hardness 
(annealed) 220 120 38

Electrical resistivity 
at 0°C Gxfl m) 0.068 0.041 0.099

ments in the past twenty years, particularly in their organometallic chemistry, 
Griffith’s book remains a valuable source of reference material. A monograph on 
palladium (and platinum) chemistry was published in 1973 [2] and more recently a 
comprehensive treatise on ruthenium has appeared [3]. All three metals are also 
covered by advanced reference books such as Comprehensive Inorganic Chemistry 
[4] and the Kirk-Othmer Encyclopaedia of Chemical Technology [5], 

All three metals are resistant to chemical attack.
Ruthenium is not significantly attacked by oxygen below 600°C. The tetroxide, 

like that of osmium, is volatile and highly poisonous. The metal is resistant to all 
acids, including aqua regia, but is attacked by halogens. It can be dissolved by 
sodium peroxide.
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Rhodium is even more resistant to oxygen and acids and reacts only slowly with 
halogens. It can be dissolved in a potassium hydrogen sulphate melt or in molten 
cyanides.

Palladium is similarly inert but is more easily attacked by nitric or sulphuric 
acid and by halogens. It is not affected by atmospheric sulphur compounds, a useful 
property in electrical contact applications (see later). The metal has the interesting 
property of absorbing up to 800 times its volume of gaseous hydrogen, to give a 
material useful as a reducing agent.

The chemistry of the various compounds of the elements is well described in 
standard works (cited above). A range of oxidation states and stereochemical config
urations are known, especially for ruthenium and rhodium.

In general highly electronegative ligands such as oxide and fluoride stabilize 
higher oxidation states, whereas tt acceptor ligands (such as cyanide, carbonyl and 
phosphines) stabilize low oxidation states. The latter phenomenon gives rise to an 
interesting and varied organometallic chemistry.

In acidic aqueous solutions the dominant oxidation states are Ru(III), Rh(III) 
and Pd(II). In nitric acid media (of particular importance in nuclear fuel reprocess
ing) ruthenium forms a series of nitrosyl complexes, also containing nitrate and 
nitrite ligands. Rhodium does not show this behaviour but the hexahydrated trivalent 
cation, normally present in acid solutions, is readily replaced by nitrito (NO)) 
ligands, finally yielding the complex hexanitrito anion, [Rh(NO2)6]3‘. Palladium(II) 
has a marked tendency to form tetracoordinate complexes, e.g. (PdCl4)2’, but little 
specific information is available about its speciation in nitrate media. However, it 
has been reported [6] that palladium is extracted from nitric solutions by tributyl
phosphate (TBP) as the complex Pd(NO3)2 • nTBP over a wide range of acid 
concentrations.

2.2. USES OF RUTHENIUM, RHODIUM AND PALLADIUM

Johnson Matthey plc, one of the world’s largest dealers in precious metals, 
publishes an annual review [7] of the markets for all the PGMs. Figure 1 shows data 
from this source on the applications of ruthenium, rhodium and palladium in the 
world outside centrally planned economies area (WOCA) in 1986. Jensen [8] 
provided a similar analysis of consumption in the United States of America from 
1979 to 1983. The patterns of application reported by these two sources are qualita
tively similar, but display the sort of quantitative differences that might be expected 
in view of the different periods and locations covered.

Ruthenium is used mainly in electrical, electronic and electrochemical applica
tions, but there is a growing use of ruthenium based catalysts in certain operations 
in the chemical industry. The largest application has historically always been in the
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FIG. 1. Applications of ruthenium, rhodium and palladium in WOCA [7],

electrolytic production of chlorine and sodium hydroxide from sodium chloride in 
which anodes coated with ruthenium dioxide are used. Demand for this application 
depends, of course, on chlorine production and therefore indirectly on the markets 
for chlorine derived products such as polyvinylchloride. Applications in electronic 
circuitry are growing and likely to outstrip the chloralkali industry in terms of 
ruthenium consumption. Ruthenium is a constituent of resistive pastes used for tracks 
in integrated circuits and in resistors. Ruthenium is also used for electrical contacts, 
frequently as an alloy with platinum.

Rhodium utilization is dominated by the requirements of catalytic converters 
for motor vehicles. In combination with platinum, rhodium is the basis of the ‘three 
way' catalyst system for the control of motor vehicle exhaust emissions. These 
catalysts control the carbon monoxide, hydrocarbon and nitrogen oxide levels in 
exhaust gases and are therefore the means of meeting modem atmospheric pollution 
legislation. Alternatively oxidation catalysts (frequently containing palladium) can be 
used in conjunction with lean bum engines, but the three way system seems to offer 
the best prospect for total emission control over a wide range of conditions.
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The first markets for cars fitted with catalytic converters were the USA and 
Japan, but there is now increasing demand in Europe and especially in the Federal 
Republic of Germany.

The control of nitrogen oxide emissions requires a relatively high proportion 
of rhodium in a platinum-rhodium catalyst. A platinum:rhodium ratio of 5:1 was 
first used, and this is much lower than the ratio in which these metals are mined 
(19:1) from the important Merensky Reef in South Africa. Catalyst development 
therefore aims to achieve a ratio of 10:1 or higher in order to avoid an imbalance 
between the patterns of supply and demand. The situation will be helped as a growing 
proportion of South African production is drawn from the UG2 Reef, which is much 
richer in rhodium than the Merensky, with platinum:rhodium ratios of 5:1 to 6:1.

The chief application of rhodium in the chemical industry is in catalysts for the 
oxidation of ammonia to nitric acid. It is also used in the glass industry and in 
thermocouples, very frequently alloyed with platinum.

Palladium is used mainly (75%) in the electronic and dental sectors. In the 
former the main application is for multilayer ceramic capacitors, followed by resistor 
tracks and components for integrated circuits. In dentistry palladium has established 
a position as a cost effective substitute for gold.

2.3. PLATINUM GROUP METAL RESOURCES AND PRODUCTION

Table II [5] shows estimates of known reserves of platinum, palladium and rho
dium and of the PGMs as a whole. An estimate is also given of the probable total 
world resources (not all of which are present in currently known reserves). The con
centrations of ruthenium, rhodium and palladium in the Earth’s crust are respectively 
5 x 10-’%, 10 7% and 10-*% (5 x 10'3, IO'3 and IO'2 g/t).

The major sources of the PGMs are in South Africa and in the USSR. All the 
metals tend to be found together in natural deposits, although the proportions in 
which individual metals are present vary widely. The metals are therefore mined 
together and are then separated. The cost of mining substantially exceeds the cost 
of subsequent processing and purification.

It seems likely that most of the world’s palladium occurs in the USSR, mainly 
because some of the PGM deposits there are richer in this metal than those in South 
Africa. The proportion of rhodium found with platinum also varies quite widely, 
even within South Africa.

In South Africa the quantity mined is determined by the demand for platinum, 
which always dominates, and this can lead to an effectively supply led market for 
the other metals. Thus situations such as that referred to above for catalytic con
verters, in which major applications for one of the minor metals create a demand pat
tern different from the supply pattern, can lead to price increases and to situations
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TABLE n. WORLD RESOURCES OF PLATINUM GROUP METALS 
(1031) [5]

Reserves
Other PGM 

resources
Total PGM 
resourcesPt Pd Rh Platinum 

group

Canada 0.12 0.12 0.03 0.28 0.22 0.50

Colombia 0.03 0.03 0.12 0.16

South Africa 10.9 4.7 0.62 18.04 43.5 62.2

USSR 1.9 3.7 0.12 6.2 6.2 12.4

USA n.a. n.a. n.a. 0.03 9.3 9.3

Zimbabwe n.a. n.a. n.a. n.a. 3.1 3.1

World total 12.95 8.52 0.77 24.58 62.44 87.66

where an alternative source of the minor metals (such as nuclear waste) could 
become attractive.

In WOCA, the bulk of the platinum supplies (around 85%) comes from South 
Africa. Canada supplies about 5% and the rest (about 10%) is imported from the 
USSR. The situation is very different for palladium: over half the WOCA amount 
consumed is imported from the USSR. The quantities of rhodium exported by the 
USSR also rose sharply in 1986, perhaps because of the strong demand in WOCA 
generated mainly by the catalytic converter market. For ruthenium, demand is rela
tively low and WOCA requirements can be met by South African sources [7].

The above data are based on a recent analysis published by Johnson Matthey 
[7] which is predominantly concerned with the markets in WOCA and their supply, 
including imports from the USSR. It does not consider resources and production in 
the USSR or China. Table III [5] shows data on world production for the platinum 
metals as a group. Annual production in the USSR is comparable to that in South 
Africa, although reserves in the USSR are substantially lower.

In considering data on reserves and production or consumption of PGMs, it 
is important to note that all the metals in this group are of high value and are there
fore frequently recovered for reuse from residues and scrap material. Figure 2 shows 
the extent of such recycle operations in relation to total PGM sales for the case of 
the US market. It can be seen that a very substantial fraction of the total usage is 
typically accounted for by recycled material.
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TABLE III. WORLD PRODUCTION OF PLATINUM GROUP METALS, 
1970-1978 (t) [5]

1970 1972 1974 1976 1978

Canada 15 13 12 13 9

Colombia 0.81 0.74 0.65 0.81 0.81

South Africa 47 45 88 84 92

USSR 69 73 78 87 95

USA 0.53 0.53 0.40 0.19 0.24

Other 0.31 0.62 0.65 0.93 1.15

World total 132.65 132.89 179.70 185.93 198.20

FIG. 2. Annual consumption and secondary recovery of all PGMs in the USA.

2.4. TRENDS IN DEMAND AND PRICES FOR PLATINUM GROUP METALS

The total consumption of platinum itself in WOCA has remained reasonably 
constant over the last ten years [7] at about 80 t/year ± 10%. There has been moder
ate growth in overall palladium demand, mainly because of a 40% increase in con
sumption in Japan for electronic applications. Detailed information is not so readily 
available for ruthenium and rhodium but both show signs of moderate growth in
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TABLE IV. TRENDS IN PRICES FOR PLATINUM GROUP METALS 
(US $/g) [9]

1978 1979 1980 1981 1982 1983 1984 1985 1986
Average, 

1978-1986
Average, 

1958-1968
Change 

(%)

Ruthenium 2.0 1.5 1.5 1.5 1.5 1.5 1.5 5.4 2.5 2.3 1.9 +21
Rhodium 16.1 25.7 25.7 19.3 19.3 19.3 19.3 19.3 35.2 24.3 5.3 + 358
Palladium 2.3 3.4 7.2 4.2 4.2 4.3 4.8 4.8 4.0 4.4 0.9 + 388

TABLE V. CONSUMPTION AND PRICES OF 
PLATINUM GROUP METALS IN 1986 [7]

Consumption in WOCA 
(t)

Price, 
Dec. 1986 
(US $/g)

Platinum 88.4 14.2

Ruthenium 7.4 2.5

Rhodium 8.4 35.2
Palladium 91.8 4.0

demand. In the case of rhodium the growth in catalytic converter applications has 
been partially offset by a slight decline in other uses. However, pressure of demand 
and the response of the market to uncertainties about South African supplies have 
led to a rapid escalation of rhodium prices, with an increase by a factor of about 3.5 
between 1984 and 1985. Prices have remained at this high level since 1985.

Price changes over a longer time-scale are shown in Table IV. It can be seen 
that the long term trend over the past few decades has been for the prices of pal
ladium and rhodium to increase markedly, whereas that of ruthenium has been rela
tively stable.

The PGM consumptions in WOCA in 1986 and the prices at the end of that 
year are shown in Table V.
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2.5. FUTURE MARKET TRENDS

It can be expected [7] that demand for ruthenium and palladium in WOCA will 
continue to grow in a steady but not spectacular manner over the next few years; that 
supply and demand will remain approximately in balance; and that prices will be 
fairly stable when viewed over a time-scale of a year or two although there will be 
month to month fluctuations.

Demand for rhodium is likely to increase somewhat more sharply. Supply and 
demand can probably be kept in balance by means of increasing production from the 
UG2 Reef or other rhodium rich sources. In these circumstances, the market price 
of rhodium will tend to hold its value.

This overall conclusion remains valid in the face of strategic uncertainties 
about the supply of PGMs [7J.

One of the factors that has influenced thinking on these matters is the lack of 
substitutes [7]. There are no technically adequate substitutes in many catalytic appli
cations, and in other areas it is difficult to find cost effective alternatives when over
all system economics are considered. In addition the scope for achieving further 
economies by recovery or conservation of the metals is limited. Exploration for new 
sources is intensive, especially in Australia and Canada, but is unlikely to make 
much contribution to supplies in the next few years [7]. It can therefore be seen that 
the world is largely dependent for the foreseeable future on supplies from South 
Africa and the USSR.

While the situation does not cause immediate concern, there are inevitably stra
tegic uncertainties over a time-scale of a few decades. Moreover, eventually world 
reserves of the PGMs will near exhaustion. On the basis of the total reserves 
(Table II) this may not happen for a considerable time, but changes in the relative 
amounts in which the metals are required may impose an earlier constraint.

As reserves are exhausted, prices rise. The exploitation of less accessible 
resources becomes economic. The development of substitutes becomes a priority and 
cost effectiveness is easier to achieve. There is also more incentive to conserve and 
recycle. All these technical and economic factors keep supply and demand in 
balance.

An assessment of the importance of potential new sources of PGMs (e.g. 
nuclear waste) is therefore based not on consideration of the final exhaustion of 
world supplies, but on an economic criterion. At what point will it be economically 
viable to separate and utilize the metals from such sources? Eventually such a point 
must be reached, and it can be argued that the options of recovering the metals from 
fission product wastes ought therefore to be kept open. However, there are also tech
nical problems in both the separation and utilization of the fission product metals; 
these are discussed in subsequent sections.
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FIG. 3. Yields from thermal fission of 233 U and 232Pu.

3. PRODUCTION OF PLATINUM GROUP METALS IN 
NUCLEAR REACTORS: COMPOSITION,

COOLING EFFECTS AND AMOUNTS ARISING

Ruthenium, rhodium and palladium, which are considered a potentially signifi
cant resource [8-13], are produced by a5U fission with yields of a few per cent, as 
shown in Fig. 3. In a commercial light water reactor (LWR) about 4 kg of PGMs 
are produced per tonne of heavy metal in the fuel, and in a fast breeder reactor (FBR) 
almost 19 kg (Table VI). Like other fission product elements, each PGM in spent 
fuel contains both stable and radioactive isotopes, generated either by the fission 
process or by (3 decay of adjacent species that were produced during fission 
(Table VII). About one year after removal from the reactors, stable isotopes are the 
principal ones remaining in the spent fuel (Figs 4-7).1 However, of the metals of 
interest, some radioactive isotopes with long half-lives form a large fraction of the

1 All data are presented for the reference case: PWR fuel, 32.3 GW-d-t"'; 880 d 
irradiation; 3.2% 2MU as UO2; fluence, F = 3.24 X 10'4 n-cm‘2s‘'.
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TABLE VI. TYPICAL COMPUTED DATA FOR CONCENTRATIONS OF 
•ARTIFICIAL’ PLATINUM GROUP METALS IN SPENT FUEL AFTER 
TEN YEARS’ STORAGE (g/t HM)

LWR LMFBR
(102 GWdt-1)(33 GWdt1)

IAEA
[14]

CMEA
[15]

USA-I 
[16]

USA-II 
[17]

UK 
[13]

Average UK 
[13]

Ruthenium 2 050 2 140 2 170 2 270 1 900 2 106 8 500
Rhodium 320 392 470 470 420 414 2 900
Palladium 1 140 1 410 1 380 1 240 1 120 1 258 7 500
Total 3 778 18 900

total element: ,07Pd has a half-life of 6.5 x 106 years and constitutes 17% of the 
total element in the fuel at reactor discharge. Ruthenium includes an appreciable 
amount of 106Ru, which decays to 106Rh, an intensely energetic and short lived 7 
emitter. The product of l06Rh decay is l06Pd, which is stable. Ruthenium-106 has 
a half-life of 371.6 d and forms about 7.6% of the total ruthenium at reactor dis
charge. In the case of separated rhodium, the only active isotopes present are l02Rh 
and l02Rhm, which have half-lives of 3 years and 207 d respectively, at concentra
tions of a few parts per million (106Rh will also be present at an equilibrium level 
whenever l0SRu is present). The decrease in activity of separated Rh and of a 
Ru-Rh mixture is shown in Figs 8 and 9.

In any attempt to relate the magnitude of a nuclear power programme to the 
quantity of ‘artificial’ PGMs produced and their availability, consideration must be 
given to fuel composition and residence time in a reactor, ageing after discharge and 
before processing, and the time for which the products must be stored before they 
can be assumed to be useful. In addition, reactors are of different types, and fuels 
discharged from them have different compositions and irradiation histories. These 
factors complicate any projection of by-product availability.

Nevertheless, with some simplifications the worldwide by-product production 
can be roughly estimated on the basis of existing reasonable projections.

At the end of 1987 the worldwide electricity generating capacity of nuclear 
power plants was 298 GW(e), from 418 power reactors. Of this total capacity, 
89.8% (267 GW(e)) was from low enrichment LWRs. In addition 89.1% of the 
capacity under construction is accounted for by water cooled reactors. Therefore, 
calculations of PGM arisings may be carried out on the basis of LWR parameters 
with a good degree of reliability.
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TABLE VH. CONTENT OF ‘ARTIFICIAL’ PLATINUM GROUP ISOTOPES IN 
SPENT NUCLEAR FUEL

Fission 
isotope

Half-life

Content in spent fuel 
after discharge (wt%)

1 year 30 years

Ruthenium

99 Stable 2.4 x IO“4 3.6 X IO'3

100 Stable 4.2 4.37

101 Stable 34.1 35.42

102 Stable 34.0 35.31

103 39.3 d 3.6 X IO'5

104 Stable 23.9 24.9

105 4.4 h Trace Trace

106 371.6 d 3.8 8.5 X IO"11

Rhodium

102 2.9 years Trace

102m 207 d Trace

103 Stable 100 100

103m 56.1 min 1.6 X 10’s

106 29.8 s 1.8 X IO“6

Palladium

104 Stable 16.9 15.8
105 Stable 29.3 27.4
106 Stable 21.3 26.4
107 6.5 x 106 years 

(0.035 MeV)
17.0 15.9

108 Stable 11.7 10.9
110 Stable 3.8 3.6
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FIG. 4. Elemental concentrations of PGMs in irradiated reactor fuel as a function of cooling 
time.

FIG. 5. Concentrations ofRu isotopes in irradiated reactor fuel as a function of cooling time.
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FIG. 6. Concentration of Rh in irradiated reactor fuel as a function of cooling time.

FIG. 7. Concentrations ofPd isotopes in irradiated reactor fuel as a function of cooling time.

The arisings of PGMs in the future will depend strongly on strategies for 
nuclear power development. According to estimates of the group of experts who 
developed this report, installed capacity in the year 2000 could lie between 420 and 
477 GW(e), and in 2030 could lie between 780 and 1100 GW(e) (Fig. 10). Cumula
tive spent fuel arisings for existing reactor fuel technology could range from 173 000 
to 181 000 t in 2000 and from 676 000 to 832 000 t in 2030 (Fig. 11).
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FIG. 8. Specific activity of separated Rh derived from 35 GW-d-t'1 PWRfuel 
(1 Ci = 37 GBq).

FIG. 9. Activity of a Ru-Rh mixture derived from 35 GW-d-t'1 PWRfuel (1 Ci = 37 GBq).
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FIG. 10. Projected growth in nuclear generating capacity up to the year 2030.

Assuming that effectively all this capacity can be treated as LWR fuel of 
33 GW-d-f1 bumup, the total arisings of PGMs can be calculated using the data 
in Table VI. The results of these calculations are presented in Table VHI.

These figures do not imply that these quantities of PGMs will necessarily be 
recovered for utilization, but they indicate the quantities that could in principle be 
made available. The actual quantities that could be obtained will depend on the fuel 
reprocessing strategies that are adopted, and on whether PGM recovery proves to 
be technically and economically feasible.

Projections of reprocessing capacity, like those of generating capacity, are 
uncertain. In a recent IAEA study [18] of countries having nuclear power pro
grammes, six had active reprocessing programmes (France, the Federal Republic of 
Germany, India, Japan, the Union of Soviet Socialist Republics and the United King
dom); one (Argentina) was in an advanced stage of R&D with plans for a prototype 
facility in 1989; four had contracts for reprocessing their fuel abroad (Belgium, Italy, 
the Netherlands and Switzerland); and five countries had contracts to return their 
fuels to the country of manufacture for reprocessing (Bulgaria, Czechoslovakia, 
Finland, the German Democratic Republic and Hungary). Only Spain, Sweden and 
the USA have definitively chosen a once-through fuel cycle, while Brazil, Canada, 
Finland, the Republic of Korea, Pakistan, South Africa, Yugoslavia and Taiwan, 
China, are evaluating extended storage options. Thus, over half of the nuclear power 
producing countries are interested directly or indirectly in reprocessing. It should 
also be noted that final disposal of spent fuel to a repository is unlikely to take place 
before 2020.
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FIG. 11. Cumulative spent Juel arisings up to the year 2030.

Table IX shows the projection of world reprocessing capacity by the Nuclear 
Energy Agency of the Organisation for Economic Co-operation and Development 
(OECD/NEA) [19].

Data on the fission product arisings of PGMs are compared with natural 
reserves in Table X. Figures for the annual consumption in WOCA are also shown. 
From these, the expected remaining reserves in 2000 and in 2030 can be calculated, 
setting aside any discoveries of new reserves and changes in consumption rate over 
the period. Considerably smaller estimates of remaining reserves would be obtained 
if world consumption figures were used in this calculation. Unfortunately these data 
are not available. It can be seen that in the case of rhodium, the amount of fission 
products arising by 2030 could be comparable with known reserves. For palladium, 
the arisings are a smaller but still a potentially very significant fraction of the 
reserves. For ruthenium, arisings might also be comparable with natural reserves but 
the supply-demand situation for this element is not as finely balanced as for the 
others.
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TABLE VID. GLOBAL PROJECTED ARISINGS OF 
PLATINUM GROUP METALS FROM NUCLEAR 
POWER PROGRAMMES (t)

2000 2030

Ruthenium

Low estimate 364 1423

High estimate 381 1752

Rhodium

Low estimate 71 280

High estimate 75 344

Palladium

Low estimate 218 850

High estimate 228 1047

The world resources of PGMs of course considerably exceed the reserves 
shown in Table X. There is no doubt that more of the natural materials could be 
mined, but it is uncertain at what cost this could be achieved.

In conclusion, if the worldwide development of nuclear power proceeds 
broadly as foreseen, then a substantial potential resource of PGMs (particularly rho
dium and palladium) will be created in spent fuel and fission product wastes by 2030. 
The availability of this resource for practical utilization will depend on:

— Technical feasibility of separating the metals;
— Economics of recovery, purification and reuse;
— Implications of the radioactivity of fission product derived metals;
— Impact on the nuclear fuel cycle.

4. OCCURRENCE OF PLATINUM GROUP METALS IN 
NUCLEAR FUEL CYCLE OPERATIONS

The size and composition of the PGM fraction in spent fuel from nuclear reac
tors depend on the bumup and the type of reactor. Typical compositions for an LWR 
(33 GW'd'f1) and an FBR (102 GW-d t'1), given in grams per tonne of heavy 
metal (U, Pu) loaded into the reactor, are presented in Table VI.

The availability of the PGMs can in principle be achieved by a deliberate 
choice of reprocessing as a back end treatment of spent fuel. Though many
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TABLE IX. SHORT TERM PROJECTED ANNUAL COMMERCIAL 
REPROCESSING CAPACITIES (t HM) [19]

* IAEA estimate.

1985 1990 1995

OECD: Europe and Pacific 2 500 3 550 5 815
OECD: North America 0 0 0

OECD 2 500 3 550 5 815

Developing WOCA 100 200 200
WOCA 2 600 3 750 <5 015

Centrally planned economies 3 000*
World total 2 600 3 750 9 015

reprocessing schemes have been investigated and used industrially, the PUREX 
(platinum-uranium extraction) process has emerged as the sole reference reprocess
ing method.

4.1. FUEL CYCLE WITH REPROCESSING

For the case of immediate reprocessing the fuel is chemically processed within 
three to ten years after discharge from the reactor. This option has been chosen by 
China, France, the Federal Republic of Germany, Japan, the USSR, the United 
Kingdom and some other countries with smaller nuclear power programmes. An 
alternative to immediate reprocessing is to store spent fuel for a longer period 
(25 years or more) and then to reprocess. In this case the PGMs can be considered 
as a strategic reserve for as long as the fuel remains recoverable.

The PUREX reprocessing technique consists of the following sequence of 
chemical operations:

— Dissolution of UO2 (PUO2) fuel
— Separation of U and Pu from fission products
— Separation and purification of U and Pu
— Concentration of fission products.

In conjunction with the reference PUREX process a series of waste treatment 
and conditioning operations have practically become integral parts of the reprocess
ing system, e.g. vitrification, hull conditioning and waste handling.
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TABLE X. COMPARISON OF PROJECTED FISSION ARISINGS OF 
PLATINUM GROUP METALS WITH NATURAL RESERVES AND 
ANNUAL CONSUMPTION (t)

* IAEA estimate.

Ru Rh Pd

Fission product arisings:

2000
Low estimate 364 71 218
High estimate 381 75 228

2030
Low estimate 1423 280 850
High estimate T752" 344 Ì047

Natural reserves (1982) 3220“ 770 8520

Annual consumption 
in WOCA (1986)

7.4 8.4 92.0

Natural reserves:

2000 3090 620 6870

2030 2870 370 4100

The first step in the chemical processing of spent fuel is the dissolution of 
mechanically disrupted fuel pins. During this operation UO2, the solid solution of 
UO2 and PuO2 and the majority of the fission products are dissolved in 
7-10M HNO3. However, the PGMs in the spent fuel show different kinds of 
physicochemical behaviour: a fraction remains as an insoluble residue in the dis
solver solution; some dissolves partly or completely in the boiling nitric acid; and 
finally some reprecipitates during prolonged storage of the separated fission product 
waste solution in the HLW tanks. Because of this diverse behaviour it is not possible 
to identify one type of process stream in which all PGMs that arise are present or 
available for recovery.

4.2. INSOLUBLE RESIDUES

Originally, the prime driving force for studies on the amount and nature of 
insoluble residues was the possible impact of generating Pu containing solid residues 
on waste management operations and on the economy of Pu recycling in LWRs and 
FBRs. The occurrence of an insoluble PuO2 containing fraction in the dissolver 
solution also attracted attention because of its disturbing influence on the operation 
of liquid-liquid extraction in special equipment, e.g. mixer-settlers, pulsed columns 
and centrifugal contactors.
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TABLE XI. COMPOSITION OF INSOLUBLE RESIDUES FROM 
DISSOLUTION OF IRRADIATED LWR FUELS IN BOILING 7M HNO3 
[20, 21]

Reactor KWO KWO KWO Biblis-A

Assembly BE 104/127 MOX-BE 251 III-BE 247/365 BE 4.191
Fuel uo2 U0. 96^0 0402 UO2 UO2
Enrichment 3.1% U-235 3.2% Pu-239 4.0% U-235 3.2% U-235
Burnup (MW-d/t HM) 30 650 38 700 40 500 55 900
Irradiation end 1972 1976 1977 1983
Year of analysis 1978 1980 1982 1987
Residue/fuel (%) 0.19 0.65 0.43 0.64
Actinides/residue (%) 3.7 11.6 1.7 0.8

u 3.5 4.3 1.5 0.7
Pu <0.18 6.9 0.2 0.1
Am __a 0.4 — —

products/residue (%) 70 81.5 95 81.9

Mo 19 14 23 15.0
Tc 3 7 8 4.1
Ru 33 28 45 34.2
Rh 6 9 7 4.4
Pd 5 20 11 6.5
Ag — — <1 —
Sr — — — 0.4
Ba — 0.2 — 3.3
Te 2 2 — 8.9
Rare earths — 1 — —
Zr 2 0.3 — 4.1
Sn — — — 1.0

Structural
materials/residue (%) 14 — 2.5 4.9

Zr 2 — 0.2 1.5
Sn 0.03 — — 0.02
Ti 1 — — 0.8
Fe 3 — 1.3 2.1
Cr 2 — 0.3 0.3
Ni 3 — 0.2 0.2
Al 1 — 0.3 —
Si 2 — 0.2 —
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TABLE XI. (cont.)

Reactor KWO KWO KWO Biblis-A

Oxy gen/residue (%) 12 6.9 0.8 12.4

Dissolved fraction of 
Mo, Tc, Ru, Rh, Pd (%)

100 100 60 -100

Final chemical state of 
solid Mo, Tc, Ru, Rh, Pd

Oxidicb Oxidicb Metallic Oxidicb

• Not determined.
b Reprecipitated fraction.

4.3. COMPOSITION OF LWR RESIDUES

The composition of fission products in insoluble residues is given for a few 
types of LWR fuel in Table XI [20, 21]. It can be seen from the table that the bulk 
(70-90%) of the insoluble residues is made up of Mo, Tc, Ru, Rh, Pd and other 
microcrystals originating from structural materials. Moreover, these very radioac
tive materials, dissipating from 0.1 to 1 W/g of decay heat, are mixed with PuO2, 
which makes it an arduous task to use them for PGM recovery. They are also very 
difficult to process.

Small scale tests have shown that 4 to 5 kg of insoluble residues per tonne of 
treated fuel are collected by high speed centrifugation or hyperfiltration. The sludges 
are made up of very fine particles (<50 pm). Depending on the dissolution condi
tions and the filtration techniques, the total amount of residue and the proportion of 
each PGM may vary considerably.

In pilot scale experiments a lower mean value of 3.1 kg per tonne of insoluble 
residues was found [22, 23). Comparison of the theoretical yields with the results 
of chemical analysis shows that 45% to 70% of all the PGM elements produced are 
collected as insolubles.

About 94% of the total residues are, according to Kleykamp [20, 21], 
reprecipitated and agglomerated fission product oxides and hydrous oxides; the 
reprecipitation phenomena are element selective.

4.4. FBR RESIDUES

Solubility tests on UO2 and PuO2 fuel irradiated in fast reactors showed a 
behaviour qualitatively similar to that for LWR fuel but yielded different ratios 
among the Mo-Tc-Ru-Rh-Pd metal family [24, 25], Micrographic analyses of the 
metallic inclusions in the fuel show a slightly different composition to that expected
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from fission yields. The residues consist mainly of irregular fuel particles of variable 
size, from coarse undissolved fuel particles to fines consisting essentially of Mo, Tc, 
Ru, Rh and Pd. Only treatment by HF could eliminate the PuO2 content.

Recent results for FBR fuel [23], however, show a fair correspondence 
between expected fission yields and measured insolubles. Only Pd is consistently low 
in the insoluble residue compared with the theoretical yield.

4.5. PROCESSING OF INSOLUBLE RESIDUES

The clarification sludges obtained from both LWR and FBR fuel are highly 
radioactive and stored in special cooled cans or in removable centrifuge bowls. The 
radioactivity of the clarification sludge is essentially determined by its Pu content and 
by the l03~106Ru activity.

The Pu content of the sludge depends on the nature of the fuel: there are very 
low to trace amounts in UO2 fuel, significant amounts (a few per cent) in mixed 
oxide fuel, and greater amounts in fast reactor fuel.

The radioactivity due to 106Ru and 103Ru is roughly 1.8 x 107 GBq/t fuel but 
it decreases very rapidly (the respective half-lives are 371.6 and 39.3 d). The radio
activity is reduced to 0.1 % after ten years but still remains at several terabecquerels 
per tonne of fuel (3-5 kg of insoluble residue). Any chemical operation on this kind 
of material is very difficult and expensive. Only after twenty half-lives (about twenty 
years) do separation processes starting from stored clarification sludges become fea
sible. However, at that time the presence of Pu will mainly influence the separation 
costs and the final use of the products.

According to present practice the clarification sludges are incorporated into 
HLW glass or immobilized separately, and are then not available for further 
recovery.

4.6. LIQUID HIGH LEVEL WASTES

In the reference PUREX cycle the extraction in the first cycle separates U and 
Pu from fission products. During this operation virtually all the soluble fission 
products are routed to the HLW stream, and subsequently concentrated by evapora
tion to 1000-200 L/t HM, depending on the degree of concentration and denitration.

Under these very oxidizing and acid conditions some fission products, e.g. Zr, 
Sb, Sn, Mo and some PGM elements, precipitate as hydrous oxides and phosphates 
in the HLW tanks.

Ruthenium is present in substantial amounts as a soluble nitroso complex. The 
composition of soluble HLW is generally difficult to verify since representative sam
pling is a tricky operation. Analysis of the composition of liquid HLW from the 
Eurochemic plant gave the results shown in Table XII.
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TABLE XII. CONCENTRATIONS OF VARIOUS METALS IN SOLUBLE 
COMPOUNDS IN EUROCHEMIC HLW

Calculated Chemically
(ORIGEN measured Isotopic composition

code) concn concn (%)
(g/L) (g/L)

Mo 2.15 0.95-1.05 Isotope: 92
1.05

94
0.67

95
23.1

96
1.75

97
22.8

98
26.1

100
26.1

Tc 0.52 0.30

Ru 1.35 1.26 Isotope: 100
2.4

101
37.8

102
36

104
24

106
0.01

Rh 0.238 0.36

Pd 0.856 0.03

It is clear from Table XII that Mo is partially precipitated as a heteropolyacid, 
while Pd is precipitated or had already been removed from the solution during earlier 
head end operations. The only PGM elements present in soluble form in the liquor 
are Ru and Rh, which are present as nitrate complexes. In order to recover Rh from 
HLW very specific methods with radiation resistant reagents would have to be 
designed.

The difference between calculated and experimental values for Ru is small, 
which indicates that Ru behaves as a soluble fission product, as might be expected 
from earlier theoretical studies.

4.7. NEUTRALIZED HIGH LEVEL WASTES

High level wastes from military nuclear programmes have from the beginning 
been neutralized. In this operation practically all radionuclides precipitate except Cs 
and Sr. Practically all PGM elements in the neutralized wastes are in a precipitated 
form, but in a less concentrated fashion than the insoluble residues mentioned earlier 
since the fuel burnup is very low. It is not obvious whether the PGMs can be 
extracted from the bulk precipitate without creating secondary radioactive effluents 
which have in their turn to be conditioned for safe storage.
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5. RECOVERY AND PURIFICATION OF 
PLATINUM GROUP METALS FROM NUCLEAR FUEL 

REPROCESSING WASTES

Investigations of the behaviour of PGMs in irradiated nuclear fuel reprocessing 
flow sheets have shown that roughly half of the PGMs go into the fuel solution during 
dissolution of nuclear fuel. The remainder occur in the dissolver residues.

PGMs are extracted only to a limited extent by tributylphosphate (TBP) from 
highly acidic solutions. Therefore, they are discharged into the first extraction cycle 
raffinate. The raffinate from the first extraction cycle, containing practically all the 
fission products, is evaporated in order to recover nitric acid and to decrease the 
HLW volume. The evaporated HLW contain an important fraction of the PGMs 
accumulated in the irradiated fuel.

According to the strategy accepted throughout the world all HLW must be 
vitrified. After vitrification the PGMs will not be recoverable for possible use. If it 
is desired to recover PGMs, then they must be extracted from the HLW before or 
during the vitrification process.

Recovery of PGMs from HLW is a complex technological problem, because 
of a number of factors:

— The very high radioactivity of reprocessed solutions,
— The stringent requirement for decontamination of PGMs from other fission 

products,
— The requirement for the proposed recovery and decontamination process to be 

carried out at a cost commensurate with the value of the products.

A wide variety of PGM recovery, separation and purification methods have 
been developed in the past. In this section some general considerations are presented 
on the choice of methods for separation of the PGMs for their practical utilization.

5.1. SEPARATION OF RUTHENIUM

One of the most important problems in the recovery of PGMs is the very high 
radioactivity level of Ru (‘O3+io6Ruj Radioactive contamination is the major 
impediment to the industrial use of fission product PGMs. It is, therefore, important 
to find chemical separation techniques applicable to this metal.

Treatment with an oxidizing agent in boiling nitric acid can transform 
RuNO-(NO3)x into the volatile RuO4 species. The question arises whether this 
evaporation process can be conducted so as to achieve almost total separation. It has 
already been proposed to remove the insoluble residues almost completely by high 
performance centrifugation and to volatilize as much as possible of the soluble Ru 
by sparging with ozone. These changes would greatly improve the liquid extraction 
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efficiency and simplify the off-gas treatment during calcination and vitrification of 
HLW concentrate. Laboratory tests on Ru volatilization have shown that the oxidiz
ing agents to be used have to be very carefully selected in order to get a high degree 
of Ru decontamination. Hydrogen peroxide (H2O2) and potassium bromate (KBrO3) 
decompose in nitric acid solution and cannot oxidize Ru(NO)3+ compounds. 
However, potassium periodate (KIO4) does oxidize Ru compounds to RuO4 at boil
ing nitric acid temperature but a more than stoichiometric amount of KIO4 has to be 
added for an effective and quantitative process. Within 1 h roughly 98% of the
l03 + l06Ru is removed and can be trapped in KOH scrubbing solution. However, the 
presence of relatively significant quantities of Pu interferes with the Ru oxidation 
reaction. It is therefore advisable to carry out the final Ru removal step on an HLW 
solution containing no substantial amounts of Pu. The oxidation-distillation method 
offers a potentially simple way to remove excess Ru from other PGMs.

There is at first glance no obvious way to remove Ru from insoluble residues 
since it is present in various chemical forms (Ru°, RuO2 and Ru alloys). A transfor
mation of solid Ru to RuO4 can only be obtained in very particular oxidation condi
tions which are difficult to attain in a hot radioactive environment. Pyrometallurgical 
extraction with molten lead has been proposed but the technological and economic 
feasibility of this process still has to be demonstrated.

Selective dissolution of Ru is very difficult to carry out since the PGM ele
ments have similar chemical properties and the reagents (HC1, HF, etc.) required to 
dissolve the insoluble residues are incompatible with the PUREX process technology 
and equipment. One alternative is storage for more than 25 years followed by a 
tailor-made dissolution process with successive recovery of each of the noble ele
ments involved.

5.2. RECOVERY OF RUTHENIUM AND RHODIUM FROM HLW

Fission product Ru and Rh must be cooled for 30-50 years before unrestricted 
use (see Section 6). Therefore, it is only worth while to obtain concentrates of these 
elements decontaminated from the most long lived fission products — l37Cs and 
’’’Sr. Cooling of Ru and Rh concentrate will lead to a considerable reduction of the 
activity of other fission products.

The analysis of the Ru and Rh recovery methods described in the literature 
shows that most of them are not suitable for industrial separation of these elements 
from HLW.

The following methods are of possible interest for this purpose:

(a) Extraction of PGMs on a number of activated carbon beds, which are treated 
with chelating agents capable of forming strong complexes with PGMs [26], 
This method has the drawbacks that the sorbent can be used only once and that 
there is a potential hazard in using carbon beds in the presence of nitric acid.
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(b) In acidic aqueous solutions Rh usually exists as hydrated cations, principally 
[Rh(H2O)6]3 + , and replacement of water molecules in the inner sphere of this 
cation is very difficult. This explains the poor extraction of Rh by most extrac
tants. It is possible to convert Rh to an anionic complex in the presence of 
nitrite ion. In this form, Rh can be extracted by amines [27], but for effective 
extraction it is necessary to neutralize the solution to a pH greater than 2 in 
the presence of a salting-out agent. Creation of such conditions for HLW is 
very difficult.

(c) Rhodium in the form of the hydrated cation can be extracted by cation 
exchange extractants such as dinonylnaphthalene sulphonic acid from aqueous 
solution with a nitric acid concentration below IM [28]. Extraction of Rh by 
this extractant is rapid because replacement of water molecules in the inner 
sphere of the hydrated cation on the other ligands does not take place. Stripping 
of Rh is readily achieved with nitric acid or with nitrite solution. However, 
dinonylnaphthalene sulphonic acid is not selective. It extracts not only Rh but 
also other fission products, among them long lived l37Cs and ^Sr. A flow 
sheet for extraction of Rh from HLW based on this extractant would involve 
a number of decontamination steps.

(d) Sulphur containing extractants (dialkylsulphides, organic sulphoxides, phos
phine sulphides) are interesting to a certain degree for Rh extraction [29-32]. 
The advantage of these extractants lies in their ability under carefully selected 
conditions to recover all PGMs from HLW, at least the most valuable of them 
— Pd and Rh. This offers the possibility of obtaining a joint concentrate of 
PGMs by the extraction method. However, an extremely slow approach to 
equilibrium is a characteristic of all these extractants, which excludes their 
utilization in counter-current extraction equipment. Besides, back-washing of 
PGMs is often a complex problem. Taking into account the practical problems, 
utilization of such extractants is rather difficult to envisage.

(e) An interesting method for obtaining the joint PGM concentrate was proposed 
in Ref. [33]. The main feature of this method is that Ru, Rh and Pd are precipi
tated in the form of metals during HLW denitration by formic acid. Such a 
process provides good decontamination of PGMs from other radionuclides. 
Further decontamination from fission products is conducted by extraction of 
impurities [34].

5.3. SEPARATION OF PALLADIUM

Palladium has more favourable chemical properties than Ru and Rh. There
fore, a number of effective extraction and sorption methods have been developed for 
separation of Pd from HLW. Some of them may be suitable for industrial use.
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Strong base anion exchange resins are selective sorbents for Pd [35]. They per
mit the extraction of Pd from solutions with nitric acid concentrations up to 3 M and 
provide good Pd decontamination from all the fission products except Tc. However, 
anion exchange resins have limited radiation stability, which limits the possibility of 
their application for Pd recovery from such very highly radioactive solutions as 
HLW.

TBP can be used for Pd extraction, but it is necessary to reduce HLW acidity 
to 0.5M and to make the concentration of the salting-out agent (e.g. sodium nitrate) 
4M or more [36, 37]. Rare earth elements (REE) and actinides will be extracted 
together with Pd by TBP under such conditions; Ru and Rh are extracted by TBP 
only to a very small extent.

Separation of Pd from trivalent REE and transplutonium elements (TPE) is 
conducted by selective Pd back-washing with a solution of an agent giving strong 
complexes with Pd but not with REE and TPE.

To exclude contamination of Pd by U, Np and Pu it is necessary to extract these 
elements from HLW before Pd separation (for example by TBP extraction from 
more acidic solutions).

It is possible to separate Pd from HLW by means of phosphine oxides [38, 39], 
This method is more attractive, because phosphine oxides do not require a salting-out 
agent and permit the extraction of Pd from solutions with nitric acid concentration 
up to IM.

Amines and quaternary ammonium salts are effective extractants for Pd [40]. 
These extractants provide recovery of Pd from solutions with nitric acid concentra
tion up to 3M and excellent separation of Pd from the majority of the fission 
products. Certain difficulties can arise with Pd decontamination from Pu(IV) and 
Np(IV), which are well extracted by tertiary amines and quaternary ammonium salts. 
Technetium will be extracted together with Pd. The separation of these elements can 
be carried out at the back-washing stage.

5.4. RECOVERY OF PLATINUM GROUP METALS DURING
VITRIFICATION OF HLW

High level wastes from nuclear fuel reprocessing are solidified to provide for 
HLW disposal in the environment. Vitrification is the most generally accepted 
process for HLW solidification.

It is possible to obtain a joint PGM concentrate during vitrification of HLW. 
It is important to note that PGM and Mo recovery before vitrification may have a 
positive effect on the glass quality.

The advantage of PGM recovery during vitrification of HLW is that it can pro
vide simultaneous PGM extraction both from liquid HLW and from dissolver 
residues, if the latter are included in the feed to the vitrification process.
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The possibility of application of molten metal extraction to recovery of PGMs 
from calcined HLW is described in Ref. [8]. According to the proposed method a 
metal oxide (PbO, SnO, CuO, Bi2O3 or Sb2O3), a reducing agent and glass forming 
agents are added to calcined HLW. The mixture is melted at 1100°C. During this 
procedure the metal oxide is reduced to metal which extracts PGMs. It was shown 
that PbO is the most acceptable for practical application. Charcoal can be used as 
the reducing agent. Lead containing PGMs is collected at the bottom of the vitrifica
tion furnace and after glass discharge the lead phase is loaded into a container, in 
which it is sent for cooling and further processing. The proposed process was only 
tested on the laboratory scale. Additional research is necessary to establish its practi
cal application.

5.5. RECOVERY OF PLATINUM GROUP METALS FROM
INSOLUBLE RESIDUES

A process has been proposed for recovery of PGMs from dissolver residues 
that is based on PGM extraction by liquid magnesium [41]. The dissolver residues 
are treated by liquid magnesium at temperatures up to 950°C. The Mg extracts Ru, 
Rh, Pd and Cd. The separation of Ru from Pd can be carried out by contacting Mg 
melt with U-Cr eutectic, which extracts Ru.

5.6. ISOTOPIC SEPARATION METHODS

In order to allow unrestricted use even after short cooling periods, not only 
must the PGMs be separated from fission products but the radioactive PGM isotopes 
must also be separated from the stable ones.

Atomic vapour laser isotope separation (AVLIS) is the subject of development 
work as a means of enriching U in its fissile isotope. Its possible application to PGMs 
has been discussed. Dubrin [42] considered the laser isotope separation process for 
the enrichment and purification of nuclear waste by-products. The physical principle 
behind laser isotope separation is the selective absorption of laser radiation by 
atoms/molecules containing the isotope to be separated. The AVLIS technology 
developed over the past ten years is very broad in scope and applicable to many ele
ments. According to Dubrin’s preliminary calculations, order of magnitude estimates 
for the cost of separation of isotopes are 1-10 US $/g for PGMs, 10-100 US $/g 
for «’Sr and 1800 US S/g for 238Pu.

On the other hand, isotopic shifts for elements in the middle of the periodic 
table are small compared with the width of the absorption lines, and more complex 
separation schemes than those used for uranium isotopes would have to be devel
oped. In addition, the operating temperature would need to be much higher (by up 
to 1000°C) than for U enrichment in order to maintain the vapour phase. Achieving 
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isotopic purity is a far more difficult objective than achieving enrichment. Excitation 
of the ‘impurity’ isotope becomes very costly when it is required to remove the last 
few parts per million; and the alternative of exciting a non-active isotope for collec
tion is not efficient and raises problems of cross-contamination. Thus in spite of 
Dubrin’s cost figures it seems unlikely that such processes would be economically 
viable.

Another approach which has been recommended for the recovery of isotopes 
from nuclear wastes is the plasma separation process as suggested by Suchard [43]. 
The plasma separation process (PSP) employs the principle of ion cyclotron 
resonance to selectively energize a desired isotope in a plasma containing ions of 
several isotopic species. A plasma source generates ions of the isotope to be sepa
rated, which are confined by a magnetic field and introduced into resonance. An 
electric field at the desired ion cyclotron frequency is also generated, and the cyclo
tron resonance causes the desired ions to be selectively energized. The author has 
evaluated the radiation characteristics of Ru, Rh and Pd and discussed the general 
applicability of the PSP for isotope separation and provided specific insight into the 
use of the PSP for the purification of fission product noble metals recovered from 
nuclear wastes.

This approach combines selectivity with potentially higher throughputs than 
are generally typical of electromagnetic methods. It could be applied to several 
nuclides in one facility (by variation of the resonance frequency) and this could 
improve the economics in a multipurpose operation. However, selectivity is moder
ate, and the technical and economic viability of the method would depend on the 
overall separation factor required to produce a usable product. The problem of cross
contamination again might be important.

However, it should be emphasized again that before laser or plasma separation 
techniques can be economically applied, gross separation of the noble metals from 
the other fission products must be achieved.

5.7. DISCUSSION

Summarizing the data on the possible methods of PGM recovery from HLW, 
one can draw the following conclusions.

Effective methods of Pd extraction based on the use of TBP, phosphine oxides, 
amines and quaternary ammonium salts have been described. All the proposed 
methods have been tested only on the laboratory scale and for the most part using 
simulated solutions. Technological flow sheets for Pd recovery from HLW have in 
general a conceptual character as they have not been tested on real solutions and on 
a large scale.

The production of radiochemically pure Pd is a very complicated problem, 
because it is necessary to provide extremely high decontamination from other fission 
products (decontamination factors in the region 10s to 107).
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It is evident that two or three successive decontamination stages will be 
required to obtain the necessary degree of decontamination. This could make the Pd 
recovery process very expensive. However, some reduction in specific activity could 
be achieved by allowing a Pd concentrate to cool for a period.

There are no Ru and Rh recovery methods which are suitable for industrial 
application. The sulphur containing compounds are the only class of extractants 
which are suitable to some extent for recovery of Rh from HLW. However, certain 
of their properties (slow kinetics of extraction, difficulties of back-washing) make 
them not promising enough for industrial use.

Taking into consideration the existence of radioactive Ru and Rh isotopes, it 
does not seem attractive to design complete decontamination methods for these ele
ments from fission products because it is necessary to cool them for 30-50 years 
before use. All fission products except ’“Sr and l37Cs will decay practically com
pletely in this time. For Ru and Rh it seems necessary to obtain a concentrate suffi
ciently decontaminated from ’’’Sr and l37Cs only. The separation of pure Rh and Ru 
from such a cooled concentrate can then be achieved by one of the methods used in 
the purification of PGMs from natural sources.

Even after prolonged storage of PGMs some residual intrinsic radioactivity 
remains, associated with l07Pd and perhaps other nuclides. Therefore, isotopic 
separation will probably be required in order to allow unrestricted use. The develop
ment of isotopic separation is therefore important for the future use of fission derived 
PGMs.

6. RADIATION SAFETY AND LICENSING 
CONSIDERATIONS

In addition to the technical problems involved in separating PGMs from the 
highly radioactive wastes generated in reprocessing there are economic and radiation 
safety aspects which will determine the feasibility of recovery and utilization. Eco
nomic aspects are difficult to estimate in view of the price fluctuations occurring on 
the world market and the uncertainties in predicting future demand for these metals 
for industrial applications (Section 2).

Another factor which could influence the economy of recovery is the question 
whether or not it would improve reprocessing and waste management operations. 
Separation of PGMs from HLW before vitrification may improve the quality of the 
resulting borosilicate glass, since these elements constitute devitrification centres 
within the glass matrix and cause the yellow molybdate (MoO2') precipitate to 
segregate from the homogeneous glass form. One other, probably more serious 
problem caused by the presence of PGMs, namely formation of precipitates on the 

32



bottom of the vitrification furnace, was recently solved, however, by replacing the 
flat furnace bottoms with inclined (45°) bottoms.

In the current situation there seems to be no economic incentive for the opera
tors of the reprocessing and waste management facilities to include a costly PGM 
separation process in their flow scheme. Thus the economics of the recovery of 
PGMs will have to be judged solely on their value in the world market.

In addition to being priced competitively the PGMs recovered from nuclear 
wastes have to meet certain quality standards, not only as far as chemical composi
tion or purity is concerned but also, and much more importantly, so that the radiation 
emanating from these products is at such a low level that it is acceptable to the public.

Generally it can be stated that the requirement for commercial use is a suffi
ciently low specific activity of the product, both to restrict radiation doses to users 
and the public and to prevent contamination of the world inventory when radioactive 
material is recycled together with natural PGMs. Thus it is necessary to consider the 
various sources of intrinsic activity in these metals even if it is assumed that a com
plete separation of the PGMs from the other highly radioactive components present 
in the HLW is possible.

6.1. RADIATION SAFETY ASPECTS OF USE OF
PLATINUM GROUP METALS

6.1.1. Ruthenium

After the decay of the very short lived isotopes the major sources of radioactiv
ity in Ru are the isotopes of mass 103, 105 and 106. Because of the presence of 
106Ru (t|/2 = 371.6 d), as shown in Table XHI, the specific activity of Ru after 
5 years’ cooling time will be too high for general use and will still be significant after 
20 years. Ruthenium-106 is a weak 0 emitter but its short lived daughter l06Rh 
decays with high energy 7 emissions.

A first approximation to the stage at which fission Ru might possibly be used 
in industry can be made by considering the unrestricted quantities specified by the 
Strahlenschutzverordnung of the Federal Republic of Germany. There the unres
tricted quantity (Freigrenze) quoted for l06Ru is 3.7 x 104 Bq and the limit for the 
yearly incorporation of l06Ru activity via food and water is 2.14 x 104 Bq. Using 
this as a guideline and the specific activity of the l06Ru quoted by Bush and Acres 
[44] of 1.11 x 107 Bq/g after 20 years’ cooling, one reaches the conclusion that not 
more than 2 mg of fission Ru (mixture containing 2.14 x 104 Bq of l06Ru) could 
be handled at that time without special precautions.

After 30-50 years this situation will have considerably improved, however, 
and industrial quantities of separated fission Ru could be used in non-restricted ways 
in accordance with the present radiation safety standards of 3.7 x 104 Bq.
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TABLE XIE. EFFECT OF COOLING TIME ON ISOTOPIC COMPOSITION 
OF FISSION PRODUCT PLATINUM GROUP METALS 
(based on PWR fuel at a burnup of 40 000 MW-d-t'1)

Activity (GBq/kg HM) after:

0 years 5 years 20 years

Ruthenium

103 6.7 X 104 — —
105 5.2 X 104 — —
106 2.5 X 104 8.1 x 102 2.7 X 10‘2

Total 1.4 X 10s 8.1 x 102 2.7 X 10‘2

Mass (g/kg HM)1 2.87 2.62 2.61
Specific activity (Bq/g) 4.9 x 10" 3.1 x 102 1.0 x 10‘2

Rhodium

102 7.8 X 10’2 2.4 x 10'2 6.7 X IO"4
102m 2.6 X 10“' 5.5 x 10J 5.5 X IO’12
103m 6.7 X 104 — —
104 4.8 x 104 — —
105 4.8 X 104 — —
106b 3.1 x 104 8.1 x 102 2.6 x IO’2
Others 8.1 x 10* — —

Total 2.7 x 105 8.1 x 102 2.6 X IO'2

Mass (g/kg HM)1 0.51 0.51 0.51
Specific activity (Bq/g)b 4.7 X 105 1.0 x 10’’ 5.1 X IO'2

Palladium

107 3.0 X 10~’ 3.0 x 10"’ 3.0 X 10’’
Others 2.1 X 104 — —

Total 2.1 X 104 3.0 X 1O‘J 3.0 x 10"’

Mass (g/kg HM)* 1.54 1.74 1.74
Specific activity (Bq/g) 1.3 x 104 1.7 X 10’’ 1.7 x 10

a Including stable isotopes.
b Rh-106 (t|/2 = 29.8 s) exists for an appreciable time only when in equilibrium with 

Ru-106. Its activity has been omitted from the specific activity calculation since this refers 
to fully separated rhodium.
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6.1.2. Rhodium

Fission Rh consists mainly of the stable l03Rh. If complete chemical separa
tion from Ru can be achieved so that contamination with l06Rh (t1/2 = 29.8 s) 
originating from the decay of l06Ru (tln = 371.6 d) is avoided, the major radio
active isotopes will be l02Rh (tw = 2.9 years) and l02Rhm (t1Z2 = 207 d), both of 
which are high energy y emitters. The level of radioactivity remains high 
(— 107 Bq/g) after a 5 year cooling time (Table XHI). However, after storage for 
30-50 years the activity will be reduced to a level which might allow the industrial 
use of fission Rh.

6.1.3. Palladium

In contrast to the situation for fission Ru and Rh, fission Pd contains a long 
lived radioactive isotope, l07Pd, with a half-life of 6.5 x 106 years. Thus l07Pd is 
the only radioactive isotope present after 5 years’ cooling and, because of its long 
half-life, it will remain an almost permanent source of radioactivity (Table XIII), 
although as a low energy 6 emitter (E„„ = 35 keV) it does not require any 
appreciable shielding.

6.2. DISCUSSION

Although dose limitations and licensing procedures for the use of radioactive 
material will vary considerably from one country to another it would be over- 
optimistic to assume that PGMs, which will have to be declared as radioactive 
material, offered on the free market will find customers. This conclusion is of course 
based on the present PGM supply situation and the present public attitude towards 
the use of radioactive material. Consequently in any attempt to introduce fission 
produced PGMs to the world market first of all a very efficient separation of the 
PGMs from other highly active fission products and from long lived actinides present 
in the nuclear wastes has to be achieved.

Secondly, it seems that a cooling period of 30-50 years would reduce the 
intrinsic activity of Ru and Rh to an acceptable level for industrial use. In the case 
of Pd the long half-life of l07Pd would, however, exclude the use of such a simple 
procedure to reduce the activity. On the other hand, the very long half-life of l07Pd 
together with the very low energy of its pure (3 emission may permit direct use of 
fission Pd in some existing major applications — catalysts, glass manufacture and 
electronics, for instance — if the need exists.

If this cannot be realized because of stringent regulations, methods may be 
developed for effective isotope separation, such as laser or plasma separation 
processes. Presently, prospects for commercial application of isotopic separation 
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techniques for PGMs seem remote, but further developments in this field are feasi
ble. Some potential techniques have recently been discussed by Bush and Acres [44] 
and were presented in Section 5.

Thus in the light of the problems involved in licensing the use of fission 
produced PGMs and the related radiation safety aspects, one might conclude that it 
would be advisable to separate all the PGMs by a simple, inexpensive technique from 
the HLW generated in reprocessing. Subsequently the crude product can be stored 
for a period of more than 30 years, i.e. until the intrinsic radioactivity has dropped 
to an acceptable level. Further refinement could then take place. This would also be 
possible in the case of direct retrievable storage of fuel elements (once-through 
cycle). Processing of fission produced PGMs with shorter cooling times would 
require isotopic separation of the radioactive species from the bulk PGM elements, 
methods for which are not yet available on an industrial scale.

7. CONCLUSIONS AND RECOMMENDATIONS

Ruthenium, rhodium and palladium are all useful and strategically important. 
In the short and medium terms, the demand for rhodium is likely to continue to 
increase because of the growing requirement for motor vehicle exhaust catalysts. The 
demand for the other PGMs is also likely to increase steadily.

In spite of strategic uncertainties, supply and demand are likely to remain in 
balance in the medium term. However, in the long term, pressure on supplies as 
reserves become depleted may lead to increased prices and provide an incentive to 
look for alternatives. In these circumstances, an alternative source of supply, such 
as high level nuclear wastes, might become an attractive source of PGMs.

If the worldwide development of nuclear power proceeds as currently 
envisaged, it is likely that the PGMs (Ru, Rh, Pd) in spent fuel and fission product 
wastes will constitute a substantial potential resource, perhaps comparable in size to 
known natural reserves by about 2025. It is important to consider carefully the 
options for utilizing this potential resource, within the context of the nuclear fuel 
cycle.

The reference PUREX method for spent fuel reprocessing produces two waste 
streams containing the PGM fraction. Up to 50% is present as insoluble dissolver 
residues. The remainder is transferred to the HLW and is partially in soluble form 
in the HLW solution and partially reprecipitated as a suspension in the storage tanks. 
If the PGMs are to be available for use, they will have to be separated before 
vitrification.

Since the PGMs have similar chemical properties, it may be advisable to 
develop a technique for separation from HLW which will isolate the PGM fraction 
from the rest of the HLW. The PGM fraction could then be stored together with the 
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insoluble residues for a 30-50 year period. After this period, residual activity would 
be low and separation of the PGMs for utilization could be evaluated against the tech
nical and economic criteria prevailing at that time. The proposed techniques for the 
initial separation have to be compatible with the current reprocessing operation and 
must not create additional waste streams.

Though many techniques have been tested on the laboratory scale none of them 
have been demonstrated under realistic conditions. Some techniques, e g. combined 
reduction and precipitation, show potential for further development.

The radioactivity of the PGM fraction is a strong impediment to its use as a 
chemical feedstock. In particular, the high radioactivity of ruthenium complicates 
any PGM recovery processes undertaken within 30-50 years after discharge from 
the reactor unless a method is designed that can separate almost all ruthenium from 
the other PGMs. Beyond that period ruthenium activity will have substantially 
decayed.

The technology of rhodium separation has not yet been developed up to the 
point where its use in the nuclear fuel cycle context can be guaranteed. Further 
developments have to be undertaken in order to provide better separation methods. 
However, after 30-50 years’ cooling time and in the absence of ruthenium, the rho
dium radioactivity will have decreased to acceptable levels, allowing chemical 
processing and unrestricted use.

Palladium can be extracted from the PGM mixture by several methods, but it 
will keep its intrinsic (3 activity unless isotopic separation of the long lived 107Pd is 
performed. No method for such a separation is yet available on an industrial scale.

It is possible to consider using such palladium (or other very low active PGM 
materials) in applications where its activity is unimportant. But it would then be 
essential to segregate this active metal from natural material during recycle opera
tions so as to avoid contamination of the whole inventory. This segregation would 
be very difficult to control in many applications.

7.1. RECOMMENDATIONS

(a) In the light of the potential value of the PGMs present in nuclear waste streams 
it is advisable as a first step to design methods whereby they are separated as 
a group in a simple way from HLW; and to define conditioning and storage 
criteria in order to preserve the PGMs in a suitable form for later recovery, 
separation and use.

(b) Since PGMs of nuclear origin are produced by various reprocessing plants 
international collaboration may be appropriate in order to define the criteria 
with which the concentrates have to comply for further refining in a specialized 
facility.
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(c) The storage for 30-50 years of insoluble dissolver residues and suspended 
solids extracted from HLW will require specific engineering solutions, adapted 
to the high heat output of the products.

(d) The use of PGMs of nuclear origin requires a careful analysis of the market 
situation for products which may be slightly contaminated with radioactive 
nuclides, in order to identify uses which might be compatible with such 
materials.

(e) A further review of the subject should be undertaken in the mid-1990s, taking 
into account changes in PGM markets, fuel cycle technology, projections of 
nuclear capacity and technological developments (chemical and isotopic sepa
ration techniques).
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