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The recycling of platinum group metals is 
necessary to fulfill the demand for platinum 
group metals, as the demand has risen while 
the production level has not increased 
equally. The number of suppliers is 
relatively low and major part of the 
production is done in South Africa and 
Russia. The end products where platinum 
group metals are used are consumed 
throughout the world. Therefore the 
recycling of these metals would be attractive 
as near as end user as possible. Some of the 
secondary material is currently transported 
back to the primary metals producers. There 
are some producers that only use secondary 
material and they use both 
pyrometallurgical and hydrometallurgical 
processes. The process technology used for 
platinum group metals production has been 
evolving towards more modern processes 
that have fewer loops and shorter through 
times. 
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Abstract 
The demand for platinum group metals (PGMs) has been rising significantly for the last few 
decades as the metals have become very important for the today’s society. They are used in 
pollution control and also in many other applications where their unique properties are needed. 
It seems that the trend is towards even further increase in the consumption due to tightening 
emission standards and new energy sources. The supply of PGMs is limited as they only exist 
in a larger scale in South Africa and Russia. As the end products where PGMs are used are 
scattered around the globe, the recycling of the metals at these locations also seems attractive. 

This literature review focuses on the extraction and separation processes used in the 
platinum group metals industry nowadays. The information available is partly limited as 
companies are not willing to give their secrets away. Most of the processes reviewed are meant 
for primary metals processing, but some of them are also used to recycle PGMs from secondary 
sources. The number of specific processes proposed in the literature is high, but most of these 
processes are however mainly modifications from existing processes and based on the same 
principles. 

Differences in the used raw material lead to clear differences in the used process chemistry 
and technology when producing platinum group metals. As more metals are present, usually a 
more complex process chain has to be utilized. The process chemistry has to adapt easily to 
small changes in order to make the process profitable. In this report some of the commercially 
available processes were reviewed as well as some of the processes proposed in the literature. 
No one outstanding process stood out, but many processes have advantages that can be 
employed when processing some certain ore or secondary material. The modern process 
technology employing ion exchange and molecular recognition appears to be more flexible 
considering the raw material. This has been one of the reasons besides faster and more efficient 
operation, why the traditional processing methods have been replaced by the modern refining 
processes. 
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Platinaryhmän metallien kysyntä on kasvanut tasaisesti viimeisten vuosikymmenten aikana. 
Tänä aikana metalleista on tullut erityisen tärkeitä yhteiskunnalle niiden ainutlaatuisten 
ominaisuuksien ansiosta. Platinaryhmän metalleja käytetään hyödyksi mm. päästöjen 
vähentämisessä. Tällä hetkellä näyttää siltä, että kysyntä jatkaa kasvua myös  tulevaisuudessa 
kiristyvien päästömääräysten ja uusien energiamuotojen myötä. Platinaryhmän metallien 
tuotanto on rajoittunut pääasiassa Etelä-Afrikkaan ja Venäjälle. Lopputuotteet, joihin platina-
ryhmän metalleja käytetään, leviävät kuitenkin ympäri maailmaa, joten niiden kierrätys käyt-
töpaikan lähellä olisi houkuttelevaa.
������Tässä kirjallisuuskatsauksessa tutustutaan platinaryhmän metallien valmistusprosesseihin. 
Saatavilla oleva informaatio on osittain rajoitettua, sillä yritykset eivät ole halukkaita luovut-
tamaan kilpailuetua tuovia salaisuuksia kilpailijoilleen. Useimmat käsitellyt prosessit on 
tarkoitettu metallinvalmistukseen primääriraaka-aineista, mutta joitakin voidaan käyttää myös 
platinaryhmän metallien kierrätykseen sekundääriraaka-aineista. Kirjallisuudesta löytyvien 
prosessien määrä on suuri, mutta useimmat niistä ovat variaatioita jo olemassa olevista proses-
seista ja perustuvat samoihin periaatteisiin.
������Erot käytetyssä raaka-aineessa johtavat selviin eroihin prosessikemiassa ja tekniikassa. Kun 
useampia metalleja on läsnä, joudutaan yleensä käyttämään monimutkaisempia prosessiketjuja. 
Prosessikemia täytyy olla helposti sovitettavissa pieniin muutoksiin, jotta toiminta saadaan 
kannattavaksi. Tässä raportissa käydään läpi muutamia kaupallisesti käytössä olevia prosesseja, 
sekä joitakin kirjallisuudessa esitettyjä prosesseja. Yhtä tiettyä ylitse muiden olevaa prosessia ei 
noussut esiin, mutta useilla prosesseilla on etunsa, joita voitaisiin hyödyntää tiettyä malmia tai 
sekundäärimateriaalia hyödynnettäessä. Modernit prosessiteknologiat, jotka hyödyntävät ionin-
vaihtoa tai molekyylintunnistusta, vaikuttavat olevan joustavampia raaka-aineen suhteen. Tämä 
on ollut yksi syy, miksi perinteisiä prosessitekniikoita on korvattu moderneilla prosesseilla.

platina, PGM, valmistus, talteenotto, katalyytti, katalysaattori 
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1. Introduction 

The demand for platinum group metals (PGMs) has risen significantly 

during the last few decades, especially after the introduction of catalytic 

converters in the treatment of automotive exhaust gases. The demand for 

the metals is very likely going to increase in the near future as fuel cell 

vehicles and automotive catalytic converters in developing countries 

become more common. The supply of these metals is relatively limited, 

which has led to the rise of the prices. Unlike gold, the prices of these 
metals are not so heavily affected by the changes in the world economics 

due to the low speculative consumption. 

As the primary metal sources are scarce and the metal content is relatively 

low, the utilization of secondary metals has become interesting and has led 

to increasing the percentage of recycling of these metals. The metal content 

in secondary materials is even ten-to-hundred-fold higher than in the 

primary ore. The concentration of base metals or other impurities in the ore 

or secondary material differ significantly based on the source material. 

Therefore the processes need to be adapted to the raw material available. 

Especially in case of secondary material, the fluctuation in metal 

concentration and level of impurities can be significant regarding the 
process chemistry.  

Some of the recycled material is shipped back to the primary metal 

refineries, but the problem is that the main primary metal refineries 

operate in South Africa, and the main sources of secondary material are on 

other continents. The transportation cost of the scrap material is so high 

that the primary processing of scrap material should be made as close to the 

source as possible. The economics of scale on the other hand make sure that 

it is not economic to process platinum group metals containing secondary 

materials in every country. 

The processing of these metals can be made both by pyrometallurgical 

and hydrometallurgical ways, depending on the source material. In 
principle, the lower the metal content, the more inefficient it is to use 

pyrometallurgical production methods. Combinations of these are also 

employed in some cases, as for example in the processing of catalytic 

converters. If a direct low-cost hydrometallurgical process can be developed 
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for the secondary material processing, the production would be profitable 

also in a relatively small scale. 

The focus of this literature review is to review the processes used for the 

extraction and separation of platinum group metals. Both commercially 

utilized processes as well as processes proposed in the literature are 

reviewed. The information available on the commercial processes is fairly 

limited and partly outdated because the producers are not willing to give 

their company secrets away. Besides the used processes, the main ore 

bodies and secondary sources are also reviewed in order to understand the 

differences in the composition and structure of the raw material as these 

affect the selection of the process chain.    
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2. Extraction of primary metals 

The production of platinum and palladium is many times higher than the 

production of the rest of the platinum group metals. In 2008 the total 

production of platinum group metals was estimated to be 465 000 kg 

(Loferski, 2010). Other platinum group metals are usually found as small 

traces together with platinum and palladium, which makes the refining of 

these elements challenging. 

The platinum group metals occur in a variety of minerals. They occur both 
as small (10-50 μm) platinum-group mineral grains and as atoms in 

pentlandite [(Fe,Ni,Co)9S8)] (Crundwell et al., 2011). Ore deposits that are 

considered as useable contain mainly sperrylite (PtAs2), cooperite (PtS), 

stibiopalladinite (Pb3Sb), laurite (RuS2), ferroplatinum (Fe-Pt), polyxene 

(Fe-Pt-other platinum metals), osmiridium (Os-Ir), and iridium platinum 

(Ir-Pt). These minerals are found with certain carrier minerals, which are 

often valuable themselves (iron pyrites, nickel-iron pyrites, chrome-iron 

ore). The minerals are seldom present in an exact stoichiometric ratio. The 

mechanical concentration of these heavy constituents takes place by flowing 

water, together with chemical dissolution and precipitation. Besides the 

true deposits, PGMs are found as isomorphous compounds with various 
metals such as nickel, cobalt and copper, mainly in their sulfides. (Renner, 

1997) 

Natural platinum group metal deposits are usually associated with copper, 

nickel and iron sulfides. The concentration of PGMs in these ores differs 

significantly depending on the origin. Concentrations of different elements 

in South African and Russian ores are shown in Table 1. The concentration 

also defines the manners in which they are refined (Bernardis et al., 2005). 

Since the PGMs occur usually together, it is necessary to devise processes to 

separate, purify and recover each of the metals separately. Research and 

development in the field of PGM refining will always be enhanced by 

potential economic gains, which are enabled by new, faster, simpler and 
more efficient refining methods (Bernardis et al., 2005).   

Ruthenium and osmium form volatile tetroxides under strongly oxidizing 

conditions. This enables the separation of these two metals from the rest of 

the PGMs by distillation (Bernardis et al., 2005). OsO4 is more stable than 
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RuO4. Iridium and rhodium are the most insoluble metals, and hence in 

most processes used throughout the world rhodium is the last metal 

recovered (Benguerel et al., 1996). Heap leaching has been proposed as an 

option for low grade PGM ores (Mwase et al., 2012). 

 

Table 1. Concentration of Platinum-Group Elements in South African and Russian in situ 
ores (Crundwell et al., 2011) 

Element Concentration of 'in situ' ore, g/ton 

Pd 2-7 

Pt 2-4 

Rh 0,2-0,5 

Ru 0,3-0,7 

Ir 0,1-0,2 

Os 0,04-0,1 

Total 7-10 
 

Usually the extraction consists of the following steps (Crundwell et al., 

2011): 

1. Mining of ore rich in PGMs  

2. Flotating the platinum-group elements in the ore into a concentrate 

consisting of nickel-copper-iron sulfides that are rich in platinum-

group elements 

3. Smelting and converting the concentrate to a nickel-copper sulfide 

matte 

4. Separating the platinum-group elements in the converter matte 

from the base metals, either by magnetic concentration or by 

leaching 

5. Refining the concentrate to individual platinum-group metals with 

purities in excess of 99,9% 

 

The PGMs occur either as sulfides or are associated with the sulfides of 

copper and nickel. Therefore the froth flotation of the sulfide component of 

the ore leads to concentration between 35 to 150 g PGMs/tonne 

concentrate. As the metal content is low, the amount of energy needed to 

heat, melt and leach the huge amount of waste rock in the ore would 

require too much energy and capacity. (Crundwell et al., 2011) 

The smelting and converting of the flotation concentrate removes silica, 

iron and sulfur. The PGM content in the matte is between 1000 and 2000 

g/tonne. The next step is the removal of base metals and the associated 
sulfur from the PGM-containing material. This can be conducted by two 

different process routes, either by slow cooling followed by magnetic 
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concentration or by whole-matte leaching. The previous is only used by the 

Anglo American Platinum in Rustenburg, South Africa. (Crundwell et al., 

2011) 

In the process of slow cooling followed by magnetic concentration, the 

converter matte is allowed to cool over several days. The PGMs concentrate 

in the alloy phase which is separated from the base metal sulfides by 

magnetic separation. This magnetic fraction is treated in leaching steps to 

remove copper, nickel and iron. The platinum content is upgraded to 50-60 

%. After this the platinum concentrate is transferred to the precious metals 

refinery for the separation of the individual metals. In the whole-matte 

leaching process nickel and copper are leached from the converter matte. 

The PGMs remain in the insoluble residue. Before transferring the residue 

to the precious metals refinery most of the base metals are removed and the 

PGM content is 50-70%. (Crundwell et al., 2011) 

The last step is refining to individual metals and purification, which can 

be conducted using many alternative processes. These processes are 

discussed more deeply in the following chapters.  

Purely hydrometallurgical processing of PGM containing minerals have 

been reviewed by (Milbourne et al., 2003). They have reviewed the benefits 

and problems of the following processes: 

� Total pressure oxidation 

� Chloride-enhanced pressure leaching 

� Dynatec process 

� ActivOX 

� Albion 

� AAC/UBC process 

� Nitrogen Species Catalyzed (NSC) Process 

� Ammonia Leach Processes 

� Platsol process 

� Intec process 

� Other Chloride-Based Copper Processes 

Mainly the above mentioned processes are based on leaching in an 

autoclave in an increased pressure.   

Hydrometallurgical processes for refining PGM containing concentrates 

can be divided in two categories. There are processes where PGMs are 

supposed to dissolve completely and processes where PGMs are supposed 

to remain in the insoluble residue. Some of the following processes also 

consider gold as part of the PGMs. 
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2.1 Insoluble PGM processes 
 

There are no processes that will generate a PGM residue that would directly 

be suitable for refining. This is the aim of the matte leach plants, but these 

reject iron via a smelting step ahead of leaching. Most of the processes 

developed for the treatment of base metal concentrates should not dissolve 

significant quantities of PGMs, as due to either the lack of a suitable 

chelating agent or the presence of significant quantities of elemental sulfur, 

which should reduce any soluble PGMs in the system. (Milbourne et al., 

2003) 

 

2.1.1 Total pressure oxidation 
 

A general overview of the process is shown in Figure 1. Process was 

developed for copper by Placer Dome and UBC. It essentially uses 

refractory gold conditions to achieve total oxidation in a sulfate system with 

no suitable chelating agent present. Under the total oxidation conditions 

(225°C, 700 kPa O2, 3400 kPa total pressure), the sulfide content of the ore 

is completely oxidized to sulfate and it is expected that the PGMs would 

follow iron. Probably the PGM content would go to the hematite residue as 

an oxide or in an elemental form. Some iron would remain dissolved. A 

secondary leach is required to recover the PGMs. Any leach performed 

would ideally be selective against iron. As in refractory gold processing, a 

chelating leach may be an option, followed by an ion exchange. The 

hematite residue is relatively dense and most likely would dissolve slowly. 

Copper and nickel can be recovered from the leach solution by SX-EW 

and/or precipitation routes. Complete sulfide oxidation results in high 

oxygen consumption, which together with high maintenance costs and 

disposal of sulfate are the operating cost concerns. (Milbourne et al., 2003) 
The PGMs remain in the residue from this process, which could then be 

the feed to a secondary process in which the PGMs would be dissolved and 

recovered. It appears that their concentration into a flotation concentrate 

free of base metals may lead to an economic processing route, provided 

they are not removed with the elemental sulfur. (Milbourne et al., 2003) 

 

2.1.2 Chloride-enhanced pressure leaching 
 

A schematic overview of the process is shown in Figure 2. Although the 

chloride environment is very harsh (150 ˚C, 700 kPa O2, 1100 kPa total 

pressure, 12 g/l Cl-), conditions would only partially dissolve the PGMs, 
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which would need to be at least partly recovered from a residue containing 

high levels of elemental sulfur. This process has been extensively tested for 

copper at demonstration plant scale, but not for copper-nickel. There 

appears to be no publications that indicate that the precious metal recovery 

circuit has been run at the same scale. (Milbourne et al., 2003) 

 

 
Figure 1. Total pressure leaching process (Milbourne et al., 2003). 

  
 

2.1.3 Dynatec process 
 

Schematic overview of the Dynatec process is shown in Figure 3. It is a mid-
range (150 ˚C) autoclave process, which produces elemental sulfur in a 

sulfate medium and therefore dissolves most likely less PGMs than the 

chloride enhanced processes. Coal is used as a source of surfactant for 

elemental sulfur dispersion. The presence of coal will make the PGM 

recovery more complicated. Similarly elemental sulfur tends to react with 

PGM molecules in the leach solution. This process has been run in a pilot 

scale, but there is no information about the results in literature. (Milbourne 

et al., 2003) 
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Figure 2. Chloride-enhanced pressure leaching process (Milbourne et al., 2003). 
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Figure 3. Overview of the Dynatec process (Milbourne et al., 2003). 
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2.1.4 ActivOx, Albion and AAC/UBC processes 
 

The ActivOx process is a mild pressure leaching process that employs fine 
grinding (p80 5-15 μm, 100-110 ˚C, 1000 kPa oxygen) in a sulfate system. 

This process has been demonstrated at the continuous pilot plant level. A 

schematic overview is shown in Figure 4. (Milbourne et al., 2003) 

The Albion process is another sulfate-based process that employs fine 

grinding (p80 10-15 μm). The process conditions are mild (85-90 ˚C 

atmospheric leach, 24 hours residence time, oxygen sparging). The process 

has been demonstrated at the continuous pilot plant level. The process 

owners have, however, decided to keep the technology for use in their own 

projects. (Milbourne et al., 2003) 

The AAC/UBC process combines features of the Albion, ActivOx, and 

Dynatec processes. Sulfate is leached in autoclave at 150 ˚C with 700 kPa 
oxygen. The process is able to achieve high copper recoveries from 

chalcopyrite by completing a fine grind of the feed (10-20 μm). A surfactant 

is required for satisfactory performance to control sulfide wetting by molten 

elemental sulfur. The AAC/UBC process has been piloted for copper. 

(Milbourne et al., 2003) 

 

2.1.5 Nitrogen Species Catalyzed Process 
 

In the NSC process a sulfate leach system is augmented with a 2 g/l sodium 

nitrite. Both total and partial oxidation processes have been proposed. 

Process operates in mild conditions (125 ˚C, 400 kPa oxygen). The partial 

oxidation process was commercialized as a batch operation at the Sunshine 

Mine in Idaho with chalcocite-tetrahedrite minerals. The silver, rhodium 

and palladium can either be leached or retained in the solids by controlling 

the chosen process conditions. (Milbourne et al., 2003) 

 

2.1.6 Ammonia Leach Processes 
 

The Arbiter (Figure 5) and Coloso-processes were commercialized for 

copper and the Sherritt-process (Figure 6) for nickel. All three would likely 

produce the PGMs in a voluminous iron hydroxide leach residue, and 

produce ammonium sulfate that would need to be recovered and sold. A 

low PGM concentration in the residue and poor liquid/solid separation 

properties would make subsequent recovery of the PGMs expensive, which 

led to the development of the acid leach processing technology for Impala 

Platinum matte leaching. (Milbourne et al., 2003) 



   

13 
 

 

 

 

 

 

 
Figure 4. An overview of the ActivOx, Albion and AAC/UBC processes (Milbourne et al., 
2003) 
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Figure 5. Sherritt-Gordon Nickel process (Woodward and Bahri, 2007) 
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Figure 6. Arbiter process (Kuhn et al., 1974) 
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2.2 Soluble PGM processes 
 

Another option for refining processes is that the PGMs are completely 

dissolved. The following processes are based on this principle. 

 

2.2.1 Platsol process 
 

The Platsol-process (Figure 7) was developed to treat PGM sulfide flotation 

concentrates. Base metals and precious metals are leached in a single step 

with oxygen in sulfate media under total oxidation conditions (220 °C, 700 

kPa O2, 3200 kPa total pressure) using chloride (or other halide) as a 

complexing agent. The high temperature used in the leach implies a high 

level of sulfur oxidation. Leaching conditions are similar to those used in 

refractory gold plants and are therefore achievable with the current 

industrial equipment. (Milbourne et al., 2003) 

 

 
Figure 7. Platsol refining process (Milbourne et al., 2003). 
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The presence of the chloride (20 g/l) is believed to assist in achieving high 

recoveries of the base metals. Total oxidation of sulfide in the primary 

concentrate leads to high operating costs due to high oxygen consumption 

and sulfate neutralization. To reduce overall processing costs the Platsol 

process could alternatively be used to treat the PGM bearing residues (after 

sulfur removal) from the partial sulfide oxidation processes. This would 

allow the generation of higher grade solutions than if the whole concentrate 

was processed and may give more options for PGM recovery. (Milbourne et 

al., 2003) 

 

2.2.2 Intec process 
 

The Cl/Br-chemistry featured in the Intec-process (Figure 8) provides a 

strong oxidant at nearly ambient (85°C, atmospheric pressure) conditions. 

The use of a high concentration of chloride/bromide (>5M) is sufficient to 

allow dissolution of the PGMs even in the presence of elemental sulphur. 
Dissolution of gold is an integral feature of the Intec copper process. 

(Milbourne et al., 2003) 

PGM recovery in the Intec process could use ion exchange, or reduction 

using recycled copper dendrites. It is suspected that problems may be 

encountered with redox and pH control to achieve low sulfur oxidation with 

high PGM dissolution. The Intec process for copper has been run at 

demonstration plant scale. Treatment of primary PGM concentrates has 

been limited to batch laboratory work. The mixed chloride-bromide 

chemistry in this process represents a significant departure from current 

sulfide processing technology. The combined Cl/Br-chemistry may lead to 

challenges caused by the two different ligands in the solution. (Milbourne et 
al., 2003) 
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Figure 8. Intec refining process (Milbourne et al., 2003). 
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2.3 Process economics 
 

According to (Crundwell et al., 2011) the annual reports of the South 

African mining companies indicate that the operating costs for making 

platinum-group metals are of the order of $ 20 million/tonne of refined 

platinum metals. 70 % of these expenses are related to mining. 

Concentration and smelting/converting both address both about 10 %. 

Leaching (of platinum concentrate) and refining to metal make both about 

5 % of the costs. According to the same analysis, one tonne of produced 

metals would have a sales value of $ 40 million (naturally depending on the 

current market price). As the expenses related to the mining provide the 
highest share of the expenses, the use of secondary materials appears very 

attractive.  

Besides the few open pit mines, standard mining is carried out in deep 

shafts down to a depth of over 2,000 meters below the surface. A major 

expense is caused by bringing the ore up to the surface. A major cost factor 

in mining is energy consumption. In contrast to this, energy consumption 

in the recycling of secondary materials is much lower, as these materials 

usually have a much higher PGM concentration. At Heraeus at Hanau, the 

overall energy efficiency performance of recycling is about 0.7 MWh/kg 

PGM. This is accompanied by average total carbon dioxide emissions of 

0.2t CO2/kg PGM (including CO2 equivalents for electricity). Compared 
with mining companies which run deep shaft operations with elaborate 

cooling and drilling technology, energy consumption and carbon dioxide 

emissions per kg of PGM produced are much higher. Energy consumption 

for primary PGM production is 70 to 100 times higher than for recycling. 

The difference is even higher for CO2 emissions (180-320 times). (Kralik et 

al., 2012) 
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3. Extraction of secondary metals 

End-of life materials are a valuable secondary resource while the primary 

resources of platinum group metals in Europe are nearly non-existing. As 

the total precious metal content in secondary materials is many times 

higher than in ore body, the total economics of the process depend on the 

chemical and physical structure of the scrap material.  

Secondary materials can be classified in two groups, as materials that are 

in open loop circulation and materials that are in closed loop circulation. 
An example of the open loop circulation products are the automotive 

catalytic converters. For example the catalysts used in petrochemical 

industries are in closed circulation. They are many times the property of the 

manufacturer and only leased to the user. Therefore they are returned to 

the manufacturer every time after the use period for refurbishment. 

Platinum group metals are not only extracted from ore, but recovered 

from a wide range of industrial residues. These materials consist of 

(Renner, 1997): 

� metallic material such as laboratory waste and thermocouple 

elements 

� dross 

� catalysts from industrial and automotive uses 

� solutions from electroplating industry and other liquid residues 

from chemical industry 

� radioactive residues 

The recovery of PGMs from electronic waste is difficult due to the low 

metal content and many times a very heterogeneous material flow. The 

number of recycled automotive catalysts has risen significantly during the 

last decades due to the tightening of emission standards. The developing 

countries have also started to require pollution control, which has led to a 

rise in the use of catalytic converters. The exact concentrations of PGMs in 

catalysts vary widely depending on the manufacturer, the age and the 

capacity of the catalyst. The concentration of Pt in a new catalytic converter 

ranges from 300 to 1000 μg/g, Pd from 200 to 800 μg/g and Rh from 50 to 

100 μg/g (Faisal et al., 2008). The amount of PGMs in a catalyst has 
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lowered as more efficient designs have been developed. Precious metal 

catalysts are usually consisted of a coat of the metal supported on γ-

alumina. The recovery of metals from automotive catalysts has received 

much attention during the last few years (Faisal et al., 2008; Jimenez de 

Aberasturi et al., 2011; Kim et al., 2000). In the near future the use of PGMs 

in fuel cells is predicted to increase the amount of secondary PGMs 

available (Zuber et al., 2004). 

Recovery of PGMs from automotive catalysts is possible both with 

pyrometallurgical and hydrometallurgical processes (Marinho et al., 2010). 

The recovery can be conducted both with processes that dissolve the 

support and processes that dissolve the noble metals. The most ordinary 

hydrometallurgical recovery method is leaching in an acidic oxidative 

medium. Many times this is achieved with the use of aqua regia, which 

leads to high volumes of strong acid waste due to the complete 

solubilization of the catalyst. Hence, other more economical and 

environmental processes are being developed. 

The fission reaction of 235U in nuclear power stations produces 

considerable amounts of platinum group metals. One ton of spent reactor 

fuel contains 1.2 kg of palladium, 0.5 kg of rhodium and 2.3 kg of 

ruthenium (Bush, 1991). The active isotopes of rhodium and ruthenium will 
have decayed to background levels after the intermediate storage of 30-50 

years. The amount of PGMs generated in fission reactions is relatively high, 

so the recovery of especially rhodium is attractive and has been considered. 

Renner estimated the total production of rhodium to be ca. 1 t/a (Renner, 

1997). Some of the rhodium is placed in intermediate storage and some in 

final repositories.  

As ruthenium and osmium are scarce in comparison with platinum and 

palladium, they are not always present in scrap material. Three basic 

factors influence the recyclability of PGM-containing catalysts (Hagelüken, 

2008): 

� The metal value of the catalyst, depending on the absolute amount 

of PGMs and the relevant PGM prices. Determines the economic 
attraction of recycling and sets an important benchmark for 

recycling technology and recycling costs. 

� The material composition of the spent catalyst. The composition 

affects the possible technical recovery processes, the recovery costs 

and the technical recovery yields that can be achieved. The 

composition often differs significantly from the fresh one. 

� The application segment and the associated lifecycle structure for 

the catalyst. The main impacts are economic factors, such as the 
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business model, the recycling chain, the participants involved, the 

logistics and the catalyst lifetime. 

 

Large variety of support materials and metal compositions generate 

specific requirements for the recycling process. The main impact comes 

from the catalyst support, but the combinations and absolute loadings of 
PGMs and other metals are also important (Hagelüken, 2008). The spent 

catalyst often contains carbon and hydrocarbons from the catalytic process, 

which also has to be taken into account. It can also contain hazardous 

elements from the crude oil, such as As or Hg (Hagelüken, 2006). Different 

types of catalysts are described in Table 2.  

In many cases the other components present define the pretreatments 

required before the PGM recovery (Hagelüken, 2008). An example of this 

kind of a pretreatment is the burning off of oil refining catalysts 

contaminated with carbon. This step is many times conducted by a 

subcontractor instead of the refinery itself. 
The metals recovery process can be divided into four stages (Hagelüken, 

2008):  

1. homogenization/sampling 

2. preconcentration 

3. dissolution and PGM isolation 

4. PGM purification (refining) 

 

Spent PGM catalysts are usually recycled using a so-called toll refining 
contract, meaning that the refiner only sells a refining service as the 

ownership of the metals remains with the customer. This can naturally be 

used only with high amount of scrap material. (Hagelüken, 2008) 
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Table 2. Composition of different PGM-containing catalysts (Hagelüken, 2008) 

Application 
Catalyst 
type/support 

Precious 
metals 

PGM 
loading 
[%] 

Expected 
catalyst life 
[years] 

Oil refining 

Reforming Al2O3  0,02-1 1-12 

Isomerization Al2O3,zeolites 

Hydrocracking SiO2, zeolites Pd; Pt 

Gas to liquid 
Al2O3,(SiO2, 
TiO2) 

Co + (Pt, 
Pd,Ru,Re) 

Bulk and 
specialities 

Nitric acid Gauzes Pt/Rh,Pd 100 0,5 

H2O2 Powder(black) Pd 100 1 

HCN Al2O3 or gauzes Pt, Pt/Rh 0,1;100 0,2-1 

PTA Carbon granules Pd 0,5 0,5-1 

VAM Al2O3, SiO2 Pd/Au 1-2 4 

Ethylene oxide Al2O3  Ag 10-15 

KAAP Activated carbon Ru 

Homogeneous 

Oxo alcohols Homogeneous Rh 
100-2000 
ppm  1-5 

Acetic acid Homogeneous Rh, Ir/Ru 
in process 
solution 

Fine 
chemicals 

Hydrogenation Activated carbon Pd, Pt, Pd/Pt 0,5-10 0,1-0,5 

Oxidation (powder) Ru, Rh, Ir 

Debenzylation 

Automotive     

Catalysts 
Cordierite 
monolith Pt/Rh 0,1-0,5 >10 

ceramic pellets 

Diesel particle 
filter 

Metallic 
monolith Pt/Pd/Rh 

SiC or cordierite 
monolith Pt/Pd 
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3.1 Car catalytic converter 
 

The ordinary ceramic catalytic converter (Figure 9) contains a honeycomb 

structure with usually a cordierite skeleton (2MgO·2Al2O3·5SiO2), as shown 

in Figure 10. Some catalysts are also based on Zr oxide honeycomb 

structure. The density of the skeleton is 60-120 cells/cm2 and walls between 

the cells are about 150 μm thick. The skeleton is covered with a highly 

porous washcoat of 50-200 μm. The washcoat is formed of about 90 % γ-

Al2O3 and a mixture of basic metal additives, mainly the oxides of Ce, Zr, 

La, Ni, Fe and alkaline-earths. These oxides are used to improve the 

stabilization of the catalytic converter. The platinum group metals are 
located on the surface, where they are exposed to the exhaust gases. 

Other types of automotive catalytic converters exist also, which are used 

for more specific requirements. These are often metallic, consisting of 

stainless steel foil coated with a washcoat. The foil is rolled and forms 

channels similar to the ceramic converter. 

 

 

Figure 9. Car catalytic converter (Crundwell et al.). 

 

As car catalytic converters are used for a relatively long time, several 

ageing (deactivation) mechanisms that reduce catalytic activity can take 

place. A portion of the PGMs can be released and lost. According to some 

studies the central part of the catalyst is usually less damaged (Moldovan et 

al., 2003). Part of the recycled catalysts is replaced because of inefficient 
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emission reduction. Therefore it can be expected that the amount of PGMs 

in the recycled catalysts is lower than in the new catalysts. The amounts of 

PGMs left in the converters after the use period is shown in Table 3. Several 

researches have been done about the damaging mechanisms (Lassi et al., 

2004). Thermal deactivation seems to be one of the most important causes 

for most of the cases. Other mechanisms such as washcoat losses or 

abrasion, contamination by sulfur and lubricants, and noble metal sintering 

were also observed (Zotin et al., 2005). The use of the new fuel alternatives 

can also affect the thermal aging of the catalysts and diesel particle filters 

(Fernandes et al., 2009; Winkler et al., 2010). 

 
Table 3. The amounts of platinum group metals present in the catalysts after the use period 
(Hagelüken et al., 2004) 

OTTO Diesel 

  g/car g/car 

  Capacity Pt Pd Rh Sum Capacity Pt 

G-Kat <1,4l 0,95 0 0,19 1,14   

1,4-2l 1,43 0 0,29 1,72 <2l 

  >2l 2,09 0 0,43 2,52 >2l   

Euro I <1,4l 0,95 0 0,19 1,14   

1,4-2l 1,71 0 0,33 2,04 <2l 

  >2l 2,76 0 0,57 3,33 >2l   

Euro II <1,4l 0,29 1,14 0,19 1,62   

1,4-2l 0,38 2 0,29 2,67 <2l 1,43 

  >2l 2,09 3,04 0,67 5,8 >2l 4,28 

Euro III <1,4l 0,1 2,47 0,29 2,86   

1,4-2l 0,48 2,76 0,29 3,53 <2l 4,09 

  >2l 0,57 3,71 0,67 4,95 >2l 8,55 

Euro IV <1,4l 0,57 0,95 0,29 1,81   

1,4-2l 0,67 2,85 0,48 4 <2l 4,75 

  >2l 0,48 4,75 0,67 5,9 >2l 8,55 
 

In order to recover the precious metals from the used catalyst the matrix 

usually needs to be crushed. As the valuable metals are located on the 

surface, it is not agreed if smaller particle size enhance the recovery of the 

PGMs. According to some sources (Baghalha et al., 2009; Barakat and 

Mahmoud, 2004) the recovery does not further improve with a particle size 

less than 100 μm. FESEM images of the catalytic converter surface can be 

seen in Figure 10. 

Different companies handle the collection and recycling of catalytic 

converters at different stages of the life time of the catalyst, as shown in 

Table 4. It can be seen that the amount of players is huge throughout the 
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whole life time. Currently, the existing recycling companies handle the 

collection of the catalytic converters through their network.   

 

 
Figure 10. FESEM images of the structure of the catalytic converter. a) Cross section b) 

Washcoat c) Surface of the catalytic converter. (Jimenez de Aberasturi et al., 2011) 
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Table 4. Autocatalyst recycling market (Umicore, 2011) 

Stage Sources Number of 
emerging points 
in Europe 

Distribution channels for the 
collection of spent catalysts 

Coating Coater 5 Coater 

Canning Canner +/-15 Canner 

Assembling Manufacturers 75-100 Car manufacturers, scrap collectors 

Guarantee Dealer garages, 
agent garages 100000 

Car manufacturers, specialized 
collector, waste collectors, scrap 
collectors 

Maintenance 

Dealer garages, 
agent garages, 
independent 
garages, specialists, 
chains 

350000 

Car manufacturers, 
canner/aftermarket, specialized 
collector, waste collectors, scrap 
collectors 

End-of-life 
Garages, scrap 
collectors, 
dismantling sites 

5000 
Dismantlers, scrap dealers, shredders, 
specialized collectors, manufacturers, 
waste collectors 

 

 
 

3.2 Recycling processes of spent car catalysts 
 

The processes used for separating precious metals and especially PGMs 

from other metals and matrixes requires different kind of a process than the 

separation from ore body. According to (Crundwell et al., 2011) recycling 

can be conducted either by primary producer or a secondary autocatalyst 

smelting company. Besides these, hydrometallurgical processes have been 

proposed. 

Decanned spent catalysts are a suitable feed for the smelting furnaces of 
the primary producers. The ceramic matrix dissolves in the slag as the PGM 

particles coalesce with descending molten sulfide droplets and end in the 

matte phase. The catalysts are mainly sulfur-free, so they won’t require 

pretreatment before entering the process. The main disadvantage of 

smelting catalysts in the primary production smelters is that they are 

located mostly in South Africa while the secondary material is located on 

other continents. (Crundwell et al., 2011) 

The process used to recover PGMs (shown in Figure 11) from spent 

catalysts have the following steps (Crundwell et al., 2011): 

1. Continuously feeding crushed decanned catalysts into a plasma arc 

furnace at about 1700 ˚C. Besides the catalysts, particulate collector 
iron, silicon, phosphorous, nickel alloy, lime and carbon can be 

added. 

2. Slag is continuously tapped from the furnace 

3. Ferroplatinum that contains 10-20 % PGMs is intermittently tapped 

through a separate taphole 
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4. Offgas is collected and handled so that the PGM particles are 

separated 

5. The ferroplatinum and separated PGM-containing dust is sent to 

hydrometallurgical PGM-refinery 

 

 
Figure 11. Schematic presentation of the recycling process of used catalytic converters 
(Crundwell et al., 2011). 

 

 This way the purity of the final product is the same as that of mined 

platinum group metals, as they are produced using the same refinery. 

The direct hydrometallurgical treatment of ceramic-supported 

autocatalysts and catalysts on α-alumina support has been under 

investigation. This has mainly been proposed by leaching the washcoat with 

the PGMs from the substrate. According to (Hagelüken, 2008), none of 



   

29 
 

these processes has been successful on a production scale so far. The main 

problems have been the insufficient yields for the PGMs, the 

treatment/disposal of the stripped leaching solution and the high 

abrasiveness of finely milled ceramic. A process currently used by Umicore 

in Belgium is shown in Figure 12. The metals recovery process can be 

divided into four basic steps that are homogenization/sampling, 

preconcentration, dissolution and metal isolation, and purification. 

(Hagelüken, 2006) 

 

 
Figure 12. Main steps in PGM refining and sequences of PGM concentrate processing. 
(Hagelüken, 2006) 

 

 

 

The authors of (Jimenez de Aberasturi et al., 2011) have proposed 

hydrometallurgical processing for automotive catalysts. They have 

compared two different leaching chemistries, both of which were capable of 

achieving a recovery of over 95 %. 

 

 

3.3 Recycling processes of spent industrial catalysts 
 

Petroleum refining and petrochemical industries use extensive amounts of 

ceramic- and carbon-supported platinum-metal catalysts. Because of the 

process chemistries, these are often contaminated with hydrocarbons, coke 

and water. In case of pyrometallurgical treatment, these elements must be 

removed before smelting the catalysts, which is usually conducted with 
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rotating-kilns equipped with after-burners and dust collection. (Crundwell 

et al., 2011) 

One of the proposed hydrometallurgical treatments for industrial catalysts 

comprises the following steps (Crundwell et al., 2011): 

1. Acid leaching of PGMs and rhenium from the secondary materials 

2. Solid/liquid separation 

3. Recovery of the individual metals from the solution by molecular 

recognition technology and precipitation 

 

The economics of the process depend on the leaching efficiency of the 

metals. Therefore other pretreatments may be inevitable if for example the 

metals are not accessible from the surface. (Crundwell et al., 2011) 

Angelidis and Skouraki (Angelidis and Skouraki, 1996) have investigated 

the dissolution of platinum from a spent industrial catalyst using aluminum 

chloride solutions with the low concentrations of nitric acid as an oxidant. 

According to their results the substitution of hydrochloric acid with 
aluminum chloride does not significantly affect the dissolution from a 

powdered industrial platinum based catalyst. They state that the use of 

aqua regia in the leaching of precious metals from spent catalysts is very 

difficult due to the aggressive nature of the solution and the gaseous 

products of its composition. They prefer using the AlCl3 instead of other 

common chloride salts because it provides three chloride ions per molecule. 

They have also proposed that the presence of aluminum ions reduces the 

rate of the substrate (alumina) dissolution.  
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4. Separation methods of platinum 
group metals 

The material feed to a PGM refinery contains typically 50-70 % precious 

metals (including gold and silver) (Crundwell et al., 2011). Separation of 

platinum group metals is extremely difficult (Grant, 1989). Because of their 

high price and importance, it is very important to develop efficient recovery 

methods for PGM. The recovery of small amounts of PGM in effluents, 

which often also contain large quantities of other transition and 

nontransition metal ions, is a very demanding task. The complex speciation 

of the PGM in these acidic hydrometallurgical leaching solutions with high 

chloride content makes their separation and recovery even more 

challenging; in view of the stable chloro complexes that these platinum 

group metal ions generally form. (Kramer et al., 2005) 

According to Kramer et al (2005), the main focus of the publications 

describing ion exchange or solvent extraction recovery of PGM is in the 

recovery of metals from radioactive, high level liquid waste or from spent 

automotive catalytic converters. Most of the published research has focused 

on the separation of precious metals from well-defined model solutions, 
instead of process leaching solutions. One reason for the low amount of 

research data about real processes is that the companies are not willing to 

publish details about the processes as small improvements in the process 

economics can play a major role (Crundwell et al., 2011). (Kramer et al., 

2005) 

The platinum chloro complexes are normally anionic. Traditional 

techniques exploit the differences in anion-exchange behavior of these 

species. Initially, ion-exchange resins were employed. More recently these 

have largely been replaced by solvent extraction using liquid anion 

exchangers, which offer higher selectivity and efficiency.  (Grant, 1989) 

The refining of PGMs generally contains the three following steps 
(Crundwell et al., 2011): 

� Primary separation 

� Secondary purification 

� Reduction to metal 
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Primary separation means the first time that the particular metal is 

separated from impurities and the remaining PGMs.  The primary 

separation usually does not produce metal of sufficient purity suitable for 

sale, so the product of the primary separation is purified again in the 

secondary purification. The secondary purification many times produces a 

salt, which have to further be reduced to metal for sale. (Crundwell et al., 

2011) 

Several techniques are used or have been used to separate and purify the 

individual PGMs (Crundwell et al., 2011): 

� Dissolution 

� Crystallization and precipitation 

� Hydrolysis 

� Distillation 

� Organic precipitation 

� Solvent extraction 

� Ion exchange 

� Metal reduction 

Below is a short description of different separation techniques.  All the 

commercial processes used are performed on a batch basis.  

 
 

4.1 Dissolution 
 

Modern refineries do not use dissolution as a separation technique. Most of 

the refineries leach PGMs in hydrochloric acid using chlorine gas. Glass-

lined or titanium vessels with heating and cooling jackets are usually 

employed. (Crundwell et al., 2011)  

 

 

4.2 Crystallization and precipitation 
 

Until about the mid 1970’s the most common recovery route was to use 

series of precipitation/dissolution steps. Typically over 90 % of Pt, 70-80 % 

of Pd and 10–20 % of the insoluble metals were dissolved (Bernardis et al., 

2005).  Relatively poor selectivity in many of the precipitation steps was 

caused partly by the presence of interfering precipitation reactions and 

partly by the entrainment of liquor associated with solid-liquid separations. 

The high number of unit operations and recycle streams led to long refining 
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times and made the refining process labor intensive (Bernardis et al., 

2005). 

 

The classical process takes sometimes as long as 4-6 months for the final 

recovery of pure rhodium metal. Therefore a significant value of metal is 

locked up in the process plant. (Benguerel et al., 1996) 

The differences of the solubility of the chloro complexes of the PGMs are 

exploited both in the primary separation and in the purification stage. The 

solubility is strongly dependent on the particular chloro complex and the 

valence state of the metal. Most of the metals occur at various oxidation 

states. They easily form various complex compounds, which have complex 

formation equilibrium. PGMs can also form complexes with mixed ligands 

as well as polynuclear complexes. (Hubicki et al., 2008) 

The redox potential of the solution, pH and the concentration of chloride 

ions are adjusted to make sure the ions in the solution are in the correct 

form so that the correct metal precipitates (conditioning). Hydrolysis of the 

chloro complexes may easily lead to poor separation efficiency during 

crystallization. Glass-lined vessels are usually employed in the 

crystallization and precipitation processes. (Crundwell et al., 2011) 

Advantages of the precipitation processes include the following 
(Crundwell et al., 2011): 

� The method is well known 

� Effluent volumes are relatively low compared with other process 

routes 

� Good product quality can be achieved 

� Capital cost is relatively low 

The main downsides of the process are (Crundwell et al., 2011): 

� The separations are difficult and expensive to automate 

� The separations are not completely efficient, which leads to hold up 

of significant amount of valuable material as the product is 

repeatedly dissolved and precipitated. The overall hold-up in the 
refinery can be up to 6 months. 

� The risk of exposure to platinum chemicals is high, which leads to 

high staff turnover due to allergy to platinum chemicals. 
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4.3 Hydrolysis 
 

Base metals such as Ni, Cu and Fe are precipitated from the solution by 

increasing the pH so that hydroxides of these metals are formed. The 

hydrolysis of rhodium and iridium is sometimes used to remove these 

metals from the solution. Rh(OH)4 and Ir(OH)4 are precipitated by 

adjusting the pH to the range 5-6 after the Ru distillation. (Crundwell et al., 

2011) 

 

 

4.4 Distillation 
 

In most processes ruthenium and osmium are separated from the solution 

using distillation. Rh and Os in the solution can be oxidized to RuO4 and 

OsO4. The oxidization can be conducted using a strong oxidizing agent, for 

example sodium chlorate or sodium bromate at 80-90 ˚C. The vapor 

pressures are relatively high even at room temperatures. Ruthenium and 

osmium are removed from the solution by flowing air through the solution. 

The air containing the metals is then treated in a scrubbing column or 

smaller vessel where these metals are reduced by hydrochloric acid. The 
process is potentially dangerous, as the formed chlorine oxides are 

explosive. Ruthenium dioxide is a glassy formation product that can choke 

and damage the glass equipment and reflux condensers. (Crundwell et al., 

2011) 

 

 

4.5 Organic precipitation 
 

Metals can be separated using organic reagents (by selective precipitation). 
Palladium can be precipitated using dimethylglyoxime, which is used to 

remove palladium in platinum purification. Iridium and rhodium can be 

precipitated (separated from each other) with diethylene triamine. 

(Crundwell et al., 2011) 

 

 

4.6 Solvent extraction (liquid-liquid extraction) 
 

Several solvent extractants were introduced during the 1970s and are still 
used in some refineries (Bernardis et al., 2005; Grant, 1989). Three 
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different types of extractants have been used, which are distinguished by 

their mechanism of extraction. These are complex formation, and anion 

exchange using strong or weak base. (Bernardis et al., 2005) 

The solvent extraction process consists of three main stages: 

1. Extraction step 

2. Scrubbing step 

3. Stripping step 

 

An extraction step is needed to extract selectively a given metal, a 

scrubbing step is used to remove co-extracted metals and a stripping step is 

used to remove the extracted metal from the organic phase. Schematic 

process diagram is shown in Figure 13. 

Solvent extraction has a number of advantages over conventional 

precipitation processes (Bernardis et al., 2005): 

1. Higher selectivity 

2. With the use of scrubbing techniques high metal purity 
3. More complete removal of metals is possible through the use of 

multi-stage extraction 

 

These factors have reduced the need for excessive recycling, shortened the 

refining times and lowered the production costs compared to classical 

precipitation methods. Main disadvantages of the process are (Crundwell et 

al., 2011): 

� Solutions are more dilute than those of the precipitation process, 
which means higher volumes of solution 

� Kinetics of the two key separations, palladium and gold, are slow. 

This means long process times compared to ion-exchange, although 

faster than with traditional precipitation methods. 

� The solvents are considered highly flammable 
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Figure 13. General process diagram of solvent extraction (Lloyd, 2004). 
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4.6.1 Anion exchange 
 

Basic extractants are organic reagents that can easily form a salt in the 

organic phase while in contact with an aqueous acid solution, which can be 

expressed as (Rovira, 1998): 

 

 

Where B is basic extractant 

 HX is aqueous acid solution 

 
The subindexes org and aq denote the organic phase and the aqueous 

phase respectively. As the organic phase contacts with an aqueous solution 

containing anionic metal species, anion exchange occur as follows: 

 

  

Where  n>m 

MX is anionic metal specie 
B is basic extractant 

HX is aqueous acid solution 

 

Thus, the amine salt should be considered as being the extracting agent 

instead of the free amine. High molecular weight amines and quaternary 

ammonium halides are basic extractants currently used in commercial 

solvent extraction processing. (Rovira, 1998) 

The basic order of extraction of the metal chloro complexes by anion-

exchangers is (Grant, 1989): 

 

[MCl4]- >> [MCl6]2- >> [MCl6]3- 

 

This is assumed to be caused by the fact that it is harder to pack three 

large bulky organic cations around a [MCl6]3- anion than two for [MCl6]2- or 

one for [MCl4]-. 

Liquid anion-exchangers can be divided into two categories, which can be 

termed strong and weak-base extractants. The strong-base extractants are 

amines and quaternary ammonium salts. The amines readily protonate in 

contact with even weak hydrochloric acid (Grant, 1989): 

 

 R3N + H+ + Cl- -> R3HN+Cl- 

 
The extraction of the metal chloro complexes involves anion-exchange for 

chloride ions: 
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2 R3HN+Cl- + [IrCl6]3- = (R3HN+)2[IrCl6]2- + 2Cl- 

 

Stripping of the metal from the organic phase can be achieved by 

displacing it with a very strongly extracted anion such as perchlorate, or by 

using a very strong chloride solution. Stripping can also be conducted using 

an alkaline solution: 

 

(R2H2N+)2[PtCl6]2- + 2OH- => 2R2HN + [PtCl6]2- + H2O 

 

The relative strength of extraction of PGMs by the different classes of 

amine is: 

 

R4N+Cl- > R3HN+Cl- > R2H2N+Cl- > RH3N+Cl- 

 

The above shown order is caused by the improvement of strength of 

extraction of the chloride ion along the above series. This is caused by the 

greater hydrogen-bonding due to the increasing number of amino hydrogen 

in the organic cation. The order of extraction is therefore (Grant, 1989): 

 
[IrCl6]2- ~ [PtCl6]2- > [PdCl4]2- >> [MCl6]3- / [MCl5(H2O))2- 

 

Weak-base anion-exchange extractants cover a wide range of organic 

compounds which either protonate in contact with strong acid or extract a 

proton by a solvation mechanism to form an organic cation, which then 

extracts the platinum group metal anion (Grant, 1989): 

Stripping is accomplished by contacting with water or dilute acid to reverse 

the formation of the organic cation. 

 

Range of weak-base extractants available is extensive. These vary 

significantly in strength. The order found among those that are most 
commonly employed for PGM extraction is: 

 

R3PO > (RO)3PO > R2CO > ROR > RCOOR > ROH 

 

The trialkylphosphine oxides are very strong extractants and rival the 

quaternary ammonium salts in strength. Alcohols on the other hand are 

extremely weak reagents. The order of extraction of the PGMs by weak-base 

extractants is the same as for strong-base extractants. 
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4.6.2 Cation exchange 
 

Extractants that are considered as useful extracting materials are organic 

derivatives of phosphorous acids, monocarboxylic acids and sulphonic acids 

among others. Organic acids can extract metallic cations according to the 

reaction (Rovira, 1998): 

 

 

Where HL is organic acid 
  M is metallic cation 

The equation describes a cation exchange reaction wherein hydrogen ions 

are exchanged for the metal cation. 

 

4.6.3 Chelation 
 

The mechanism is performed by acidic extractants that possess donor 

groups capable of forming bidentate complexes with metal ions. The 

equilibrium chemical reaction describing the metal extraction is similar to 

the reaction of cation exchange systems. Examples of chelating reagents are 

hydroxyoximes, derivatives of 8-hydroxyquinoleine and ß-diketones. 

(Rovira, 1998) 

 

4.6.4 Solvatation 
 

Solvating or neutral extractants only possess donor groups that do not 

contain dissociating protons. Because no anionic or cationic groups are 

available in the molecule, the metal species are extracted from the aqueous 

phase as neutral complexes and the neutralizing ion is a water soluble 

negatively charged ligand. The extraction reaction can be expressed as 

(Rovira, 1998): 

 

 

Where S is solvating or neutral extractant    
 X is ligand        
 M is metallic cation 

 

Solvating extractants are for example organic reagents containing oxygen 

bonded to carbon, such as ethers, esters, alcohols and ketones and those 
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containing oxygen or sulphur bonded to phosphorous as phosphoric esters, 

phosphine oxides and phosphine sulphides. 

 

 

4.7 Ion exchange 
 

Ion exchange is mainly used to remove gold and base metals. These 
separations are performed in columns on a batch basis. (Crundwell et al., 

2011) 

The advantages of the ion-exchange process are (Crundwell et al., 2011): 

� The selectivity of the ion-exchange steps is much better than the 

selectivity of the precipitation methods 

� The first-pass yields are higher than with the precipitation processes 

� The kinetics of the ion-exchange are fast, which reduces the needed 

equipment size 

� The handling of materials and hence the exposure by refinery 

workers is greatly reduced 

The main disadvantages are (Crundwell et al., 2011): 

� The solutions are generally more dilute than in precipitation 

process. A large number of steps are devoted to evaporation. 

� The energy consumption is high especially because of the 

evaporation. 

 

 

4.8 Molecular-recognition technology 
 

Molecular recognition technology is mainly used in the separation of Pd 

from the bulk solution (Crundwell et al., 2011). MRT has been taken in use 
in many processes, where the concentration of metals to be recovered is low 

(Izatt et al., 2012; Izatt et al., 2011). It is a highly selective, non-ion 

exchange system that uses specially designed organic chelates or ligands 

that are chemically bonded to solid supports such as silica gel or polymer 

substrate (Izatt et al., 2011). The process utilizes “lock and key” or “host 

guest” chemistry as a basis for its selectivity. The solid phase system 

consists of small particles to which the selective ligand (usually a product 

called Superlig®) is attached. The particle size is less than 0.5 mm in 

diameter. The media is packed into fixed-bed columns that can be built in 
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skid-mounted modular form and can be fully automated for continuous 

operation. (Izatt et al., 2011) 

Superlig® products are claimed to bind selectively with ions based on 

multiple parameters such as size, coordination chemistry and geometry. In 

contrast the conventional methods such as ion exchange or solvent 

extraction generally recognize differences between ions based only on 

single parameter. (Izatt et al., 2011) 

A key feature of the MRT process is that it can be used in the separations 

of metals at very low mg/l levels. With the most of the traditional methods 

the separation efficiency decreases as the metal content decreases toward 

the mg/l level unlike the MRT. Therefore MRT appears to be a promising 

method of recovering low level metal contents from End-of-life products 

and other low level waste streams. It has been claimed that MRT could be 

used to recover metals even in the μg/l range. (Izatt et al., 2011) 

MRT has been taken in commercial use already in the mid-1990s in the 

recovery of platinum group metals. Large scale players currently employing 

molecular recognition processes are Impala Platinum (primary refiner), 

SepraMet (secondary refiner) and Tanaka Kikinzoku Kogyo K.K. (secondary 

refiner). 
 

Table 5.  The main advantages provided by MRT process (Izatt et al., 2009) 

Advantages Resulting economic benefits provided by 
MRT system 

Extremely high selectivity for target 
ion 

High purity, concentrated eluent products can be 
produced. Minimum additional downstream 
processing is required to produce marketable 
product. 

Effective at any target ion 
concentration 

The MRT process can be used to remove target ions 
present at very low concentration levels. 

Quantitative 100% metal recovery in 
single solution pass through  

Minimizes cost of metal recycle. 

Minimal metal losses in process Additional metal sales revenue and reduced cost can 
be achieved. 

High feed solution flow rates Increases unit throughput capacity. 
Extremely rapid processing time Dramatic reduction in work in process inventory, 

resulting in a substantial increase in annual metal 
throughput and consequent revenue and cash flow. 

Greatly simplified process  Lower capital cost, reduced space requirement, and 
minimal maintenance. 

Full automation possible Minimal manpower requirement. 
Long life, multi-cycle use for the 
SuperLig® product  

Ensures economic benefits for the MRT process. 

Wide range of solution pH capability Wide variety of feed solutions can be treated. 
No transfer of impurities to the 
solution being treated 

Simplifies process flow sheet and maximizes product 
purity. 

 

MRT is used as a batch process. It employs a column type reactor or 

multiple columns in series. The size requirement for the equipment to be 

used in the recovery process for platinum group metals is considerably less 

than in the chromatographic separation. The equipment is very similar and 
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commonly available. The main advantages of the process are shown in 

Table 5. 

 

 

4.9 Reduction to Metal 
 

In many processes the PGMs are produced as salt, as for example 

(NH4)2PtCl6, which has to be reduced to metal before sale. Two different 

methods, wet reduction and ignition, are known to be in use. In wet 

reduction the dissolved salt is reduced by a reductant such as hydrazine. In 

ignition the salt is heated above its thermal decomposition temperature. 

(Crundwell et al., 2011) 

Ignition of ammonium chloride salts has been used in the study of PGMs 

and their chemistry from the earliest times, but it is still used in the refining 

of the PGMs. The decomposition temperature of the most ammonium 

chloride salts is between 200-500 ˚C. Temperatures of about 1000 ˚C are 

usually used. Under oxidizing conditions Ru forms a ruthenium tetroxide, 
which is volatile. The salt of ruthenium must for this reason be reduced in 

reducing conditions and cooled with an absence of oxygen. (Crundwell et 

al., 2011) 

In industrial scale operations, the PGM salt is loaded into a container that 

is made of a refractory material such as zirconia. The container is placed in 

the ignition furnace, which is heated to the required temperature. The 

metal forms a sponge-like material as it reacts. The sponge is crushed and 

delivered as crushed or melted and poured into ingots. (Crundwell et al., 

2011) 

 

 

4.10 Solid-phase extraction methods 
 

Recently, solid-phase extraction methods have also been taken in use into 
refineries, either to compliment or replace solvent extraction methods. 

Solid-phase extractants include commercial anion-exchange resins, as well 

as proprietary media, which make use of cation and anion selective ligands 

that are covalently bonded to solid supports. Analogous to solvent 

extraction both scrubbing and stripping stages are required in separations 

involving solid phase extraction media. (Bernardis et al., 2005) 

Liquid-liquid and solid-liquid extraction are based on similar chemical 

principles but differ in technological aspects. In solid-liquid extraction the 

solid or resin phase plays the role as the organic phase in solvent extraction 
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processes. Several types of resins can be distinguished for solid-liquid 

techniques. Solid-phase extraction methods have been incorporated into 

PGM refineries recently, either to compliment or replace solvent extraction 

methods (Bernardis et al., 2005). 

 

4.10.1 Ion exchange chelating resins 
 

Processes based on ion-exchange resins are based on the exchange of metal 

ions present in an aqueous solution with the counter-ions of insoluble 

polymers containing fixed anionic or cationic groups. Ion exchange resins 

allow the use of simple equipment, easy phase separation and they do not 

suffer the problems of reagent losses and phase disengagement compared 

with solvent extraction (Rovira, 1998). Ion exchange technology, however, 

shows lower mass transfer rates, needs larger equipment and longer 

process time. (Rovira, 1998) 

 

4.10.2 Chelating resins 
 

Chelating resins are polymers with covalently bound chains containing 

groups that are able to form complexes with specific metal ions.  They may 

overcome the problem of low selectivity associated to conventional ion-

exchange resins and consequently encourage the application of ion-

exchange to a broader range of process solutions. Despite the high 

selectivity of the resins, their very complicated methods of synthesis as well 
as their high cost have limited its application in separation processes on a 

technological scale. (Rovira, 1998) 

 

4.10.3 Impregnated resins 
 

Impregnated resins are based on the idea of adsorbing an organic solvent 

extraction reagent onto a polymeric support. There are two types of 
impregnated resins depending on the method of preparation, extractant-

impregnated resins and Levextrel resins. The previous is based on the 

physical adsorption of an extractant onto a high-surface macroporous 

polymer bead by soaking the polymeric resin in a diluent containing the 

extractant. The second approach employs the in-situ preparation of the 

extractant during the resin copolymerization process. In this case the 

extractant is retained physically in the resin structure rather than by 

chemical bonding. (Rovira, 1998) 
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Impregnated resins maintain the advantages of ion-exchange technology, 

but they may have associated problems such as reagent losses, having a 

negative effect on the lifetime of the resin and slow rate process. 

 

4.10.4 Impregnated resins combined with fluidized bed 
 

The operation of impregnated resins seems to be suitable to combine with 

fluidized bed technology. It is then possible to carry out the required 

operations such as solvent-extractant mixing, metal extraction and metal 

stripping in a single unit. The combination of impregnated resins and 

fluidization can improve the extraction of metals with respect to the fixed 

bed and fluidized beds of ion-exchange resins, microfiltration with 

membranes, electrolysis and liquid-liquid extraction systems. The main 

benefits are: 

� Better selectivity of impregnated resins than with ion-exchange 

resins 

� Impregnated resins have no instability problems found often in 

membranes 

� Fluidization technology can work with flow-rates higher than those 

found in microfiltration processes. 

� Energy consumption is lower than that required in electrolysis 

� There are no extractant losses 

 

 

4.11 Liquid membranes 
 

Liquid membranes permeation simultaneously combines both extraction 

and stripping steps in a single process, constituting a potential alternative 

to conventional solvent extraction. The principle of a liquid membrane 

process is that the organic phase is reduced to a film separating the two 
aqueous phases. These two phases can be considered corresponding as the 

feed and strip solutions in the extraction process. The coupling of the 

extraction and stripping steps result in the continuous transport of the 

metal ions through the membrane. In a liquid membrane the metal 

transport is governed by kinetics. (Rovira, 1998) 

Two kinds of liquid membranes are currently used, liquid surfactant 

membrane (LSM) and supported liquid membrane (SLM). Both of them 

contain an extraction reagent incorporated into the organic phase to act as 

the carrier for the metal ions. (Rovira, 1998) 
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4.11.1 Liquid surfactant membranes (LSM) 
 

LSM process uses three different phases. Metal complexes are formed at the 

organic-feed interface and due to the thinness of the membrane. They 

permeate very rapidly to the interface organic-strip where they are 
decomposed causing metal enrichment in the stripping phase. (Rovira, 

1998) 

There are some problems with the technology. Once the membrane is fully 

loaded it requires intermittent breakdown and reforming. The differences 

in ionic strength between the feed and strip solutions on either side of the 

membrane can lead to swelling due to the osmotic diffusion of water. 

(Rovira, 1998) 

 

4.11.2 Supported liquid membrane (SLM) 
 

Unlike LSM, in SLM the organic phase is adsorbed on a thin layer 

microporous polymer film. This feed separates the feed from the strip 

solution. In SLM the membrane is generally thicker. Therefore they are less 

likely to break during the process. The controlling of ionic strength of the 

aqueous phases is easier in SLM by reducing the water transport. The 

configuration of SLM allows easier scale-up, as the performance is directly 

related to the membrane area. (Rovira, 1998) 

Similarly to LSM, the mechanism of the mass transfer consists in the 
formation of a solute carrier complex in the aqueous-membrane interface 

which diffuses across the membrane to the other side where it decomposes 

to form the solute and regenerate the carrier. (Rovira, 1998) 

The main advantages of SLM over other separation methods are (Rovira, 

1998): 

� Combination of the process of extraction, stripping and 

regeneration into a single stage with the possibility to achieve high 

enrichment and separation factors. 

� The amount of necessary organic phase is low, hence the usage of 

solvent and extractant is considerably reduced, and therefore 

expensive reagents can also be utilized. 

� Low capital and operating costs together with low energy 
consumption. 

The main issues with the technology are(Rovira, 1998): 
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� Absence of a scrubbing stage and difficulties in multistage 

processes. 

� Loss of extractant by solubility in the adjacent aqueous solutions 

which influence may be increased due to the low amount of organic 

phase in the system. 

� The progressive wettability of the support pores. 

� The production of deposits of reaction products could reduce flux by 

filling the membrane. 

 

 

4.12 The chromatographic separation of PGM 
 

While anion-exchange extractants have been used to selectively extract 

PGMs in their +III oxidation state, it is also possible to effect a 

chromatographic separation of the metal chloro complexes on solid 

supports bearing anion-exchange groups (Bernardis et al., 2005). This type 

of separation is based on the variation in the distribution coefficients of the 

metal chloro anions on anion exchangers, which follows the order [MCl6]2- 

> [MCl4]2- > [MCl6]3- > aquospecies. The analytical separation of PGMs with 

ion-exchange has been used for a longer time. Recently the method has 

been proposed as a possible method as an alternative refining process. 

Because of the relatively weak interaction of the anions with the stationary 

phase, all of the PGMs are eluted in a relatively short time. Although the 

methods give similar results, the methods are divided into two 

subcategories (Bernardis et al., 2005): 

� Methods involving genuine ion exchange 

� Methods which involve other, as yet not well defined mechanisms  

The first category includes chromatographic media which support 

relatively strong bases that protonate readily in acidic media. Typically the 

affinity of these media for the metal chloro anions decreases with increasing 

chloride concentration which is due to increasing competition. These also 

exhibit high affinities for [MCl6]2- and these species generally need to be 

eluted with more strongly competing anions such as perchlorate. The 

second class includes neutral media which are only very weakly basic and 

not protonated to any great extent in acidic solutions.  

 

  



   

47 
 

4.12.1 Ion exchange chromatography 
 

According to (Hubicki et al., 2008) ion exchange chromatography has 

become a valuable method of separation of noble metal ions in analytical 

chemistry and chemical technology. Ion exchangers with functional groups 

containing S or N donor atoms interact strongly with soft acids like 

precious metal ions (Hubicki et al., 2008).  

 

4.12.2 Gel chromatography 
 

According to (Levitin and Schmuckler, 2003) the separation and 

purification of Rh from other precious metals by solvent extraction only 

involve difficulties that are very difficult to overcome to create an industrial 

scale process. They have proposed that one promising method is gel 

permeation chromatography (Kitayevitch et al., 1972; Limoni-Relis and 
Schmuckler, 1995). This method is also known as size exclusion 

chromatography (Ettre, 1993).  

Most published work in the field has been carried out using commercially 

available media, which have been originally developed for biological 

separations (Bernardis et al., 2005). These materials are hydrophilic and 

primarily designed to separate molecules by size. As aqueous PGM 

solutions have some unique properties, the development of specific media 

could improve the separation significantly.  

With gel permeation chromatography the separation can be carried out 

from concentrated solutions in contrast to ion-exchange separations, where 

dilute solutions are usually processed (Limoni-Relis and Schmuckler, 
1995). One key benefit of the gel permeation separation is the theoretical 

possibility to separate all the PGMs with one process step without the need 

to adjust the process conditions individually for each metal, as is the case 

with traditional ion-exchange methods. The process is therefore relatively 

fast and at the same time the achieved gain and purity of metals is high 

(Bernardis et al., 2005). The separation can be utilized at room 

temperature. 

In the chromatographic separation the PGMs containing solution is 

passed through the chromatographic medium. The PGMs are then 

adsorbed onto the medium. Each PGM are separated in own fractions using 

an eluent. From the molecular point of view the differential migration can 
be divided into the following stages (Limoni-Relis and Schmuckler, 1995): 

� Diffusion of solute molecules into the gel pores 

� Interaction of solute molecules with the functional groups of the gel 
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� Exclusion of solute molecules from the gel and diffusion into the 

mobile phase 

The most important parameters describing the separation process are 

distribution coefficients and equilibrium constants (adsorption isotherms) 

together with kinetic data (breakthrough curves). 

 

4.12.3 Chromatographic medium 
 

The chromatographic medium used for the separation is suitably a glycol 

methacrylate, a polysaccharide gel (e.g. SEPHADEX) or a polyacrylamide 

gel (e.g. BIOGEL). One of the most promising gels is the highly cross-linked 

small-pore Sephadex G-10 (GE LifeSciences). The number of the gel 
indicates the porosity. The higher the number is, the bigger the pores are 

and the faster the migration takes place. At the same time the resolution of 

different PGMs lowers. The rigidity of the media depends on the amount of 

crosslinking in the media, the higher the amount, and the more rigid the 

media. According to (Grant and Taylor, 1999) the TOYOPEARL medium 

has been claimed to have some advantages over the SEPHADEX and 

BIOGEL mediums. 

 

 
Figure 14. Cross-sectional view of porous particle (Waters, 2011). 

 

The small molecules of PGM halides, which are much smaller than the 

biomolecules for which Sephadex gels are usually prescribed, diffuse easily 

into the gel pores and are probably retained in the gel by halide-hydrogen 

bond interactions (Limoni-Relis and Schmuckler, 1995). The mechanism of 

the chromatographic separation of small inorganic anions on Sephadex gels 

is unique and differs from the gel permeation chromatography of organic 

and biological molecules (Levitin and Schmuckler, 2003). Organic 
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molecules are separated only on the basis of their molecular size and shape, 

as small inorganic molecules have more specific interactions, such as ion 

exclusion, H-bonding, adsorption, hydration, and dipole-dipole 

interactions. The main effects can be explained by hydrogen bonding of the 

chloride to hydrogen of the Sephadex gel. The bonds are specific and weak 

and enable the simple elution of the metal complexes from the 

chromatographic columns by aqueous salt solutions (Levitin and 

Schmuckler, 2003). A schematic presentation of the separation is shown in 

Figure 14. 

Base metal chlorides do not interact strongly (no H-bonding) with 

Sephadex gels and therefore emerge early from the column. On the 

contrary, (Robinson and Shackleton, 2002) claim in the US Patent 

6,364,931 that one of the main issues why gel permeation chromatography 

is not utilized in industrial scale, is the removal of base metals and other 

impurities, which interfere with the separation. The Se-complexes, for 

example, should be removed from the solution by using active carbon. 

So far all the published work carried out on the chromatographic 

separation of PGMs by polymers has been carried out using commercially 

available media, which have been developed primarily for biological 

separations. The separation materials are hydrophilic and primarily 
designed to separate the molecules by size. Acidic aqueous PGM solutions 

have some unique properties for which the medium needs to be catered for. 

(Bernardis et al., 2005) 

Some of the chromatographic gels are found to denature during time, 

leading to a lowering effect of separation. The medium has to be regularly 

changed to prevent the degradation of the process performance. 

The flow rate of eluent in the column depends on the pressure applied. 

The issue with most of the available gels is that they collapse as the pressure 

rises over a certain point. The authors in (Grant and Taylor, 1999) have 

proposed that TOYOPEARL chromatographic medium has advantages as 

improved lifetime in acidic media and higher pressure resistance over 
SEPHADEX and BIOGEL mediums. The higher pressure enables higher 

flow rates, which means less material is needed to achieve the same 

performance level. 

Some authors have presented a separation process that uses cellulose as 

the chromatographic medium. The key benefits are the significantly lower 

price due to the good availability and the long lifetime of the column. 

According to (Niisawa et al., 2010) the efficiency does not lower 

significantly during continuous use. 
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4.12.4 Eluent 
 

The eluent used in the separation is usually an acidic solution, such as 

hydrochloric acid. The exact strength of the hydrochloric acid is not so 

critical and dilute solutions can also be used. An advantage of using a 

strong hydrochloric acid is that the retention times of [PdCl4]2- and the 

tetravalent hexachloro PGM complexes are increased, which improves the 

interseparation. (Grant and Taylor, 1999) 

The eluent may alternatively be an inorganic salt solution such as a 

chloride solution or a perchlorate solution. The eluent may also be water, 

although if the water does not contain any halides, the formation of aquated 

PGM complexes is very likely.  

 

4.12.5 Separation methods 
 

In case gold is also present in the solution, it should be removed before the 

adsorption operation of platinum group metals, as it does not migrate 

through the adsorbent. This is possible to conduct by adding a column 

containing adsorbent prior to the column containing the adsorbent for 

PGM. 

Different possible separation methods include (Grant and Taylor, 1999): 

� Batch column chromatography 

� Simulated moving bed chromatography 

� Continuous annular chromatography 

� “Gatling gun” chromatography  

 

4.12.6 Batch column chromatography 
 

In the batch column chromatography the chromatographic media is 

contained in a single column. The feed is loaded onto the column and then 

eluted. The different products are separated in fractions by a valve 

arrangement. The batch column chromatography is the most commonly 

used preparative chromatographic technique. (Grant and Taylor, 1999) 

Forward elution = Eluent flows downwards 

Reverse elution = Eluent flows upwards 

 

4.12.7 Simulated moving bed chromatography 
 

The chromatographic media is contained in a number of columns 

connected in series via an arrangement of valves. Eluent is fed in at one end 
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and flows counter-current through the columns until it emerges at the 

second-last column. The last column is isolated and is eluted separately 

using a purge stream. The feed joins the eluent as it flows into one of the 

columns in the middle. Some valves are switched so that the positions of 

the eluent, feed and purge are shifted along one column. (Grant and Taylor, 

1999) 

By this technique a solute which is less strongly retained will flow with the 

eluent along the columns and emerge in the eluent stream. A more strongly 

retained solute will remain with the column and move in the opposite 

direction until it is removed from the column by the purge. The most 

common is UOP’s SORBEX Chromatograph. (Grant and Taylor, 1999) 

 

4.12.8 Continuous annular chromatography 
 

The chromatographic media is held in the space between two cylinders. The 
solution feed is fed from the top of the bed at a fixed point on the 

circumference while eluent flows in all the way round the rest of the 

annulus (Figure 15). The annulus is rotated so that the separated solutes 

emerge from the bottom of the annulus at different angular displacements 

relative to the feed point.(Grant and Taylor, 1999) 

Two mediums are required. One media contains the cation exchange 

resin, which absorbs the base metals and the second separates the PGMs by 

the size. An inert layer is required between the two mediums, to prevent the 

two layers from reacting with each other.  

 
Figure 15. Continuous annular chromatography (Wankat, 1987). 
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4.12.9 Gatling gun chromatography 
 

The principle of “Gatling gun” chromatograph is similar to the continuous 

annular chromatograph. The main exception is that the chromatographic 

media is contained in a number of columns arranged in a circle instead of 

annulus. (Grant and Taylor, 1999) 

 

 

4.13 Cementation 
 

Aktas (Aktas, 2011) has proposed a cementation method to recover low 

grade rhodium from waste solutions. The methods proposed are based on 
addition of zinc powder or copper powder. With high enough copper or zinc 

concentration the recovery of rhodium is nearly 100%. The nobler rhodium 

precipitates as rhodium metal powder as the sacrificing metal forms 

complexes with chloride ions in the solution. The reaction is spontaneous 

due to the difference in the standard reduction potentials. 

It has to be kept in mind though that the proposed method has been 

shown to be working only in solutions with no impurities. If the solution 

contains impurities that are less noble, they most likely precipitate before 

the noble metal. Small amounts of metal ions can also change the reactions 

and will produce more impure product. 

The advantages of the cementation process include the relative simplicity 

and ease of control of the process. It has been used in industry for longer 

than the solvent extraction and bacterial methods.  
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5. Commercial processes used in the 
PGM refineries 

According to (Crundwell et al., 2011) three different processing 

philosophies are employed for the refining of PGMs: 

� The precipitation process (Lonmin Platinum and Krastsvetmet) 

� The solvent-extraction process (Anglo American Platinum, Johnson 

Matthey, Heraeus and Vale) 

� The ion-exchange process (Impala Platinum) 

Below is a short review of the processes used in different refineries. The 

data available on the commercial processes is fairly limited. 

 

 

5.1 Lonmin Western Platinum Refinery 
 

Flowsheet of the Lonmin Western platinum refinery is shown in Figure 16. 

The concentrate treated in the plant contains 65-70 % PGMs. The 

concentrate is treated in a 6 M HCl solution at 65 ˚C for approximately six 

hours. Chlorine is continuously sparged through the glass-lined reactor. 

The slurry is agitated with an agitator fitted with a pitched-blade turbine. 

As the dissolution is complete, dissolved chlorine is removed from the 
solution by blowing air through the solution. The slurry is then filtered 

using a filter press and the remaining solids are redissolved using similar 

conditions. The next process step is to remove gold from the solution. 

(Crundwell et al., 2011)  

Hydrochloric acid together with hydrazine (N2H4) is added to the solution, 

which results in the formation of crude gold. The equipment used is a glass-

lined reactor, where the reactants are mixed with a pitched blade turbine. 

The slurry is filtered. As the grade of gold recovered is not satisfactory for 

sale, it is retreated by dissolution and precipitation to remove any co-

precipitated PGMs. (Crundwell et al., 2011) 
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Figure 16. Flow sheet of the Lonmin Western Platinum Refinery (Crundwell et al., 2011). 
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The solution is then transferred to base metal precipitation process. 

Between 20-40% of the base metals are precipitated, when the acid is 

neutralized using NaOH at ambient temperature. The target pH is about 1. 

The slurry is then filtered in a filter press. The base metals remain in the 

filter cake, which is again retreated to remove any PGMs. (Crundwell et al., 

2011) 

The filtrate is then transferred to ruthenium distillation. Ruthenium is 

removed from the solution by a reactive distillation. The solution is kept at 

the temperature of 60 ˚C and a pH of 1. NaClO3 is added to the solution to 

oxidize the ruthenium to ruthenium tetroxide. Air is pumped through the 

solution to strip the RuO4 and OsO4 into the gas phase. The air is pumped 

to two scrubbing columns to recover the metal oxides. NaBrO4 is added to 

remove some of the ruthenium that has not reacted with sodium chlorate. 

Distillation is continued until the concentration of ruthenium in solution is 

less than 250 mg/l.  (Crundwell et al., 2011) 

The next step is the removal of iridium and rhodium from the solution. 

The pH of the solution is raised by the addition of sodium bicarbonate. At a 

pH of 5 Rh and Ir in solution precipitate as Rh(OH)4 and Ir(OH)4. The 

iridium and rhodium containing slurry is separated with a filter. The filtrate 

contains platinum and palladium together with the remaining impurities. 
(Crundwell et al., 2011) 

Hydrochloric acid is added to the solution for lowering the pH. The redox 

potential of the solution is adjusted to 900-1000 mV vs. SCE with hydrogen 

peroxide. The addition of ammonium chloride results in the precipitation of 

ammonium hexachloroplatinate. The slurry is filtered and the filter cake is 

ignited, which produces an impure platinum sponge that contains 92-97 % 

platinum. The filtrate contains mainly palladium. Sodium hydroxide is used 

to raise the pH to value about 0.9. Then the solution is boiled to the point 

where the pH of the solution rises to a value of 3. After that ammonium 

acetate is added to further increase pH. The solution is boiled for 30 

minutes to increase the pH to 4.2 and allowed to cool.  The palladium 
precipitates as diamino-palladous dichloride. As the slurry cools below 30 

˚C, it is filtered. The filter cake is transferred to the palladium purification 

section and the solution is transferred to barrens treatment. (Crundwell et 

al., 2011) 

The impure Pt sponge contains 92-97 % Pt, while most of the impurity is 

Pd. The Pt content has to be risen before it can be sold. Purification of the 

impure platinum sponge includes the following steps (Crundwell et al., 

2011): 

The sponge is dissolved in hydrochloric acid with chlorine gas. This step is 

carried out at similar conditions to the initial dissolution step, including 



56 
 

dechlorination with air as the dissolution reaction has ended. The solution 

is boiled, and sodium bromate and sodium bicarbonate are added to adjust 

the pH to about 3. Rhodium and iridium are precipitated as hydroxides. 

The pH value is increased to 8 to precipitate the remaining base metals. The 

slurry is filtered. 

Dimethylglyoxime is added to precipitate the remaining palladium from 

the solution. The palladium concentration in the solution is less than 10 

mg/l after the treatment. At this point the solution should only contain 

platinum. The acidity is adjusted with HCl and the redox potential with 

H2O2. After this ammonium chloride is added that precipitates the 

platinum. The reaction continues until the concentration of Pt in solution is 

less than 300 mg/l. The slurry is filtered and the filtrate is treated with 

hydrazine to precipitate the remaining platinum. 

The filtrate cake is dissolved with water and the platinum metal is reduced 

from the solution by chemical reduction with hydrazine. The metal is 

calcined at 1000 ˚C in air to produce the platinum sponge of 99.99 % 

purity. 

The main impurity in the palladium salt is platinum. Platinum is removed 

from the palladium salt using the following process steps. 

The palladium salt is dissolved in an ammonium hydroxide solution with 
a pH of 9. The redox potential of the solution is adjusted with hydrogen 

peroxide. In these conditions the Pd dissolves while the Pt does not. The 

slurry is filtered and the solution is transferred to precipitation.  

Hydrochloric acid is added to the solution to adjust the pH of the solution 

to a value of 0.6. The palladium precipitates as diamino-palladous 

dichloride. The reaction is considered complete as the solution contains less 

than 300 mg/l of palladium. The slurry is filtered and the salt is transferred 

to ignition. 

The salt is ignited in air to produce palladium of purity of 99.98-99.99 %. 

Rhodium and iridium are purified by first dissolving the cake. Iridium is 

then precipitated with ammonium chloride from the solution as 
ammonium hexachloroiridate. As the iridium has been removed from the 

solution, rhodium is precipitated as Claus salt, dissolved in caustic soda and 

precipitated again with ammonium chloride. These salts are purified by 

repeated precipitation to produce pure salts, which are then ignited to 

produce pure metals. (Crundwell et al., 2011) 

The main disadvantages of the classical refining process are the following 

(Harris, 1993): 

� The process has a large number of different steps 

� Each process step has a number of recycles required in order to 

achieve the desired purity level 
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� Process is highly labor intensive 

� Long processing times 

� The high number of recycling streams results in a significant hold-

up of precious metals in the refinery 

� The large number of processing steps raises the possibility for 

worker exposure to potential allergenic reactions 

 

 

5.2 Krastsvetmet’s Refinery at Krasnoyarsk 
 

The feed material of Krasnoyarsk refinery varies in amount, metal content 

and grade much more than the refineries in South Africa. The material is 

usually sampled and the process route is decided based on the results. 

Materials rich in Pt and Pd are transferred to a platinum-palladium circuit, 

while material rich in insoluble PGMs or of low grade, is directed to the 

upgrade smelting circuit. The flow sheet of the process is shown in Figure 

17. (Crundwell et al., 2011) 
Material rich in palladium and platinum is dissolved in hydrochloric acid 

using chlorine gas as the oxidant. The process is operated as a batch 

process. The reactor is made of titanium. The slurry is stirred with an 

impeller that draws gas from the headspace into the slurry. The 

temperature is set at 70 ˚C and the pressure to 3 bar. The redox potential is 

monitored during the dissolution. As the redox potential reaches 1100 mV 

vs. Ag/AgCl, the reaction is considered complete. The time for dissolution is 

about 2 hours. (Crundwell et al., 2011) 

The solution from the dissolution stage is contacted with a small quantity 

of fresh concentrate. Most of the concentrate dissolves, causing gold to 

precipitate. The crude gold is then filtered from the solution. The solution 
proceeds to platinum precipitation as the solids proceed to the gold 

purification circuit. The gold is redissolved in aqua regia. The gold sponge is 

precipitated using sucrose. This gold sponge is then melted and 

electrorefined to produce 99.99 % pure gold. (Crundwell et al., 2011) 

Platinum precipitates from the solution as ammonium chloride is added 

to the solution. The solution is then filtered and transferred to palladium 

precipitation. The filter cake is ignited to form an impure platinum sponge, 

which is then fed to the platinum purification section.  (Crundwell et al., 

2011) 
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Figure 17. Flow sheet of Krasnoyarsk refinery (Crundwell et al., 2011). 
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Ammonium hydroxide is used to adjust the pH of the solution to 4-5. 

After this the precipitate is filtered from the solution and hydrochloric acid 

is added until the pH is about 1. Palladium precipitates as diamino-

palladous chloride. The solution is boiled for 30 minutes and then cooled 

and filtered. (Crundwell et al., 2011) 

The produced platinum sponge is dissolved in HCl using chlorine gas as 

oxidant. The solution is then filtered to remove any undissolved species. 

The solution is boiled down, diluted and filtered. Ammonium chloride is 

added to precipitate ammonium hexachloroplatinate. The solution is then 

filtered. The salt is ignited to form a pure platinum sponge, which is then 

crushed, melted and cast as ingots. (Crundwell et al., 2011) 

The diamino-palladous dichloride salt from the Pd precipitation step is 

dissolved in ammonium hydroxide. Ferrous sulfate is added and left to 

react for a few hours. The contents are filtered. HCl is added to the solution 

to precipitate pure diamino-palladous dichloride. The solution is again 

filtered and the salt is ignited to form pure palladium sponge. (Crundwell et 

al., 2011) 

Low grade ores and internal residues from the refinery are smelted. The 

smelting process is necessary for the rhodium, ruthenium and iridium 

circuits. Smelting is performed in a rotating furnace that is oil-fired. 
Metallic alloys are formed from different feeds and collectors such as iron, 

copper or lead are unnecessary. (Crundwell et al., 2011) 

The alloy from the smelting process is dissolved in hydrochloric acid using 

chlorine gas as oxidant. In this case stronger acid concentration is needed 

than in the dissolving of the platinum-rich materials. The efficiency of the 

dissolution is high, except for the iridium.  

Osmium can be recovered at this stage if the alloy contains high enough 

osmium content. The osmium forms osmium tetroxide and volatilizes. It is 

recovered from the gas by scrubbing the gas with a caustic solution, 

followed by a precipitation of the ammine salt.(Crundwell et al., 2011) 

The solution from the alloy dissolution is boiled down and the pH is 
raised to a value of about 4.5. The base metals precipitate as hydroxides and 

are separated using a centrifuge. Rhodium is precipitated by adding 

ammonium nitrite. The slurry is filtered and the solution transferred to 

ruthenium removal. The salt is dissolved in water, which is then fed to the 

solvent-extraction process. Tri-n-butyl phosphate (TBP) is used to extract 

impurities from the solution. Electrowinning is used to make fine rhodium 

powder out of the raffinate. The powder is melted to form a rhodium 

sponge. (Crundwell et al., 2011) 

After the ammonium rhodium nitrite has been precipitated, the solution 

is fed to the ruthenium circuit. Palladium, platinum and iridium left in the 
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solution are extracted by solvent extraction using tri-n-butyl phosphate. 

The strip solution is returned back to the platinum circuit. NaClO is added 

to the raffinate, which results in the precipitation of ruthenium dioxide. The 

solution is filtered and the RuO2 residue is dissolved in hydrochloric acid. 

Ruthenium is precipitated by the addition of ammonium chloride. This 

formed salt is ignited under hydrogen to produce ruthenium metal. 

(Crundwell et al., 2011) 

The residue from the alloy dissolution step is usually rich in iridium. The 

residue is fused with barium peroxide and then dissolved in hydrochloric 

acid with chlorine gas. Sulfuric acid is added to precipitate barium as 

barium sulfate, which can be filtered out of the solution. After this 

ammonium chloride is added to precipitate an impure salt of ammonium 

chloroiridate. The salt is redissolved in water and sodium sulfite is added. 

This formed salt is redissolved, oxidized and reprecipitated. The salt is 

ignited to form pure metal. (Crundwell et al., 2011) 

 

 

5.3 The Johnson Matthey/Anglo American Process 
 

Johnson Matthey develops their processes together with the Anglo 

American Platinum. The main features of their processes are similar. The 

flow sheet of the process is shown in Figure 18. The primary separation of 

the metals is performed by solvent extraction in cases where the 

separations by precipitation are particularly difficult. (Crundwell et al., 

2011) 

The concentrate feed contains 50-60 % PGMs. The feed consists mostly of 

leached magnetic concentrate from the magnetic concentrator plant. It is 

dissolved in HCl using Cl2 at 120 ˚C and 4 bar pressure. All the PGMs and 

base metals dissolve during this stage. During this process step osmium is 

oxidized to tetroxide. It is recovered from the offgas using KOH. (Crundwell 

et al., 2011) 

Refinery uses a separate circuit for the leaching of the gravity concentrates 

that are obtained from the mill cyclones of the company’s ore 

concentrators. The material is not enriched in a magnetic concentrator 

plant or by smelting because of the high grade. Instead, it is fed directly into 

the precious metal refinery. The gravity concentrates account for about 10 

% of the total feed. The gravity concentrates are roasted prior to 

dissolution, which is carried out under similar conditions than the main 

feed.  At the end of the dissolution period, the slurry is filtered and the 
residue is processed for silver. (Crundwell et al., 2011) 
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Gold is removed from the filtrate using solvent extraction at high acidity. 

The solvent used is methyl isobutylketone (MIBK), which also removes 

most of the selenium, tellurium and antimony from the material stream. 

Downside of the MIBK is its low flash point, which means that the mixer-

settlers have to be enclosed for fire protection. Reactors are made of glass. 

(Crundwell et al., 2011) 

 

 

Figure 18. Flow sheet of the Johnson Mathey/Anglo American process. (Crundwell et al., 
2011) 

 

Co-extracted impurities, such as iron, antimony, selenium and tellurium, 

are scrubbed from the loaded organic with HCl. Gold is selectively 

recovered from the organic phase by using oxalic acid. The direct reduction 

produces  powder, which is filtered, dried and sold. (Crundwell et al., 2011) 

Palladium is removed from the gold raffinate using solvent extraction with 

a ketoxime, β-hydroxyoxime (commercial name LIX 84A). The kinetics of 

this extraction reaction is slow. An organic amine compound is added as an 

accelerator, but at the same time it decreases the selectivity. 
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Palladium is stripped from the organic solvent using 6 M HCl. The strip 

solution is treated as in the precipitation process. Palladium is precipitated 

from the solution with ammonium hydroxide as diamino-palladous 

dichloride. Hydrazine is used to reduce the salt to metal after dissolution. 

Then it is calcined to produce metal with purity in excess of 99.95 %. 

(Crundwell et al., 2011) 

Platinum is removed from the palladium raffinate by solvent extraction 

with an amine. To avoid iridium coextraction, iridium has to be in its lower 

(+3) oxidation state. The loaded organic is scrubbed with weak acid to 

remove base metals that may have been co-extracted. 11 M HCl is used to 

strip the platinum from the loaded organic. Ammonium chloride is added 

to the strip solution to precipitate the platinum. The formed salt is 

redissolved and the platinum is reduced to metal using hydrazine. The 

metal is melted and cast to produce pure platinum.  (Crundwell et al., 2011) 

After the platinum solvent extraction all the entrained organic is removed 

from the raffinate, as they form a potential explosion risk. The solution is 

neutralized and strong oxidants, sodium chlorate and sodium bromate are 

added. These reagents oxidize ruthenium and any remaining osmium to 

their tetroxides. These tetroxides are stripped to the gas phase (air) that is 

pumped through the solution. Ruthenium is absorbed by the HCl in a 
packed column.  

Possible osmium traces may be treated with hydrogen peroxide to 

selectively volatilize osmium from the HCl solution. Osmium is then 

recovered in a similar manner as ruthenium and precipitated using 

potassium hydroxide. The formed potassium osmate is filtered from the 

solution, leaving only ruthenium in the hydrochloric acid.  

Ruthenium is precipitated from the HCl solution using ammonium 

chloride. The precipitate is calcined to form RuO2, which is then reduced to 

ruthenium sponge using cracked ammonia. The final sponge purity is over 

99.95 %.  

As the Ru and Os are removed from the solution, the pH is increased to 
about 5.8. This is conducted to precipitate Ir and Rh as Ir(OH)4 and 

Rh(OH)4. The base metals remain in the solution. The slurry is filtered and 

the filter cake is transferred to iridium extraction. 

The filter cake is redissolved and the solution is purified to remove trace 

amounts of base metals, such as Cu and Ni. The solution is treated with 

hydrogen peroxide so that the iridium is in the higher oxidation state in a 

concentrated HCl. Iridium is then removed by solvent extraction using a 

novel amide solvent, n-iso-tridecyltri-decanamide. The iridium is stripped 

from the loaded organic using dilute HCl. The iridium is then precipitated 

from the strip solution using ammonium chloride. The salt is redissolved 
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using a reductant, precipitated and calcined to form iridium dioxide, IrO2. 

Cracked ammonia is used to reduce iridium dioxide to iridium sponge. The 

purity of the final product is 99.95 %.  

In the last stage of the process rhodium is precipitated from the raffinate 

using diethylene triamine. The rhodium is then redissolved and 

precipitated using ammonium chloride to form chloropentamine 

rhodium(III) dichloride. The salt is calcined and reduced to give a rhodium 

sponge with the purity of excess of 99.98 %. 

 

 

5.4 The Acton refinery process 
 

The Acton refinery, which is located in England, processes primary 

concentrates, anode slimes and secondary materials such as spent catalysts 

and electronic scrap. General process is shown in Figure 19. 

PGM-containing materials are smelted with iron, which acts as a collector 

for the precious metals. The iron is leached from the smelter solids using 

HCl. This raw material is dissolved in HCl using chlorine gas. The process 

takes place at 90-98 ˚C and at ambient pressure. 

The residues from the first dissolution stage contain silver and lead, which 

are dissolved using nitric acid. The residues remaining from the nitric acid 

treatment are fused with sodium hydroxide at the temperature of 500-600 

˚C. This material is then dissolved again using HCl + Cl2. 

The solution from the dissolution steps is neutralized with NaOH and 

conditioned with sodium bromate to oxidize Ru and Os to their tetroxides. 

The volatile tetroxides are removed by gas sparging at the temperature of 

90-95 ˚C. The concentration of Ru remaining in the solution is less than 10 

mg/l. The Ru and Os are absorbed from the gas into a dilute HCl solution. 

Ammonium chloride is added to the solution to precipitate ammonium 
ruthenium chloride. The slurry is filtered and the salt is heated in air and 

reduced in an atmosphere of hydrogen and nitrogen to form ruthenium 

powder with a purity of 99.9+ %. 

Base metals are removed as hydroxides. Base metals are precipitated from 

the solution with NaOH. The solution is filtered and the solids are sent for 

retreatment.  

HCl is added to the filtrate from the previous stage to achieve 

concentration of 3-4 M. Gold is extracted using dibutyl carbitol in two 

stages. The loaded organic is scrubbed with a 1-2 M HCl solution in 

multiple stages to remove any base metals that might have been extracted 

with gold. The gold is stripped from the loaded organic with hot oxalic acid. 
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The oxalic acid directly reduces the gold to gold powder. The powder is 

melted and granulated to form grains of purity of 99.99 %. 

Palladium is extracted from the solution by solvent extraction using di-n-

octyl sulfide. Kinetics of the reaction is slow, but the reaction goes to 

completion so that the concentration of palladium in solution is less than 1 

mg/l. The loaded organic is scrubbed using HCl. The palladium is then 

stripped from the loaded organic with ammonium hydroxide.  

The palladium is precipitated from the strip solution by adding 

hydrochloric acid. The formed salt is heated to 1000 ˚C and then slowly 

cooled under a nitrogen and hydrogen atmosphere. The palladium metal 

sponge formed has purity higher than 99.95 %. 

The platinum in solution is extracted by solvent extraction using tri-n-

butyl phosphate. The extraction occurs in four stages. After these the 

raffinate contains less than 100 mg/l Pt. The loaded organic is scrubbed 

with 5-6 M HCl to remove impurities and then stripped with water. 

Platinum is recovered by adding ammonium chloride. The formed 

ammonium hexachloroplatinate is ignited in air to produce platinum metal 

sponge of purity 99.95+ %. 

The raffinate from platinum extraction is treated with sulfur dioxide, so 

that the iridium is oxidized from Ir3+ to Ir4+. Iridium is precipitated using 
ammonium chloride. The slurry is filtered and the salt is heated under an 

atmosphere of nitrogen and hydrogen. This produces iridium metal with 

purity of greater than 99.9%.  

Rhodium is precipitated from solution using formic acid. Rhodium black 

is formed, which is heated and reduced to form rhodium powder of greater 

than 99.9% purity. 
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Figure 19. A schematic presentation of the PGM processing at Acton refinery (Crundwell et 
al., 2011). 
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5.5 The Impala Platinum’s ion exchange/MRT process 
 

The process used by Impala platinum (Figure 20) has been developed late 

1990s’. The process is mainly based on ion-exchange. The feed material to 

the plant is a converter matte that contains about 65 % PGMs. At the first 

initial step the concentrate is dissolved using HCl and Cl2.The residue from 

the dissolution is leached in ammonium hydroxide. HCl is further added to 

precipitate silver chloride. (Crundwell et al., 2011) 

An ion exchange process is used to extract gold from the leach liquor. The 

loaded gold is stripped from the ion-exchange media and precipitated with 

a reductant to produce gold with the purity of 99.95 %. (Crundwell et al., 
2011) 

Palladium is recovered by an ion exchange step that uses molecular 

recognition technology. The ion-exchange raffinate contains less than 1 

mg/l Pd and at the same time less than 1% of the Pt is co-extracted with the 

Pd. This is a major benefit compared with solvent extraction processes. 

(Crundwell et al., 2011) 

Base metals are removed using cation-exchange process. The metals are 

eluted from the ion-exchange media, precipitated from solution and 

smelted as a matte together with other refinery residues. The matte is 

transferred to base metals refinery. (Crundwell et al., 2011) 

The raffinate from the cation-exchange process is boiled down. NaCl and 
NaBr are added to oxidize the ruthenium and osmium to their tetroxides. 

Ruthenium is stripped from an aqueous phase into the gaseous phase. Ru 

and Os are recovered by scrubbing the gas with hydrochloric acid.  

Ruthenium is precipitated from the solution as the ruthenium nitrosyl salt, 

which is ignited to produce pure ruthenium metal. (Crundwell et al., 2011) 

After the separation of the Ru and Os, the pH of the solution is raised to 

about 6. Iridium and rhodium precipitate as hydroxides. This slurry is 

filtered and the filtrate, which mainly contains platinum, is boiled to 

dryness. It is then redissolved in demineralized water, oxidized and 

neutralized with alkalis. Eventually, platinum is precipitated using 

ammonium chloride. The formed ammonium hexachloroplatinate is ignited 

to form pure platinum metal. (Crundwell et al., 2011) 
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Figure 20. Flow sheet of Impala Platinum refining process (Crundwell et al., 2011). 

 

The hydrolysis cake, which contains mainly rhodium and iridium 

hydroxides, is dissolved. Organic amines are used to precipitate rhodium 

and iridium, resulting in organic salt. The reagent selectively precipitates 

iridium and rhodium, leaving any base metals in the solution. The 

precipitate is then redissolved and oxidized. Iridium is extracted using an 

ion exchange resin. Iridium is stripped from the resin, purified, precipitated 

with ammonium chloride and ignited to form pure platinum metal. 

Rhodium in the raffinate is precipitated with the same organic amine and 

ignited to produce pure rhodium. (Crundwell et al., 2011) 
Impala Platinum has installed 11 sets of palladium columns, each set 

comprising two columns (Figure 21). In the original plant design, each 

column had a volume of 80 liters with a diameter of 450 mm and height 

500 mm. The high width-to-height-ratio is intended to reduce the contact 

time between solution and SuperLig®2-medium by allowing a high flow 
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rate. The SuperLig®2-medium is a product of IBC Ltd. The number defines 

which metals the product attaches to. Typical feed liquor to the palladium 

MRT circuit is given in Table 6. (Izatt et al., 2009) 

 

 

 
Figure 21. Palladium circuit at Impala Platinum Limited- Refineries, showing the MRT 
columns. (Bateman, 2006) 

 
Table 6. Typical feed liquor to the palladium MRT circuit (Izatt et al., 2009) 

 

 

 

 

 

 

 

 

 
The feed liquor is concentrated to a total HCl concentration between 15% 

and 24%, Impala Platinum typically operating at 20%. The redox potential 

is adjusted to between 690mV and 710mV using either sodium chlorate or 

sodium bisulfite (or other Si (VI) salt can also be used as a reductant) to 

raise or lower the potential. The relatively narrow redox range and high 

acid concentration maintains platinum in its IV state, while minimizing the 

formation of iridium (IV) which, being a powerful oxidizing agent, can 

attack the SuperLig®2. At this redox potential, palladium exists as Pd (II). 

(Izatt et al., 2006) 

Element Pd liquor (gram/liter) 
Au ˂0.001 
Pt 50-60 
Pd 30-40 
Rh 8-10 
Ru 10-15 
Ir 4-5 
Fe 8-12 
Cu 2-4 

  Ni 4-7 
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A lead – trail configuration is used on the palladium circuit with each 

column containing 80 liters of SuperLig®2. Fresh SuperLig®2 is first 

loaded into a conditioning tank and water is circulated by pumping in 

through the base to fluidize the SuperLig®2. The purpose is to wet the 

SuperLig®2 and remove air from the particles. The water exits from the top 

while the SuperLig®2 is retained by a screen.  (Izatt et al., 2006) 

After that the SuperLig®2 is pumped into the column and the water is 

recycled. The SuperLig®2 is conditioned using two column volumes (160 

liters) of 10% hydrochloric acid for each column. After these steps, the 

SuperLig®2 is ready to be used. (Izatt et al., 2006) 

The process cycle consists of four different steps (Izatt et al., 2006; Izatt et 

al., 2009), which are described below. Similar process cycle is used in all 

MRT-based separation processes. 

 

5.5.1 Loading phase 
 

The loading capacity of the SuperLig® media has been determined by 

laboratory tests before the process is started in a commercial scale. Suitable 

amount of the media is entered into the column. Then the system calculates 

the quantity of feed required for the cycle. Sufficient feed is pumped 

through the first column and then through the second column to ensure the 

complete saturation of the first column and a 30% loading of the second 

column. The excess loading is done to allow the palladium to displace other 

elements that load on the first column. The feed solution is pumped into the 

top of the first column and it exits from the base from where it is pumped to 
the top of the second column. A flow rate of 10 liters per minute is used.  

 

5.5.2 Pre-elution/ wash phase 
 

The next step is to displace the feed liquor using three column volumes 

(240 liters) of 10% HCl. The lower concentration of the displacement liquor 

is to reduce the overall acid consumption. Twenty percent hydrochloric acid 

can be used but it does not improve the efficiency. The displacement step 

removes any last traces of the feed solution and metals. The fast kinetics 

and high selectivity of the SuperLig®2 shows as a dark band at the top of 

the second column and clean appearance of the SuperLig®2 below. 

Typically, over 99.5% of the palladium loads and a palladium to platinum 

ratio of 200:1 can be achieved. The displacement liquor is combined with 

the PGM liquor post MRT step and sent to the next phase of the process.  
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5.5.3 Elution phase 
 

The palladium on the first column is removed (eluted) using an ammonium 

compound solution. Before this can take place, the hydrochloric acid 

solution on the column must be removed to prevent reaction with the 

eluent. Therefore, 200 liters of demineralized water is pumped through the 
first column (the second column, which is partially loaded with palladium, 

is left in a hydrochloric acid medium). A flow rate of about 14 liters per 

minute is used. The solution is sent to the acid regeneration plant. The 

palladium on the first column is then eluted using about 250 liters of 

ammonium bisulphite solution at a flow rate of 12 liters per minute. 

Previously, ammonia buffer solution was used but it was found that 

increasing the SuperLig®2 capacity resulted in palladium salt precipitation 

in the column during elution due to the formation of the Pd(NH3)2CI2 salt 

due to the ammonia concentration falling as the eluent was consumed as it 

passed down the column. Ammonium bisulphite is used instead as this 

forms a more stable complex with palladium with less potential for 
precipitation.  

 

5.5.4 Post- elution wash phase 
 

After the palladium has been eluted, the column has to be reconditioned. 
This is done by first pumping 200 liters of demineralized water through the 

column at 16 liters per minute to remove any ammonium compounds. After 

that, 150 liters of 10% hydrochloric acid is pumped through the column at 

the same rate to be ready for the next cycle. In the second run, the trail 

column, partially loaded with palladium, becomes the lead column. 

Sufficient feed solution is pumped through to saturate the new lead column 

and load approximately 30% of the new trail column. One cycle of the 

palladium MRT circuit is complete when each column has been loaded with 

palladium and eluted once. The SuperLig®2 shows a slight decrease in 

capacity each cycle. This has to be taken into account so that the correct 

feed volume is calculated each time. The decay rate has been found to be 

constant for each cycle.  

 
  



   

71 
 

5.5.5 Palladium Eluate Treatment 
 

The palladium – ammonium bisulphite solution cannot be directly treated 

to precipitate the palladium salt or metal. First the solution containing 

about 15 kg of palladium is acidified by the addition of 150 liters of 

concentrated hydrochloric acid. The solution is then oxidized by sparging 

air for eight hours into the rapidly agitated solution. Initially, the reaction is 

exothermic and the solution temperature is maintained below 30 ˚C using 

cooling water. After oxidation is complete, the solution is pumped through 

cartridge filters to the palladium precipitation tank. The cartridge filters 

remove any impurities that precipitate during oxidation. The total acid of 

the solution is then adjusted to <1% followed by ammonia addition to pH 9-

10. While the solution is agitated, 50 liters of hydrogen peroxide is added to 

oxidize any impurities present. The solution is then heated to 80 ˚C and 

maintained at this temperature for 30 minutes. This is meant to dissolve 

any palladium salt that precipitated during the addition of the ammonia. 

The solution is then cooled to <30 ˚C and 75 liters of hydrogen peroxide is 

added to ensure that any impurities such as platinum are oxidized. After 

three hours, concentrated hydrochloric acid is added until a pH of 0.5 to 1 is 

attained. The palladium precipitates as the Pd(NH3)2Cl2 salt while any 

Pd(IV) remains in solution. The palladium salt is then filtered and washed 

prior to conversion to the metal. (Izatt et al., 2006) 

 
 

5.6 MINTEK Process 
 

The MINTEK process is considered the most complex. At first, silver is 

removed by dissolution and separation. Gold is removed either by 

reduction to the metal with sulphur dioxide or by extraction with 

isodecanol. Palladium extraction is conducted next with dihexylsuplhide 

and reduction is conducted with sulphur dioxide. After this, platinum is 

extracted, possibly by the use of tributylphosphate. Osmium is separated in 

the next step by selective distillation using nitric acid. During the last step, 

ruthenium is converted to RuCl5(NO)2- by using nitric acid and formic acid. 

Ruthenium is then extracted by using either amine or tributylphosphate. 

Iridium and rhodium were left in the solution together with some base 

metal impurities. (Grant, 1989)  
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5.7 INCO Precious Metals Refinery 
 

The INCO plant switched to a solvent extraction process late 1970s (Harris, 

1993). The plant switched to a solvent extraction process because of low 

first-time yields and lengthy process times, resulting in significant lock-up 

of material. The main features of the process are: 

� Leaching with Cl2/HCl. All the precious metals (except silver) are 

taken into solution, which simplifies the flowsheet and allows the 

materials to be extracted selectively and sequentially. 

� Removal of Os and Ru by distillation before extracting other metals. 

This way the toxic osmium can be removed from the main process 

liquor at early stage of the process. 

� Recovery of palladium through solvent extraction, using 25 vol-% 

dioctyl sulphide in Esso ISOPAR M. Organic sulfides are extremely 

selective for palladium over all the other precious metals with the 

exception of gold. 

 

 

5.8 SepraMet Ltd, Precious metals MRT process 
 

SepraMet (located in US) specializes in the refining of precious metals, 

including low-grade, non-hazardous catalyst materials, such as Palladium 

on alumina. High-grade materials, as well as different metals, can also be 
treated. An environmentally friendly, combined hydrometallurgical and 

MRT process for the refining of Pd is used even though the incoming feed 

may contain unwanted or deleterious elements such as, Sb and Fe. (Izatt 

and Mansur, 2006) 

Low-grade spent petroleum/petrochemical catalysts are digested, yielding 

an acidic solution containing mg/l levels of Pd. This solution is passed 

directly through the MRT system, without upgrading, in which the MRT 

SuperLig® product selectively binds the Pd. Following elution from the 

MRT column, the eluent contains g/l levels of high purity Pd, at a high 

concentration that can be sold directly or reduced to Pd metal. (Izatt and 

Mansur, 2006) 
A key feature of the MRT process is its ability to concentrate by a large 

factor the solute separated from the SuperLig® columns using small 

quantities of eluent. An example of this concentration effect is seen in the 

separation of Pt from a dilute feed solution containing Pt at 639 mg/l and 

base metals including high levels of Fe. The feed solution was passed 
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through a column containing SuperLig® 95, where the Pt was removed 

selectively and the column washed to remove residual feed solution. The Pt 

was eluted from the column using a one-bed volume of a 0.5 M thiourea, 

0.1 M HCl eluent at 70 ˚C. The eluent solution contained 21 000 mg/l Pt 

with less than one mg/l of each of the base metals. The concentration factor 

for Pt was ~33-fold. (Izatt et al., 2006; Izatt and Mansur, 2006) 

Separation of rhodium from a feed stream containing Rh, Pd, Pt, and base 

metals is accomplished using SuperLig® 190. SuperLig® 190 is almost 

infinitely selective for Rh over the metals present as cations since it 

recognizes Rh as a chloro anion. When Pt is present in excess of Rh, some 

Pt impurity is present in the concentrated Rh. The Pt impurity can be 

removed using either SuperLig® 133 or SuperLig® 59, resulting in pure 

Rh. (Izatt and Mansur, 2006) 

 

 

5.9 Tanaka  Kikinzoku Kogyo Rh recovery and refining 
 

TKK has been operating a commercial rhodium refining process nearly 20 

years. The plant is located near Tokyo. The primary source of PGMs is 

catalysts that contain Pt, Rh and base metals. Major advantage of the plant 

is the very significant reduction in the process time required for the 

refining. (Izatt et al., 2006) 

The plant utilizes molecular recognition technology to avoid multiple 

process steps. The Rh extraction is conducted with a MRT system 

consisting of five columns in series. The process operates on a continuous 

basis. Each of the columns is filled with SuperLig 190 –medium. Four of the 

columns are used for the Rh separation and the fifth for Rh elution. (Izatt et 

al., 2006) 

Rh is present in the chloride matrix in the +3 state. To have at least 98 % 

of the Rh present in RhCl6-3 or RhCl5-2 species (which bind to the used 

SuperLig-medium) at least a Cl- concentration of 5 M is needed. The 

selectivity of the SuperLig molecule is sufficient for a single stage high 

purity separation. (Izatt et al., 2006) 

The feed solution typically consists of about 17 g/l Rh together with other 
PGMs and base metals in a 6M HCl solution. At this feed concentration, a 

single pass rhodium recovery of at least 98 % is achieved. Wash is done 

using a 6 M HCl immediately after the completion of the feed solution to 

ensure that any residual Pt and Pd contained in the void volume is removed 

from the column. After this a distilled water wash follows. 5M NaCl elution 

is used for Rh stripping from the SuperLig to avoid Pt precipitation. K+ and 
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NH4+ salts can also be used for the elution if desired. The elution is then 

followed by another distilled water wash and a 6M HCl cycle. Purpose of 

these is to condition the column for the next loading cycle by washing out 

the elution material. The Rh in the eluent solution is reduced to Rh black. 

After polishing step, purity of higher than 99.95 % Rh is achieved. (Izatt et 

al., 2006) 
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6. Conclusions 

The traditional process chains used for the PGMs production include 

multiple process steps and many loops between the different process steps. 

The trend in the industry seems to be in moving from traditional processes 

to the newest ion-exchange and molecular recognition technology processes 

as these provide significant cost savings. Both of these are used in a 

commercial scale in primary metals refineries in South Africa. In PGMs 

production, ion exchange has been in use since 1970s’ and MRT from the 
late 1990s’. The main benefits compared with traditional processes are the 

shorter through times and lower lock up of valuable metals in the process. 

During the years the process automation has developed in enormous steps 

leading to nearly fully automated processes that require very small amount 

of workforce present leading to further cost reduction. This has also 

lowered the risk of employer exposition, which used to cause a high staff 

turnover due to health issues.  

The processes employing molecular recognition technology seem to be the 

latest trend in the industry. So far the number of technology suppliers to 

these processes is very limited, as is the number of reference processes. As 

the experiences seem promising the amount of these processes will most 
likely increase in the near future.  

The number of specific processes proposed in the literature is high. Most 

of these processes are however mainly modifications from existing 

processes and based on the same principles.  

In general the amount of impurities present in the raw material is a 

critical factor considering the quality of the end product. The amount of 

other metals present in the secondary material feed cannot be fully 

predicted, but estimations can be made. The process chemistry has to adapt 

easily to small changes in order to make the process profitable. Some of the 

impurities can form complexes with PGMs which can lower the recovery 

rate significantly. The leaching chemistry has to adapt to these changes to 
achieve reasonable recovery rates. 

Most of the processes reviewed are designed for primary metals 

production instead of scrap material recycling. This is partly caused by the 

fact that the PGMs are recovered by relatively few companies with 
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processes they have at least partly developed themselves. The problems 

associated with processing of primary ore and scrap material are somewhat 

different, and the same processes are most likely not directly usable. The 

most modern processes employing MRT seem to be more flexible, and 

working fairly similarly both in primary metals production and in 

secondary materials recycling. 
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7. Summary 

Platinum group metals have become very important for the today’s society, 

as they are used in pollution control and in many applications where their 

unique properties are needed.  Therefore the demand for PGMs has been 

rising for the last few decades and seems to be rising also in the near future. 

The supply of PGMs is limited as they only exist in larger scale in South 

Africa and Russia. As the end products where PGMs are used are scattered 

around the globe, the recycling of the metals at other locations also seems 
attractive. Current process technology requires however fairly high volumes 

for commercially successful recycling. 

The literature review focuses on the extraction and separation processes 

used in the platinum group metals industry nowadays. The information 

available about the processes is partly limited as companies are not willing 

to give their secrets away. Most of the processes reviewed are meant for 

primary metals processing, but some of them are also used to recycle PGMs 

from secondary sources. 

Differences in the used raw material lead to clear differences in the used 

process chemistry and technology when producing platinum group metals. 

As more metals are present, usually a more complex process chain has to be 
utilized. In this report some of the commercially available processes were 

reviewed as well as some of the processes proposed in the literature. No one 

outstanding process stood out, but many processes have advantages that 

can be employed when processing some certain ore or secondary material. 

The modern process technology employing ion exchange and molecular 

recognition appears to be more flexible considering the raw material. This 

has been one of the reasons besides faster and more efficient operation, 

why the traditional processing methods have been replaced by the modern 

refining processes. 
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