
 

 
 
 

 
 
INTRODUCTION 
Solvent extraction (SX) is a process by which closely related elements or compounds in solution are 
separated based on the differences in partitioning of the species between two immiscible phases. The 
technique was originally developed by analytical chemists who, in the absence of today’s modern 
instrumentation that can detect and resolve trace amounts of most elements in complicated matrices, needed 
to separate various elements from one another prior to their determination by classical analytical methods.  
Today, SX is still employed to a limited extent in the analytical laboratory, but its main uses are in the 
purification and upgrading of a wide range of metals and chemicals. Its applications range in diversity from 
the nuclear, pharmaceutical, biological, and food industries, to separations of petrochemical byproducts and 
the refining of precious and base metals. 
 In the SX process (also known as liquid-liquid extraction), the species of interest is typically extracted 
from an aqueous phase into an organic phase. The two phases are mixed to facilitate mass transfer across the 
interface. The extracted species forms a complex with the aqueous-insoluble extractant and is transferred to 
the organic phase, leaving all other species in the aqueous phase (known as the raffinate). The immiscible 
phases are then allowed to separate and the loaded organic phase containing the element or compound of 
interest is treated for its recovery. 
 The first large-scale application of SX was for the Manhattan Project during the Second World War.  
High-purity radioactive isotopes of the actinide elements, which have very closely related chemical 
properties, were isolated from each other using this fledgling technique [1,2]. Although uranium SX was 
commercialised in South Africa during the 1950s, it was not until 1970 that SX was used in base-metal 
hydrometallurgy, with the commissioning of the first copper plant in Arizona, USA.  For many years, copper 
and uranium SX remained the only applications to the processing of mineral ores. During the last fifteen 
years however, the development of stable extractants with excellent selectivity for particular metal ions, 
coupled with advances in the engineering of this technology and the increasing demand for higher purity 
products and more environmentally friendly processing routes, have seen the inclusion of SX in many 
flowsheets for the hydrometallurgical processing of precious and base metals. 
 This review considers examples of the application of SX to recently developed copper, nickel, and zinc 
process flowsheets.  Although copper SX has been well established for many years, increasingly stringent 
demands are being made on the performance of the extractants as it becomes possible to treat new feed 
materials. Three new nickel plants were commissioned in Western Australia at the turn of the last century.  
All three flowsheets rely heavily on the use of SX to achieve recovery and purification of nickel. A new zinc 
plant, the first to use SX in the mainstream primary processing of a zinc ore, is currently under construction.  
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Solvent extraction was first exploited on a production scale for the Manhattan Project during the Second World War, 
this technology being pivotal to producing the high-purity isotopes that were used in the first nuclear weapons. It was 
only in 1970, with the commissioning of the first copper plant in Arizona, USA, that solvent extraction was implemented 
for base-metal hydrometallurgy. Now, as a mature technology at the turn of the millennium, solvent extraction is 
entering a new era:  specialised extractants, more efficient contacting equipment, and advances in the up- and 
downstream unit operations are enabling far more difficult separations to be carried out, and process flowsheets are 
becoming increasingly sophisticated.  Following a brief introduction to solvent extraction, this review focuses on some 
recent developments in base-metal hydrometallurgy that rely on this technology to achieve high-purity products. As 
examples of modern flowsheets for the processing of copper, nickel, and zinc ores and concentrates, the Konkola, 
Bulong, Goro, and Skorpion flowsheets are discussed.       
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COPPER SOLVENT EXTRACTION :  A MATURE BUT EXPANDING TECHNOLOGY 
A remarkable success story in the commercial application of SX is in the copper industry.  The use of SX 
for the primary processing of copper has enjoyed spectacular growth over the past 25 years: the production 
of high-purity copper by the combination of leaching in sulphuric acid, purification of the copper by SX, and 
recovery of the metal by electrowinning (EW) has increased steadily, now approaching 30% of current 
production (Figure 1) [3].  There are almost fifty copper SX plants worldwide. The largest, El Abra in Chile, 
treats almost 5000 m3/h of leach solution and produces 225 000 t/a of copper cathode [4,5]. 
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Figure 1:  The contribution of SX/EW to world copper production [3]. 

 
 The operating cost of this hydrometallurgical route is typically 30% less per kg of cathode copper than 
conventional pyrometallurgical production routes that involve concentrating, smelting and refining [6].  
Other reasons for the growth and acceptance of SX in this industry include:  the ability to treat low-grade 
and poor-quality raw materials cost effectively; the increased supply of cheap sulphuric acid due to 
environmental pressure on smelters; success in consistently producing a high-quality product, and the ability 
to survive low copper prices due to low operating costs and modest labour requirements. 
 
Chemistry of Copper Extraction 
The copper-specific extractants used for the extraction of copper from other base metals in the leach liquors 
are known as hydroxyoximes.  The complexation of copper by these extractants is shown schematically in 
Reaction (1).  Extraction of each copper ion releases two protons, thereby providing a useful source of acid 
for further leaching. 
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Since the complexation of copper with the extractant molecules is an equilibrium reaction, copper can be 
stripped from the organic phase by invoking the Law of Mass Action:  the reaction is reversed by contacting 
the loaded (copper-rich) organic phase with strong acid.  This generates a purified, concentrated copper 
stream from which the metal can be recovered by EW.  The EW reactions also generate acid: 
  Cathode:  Cu2+  +  2 e  →  Cu0                 (2) 
  Anode:  H2O  →  2 H+  +  ½ O2  +  2 e              (3) 
The barren electrolyte from the EW circuit is recycled as the strip liquor to the SX circuit, providing a 
closed loop for the acid requirements of the process. 
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Modern Developments 
Significant advances have been made in extractant selectivity and physical behaviour during the past thirty 
years, enabling large reductions in capital costs for copper SX plants to be made.  For example, the typical 
number of extraction stages has been reduced from four to two, the number of stripping stages has decreased 
from two to one, and mixer retention times are down from 3-4 minutes to 2-3 minutes [7,8].  Copper 
production per unit area of plant size has increased from about 4 t/a per m2 of settler area in the early plants 
to 16 t/a per m2 [9]. Innovative improvements in equipment design and circuit configurations have also been 
achieved, leading to increased throughput and reduced capital costs [7,10]. 
 Until recently, most applications of copper SX involved the upgrading and purification of the relatively 
dilute leach liquors that arise from the processing of dumps or heaps of low-grade, readily leached material.  
Such liquors typically contain 1 to 4 g/l Cu.   
 Sulphides have traditionally been treated by pyrometallurgical routes, however increasingly stringent 
environmental legislation is forcing the consideration of other process routes.  Bacterial leaching or pressure 
leaching can be considered for the hydrometallurgical recovery of copper from sulphide ores.  Stirred-tank 
bacterial leaching of copper sulphide concentrates is approaching commercialisation, with demonstration 
plants currently under evaluation in Mexico and South America. There is also a growing acceptance of 
pressure leaching as advances are made in understanding of the leaching reactions, autoclave design and 
operation, and materials of construction.  Different flowsheets for the treatment of copper sulphide materials 
by pressure leaching are now under development by various laboratories  [11]. 
 Bacterial leaching of sulphide concentrates produces liquors that contain 20 to 50 g/l Cu, while autoclave 
discharge liquors have tenors as high as 50 to 90 g/l Cu. Consideration of Reaction (1) reveals that 1.5 g 
H2SO4 are generated per g Cu extracted. The processing of leach liquors that contain high concentrations of 
copper presents, therefore, unique challenges in terms of designing flowsheets that can accommodate the 
substantial quantities of acid produced by the extraction reaction. A recently piloted flowsheet for the 
Konkola project in Zambia has made innovative use of SX to solve the problems of acid supply and the 
treatment of difficult ores. 
 
Konkola Project 
The Konkola Deep deposit is a sulphide ore that is mined by traditional underground methods.  In the 
immediate vicinity is a large surface oxide deposit known as the Chingola refractory ore (CRO).  This latter 
material, containing economically attractive quantities of copper (~1%), also contains substantial amounts of 
aluminium, magnesium, and calcium oxides and carbonates that consume acid on leaching.  In the 
hydrometallurgical flowsheet proposed for this project (Figure 2), the sulphide material is concentrated by 
flotation to 40-45% Cu and then pressure leached in sulphuric acid under conditions that minimise the 
dissolution of iron and convert all the sulphide to sulphate. The autoclave discharge contains 60 g/l Cu.  
This is treated through an SX circuit to remove the copper, the extraction of 50 g/l Cu generating about 80 
g/l H2SO4 in the raffinate stream. This acid is then used to leach the CRO material, which effectively acts as 
an ‘acid sink’.  Copper is recovered from the atmospheric leach liquor in a second SX circuit. Both SX 
circuits are integrated with EW to produce a high-grade copper cathode product. 
 This flowsheet capitalises on the synergy that exists between the leaching of the sulphide copper 
concentrate (acid producing) and the oxide copper ore (acid consuming).  Copper leached in the autoclave 
provides a convenient way of ‘transferring acid’ from the sulphide circuit to the oxide circuit.  Key to the 
concept is the specification of a copper SX circuit operating at a high extraction efficiency of copper (∆Cu = 
50 g/l), thereby providing a raffinate solution of sufficient acid strength to successfully leach the refractory 
copper-bearing micaceous CRO minerals. The first SX circuit focuses on maximising the copper extraction 
using a high extractant concentration and a high flowrate of the organic phase relative to the aqueous phase.  
The second SX circuit is responsible for generating a raffinate as low in copper as possible. 
 Although the use of conventional SX extractants and circuit configurations for transferring such high 
amounts of copper had not been documented previously, an integrated pilot plant producing 24 kg/h of high-
purity cathode copper was successfully completed in late 2000 [12]. This demonstrated that existing 
extractants can be used in non-traditional applications without problems. A comparison of the technical, 
economic, and social implications of this flowsheet with an alternative pyrometallurgical process is now 
under evaluation, prior to a decision being made on the process of choice. 
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Figure 2:  The hydrometallurgical flowsheet for the Konkola project. 

 
 
NICKEL SOLVENT EXTRACTION:  PAL / SX IN LATERITE PROCESSING 
Nickel occurs in nature in sulphide and laterite ores. Laterites are oxide/silicate ores containing 0.7 to 3 % 
Ni and often substantial amounts of magnesium, silica, and iron.  High-grade sulphides are processed by 
smelting. With the exception of the Moa Bay operation in Cuba, low-grade laterites were, until relatively 
recently, not able to be economically treated with available technologies. This situation changed with the 
commissioning during 1998/99 of three new nickel laterite plants in Western Australia: Murrin-Murrin, 
Cawse, and Bulong.  These processes all use pressure acid leaching (PAL) in sulphuric acid to solubilise the 
metals of interest.  While the downstream flowsheets have significant differences, they all involve SX as one 
or more of the unit operations, either for the removal of cobalt from the nickel-rich leach liquor or for the 
purification of nickel liquor.  As detailed in a recently published review of nickel SX [13], several other 
flowsheets for the treatment of nickel laterites are under advanced development. The Bulong and Goro 
flowsheets are examples of two very different processes that use make extensive use of SX to produce high-
grade nickel products from lateritic ores. 
 
Bulong Process 
The Bulong nickel operation [14,15] is located close to Kalgoorlie. The plant was commissioned in 1998, 
and has a design capacity of 9000 t/a Ni and 720 t/a Co.  Bulong currently produces cobalt of 99.3-99.4% 
purity and nickel of 99.8% purity. A simplified flowsheet of the downstream purification process is 
illustrated in Figure 3. 
 Following dissolution of the nickel-cobalt laterite ore at 4500 kPa and 250oC, the autoclave discharge is 
flashed down and thickened. The leach liquor is processed directly for the recovery of the valuable metals.  
Iron, aluminium, and chromium are removed to levels of less than 1 mg/l by precipitation with limestone. In 
the first of three SX operations, cobalt, copper, zinc, and manganese are separated from nickel by the 
organophosphinic acid extractant, CYANEX 272.  The relative selectivity of this extractant for the various 
base metal cations is illustrated in Figure 4, while Table 1 shows illustrative compositions of the various 
process streams in the cobalt SX circuit [16]. Extractions of cobalt, manganese, and zinc are excellent, with 
minimum co-extraction of nickel.  
 The raffinate (cobalt-barren stream) from the cobalt SX circuit is refined by nickel SX to produce a high-
grade nickel solution suitable for the production of nickel cathode.  This extraction is carried out using 
versatic acid, a long-chain carboxylic acid, using pH control to limit the co-extraction of magnesium and 
calcium.  The extraction curves are shown in Figure 5. The nickel-containing strip liquor from this process 
has a purity of greater than 99%.  Nickel cathode (> 99.5% purity) is produced by EW.  
 



6th World Congress of Chemical Engineering 
Melbourne, Australia   23-27 September 2001 

 
 Pressure leach liquor

 pH, Eh adjustment

      Co SX
CYANEX 272

    Sulphide
precipitation

  Acid redissolution
     of CoS cake

 Zn removal
D2EHPA SX

  Cu removal 
          IX

  Co EW

      Ni SX
versatic acid

 Ni EW

 Ni cathode

 Mn, Mg, Ca

Zn

Cu

Co cathode

Co, Mn, Mg,
 Ca, Zn, Cu Ni

Fe, Cr, Al impurities

 NH3

 Co return
electrolyte

 NH3

 NH3

 CaCO3

 
Figure 3:  Bulong flowsheet for the purification of nickel and cobalt from the laterite leach liquor. 
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Figure 4:  pH dependence of the extraction of base metal cations by CYANEX 272. 

 
 

Table 1:  Composition of process streams in the Bulong cobalt SX circuit. (Updated from [16].) 
 
Concentration (mg/l) 

Element 
Feed Raffinate Loaded organic Loaded strip 

liquor 
Co 
Ni 
Ca 
Mn 
Zn 
Mg 

Co:Ni ratio 

280 
3500 
500 
990 
29 

15 000 
0.08 

5.3 
2800 
500 
0.4 

< 0.2 
14 000 

  

530 
10 
5.8 

2300 
66 

3100 
53 

7200 
120 
180 

32 000 
950 

37 000 
1440 
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Figure 5:  Selectivity of nickel extraction over base metal and alkaline earth cations by versatic acid [17]. 

 
 The  simplified reactions for the extraction of base metal cations using organophosphorus and carboxylic 
acids can be represented by Equation (4): 
 

 M2+
(aq)  +  (m/2) H2A2 (org)  →   MA2·(HA)m-2 (org)  +  2 H+

(aq),     (4) 
 
where m = 2 to 4, depending on the metal and the extent of organic-phase loading. The acid balance between 
the nickel SX and EW circuits is maintained by recycling the spent electrolyte as the strip liquor. 
 A third SX operation removes zinc from the cobalt circuit. Cobalt is precipitated as a sulphide from the 
cobalt SX loaded strip liquor to reject manganese and some magnesium, before the filter cake is dissolved in 
dilute acid. Zinc is removed from the resulting liquor by SX using di(2-ethylhexyl)phosphoric acid 
(D2EHPA). As shown in Figure 6, this extractant achieves good selectivity for zinc over cobalt by 
appropriate pH control of the extraction reactions.  Residual copper is removed from the cobalt-rich stream 
by ion exchange (IX) prior to the recovery of cobalt as high-purity cathode. 
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Figure 6:  Selectivity of D2EHPA for the extraction of zinc from a cobalt electrolyte. 

 
 As both the leaching and downstream processes were unproven technology at the time, Bulong’s 
selection of this flowsheet represented a high-risk venture, and subsequent plant performance has attracted 
much interest in the industry. Bulong has unfortunately been plagued by engineering and operational 
problems since start-up. It is believed, however, that the process chemistry is inherently sound, and that this 
flowsheet has many advantages over other nickel processes that use a series of precipitation and 
redissolution steps rather than treating the leach liquor directly [13]. 
 Although carboxylic acids are very cheap, among their disadvantages for the extraction of nickel is their 
high aqueous solubility.  The consequent extractant losses to the raffinate are high and a solvent-recovery 
stage is needed.  The relatively high pH at which nickel is extracted (pH 6 to 7) requires tight pH control to 
avoid problems with the extraction of calcium and consequent gypsum formation (see Figure 5).  In contrast 
to the Bulong flowsheet, the Goro process also treats a laterite leach liquor directly but uses a completely 
different approach to overcoming the limitations of existing nickel SX flowsheets. 
 
Goro Process 
The Goro process (Figure 7) was developed by INCO for the treatment of a nickel laterite deposit in New 
Caledonia [18]. The novel flowsheet involves the co-extraction of nickel and cobalt by SX with a sulphur-
substituted organophosphinic acid, CYANEX 301, followed by their separation in a chloride medium by SX 
using an amine extractant. 
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Figure 7:   INCO’s Goro process for the recovery of nickel from laterites [19]. 

 
 The lateritic ore is acid leached under pressure at 270oC.  The clarified autoclave discharge liquor is 
partially neutralised to precipitate aluminium, chromium(III), silica, copper, and iron.  Trace quantities of 
residual copper are removed by IX. Nickel, cobalt, and zinc are then quantitatively and selectively extracted 
from other metals in solution by CYANEX 301 (Figure 8). This extractant has the unique capability of 
extracting nickel and cobalt selectively from manganese, while also being very selective over magnesium 
and calcium.  These three elements are the main impurities in the ore, so this is a tailor-made application for 
this extractant. Excellent extraction is also achieved under acidic conditions (pH 1 to 2), so no pH 
adjustment is required in the SX circuit and the waste streams can be neutralised with inexpensive 
limestone. 
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Figure 8:  pH dependence of extraction of metal ions present in a laterite leach liquor by CYANEX 301. 

 
 CYANEX 301 cannot be stripped with sulphuric acid, so hydrochloric acid is used.  The conversion from 
a sulphate matrix to a chloride matrix serves a useful purpose in that cobalt exists as the anionic CoCl4

2- 
species in solution, while nickel is present as the neutral NiCl2 species.  This enables the downstream 
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separation of these two elements using an anion exchanger, such as an inexpensive tertiary amine extractant. 
This technology is well established and has been used in refining applications for many years. Nickel is 
recovered by pyrohydrolysis as NiO, regenerating HCl for recycle to the CYANEX 301 strip circuit, while 
cobalt is recovered as a carbonate salt. 
 An integrated, on-site demonstration plant treating 12 t/d of dry ore has been operating since September 
1999.  INCO recently announced the decision to go ahead with the development of this novel flowsheet, at 
an estimated cost of US$ 1.4 billion [20].  This project will be the first commercial application of CYANEX 
301. Furthermore, the contacting equipment to be used for the CYANEX 301 SX circuit will be pulsed 
columns, rather than the traditional mixer-settler equipment currently used in most base-metal plants.  The 
column configuration offers advantages in terms of reduced footprint, reduced organic inventory, control of 
the atmosphere (in a system where it is important to avoid oxidation), reduced volatile losses, and improved 
safety.  In a very risk-averse industry, it is encouraging to note INCO’s decision to implement new process 
and equipment technology.  Goro’s performance will no doubt be keenly followed as full-scale construction 
(starting in early 2002) and commissioning (2004) are implemented.  On completion, Goro is predicted to 
become one of the largest and most cost-effective nickel projects in the world. 
 
ZINC SOLVENT EXTRACTION:  THE FIRST APPLICATION TO PRIMARY PROCESSING 
In primary zinc production, conventional feed materials are amenable to preconcentration, giving a zinc 
sulphide concentrate.  Traditional processing routes therefore produce high-tenor purified zinc solutions 
suitable for direct EW of the metal. Such schemes are not cost effective for lower-grade zinc deposits and 
these have, in general, gone unexploited. This situation is now changing, and there are new zinc projects 
under development in which the preferred flowsheets incorporate SX/EW technology [21]. The Skorpion 
project in Namibia is an interesting example of the use of leaching and SX/EW to recover zinc from an ore 
previously considered untreatable from both the processing and economic points of view. 
 
Skorpion 
The Skorpion ore is a low-grade silicate, containing 10 to 40% Zn and ~26% Si. The flowsheet is illustrated 
in Figure 9.  Following an atmospheric leach in sulphuric acid, iron, aluminium, and silica are rejected from 
the leach liquor by precipitation.  Zinc is then purified by SX with D2EHPA, enabling special high-grade 
(SHG) zinc (> 99.99% Zn) to be electrowon.  Zinc losses to the leach residue are minimised by reacidifying 
the thickener underflow and recycling the filtered liquor to the comminution circuit.  Impurities are 
prevented from accumulating in this stream by cementation with zinc dust.  To maintain the water balance in 
the circuit, the wash water (secondary filtrate) is bled from the circuit and the contained zinc  reprecipitated 
as a basic sulphate, ((ZnO)3ZnSO4).  This is recycled to the main circuit and reused for neutralisation. 
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Figure 9:  Simplified flowsheet for the Skorpion zinc project. 

Sulphuric acid leaching of silicates yields silicic acid, Si(OH)4, in solution which, if treated incorrectly, may 
form silica gel that impairs solid-liquid separation.  A key component in the success of this process is the 
control of the leaching and neutralisation conditions (pH, temperature, and residence time) to efficiently 
reject silica from the circuit [22,23].  
 Zinc EW typically requires an extremely pure electrolyte containing ~150 g/l Zn. Because of the low zinc 
content of this feed material, leaching conditions that produce a high-grade liquor cause unacceptably high 
soluble losses of zinc in the subsequent filtration step. The Skorpion leach liquor also contains significant 
quantities of fluoride and chloride that are detrimental to zinc EW.   
 The selection of SX as the purification route serves several purposes in this flowsheet.  Leaching can be 
carried out so that a fairly dilute liquor is obtained, thereby minimising soluble losses of the valuable metal 
and avoiding silica gel formation. In addition to rejecting other base-metal impurities (except Fe(III)), the 
halides can be effectively rejected from the circuit by appropriate control of the SX operating conditions. 
The process stream is upgraded from 30 g/l to 90 g/l Zn, providing a solution suitable for EW.  The 
selectivity of D2EHPA for zinc over calcium eliminates gypsum precipitation in the EW circuit, which is a 
major contributor to cellhouse downtime in conventional circuits.  
 Integrated piloting of this flowsheet was successfully carried out during early 2000, producing 100 kg/d 
of SHG zinc.  The advanced engineering of the full-scale plant is now underway. Construction started in 
May 2001, and the first metal is expected in December 2002.  Skorpion will be the first plant to use direct 
SX on the mainstream leach liquor in primary zinc processing and is likely to become one of the lowest cost 
zinc producers. 
  
CONCLUSIONS 
Almost all base metals can today be recovered or removed as impurities by SX, as can most precious metals 
and the rare earths.  Even some metalloid elements, such as indium, germanium, and gallium are purified by 
SX for various high-tech applications.  Considering that the first copper plant began operations only thirty 
years ago, this achievement reflects the confidence that a traditionally conservative industry has placed in 
this technology. In modern applications, the need for higher purity products and more environmentally 
friendly operating conditions have led to the replacement by SX of many of the more traditional processing 
routes.  This trend is likely to continue as more complex and lower grade materials are processed.  
 For most of the last century, copper, nickel, and zinc were processed primarily by smelting and 
associated pyrometallurgical techniques. The few plants that employed hydrometallurgical processing relied 
heavily on precipitation methods to achieve the separations required. The  flowsheets involved numerous 
recycles and repurification steps to achieve adequate product purities, often at the expense of high operating 
costs or poor single-pass product recoveries. 
 Advances in equipment design, developments in specialised SX extractants, and innovative process 
chemistry have led to myriad process options for the recovery of base metals. Modern flowsheets show a 
trend towards the use of multiple SX steps using several different extractants, as opposed to the ‘safe’ one-
step copper SX step of the past. This presents engineering challenges in ensuring process isolation and the 
integration of SX with the up- and downstream operations. The more widespread use of PAL has also 
introduced new opportunities for SX.  Despite the many teething problems of the new nickel plants, these 
commissioning experiences have led to a better understanding and acceptance of the capabilities and 
reliability of SX by the base-metal industry. With most of the materials, engineering, and operational issues 
associated with autoclave leaching now resolved, new projects are able to concentrate on optimising the 
downstream processing routes, enabling more harmonious integration of the leaching and purification 
circuits. Several hydrometallurgical flowsheets for the treatment of both oxide and low-grade sulphide 
materials are under advanced feasibility studies and pilot-plant development for copper and nickel.  
Considerable variation exists in the approaches taken to solution purification, but all of the processes 
employ at least one SX circuit. While some of these flowsheets remain to be proved in long-term operation, 
there is no doubt that the adoption of this technology for large, capital-intensive projects augurs well for the 
future of SX in base-metal hydrometallurgy.  
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