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ABSTRACT 

This review paper deals with the application of mechanochemical treatment with the aim to 
recover metals from both primary and secondary resources. For primary resources, the focus is 
on minerals like chalcopyrite, tetrahedrite and scheelite i.e. minerals with high activation 
energies where leaching in autoclaves at high temperature is needed to have acceptable leaching 
kinetics. In these cases, a mechanochemical treatment might enable leaching to be performed 
under atmospheric pressures. For secondary resources, emphasis has been on recycling of 
elements regarded as critical by the EU due to limited availability or high risk of future supply 
within the union.  

 

1 Introduction 

The term mechanochemistry was introduced by Ostwald in 1887 who studied chemical 
reactions from an energetic point of view [1]. In 1984 Heinicke formulated a definition which 
has become generally accepted; “Mechanochemistry is a branch of chemistry which is 
concerned with chemical and physicochemical transformations of substances in all states of 
aggregation produced by the effect of mechanical energy” [2]. Another definition is from the 
IUPAC Compendium of Chemical Terminology; “Mechanochemistry means a chemical 
reaction that is induced by the direct adsorption of mechanical energy” [3]. 

In 1974 Juhasz proposed that processes influenced by mechanical activation can be divided into 
primary and secondary processes. The primary processes include the increase in internal and 
surface energies, increase of surface area and decrease of coherence energy of solids which all 
generally increase the reactivity of the mineral. The secondary processes like aggregation, 
adsorption and recrystallization happens spontaneously in activated systems and might take 
place either during grinding or after grinding has been completed [4]. This two stage process 
was later verified by Molčanov et al., 1988 [5]. 

There are two major pathways in mechanochemical applications in extractive metallurgy i.e. dry 
milling (DM) and wet milling (WM). In DM processes the milling and leaching are two 
distinctly separated processes while in WM milling and leaching is performed simultaneously in 
one step [6]. 

Equipment used to achieve mechanical activation comprises retchmills, tumbling mills, stirring 
ball mills, vibration mills, pin mills, rolling mills and planetary ball mills. Mechanochemistry 
has been applied in a large number of different areas including chemical engineering, materials 



engineering, mineral processing, coal industry, building industry, pharmacy, agriculture and 
extractive metallurgy [7]. 

There is a continuing and seemingly increased interest in the research field of 
mechanochemistry with a large number of relatively new review articles available. A review 
giving a survey of classical works in mechanochemistry where the results are put in perspective 
of fundamental research of atomic force microscopy and quantum molecular dynamics 
simulations is given by Beyer and Clausen-Shaumann, 2005 [8]. Reviews in the area of applied 
extractive metallurgy can be found in Baláž, 2003, [9] and in Baláž and Dutková, 2009, [10]. 
Recent reviews on the application of mechanochemistry for metal recovery from secondary 
resources have been written by Ou et al., 2015 [11] and by Tan and Li, 2015 [12]. 

 

2 Applications of mechanochemistry in metallurgy 

Mechanochemical treatment to enhance leaching kinetics has the potential to be effective for 
leaching of minerals like chalcopyrite, tetrahedrite, wolframite, scheelite, etc., which all are 
minerals with high activation energies (EA) with surface reaction, controlled leaching 
mechanisms and therefore requires harsh leaching conditions. Typically these minerals are 
leached in autoclaves at elevated temperatures up to 240º C. Through mechanochemical 
treatment the reactivity of these minerals is increased through the decrease in particle size with 
concomitant increased surface area available for the leaching agent, but possibly also through 
the activation of surfaces, thus enabling leaching to be performed at lower temperatures under 
atmospheric pressure conditions. Mechanochemical treatment through the WM technique can 
also be beneficial in cases where the leaching proceeds through the diffusion controlled leaching 
mechanism since the product layers accumulating on the mineral surfaces are continuously 
removed through the grinding action.  

 

2.1 Metal recovery from primary resources 

 

2.1.1 Chalcopyrite 

Chalcopyrite is the most abundant copper mineral which is mainly treated through 
pyrometallurgy for copper recovery. Over the years much research has been conducted in order 
to develop (bio)leaching processes for chalcopyrite in sulfate environment but it has been 
proven difficult due to passivation of the chalcopyrite surfaces at temperatures below 80º C. 
One of the keys to obtain high and fast kinetics has been ultrafine grinding with particle sizes 
(d80) down to 5-15 µm. A number of processes have been developed and scaled up to pilot or 
demonstration scale but not been commercialized utilizing fine grinding (mechanical 
activation). Some examples of these processes are: 

 

Activox 

The Activox process was originally developed in Australia as an alternative to roasting and 
biooxidation of refractory gold ores [13] and was later extended for the treatment of base metals 
including chalcopyrite [14]. Activox can be considered as a DM process where milling and 
leaching are done in separate units. The general principle of the Activox process is shown in 
Fig. 1. 



 

 

Figure 1. Principle of the Activox process, (Corrans and Angove [13]).  

The combination of ultra-fine grinding (to 5–15 μm) and autoclave leaching at low temperature 
(100–110° C) with oxygen pressure of 10-12 atmospheres are the key features of the Activox 
process. The advantage with the low temperature is that the oxidation of sulfide forms elemental 
sulfur instead of sulfate (Reaction 1), and thus reducing oxygen consumption with related cost. 
Initially copper recoveries >90% were reported with oxygen requirement of 1 kg per kg of 
copper as compared with the requirement of 2.4 kg if sulfate would have been produced. Later 
the process was further developed by adding chloride ions which resulted in an increased copper 
extraction up to 98% at a retention time of 45–60 minutes [15]. At the Tati mine site in 
Botswana a demonstration plant was built where it was reported that energy requirement for 
ultrafine grinding from a d80 of 60 μm down to 6 μm was around 40 kWh per ton [16]. 

2CuFeS2(s) + 2.5O2(g) + 5H2SO4(aq) → 2CuSO4(aq) + Fe2(SO4)3(aq) + 4S0(s) + 5H2O(l)    (1) 

 

Bactech/Mintek bioleaching process 

It is well known that copper recoveries are low in continuous bioleaching of chalcopyrite with 
mesophilic and moderate thermophilic bacteria at temperatures in the range 35–50º C due to the 
formation of passivating layers. Bactech/Mintek developed a process where the concentrate was 
re-ground to a particle size with a d80 of 5–10 μm after which passivation was avoided. This 
process utilized moderate thermophiles (45–47° C) with a residence time of 5–6 days resulting 
in copper extraction of 96% [17]. 

 

US Bureau of Mines 

The US Bureau of Mines has developed a process with simultaneous grinding and leaching [18, 
19]. The process was performed in a turbomill, also known as an attrition grinder, made of 
stainless steel. Leaching media was a saturated ferric sulfate solution with approximately 160 
g/L ferric ions. The idea was to continuously remove elemental sulfur from the surface of the 
chalcopyrite through the grinding action of the mill. Results of the tests showed that the process 
was technically feasible with the following main conclusions:  



 The rate of leaching is still very much temperature dependent with no significant 
improvement at 25° C using the turbomill as a grind–leach reactor but almost 100% 
extraction at 90° C. 

 The rate of leaching increases with increasing mill operating speed and with increasing 
volume percent solids in the mill. 

 The energy required for leaching passes through a minimum level as the amount of 
solids is varied. For the conditions studied, a minimum energy level of 1271 kWh per 
ton of copper occurred at 400 rpm and 35 vol% solids at a recovery of 80%. 

 

2.1.2 Scheelite (wolframite) 

Traditionally scheelite (CaWO4) has been processed by autoclaving with either sodium 
carbonate or hydrochloric acid leaching at temperatures of 200–240º C. In 1986 Li et al. [20] 
developed a hydroxide based mechanochemical process which can treat not only high-calcium-
content wolframite, but also scheelite–wolframite concentrate blends and even scheelite 
concentrates directly. Compared with the carbonate process, the hydroxide based route has the 
advantage of a lower leaching temperature (150–170° C) with following lower energy 
consumption. This hydroxide based process has become the preferred route in China. However, 
the hydroxide process is carried out in the autoclave. In 2004 Zhao et al. [21] developed a 
hydroxide leaching process for atmospheric pressures with similar dosages of sodium hydroxide 
and giving WO3 recoveries around 98% [22]. 

 

2.1.3 Tetrahedrite 

Tetrahedrite (Cu12Sb4S13) is a complex sulfide of copper and antimony which can be an 
interesting and important resource of copper (40–46%), antimony (27–29%) [23] and/or other 
non-ferrous metals as is evident from its general chemical formula 
(Cu,Ag)10(Cu,Zn,Fe,Cd,Hg)2(Sb,Bi,As)4S13. Due to the refractoriness of tetrahedrite to most 
lixiviants, concentrated leaching agents, high reaction temperatures and long leaching times are 
required to efficiently dissolve antimony and arsenic [24]. Most commonly, leaching is 
performed in alkaline sulfide solution which is also practiced in industry [25], according to the 
reaction below which dissolves antimony, leaving copper in the leaching residue.  

Cu12Sb4S13(s) + 2Na2S(aq) → 5Cu2S(s) + 2CuS(s) + 4NaSbS2(aq)   (2) 

The leaching rate of tetrahedrite in alkaline sulfide solution is chemically controlled through the 
surface reaction mechanism with an activation energy of 81 kJ/mol [26]. 

 

Melt process  

The Melt process was developed in Slovakia and Melt is an acronym for Mechanochemical 
leaching of tetrahedrites [10, 27]. The process was tested in semi industrial scale in continuous 
mode where the first step was a wet milling process followed by a leaching step [28]. The 
results showed that almost complete extraction of antimony was obtained at a much shorter time 
(less than 1 hour) than normally needed in industrial practice, Fig. 2.  

 



 

Figure 2. Recovery of Sb, As and Hg in continuous testing of the Melt process, (Baláž et al. 
[28]). 

 

2.2 Milling in raffinate 

Milling in raffinate is a process route that recently has started to be practiced at a number of 
hydrometallurgical plants where solvent extraction of copper is used. In this process, the acidic 
and copper containing effluent is used instead of raw water in the grinding circuit. The 
advantages are lower capital costs since it eliminates equipment for pre–leach dewatering and 
repulping as well as neutralization equipment including tanks and thickeners. It also saves 
operating costs since both acid and lime/limestone consumptions with associated maintenance 
costs are reduced. The copper recovery is reported be 1–1.5% higher since no copper is lost with 
the raffinate. Milling in raffinate was used in the Boleo project in Mexico where a complex 
process aiming at recovery of copper, cobalt, zinc and manganese from a mixed oxide and 
sulfide ore was tested in demonstration scale [29]. 

 

2.3 Metal recovery from secondary resources 

A new and emerging area of mechanochemistry is the treatment of wastes and secondary 
resources. Large numbers of studies have been published where metals like Pb, Li, Co, In, Cu, 
Au, Mo, Ni and REE has been recovered. However, so far the research has only been conducted 
in laboratory scale. Many of the studies are innovative and include solid state reactions, 
decomposition, oxidation and reduction in aqueous phase as well as in gas phase, complex and 
adduct formation [11, 12], and some examples are given in the following.  

 

Indium recycling from indium oxide and tin doped indium oxide (ITO) waste 

Indium is an element that is listed in EU´s list of critical raw materials. Indiums main usage is 
for the production of ITO which is used in liquid crystal displays (LCD) and thin-layer 
photovoltaic manufacture.  



In a study by Kano et al. [30] it was shown that indium oxide could be reduced to metal in a 
non-thermal process utilizing mechanochemistry. In the process, which was carried out in a 
planetary ball mill, lithium nitride was used as reductant and either ammonia or nitrogen gas 
was used to have a shielding atmosphere. The proposed mechanism for the process was: 

In2O3 + Li3N + NH3 → 2In + 3LiOH + N2       (3) 

In2O3 + 2Li3N + N2 → 2In + 3Li2O + 2N2       (4) 

High purity indium metal and with 97% recovery was obtained after 60 minutes grinding time. 
ITO could also be converted to indium metal when grinding was done for 120 minutes with 
ammonia. 

In another study utilizing a high-energy ball mill (HEBM) for treatment of waste LCD screens 
86% indium could be recovered after 1 minute grinding followed by leaching with hydrochloric 
acid. 

 

REE recycling from phosphors 

A process for recycling and separation of REEs from waste phosphors utilizing combinations of 
leaching and mechanochemistry was developed by Hattori et al. [31]. The phosphors were first 
leached in sulfuric acid whereby Y and Eu were leached selectively. The residue was then 
mixed with sodium hydroxide and ground in a planetary ball mill at a rotation speed of 700 rpm. 
Remaining rare earths (La, Ce, Tb) were converted into rare earth oxides (RE(OH)3) during 
milling. Upon washing of this product with water sodium phosphate (Na3PO4) was removed and 
thereafter the rare earth oxides were dissolved in hydrochloric and separated with solvent 
extraction followed by precipitation and calcination to produce pure rare earth oxides, see Fig. 
3. 

 

 



Figure 3. Flowchart for recycling REEs from phosphors (Hattori et al. [31]). 

 

Cobalt and lithium recovery from spent lithium ion batteries (LIBs) 

A number of studies have been performed where the scrap electrodes containing LiCoO2 from 
LIBs were milled with organic chloride containing material with the aim to convert Li and Co 
into water soluble chlorides. A novel process was developed by Saito and co-workers where 
they milled LIBs electrodes together with PVC in a planetary ball mill [32, 33]. During milling 
the following reaction took place: 

LiCoO2 + 3[–CH2–CHCl–]n → LiCl + CoCl2 + CxHyOz     (5) 

After grinding the material was leached with water. It was seen that the recovery of Li and Co 
was dependent of grinding time and recoveries of Li and Co reached 100% and 90%, 
respectively after 30 hours of grinding.  

 

Recovery of tungsten from tungsten carbide tool waste 

Shibata and coworkers developed a method utilizing dry mechanochemical treatment, see flow 
sheet in Fig. 4. In a first step cobalt was leached with sulfuric acid and subsequently cobalt was 
purified through solvent extraction, precipitation and calcination to produce a cobalt oxide 
powder. 

  

 

Figure 4. Mechanochemical process for recycling of Co and W from tungsten carbide tool waste 
(Tan and Li, [12]).  



The residue after leaching was then dry milled together with potassium permanganate (KMnO4) 
whereby the tungsten carbide was oxidized according to: 

WC + 2KMnO4 → K2WO4 + 2MnO + CO2      (6) 

With a twofold excess of potassium permanganate and 15 minutes grinding almost 100% of 
tungsten dissolved during leaching in 1M NaOH solution. The tungsten was in later stages 
purified through solvent extraction, precipitation and calcination to produce tungsten oxide 
(WO3). 

 

3 Discussion 

Mechanochemistry has applications in a wide number of different disciplines and is believed to 
have increasing importance in the area of metallurgy in the future. Reasons for this are the 
increasing complexity and decreasing grades of the ores mined today which makes it necessary 
to find cost effective ways to either remove impurities prior to pyrometallurgical extraction or 
recover the wanted elements directly through hydrometallurgy. Other incentives are to increase 
recycling of elements from secondary products and waste for sustainability reasons. 

A large number of novel and interesting processes for recovery and recycling of metals from 
many different types of materials have been proposed in the literature. Most of the studies 
performed has however been done in laboratory scale and there is therefore a need to scale up 
the work in order to obtain proper estimates of energy costs and to verify the flow sheets 
proposed.  
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