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2.1             Introduction 

    The mining industry, which dates back to the dawn 
of civilization, is often considered an ancient 
industry. Despite its age-old roots, natural 
resource exploration and exploitation have always 
been among the most active fi elds for renewal 
through innovation. Today, mining innovations 
address the growing demand for an ever-broaden-
ing range of mineral resources, while respecting 
communities and the environment.  
 (Extract from “100 innovations in the mining 
industry” by Minalliance  2012 ) 

   It is estimated that there are about 2500 metal 
producing mines, 2500 industrial minerals opera-
tions, and almost 100,000 quarries producing 
aggregates for construction purposes that are of 
“industrial scale” (not small scale or artisanal 
mining) operations (Ericsson  2012 ). Open-pit 
mining accounts for about 83 % of the total 
industrial metal mining production and under-
ground producing the remaining 17 % of metal 
production. 

 Traditionally a  mining operation   is segmented 
into distinct core disciplines viz. geology, min-
ing, and processing from a technical perspective 
with a focus on extracting an ore body to produce 

marketable concentrates or metal. There are vari-
ous support roles that are critical to the success of 
these technical disciplines such as administra-
tion, maintenance, IT, supply chain, safety, envi-
ronment, and community relations. 

 As mining is evolving, so are the challenges 
associated with mining. Some of the key chal-
lenges are complex ore bodies at greater depths, 
high capital and operating costs, water scarcity 
and quality issues, high energy costs, complex 
environmental issues including tailings manage-
ment, worldwide constraints on resource avail-
ability, more and more elaborated regulations in 
emerging economies impacting the permitting 
processes, increasing stakeholder expectations, 
changing demographics of mining operations 
with ever-changing cultural or community expec-
tations and the urgent need for a better assess-
ment of project viability, this in very  dynamic 
metals markets   impacting the dynamics of min-
ing projects development and sustainability. 

 These challenges are compelling mining com-
panies to look at their mining business holisti-
cally and also from different points of views. An 
integrated approach to mining is gaining promi-
nence not just from an economic perspective but 
also allows them to take into account the needs of 
various stakeholders. Mining companies are 
slowly tapping into some successful concepts 
that have transformed other industries such as 
manufacturing, chemical, pharmaceuticals along 
with oil and gas. 
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 Some  mining companies   are already looking 
beyond the traditional disciplines of geology, 
mining, and processing to focus on the key value 
drivers that tend to integrate these disciplines and 
their interfaces. This is allowing mining compa-
nies to innovate and the focus is on step change in 
their cost structures and productivity. 

 Though this chapter is about innovation in 
mineral processing, the author strongly feels that 
this has to be seen in the light of mining value 
chain as a whole. Any innovation focusing on 
mineral processing alone will only provide part 
of the solution and will miss big opportunities. 
The question then is “What are these big opportu-
nities that will allow a step change in profi tability 
of a mining operation in a safe and sustainable 
manner?” 

 This chapter will emphasize on the following 
three key focusing questions related to the inno-
vation in mineral processing in the present min-
ing context:

    1.    What innovations are required to address the 
existing mining challenges?   

   2.    What are the various mineral processing inno-
vations that have already shaped and advanced 
the mining industry?   

   3.    What can be done to bridge any innovation 
gaps for realizing the full potential?      

2.2     The Hard Truth About 
Mining and Processing 

 Despite signifi cant innovation, mining and pro-
cessing still involves the old paradigm with sig-
nifi cant amount of waste management including 
haulage, processing, and disposal as described 
below:

•    The fi rst step in a mining operation typically 
involves removal of overburden to access the 
ore body for an open-pit mine. This overbur-
den in then stockpiled either as waste rock or 
to be re-used at closure.  

•   After drilling and blasting, haulage of  blasted 
ore   which is basically mineralized rock above 

a certain cutoff grade inclusive of waste dilution 
material that cannot be segregated further dur-
ing the blasting and mucking activities. The 
ore is then carried out to the primary crusher 
or process plant. An ore after mining typically 
contains mostly gangue minerals. The amount 
of non-valuable gangue minerals could be 
more than 99.0 % for gold or PGM ores, 
~97 % for a copper ore containing 1 % Cu as 
chalcopyrite.  

•   The next step is to crush and grind the ore in 
the process plant mainly to liberate the valu-
able from non-valuables. Comminution in the 
mining industry is intrinsically very energy 
intensive using 2–3 % of world’s energy. 
Energy consumption could range from 10 to 
25 kWhr/t treated. When treating 100,000 t/d, 
this equates to 1–2 GW/day treated by a com-
minution circuit drawing 50–100 MW power 
(Powell  2013 ).  

•    Intensive mineral processing   steps are then 
carried out on the ore such as pre- concentration, 
benefi ciation, or concentration to separate 
valuables from gangue.  

•   Once the valuables are recovered in the pro-
cess plant,  tailings management   is a major 
step involving storage of tailings, water recla-
mation and detoxifi cation of the mill and/or 
fi nal site effl uent prior to any environmental 
discharge, when applicable.    

 It is estimated that the overburden waste 
produced globally is about 10,000 million tonnes 
(Mt) per year, assuming a mining strip ratio of 2.5. 
This is a signifi cant amount of waste generated by 
the mining industry. Generally, the lower the head 
grade, the larger the volumes of ore and waste that 
are produced. In the Kennecott mine in Utah alone, 
almost 100 Mt of ore and additional 200 Mt of 
waste are handled every year (Ericsson  2012 ). To 
meet the needs, bigger trucks and shovels are uti-
lized, and the payload trucks have increased from 
around 200 t in 1990 to almost 350 t in 2012. At 
the same time, the installed power has increased 
by a similar factor. In just the past 5 years, the 
bucket volume of wheel excavators has increased 
from 25 to 40 m 3 . The  processing plants   have 
followed suit with large 42 ft diameter mills, 
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500–700 m 3  fl otation cells along with larger 
dewatering and tailings pond facilities. 

 The trend of increasing throughput and larger 
equipment is continuing despite all associated 
challenges along with an on-going trend of 
extremely high waste generation. Mining indus-
try is still using the old paradigm. A radical shift 
is needed, starting with seeking alternatives to 
handling and processing large amount of waste.  

2.3     The Big Opportunities 

 The basic extraction paradigm in the mining 
industry is “drill, blast, load, haul, dump, crush, 
grind, separate, leach, dewater, and tailings dis-
posal.” There are many variations, but fundamen-
tally, the paradigm has not changed since ancient 
times. Almost all the innovations so far have 
made operations in this paradigm safer, more 
effi cient, automated, and even autonomous 
(Dunbar  2014 ). What’s needed is a major shift in 
this paradigm for a major breakthrough. 

 Since both mining and processing operations 
handle a signifi cant amount of waste, the fi rst 
consideration for any innovation should be to cut 
down on waste as early as possible in the mining 
value chain. Some of the major  opportunities   are:

    1.     Minimal removal of overburden to access ore 
body : Use of small diameter drill holes to 
access the ore body along with use of novel 
biotechnologies using to recover metals 
(Dunbar  2014 ). In situ recovery of metals 
such as uranium and copper oxides using 
solution mining is presently being pursued by 
the industry, which is a step in the right direc-
tion though new technologies and novel ideas 
are necessary to make this practical for most 
other ore types. It appears that companies like 
Rio Tinto are looking at opportunities with in 
situ recovery as key to the “mine-of-the-
future” (Batterham  2008 ).   

   2.     Highly selective liberation of ores early in the 
mining process : It is important to ask our-

selves “Why create waste in the fi rst place?” 
Comminution begins with mining and a new 
generation of drilling and blasting for selec-
tive mining of ores is critical to avoid or 
reduce waste removal early on in the mining 
process. This concept is referred to as “grade 
engineering” and is becoming a major focus 
of research and development (CRC-ORE 
 2014 ).   

   3.     Minimal haulage of waste : This focuses on 
innovations that will allow processing to be 
closer to the mine site. There is an increasing 
interest in pre-concentration technologies 
such as sensor based mass sorting (ROM 
shovels/trucks), classifi cation using screens, 
stream based ore-sorting, gravity and dense 
media separation, which is defi nitely a posi-
tive trend.   

   4.     Effi cient comminution and processing : Focus 
on highly selective separation of valuables uti-
lizing effi cient technologies resulting in mini-
mal capital and lower operating costs along 
with signifi cantly smaller footprint.   

   5.     Minimal generation of tailings and high reuse 
potential : The important focus here is on 
recovery of by-products and non-conven-
tional value-added products such as building 
materials with a generation of benign tailings 
for backfi lling  underground   and open-pit 
mines.    

  Refl ecting on these fi ve opportunities suggests 
that the ideal scenario will be a “zero waste min-
ing.” Is this really possible? History tells us that 
the capability and ingenuity of mining and pro-
cessing professionals have been phenomenal 
(Lynch et al.  2010 ). If there is a dire need with a 
strong vision and adequate resources, there is no 
reason why “zero waste mining” cannot happen. 
Various innovative technologies that have been 
developed by the mining industry defi nitely pro-
vide us the confi dence. The area of “zero waste 
mining” is not the focus of this chapter but all 
trends in innovations must be seen in light of this 
ultimate goal.  
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2.4      Innovations   in Mineral 
Processing 

 To understand the various innovations in min-
eral processing, we will need to understand the 
various challenges the mining industry has han-
dled so far. In the early days, high grade ores 
and ore bodies were exposed on the surface. To 
extract these ores required minimal generation 
and treatment of waste. One could say, this was 
close to the ideal situation of “zero waste min-
ing” scenario. 

 As head grades started to deteriorate with ore 
bodies located at a considerable depth, the need 
for overburden removal and therefore the genera-
tion of mining waste started to increase. With 
industrialization and the growth in demand of 
metals, the urgent need to treat low grade ores at 
much greater depth intensifi ed. Innovation 
focused on how to mine higher throughputs and 
then process them mainly to meet the immediate 
needs. This paved the way for mass open-pit min-
ing and larger mining machineries. Open-pit 
mines and unfavorable terrain resulted in build-
ing concentrators that are far away from mining. 
Also the consideration for a large tailings facility 
added to the complexity, resulting in a large mine 
footprint which increased in proportion with mill 
throughput. 

 In the early days when the environmental 
regulations were not as stringent and the access 
to power or energy sources relatively easier, the 
main focus of innovation activities was to build 
larger and more effi cient equipment to treat the 
large amount of mined product (containing 
mostly waste) to meet the needs of metal pro-
duction targets. Hence there was not much 
incentive to challenge the existing mining para-
digm of mass scale waste generation, process-
ing, and storage. This situation is still ongoing, 
although there is now a strong realization that 
this cannot continue for very long due to mount-
ing energy costs, stringent environmental regu-
lations, lack of water and other resources along 
with ever- increasing opposition by local 
communities. 

 The mining industry is now facing a 
dilemma and there is a strong push by compa-
nies, some governments and stakeholders to 
focus on innovation to address the challenges. 
The following are the main areas that have 
attracted serious attention for innovation in 
mineral processing:

•    Energy consumption and GHG reduction  
•   Economy of scale (capital cost)  
•   Effi cient use of consumables (media, liner, 

reagents)  
•   Instrumentation, control, and automation  
•   Use of alternative water sources  
•   Environmental management of tailings and 

waste  
•   Modeling and simulation tools (to reduce risk 

in design and operations optimization)  
•   Seamless integration with value chain  
•   Continuous improvement along with training 

and education to improve productivity  
•   Breakthrough technologies (focus on step 

change such as dry processing and in situ 
mining)    

 This chapter will focus on the key mineral 
processing innovations that have already resulted 
or have potential to make a signifi cant contribu-
tion to the mining industry. Principles of opera-
tion and design of unit operations will not be the 
main focus of this chapter as they are readily 
available for reference in various publications 
(Fuerstenau and Han  2003 ; Wills  2006 ;     Gupta 
and Yan  2006 ). 

 The following major areas in mineral process-
ing will be subject of discussion in this chapter:

    1.    Ore body knowledge   
   2.    Pre-concentration   
   3.    Comminution and classifi cation   
   4.    Physical separation (gravity, magnetic and 

electrostatic separation)   
   5.    Flotation   
   6.    Dewatering and thickening   
   7.    Tailings and water management   
   8.    Automation and integration     
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2.5  Ore body knowledge

As ore bodies are becoming highly complex, it is 
more important than ever to understand the geol-
ogy and mineralogy in details to enable the most 
appropriate design and operation of mining and 
mineral  processing operations. Understanding of 
the geology and the uncertainties associated with 
the ore bodies is critical to the success of any 
mining operation. This is typically carried out 
using data generated through drill holes, geologi-
cal mapping, geophysical surveys and the geolo-
gist’s interpretation. Ore body  modeling and 
resource estimation   is the foundation on which 
the business case for future mine development 
and operation is intricately dependent. 

 One major input for resource estimation is 
quantitative mineralogy information, which is 
increasingly being recognized as more important 
than mere elemental assays. Interpretation of 
mineralogy through assays have been tradition-
ally carried out but with increasing complexities 
and uncertainties associated with ore bodies, a 
direct way of determining mineralogy without 
the need to make certain assumptions is a positive 
trend. Having more mineralogy attributes for 
both valuables and gangue in the resource and 
reserve models allows for a better integration of 
geology and metallurgy, which is an emerging 
area widely known as “geometallurgy.” 

2.5.1     Quantitative Mineralogy 

 Advances in  quantitative mineralogy technolo-
gies   along with recent developments in comput-
erization and data storage have been a major 
breakthrough for the mining industry. Process 
mineralogy is now a well-established fi eld that 
provides ore characterization and better under-
standing of ore variability to reduce uncertainties 
and risks associated with ore body modeling, 
mineral processing plant design, and process 
plant optimization. Many demonstrated benefi ts 
have been realized by mining operations globally 
using quantitative mineralogy (Gu et al.  2014 ; 
Bradshaw  2014 ; Evans et al.  2011 ; Lotter  2011 ; 

MacDonald et al.  2011 ; Rule and Schouwstra 
 2011 ; Kormos et al.  2010 ; Kappes et al.  2009 ; 
Baum et al.  1989 ). Numerous plants have now 
onsite and in-house access to quantitative miner-
alogy analyzers and XRD or Near Infra-Red 
(NIR) analyses for carrying out planning, optimi-
zation, and for daily production needs, which is a 
major innovation in the  mineral   industry (Baum 
 2014 ). 

 Automated quantitative mineral analyzers like 
Mineral Liberation Analyzer (MLA) and 
QEMSCAN have been commercially available 
since the 1990s and have played a major role in 
redefi ning ore characterization in the mineral 
industry. In addition, advancement in XRD tech-
nologies (Rietveld) has allowed quantifi cation of 
the gangue minerals. It is rare today to fi nd any 
feasibility study carried out without quantitative 
mineralogy information. It is to be noted that 
these technologies are suited to visible minerals 
only and any elements that are in solid solution 
cannot be identifi ed. 

 It is also common nowadays to use sophisti-
cated tools and techniques for carrying out mass 
balances, low concentration precious metal and 
deleterious metals deportment, modal and libera-
tion analysis, water chemistry and mineral 
surface- studies to obtain in-depth understanding 
necessary for metallurgical problem diagnostics 
(Smart et al.  2014 ; Buckley  2010 ; Grano  2010 ).  

2.5.2      Quantitative Gold 
Deportment      

 An important development in gold mineralogy is 
the ability to carry out quantitative gold deport-
ment for refractory and double refractory ores 
using state-of- the-art technologies. The charac-
terization of these ores is challenging due to low 
gold ore grades, presence of variable proportion 
of preg- robbing total carbonaceous matters 
(TCM) with sulfi de inclusions, visible and invis-
ible gold in different sulfi des phases (e.g., pyrite, 
chalcopyrite, chalcocite, and bornite) and also in 
iron oxide phases (e.g., magnetite, hematite, and 
goethite). This requires an integrated approach 
to process mineralogy involving various tools 
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such as optical microscopy, mineral analyzer 
(MLA, QEMSCAN), X-ray diffraction (XRD), 
Dynamic secondary ion mass spectrometry 
(D-SIMS), Time-of-fl ight—secondary ion mass 
spectrometry (TOF-SIMS), X-ray photoelectron 
spectroscopy (XPS), and Laser ablation micro-
probe-inductively coupled plasma mass spec-
trometry (LAM-ICPMS). Details of these 
quantitative gold deportment techniques are pre-
sented elsewhere (Chattopadhyay and Gorain 
 2012 ,  2014 ; Chryssoulis and McMullen  2005 ). 
These measurements are immensely useful but 
could be expensive and time consuming. It is 
important to be prudent on representative sample 
selection with a clear purpose. Improper use of 
these tools could result in poor diagnosis and 
wrong interpretation.  

2.5.3     Future of  Process Mineralogy   

 The use of multiple mineralogical techniques to 
accurately identify element and mineral deport-
ment is becoming important as the ore complex-
ities are increasing and the tolerance for risks in 
plant design and operations is low. Bradshaw 
( 2014 ) has highlighted the following four criti-
cal aspects for successful process mineralogy 
(the 4 I’s):

•    Information (appropriate measurement and 
accurate analysis)  

•   Interpretation (what does the information 
mean?)  

•   Implication (converting the interpretation into 
wisdom)  

•   Implementation (of a change to either the 
existing circuit or the process design)    

 Bradshaw has emphasized that if any of these 
steps are missing the whole process is threatened 
and much of the value is lost. The potential barri-
ers to achieving the value can be attributed to 
short-term thinking, the imposition of inappro-
priate time or budget constraints, or to a lack of 

understanding of either the project aim or process 
mineralogy as a whole.  

2.5.4      Geometallurgy   

 Recent advancements in process mineralogy 
have furthered the cause of integrating mine site 
geology and process plant to a great extent with a 
main focus on improving the value of the mine. 
Geometallurgy relates to the practice of combin-
ing geology and geo-statistics with extractive 
metallurgy to create a geologically based predic-
tive model for mineral processing plants. It is 
used for risk management and mitigation during 
plant design and also to assist and enhance mine 
production planning (Kittler et al.  2011 ). From a 
comminution perspective, geometallurgy assists 
in optimizing the mine plan by mapping hardness 
and forecasting throughput into the mine block 
model using geo- statistics to achieve design ton-
nage over the life-of- mine of the deposit and 
eliminate the large throughput fl uctuations 
caused by ore hardness (Brissette et al.  2014 ). 

 McCullough et al. ( 2013 ) have also high-
lighted the challenges associated with recogniz-
ing and embedding the value of geometallurgy in 
the mining value chain. The main challenge is to 
permanently change the behavior of people and 
the processes they follow. This requires executive 
sponsorship, technology, data integration along 
with automated intelligent analysis to realize the 
full value of geometallurgy. Kittler et al. ( 2011 ) 
has emphasized the need for proper sample selec-
tion with a clear focus on spatial and grade distri-
bution. It is best to avoid blending of samples for 
geometallurgy samples to capture ore variability 
and to retain their spatial provenance. The 
requirements for operational geometallurgy have 
been presented by David ( 2010 ). 

 Bye ( 2011 ) has  documente  d various industrial 
case studies that demonstrate strategies for gain-
ing value from geometallurgical studies. Values 
include both operational benefi ts such as proac-
tive fragmentation control and better strategic 
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planning process along with building of geomet-
allurgical domain models.   

2.6     Pre-concentration 

 Removal of some  w  aste as early as possible after 
blasting has the potential to reduce haulage costs 
to the mill in many situations. In addition, this 
provides an opportunity to upgrade the ore result-
ing in reduced energy and operating costs per 
unit of metal input to the plant. A higher head 
grade to the process plant typically results in bet-
ter concentration ratio and better unit recoveries 
as well as the process now has to handle lower 
gangue content. This concept of pre-concentra-
tion is not new with application such as Dense 
Media separation and sorting on the surface since 
the 1930s (Munro et al.  1982 ) and also applied 
underground (Lloyd  1979 ). 

 It is worthwhile to note that not all ores are 
amenable to pre-concentration especially when 
the minerals are fi nely disseminated in the ore 
body. Pre-concentration of such  ore bodies   could 
result in high losses of valuables in the waste 
product. Often there is a resistance to pre- 
concentration because it is perceived as a process 
involving metal losses and costs, and this belief 
sometimes hinders any further discussion on this 
opportunity. It is therefore important to charac-
terize the ore to assess the amenability of pre- 
concentration before this option is discarded. 

 Ores types that are amenable to pre- 
concentration can add signifi cant economic ben-
efi t, such as at the Kroondal platinum mines in 
South Africa where about 50 % of bulk mining 
feed of UG2 ores to the mill is rejected with a 
PGM recovery of 95 % (Holloway et al.  2009 ). 
The value of pre-concentration has now been 
demonstrated for a wide range of ore types at a 
coarse size range (Mohanty et al.  2000 ; 
McCullough et al.  1999 ; Schena et al.  1990 ). The 
value of pre-concentration should be looked in a 
holistic way involving integrated mining, pro-
cessing and waste disposal. Bamber ( 2008 ) has 
concluded based on his studies that the exploita-
tion of a deposit with ore pre-concentration and 
waste disposal technologies integrated into the 

mining process prior to benefi ciation on surface 
is superior to the conventional approach. 

 The following pre-concentration technologies 
appear to have signifi cant potential and are slowly 
fi nding its way into different mining applications:

•    Size classifi cation  
•   Ore sorting  
•   Dense media separation  
•   Coarse particle fl otation    

2.6.1     Size Classifi cation 

  Co ncentration by comminution and  size classifi -
cation   alone has been found to be effective for 
some ore types (Burns and Grimes  1986 ; 
Sivamohan and Forssberg  1991 ). Size classifi ca-
tion presents a low cost option for rejection of 
waste, with maximum economic benefi t at coarse 
particle sizes either at naturally arising ROM par-
ticle size distribution or at a coarse crush size, as 
close as possible to the mining face (Klein et al. 
 2002 ).  

2.6.2     Ore Sorting 

  Ore sorting   in the mining industry has evolved 
from manual sorting in the early days to basic 
optical sorting fi rst used in mining in the 1970s 
using camera technology and digital image pro-
cessing for industrial minerals. Arvidson and 
Wotruba ( 2014 ) have provided a review of the 
various applications of ore sorting technologies. 
Some of the earliest applications of sorting in 
mining industry were in diamond and gem min-
ing using X-ray fl uorescence and X-ray transmis-
sion to identify the gems. Radiometric sorting 
has been successfully applied to the processing 
of uranium ores such as at Lodeve mine in France 
and at Northwest Kalimantan in Indonesia on 
ROM ores (IAEA  2000 ). The Indonesian ores 
typically responded well to ore sorting with about 
50 % rejection with more than 98 % uranium 
recovery. X-ray sorting is presently used in vari-
ous tungsten mining operations such as at the 
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Wolfram Bergbau in Australia and Wolfram 
Camp in Cairns, Australia. The importance of  ore   
sorting in improving economics of marginal 
deposits is increasingly being realized by the 
mining industry (Lessard et al.  2014 ; Foggiatto 
et al.  2014 ; Walker  2014 ). 

 Bamber ( 2008 ) has presented different meth-
ods of ore sorting based on the following proper-
ties along with applications:

•    Photometric: coal, sulfi des, phosphates, 
oxides  

•   Radiometric: uranium, Witwatersrand gold 
ores  

•   Conductivity: metal sulfi des, native metals  
•   Fluorescence: metal sulfi des, limestone, iron 

ore  
•   X-ray luminescence: diamonds  
•   X-ray transmission: coal  
•   Electrostatic: salts, halite, sylvite  
•   Magnetic: iron ore, andalusite, quartz, 

kimberlites    

 At present, majority of automated ore sorters, 
outside of the diamond industry, are color or con-
ductivity sorters (Bartram and Kowalczyk  2009 ). 
This is a signifi cant innovation in mineral pro-
cessing with an ability of pre-concentration and 
signifi cantly improved economics. The  optical 
sensors   have quite a few applications but as the 
optical properties differ relatively little, laser 
based sensors could be useful. If the primary sur-
face properties are distinct, NIR sensors are nor-
mally used. Novel sensor technologies are now 
necessary to extend the application to ore types 
beyond optical sensors that exploit material prop-
erties such as electrical conductivity, magnetiza-
tion, molecular structure, and thermal 
conductivity. Combination of sensors also have 
potential such as optical/NIR, optical/inductive, 
or XRT/inductive (Arvidson and Wotruba  2014 ). 

 The recent development of  LIBS   (Laser- 
Induced Breakdown  Spectroscopy  ), focused on 
pattern recognition appears to have potential for 
mass ore sorting.  LIBS   works by focusing a laser 
beam on the ore surface to create a plasma. When 
this plasma cools down it emits light that is repre-
sentative for the elements in the plasma. LIBS 

provides elemental information of some ores 
such as copper without any radioactive sources. 
One major advantage is that there is no sample 
preparation or sizing required and the  LIBS   ore 
sorter can be positioned above the conveyor belt. 
The approach seems to make it possible to 
achieve fast sorting capabilities of 1.000 t per 
hour, while keeping good accuracy 
(SonicSampDrill  2014 ). Though there is poten-
tial, much work is required to make this technol-
ogy commercial for large throughputs. 
Combination of LIBS with other sensor technol-
ogies may be necessary for some complex ores.  

2.6.3     Dense Media Separation 

  Dense media separation      is widely used in coal, 
diamond, chromite, and iron ore industries since 
its introduction by  Dutch Sate Mines (DSM)   in 
1947. Though used occasionally in other indus-
tries, its application in precious and base metals 
viz. PGMs, gold, copper, and zinc are slowly 
gaining some momentum. Holloway et al. ( 2009 ) 
have estimated capital costs for DMS plants to be 
in the range from $3.0 to $4.5 per tonne of 
throughout per annum (excluding crushing), 
depending on the complexity of the plant design. 
Operating cost for heavy media (ferrosilicon or 
magnetite) is typically $1.00/lb (delivered). 
Typical power consumption ranges from 2 to 3 
kWh/t and cost of spare parts is estimated to be 
around $0.50/t. These costs provide some rough 
guidelines only and could vary signifi cantly 
depending on applications. 

 Napier-Munn et al. ( 2014 ) have reviewed vari-
ous DMS technologies, with a focus on technolo-
gies that have been implemented in the industry. 
DMS technology has allowed Kroondal platinum 
mines to reject 50 % of bulk mining feed of UG2 
ores with a PGM recovery of 95 %. Tati nickel 
plant in Botswana uses DMS to reject 70 % of 
mass with recovery of ~2/3rd of the contained 
nickel and has allowed bulk mining with a zero 
cutoff grade, thus simplifying the mine plan with 
increased resources. Another impressive applica-
tion of DMS has been in recovery of fi ne grained 
gold from waste rock dumps at the Witwatersrand 
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gold fi elds in South Africa. Despite a low feed 
grade (0.2–0.3 g/t), DMS was successful in recov-
ering 70 % of the gold into 30 % of the mass. 

 Typically DMS technologies are compact 
processes with high-throughput of 300–1000 t/h. 
Holloway et al. ( 2009 ) have concluded that 
DMS seems to be well positioned with tremen-
dous growth potential to address the need for 
reducing energy costs, improving mine-mill 
integration, and simplifying tailings handling 
through coarse ore pre-concentration. Bamber 
( 2008 ) has carried out various studies and has 
highlighted the signifi cant potential  o  f DMS in 
underground applications.  

2.6.4      Coarse Particle Flotation   

 Signifi cant energy is needed to grind ores for 
conventional fl otation which typically requires a 
feed that could range from 10 to 200 μm. Flash 
fl otation applications can treat much coarser feed 
ranging from 600 to 1000 μm. Energy require-
ments magnify for regrinding applications with a 
target of less than 10 μm to liberate minerals in 
fi nely disseminated ores. From a pre- 
concentration point of view, the top size of 
fl otation feed required is typically 1–3 mm. 

 Flotation of ore at a top size of 3 mm, fol-
lowed by gravity concentration of the fl otation 
tailings has been applied previously in South 
Africa to treat Witwatersrand gold ores resulting 
in production of a 40 % mass pull at an overall 

gold recovery of 98 % (Lloyd  1979 ). Coarse par-
ticle fl otation of particle ranging from 3 to 5 mm 
is common in the potash industry. For many base 
metals and precious metals applications, coarse 
fl otation is challenging in conventional and fl ash 
fl otation machines for pre-concentration 
purposes. 

 Jameson ( 2014 ) has developed a fl uidized bed 
fl otation technology for coarse fl otation focusing 
on pre-concentration at a coarse size (600–
800 μm) with an estimated reduction in operating 
cost of 10–20 %. Though this is in experimental 
stage, nevertheless the concept has merit and 
deserves further attention. The Hydrofl oat ®  tech-
nology from Eriez also uses fl uidized bed for 
coarse particle fl otation with commercial appli-
cations in grinding circuits similar to fl ash fl ota-
tion, also with the possibility of producing a 
throwaway tails (Franco et al.  2015 ). These are 
interesting developments with implications for 
pre-concentration at a relatively fi ner size 
fraction. 

 Compared to other pre-concentration technol-
ogies, fl otation offers the most potential espe-
cially for fi ne grained mineralogical complex 
ores as other technologies at a coarser grind will 
incur signifi cant metal losses. A potential fl ow 
sheet involving HPGR product of 1–2 mm or 
SAG product of 800–1000 μm could be subjected 
to  coarse particle fl otation focusing   on rejecting a 
signifi cant amount of feed. The coarse fl otation 
concentrate could then be ground to a fi ner size 
for conventional fl otation as shown in Fig.  2.1 .

SAG

Coarse f lotation
Ball mill

Rougher flotation

coarse rejects

Rougher tails

Rougher concentrate

Plant feed

sump

  Fig. 2.1    Rejection of barren coarse  gangue   minerals using novel coarse particle fl otation technology (based on Jameson 
 2014 )       
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2.7          Comminution 
and Classifi cation   

 The word comminution is derived from the Latin 
 comminuere , meaning “to make small.” Breaking 
of rocks from a mining perspective encompasses 
the following unit operations (Napier-Munn et al. 
 2005 ):

•      Crushers   : Gyratory crushers, jaw crusher, 
cone crushers, rolls crusher, high pressure 
grinding rolls (HPGR), impact crusher  

•     Tumbling mills   : Autogenous grinding (AG), 
semi-autogenous grinding (SAG), rod and ball 
mills  

•     Stirred mills   : Tower mills, vertical pin mills, 
horizontal mills  

•    Sizing : Screens, sieve bends, hydrocyclones, 
other classifi ers    

 It is important to note that  sizing processes   are 
integral part of any comminution circuit and have 
a signifi cant infl uence on comminution perfor-
mance. It is estimated that about 30–70 % of the 
total power draw in a concentrator is consumed by 
comminution. It is reported that only 3 % of the 
total energy input is used in particle size reduc-
tion, though most of it is lost as mechanical energy 
and heat (Alvarado et al.  1998 ). The effi ciency of 
comminution is important because the cost of 
breakage is a key factor that determines whether 
low grade ore bodies could be economic. There is 
a signifi cant effort globally to develop more effi -
cient comminution technologies. Johnson ( 2006 ) 
has carried out a review of various eco-effi cient 
comminution devices. The coalition for Eco-
Effi cient Comminution (CEEC) has been recently 
established with support from various companies 
in the mining industry with an aim to promote 
awareness and knowledge transfer mainly to 
reduce energy requirements in comminution. 

2.7.1     The  Bond Work Index   

  Bond’s work index   is an innovative concept now 
widely used in the industry to size crushers and 
grinding mills since the publication of Fred 

Bond’s approach in 1952. The work index is a 
comminution parameter that expresses the resis-
tance of the material to crushing and grinding. 
Numerically, it is expressed as kWh per tonne 
required to reduce the material from theoretically 
infi nite feed size to 80 % passing 100 μm. 
Grinding power calculated using work indices 
obtained from Bond grindability tests applies 
reasonably well in the range of conventional rod 
mill and ball mill grinding conditions, and can be 
corrected for other conditions (Napier-Munn 
et al.  2005 ). Several limitations to the Bond 
methods have been highlighted by many authors 
(Austin and Brame  1983 ; Yap et al.  1982 ; Herbst 
and Fuerstenau  1980 ), but the criticism of Bond’s 
method as a “model” is not really warranted as its 
real value is to distinguish the grindability of dif-
ferent ores in design and as a yardstick to check 
the energy utilization of current operations. In 
addition, Bond methodology is simple and it does 
work for many circumstances to a reasonable 
degree of accuracy, since the corrections are 
based on a large industrial data base (Napier-
Munn et al.  2005 ). 

 The Bond method, however, cannot be used in 
the case of autogenous and semi-autogenous 
milling because of the large size of ROM feed, 
making the Bond model for work input almost 
independent of feed size. MacPherson utilizes 
standard Bond rod mill and ball grindability tests, 
together with a dry autogenous test procedure, to 
obtain the autogenous work index and determine 
AG/SAG milling suitability, power requirement, 
and circuit confi guration (Knight et al.  1989 ).  

2.7.2     Selection and  Design   
of Comminution Circuits 

 Barratt and Sherman ( 2002 ) have summarized the 
various factors that infl uence the selection of com-
minution circuits. The list of these factors is quite 
extensive depending upon the nature of the proj-
ect, whether it is greenfi elds plant or an expansion, 
as well as on a thorough understanding of the ore 
characteristics and scoping of test work at each of 
 th  e study. Table  2.1  shows the various comminu-
tion circuit options used in the industry.
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2.7.3       Drilling and Blasting    

A fi rst step in comminution  Drilling and blasting 
is an established technology evolved over the last 
century. This is a batch process and often closely 
embedded in the macho culture of a traditional 
tough and rough miner (Ericsson  2012 ). Hard 
rock cutting, a viable alternative to enable con-
tinuous mining is gaining wider acceptance in 
metal mining since its success with softer and 
nonabrasive bedrock and minerals such as potash 
and coal. This innovation seems to be attractive 
for narrow veins and reef mining allowing a more 
selective mining with less waste rock and dilu-
tion with positive impact in processing along 
with the economic benefi ts associated with con-
tinuous mining.    

 Mine-to-Mill optimization in various opera-
tions over the years have shown signifi cant bene-
fi ts such as high mill throughput rates from reduced 

top size from mining through increased powder 
factor or blast energies (Kanchibotla  2014 ). There 
are however some safety and environmental areas 
where special care and attention is needed to pre-
vent any High wall damage, fl y- rocks, noise, and 
vibrations from using higher blast energies. The 
introduction of electronic detonators and other 
techniques however allow mitigating some of 
these risks. New blasting technologies are emerg-
ing that have the potential to signifi cantly increase 
powder factor through innovative blasting prac-
tices such as dual blast layers within a single blast 
event (Brent et al.  2013 ).

2.7.4      Crushing 

• Crushing   is an important step in comminution 
that prepares the ROM ore for primary grind-
ing and other downstream processes such as 
heap leach. The selection of the right crushers 
and crusher fl ow sheet is dependent on the 
upstream mining method and blasting charac-
teristics  and   the downstream process 
requirements.    

 As process plant throughputs are increasing, 
the need to reduce operating costs and capital 
cost per tonne of ore processed is critical. Both 
crusher and circuit design have evolved with 
larger crushers employing more horsepower and 
speed to treat higher throughputs at a reduced 
cost. 

 With the advent of SAG milling, cone crushers 
are now more or less eliminated from comminu-
tion fl ow sheets. Instead the cone crushers are 
employed in a SABC circuit to crush the recircu-
lating pebbles. These pebbles tend to be more 
resistant to impact breakage in the SAG mill and 
the crusher creates ore surfaces more conducive to 
breakage in the grinding mills (Major  2002 ). 
Major also reiterated that a crusher has a more 
effi cient transfer of applied power to the breakage 
of rock than a grinding mill. This has been seen 
with the development and acceptance of the 
SABC circuit and also led to Nordberg’s develop-
ment of the “waterfl ush” cone crusher. The appli-
cation of  waterfl ush technology   has resulted in the 

   Table 2.1    Options for various comminution circuits 
(based on Barratt and Sherman  2002 )   

  Earlier circuits   Crusher, rod 
mill, ball mill 

 Crusher, single 
stage ball mill 

 Crusher, rod 
mill, pebble 
mill 

 Crusher, 
multistage ball 
mill 

  Conventional 
circuits  

  With 
autogenous  
( AG ) 

  With semi- 
autogenous   
( SAG ) 

 Single stage 
AG 

 Single stage 
SAG 

 AG, ball mill  SAG, mill 

 AG, pebble 
mill 

 SAG, ball mill, 
pebble crusher 

 AG, pebble 
mill, pebble 
crusher 

 Pre-crushing, 
SAG, ball mill, 
pebble crusher 

  Emerging trends  

 HPGR, SAG, 
ball mill, 
pebble crusher 

 HPGR, ball 
mill 
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production of a fi ner product than normally 
achievable with a shorthead cone crusher. SAG 
pre-crush is getting more and more popular, which 
support the fi ndings of the Mine-to-Mill with fi ner 
fragmentation on the bench via blasting. 

 The earliest US patent for a crushing machine 
was issued in 1830, which was a crude device 
incorporating a drop hammer principle. The  Blake 
jaw crusher   was then patented in 1858, which is 
based on powerful toggle linkage, and is the stan-
dard by which all jaw crushers are judged. In 1881, 
Philters W. Gates was granted a patent on a 
machine that included in its design all of the essen-
tial features of the modern gyratory crusher. For 
some years after these machines were developed, 
mining was still manual with very low tonnages 
and the product specifi cations simple and liberal 
(Utley  2002 ). With the emergence of steam shovel, 
the mining industry grew treating large tonnages 
and adopted larger machines. In 1919, Traylor 
engineering built the largest 60 in. gyratory crusher 
and by 1969 they had already built the 72 in. gyra-
tory crusher, which served the industry until 2001. 
Typical  gyratory crusher   capacities are 350–
10,000 tph, known for their high capacity and low 
 main  tenance. Disadvantages are highest installed 
capital cost of any crusher design. 

 In the early 1980s, low speed sizers were 
introduced. They represent one of the only fun-
damental developments in primary crushers in 
three-quarters of a century. The main feature of 
the low speed sizers is that it exploits the fact 
that the ratio of compressive strength to tensile 
and shear strength in the majority of rocks is 
around 10:1. The low speed sizers break the rock 
in tension or in shear by its “snapping” and 
chopping action rather than in compression as 
conventional crushers do. Additionally, the posi-
tion of the teeth on the rolls allows undersize to 
fall directly through the machine resulting in 
high throughputs at very low rotational speeds, 
which leads to greatly reduced wear and greatly 
reduced fi nes.  

2.7.4.1      Gyratory Crushers   
 During the last 20 years, the size of gyratory 
crushers has not changed signifi cantly, though 
their installed horsepower have increased allow-
ing these crushers to treat higher throughputs. 

An example of the largest gyratory crusher is 
FLSmidth’s 60′ × 113″ UD design with an 
installed power of 1 MW. Another feature of the 
new design of Gyratory crushers is the develop-
ment of top service gyratory crusher which 
appears to enhance safety, reduce maintenance 
downtime, and lower cost of crusher installation 
(Erickson  2014 ). New monitoring tools such as 
CrusherMapper (Scanalyse  2012 ), which is a 
laser scanner tool, survey the physical dimen-
sions of the crushing chamber and allows plant 
personnel to make informed decisions on crusher 
maintenance.  

2.7.4.2      Cone Crushers   
  Cone crushers   are traditionally used for second-
ary and tertiary crushing. With the advent of SAG 
milling circuits, however, cone crushers are 
increasingly being used for pebbles crushing. 
The principle of cone crusher remains the same 
but their sizes have increased over the years with 
two main manufacturers presently viz. Metso 
Minerals and FLSmidth. They manufacture large 
cone crushers with installed horsepower ranging 
from 800 to 2000. The new design of large cone 
crushers emphasize on increasing capacity with-
out signifi cantly increasing operating costs along 
with lower maintenance and high availability. 

 The “WaterFlush” crusher  technology   is 
sometimes used in conjunction with a cone 
crusher to allow the addition of water with the 
ore feed.  

2.7.4.3      SELFRAG Technology   
 This is an emerging technology showing some 
promise in pre-weakening of mineral ores by 
high voltage pulses. This was pioneered in the 
1950s but it is attracting some serious attention 
during the last few years. The key benefi ts of this 
technology compared to conventional comminu-
tion machines is that this is highly selective and 
its ability to weaken the ore with a potential for 
signifi cant energy savings in further comminution 
(Shi et al.  2013 ). 

 Studies on a Newcrest’s Cadia east Cu-Au ore 
samples by JKMRC showed an energy reduction 
of 5 kWh/t, along with a potential to remove 
2 MP 1000 pebble crushers and one 10 MW ball 
mill. Simulation studies showed that Selfrag has 
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the potential to reduce operating cost by A$ 19 
million (Shi et al.  2014 ). Though this study 
showed some potential, a detailed capital cost 
estimate is needed to better evaluate the potential 
of this technology.  

2.7.4.4      IMP Super Fine Crusher 
Technology      

 This “IMP” superfi ne crushing concept evolved 
from the simple premise that the probability of 
particle breakage increases as the number and 
intensity of forces simultaneously contacting the 
particles increase. This is quite different from 
conventional comminution machines where 
breakage rate decreases with increased energy 
ineffi ciencies as feeds become fi ner and harder. 
The IMP superfi ne crusher is designed to pro-
vide a mechanism that could effectively deal 
with fi ne hard feeds by maintaining high break-
age rates as hard particle became fi ner and single 
particle population rapidly expands (Kelsey and 
Kelly  2014 ). 

 The “IMP” superfi ne crusher consists of a 
rotating compression chamber and an internal 
gyrating mandrel. The axis of rotation of the shell 
is  displaced   relative to the axis of the vertically 
mounted mandrel. Crusher feed is accelerated 
into a compacted particle bed, which lines the 
inside of the compression chamber. The depth of 
the compacted bed progressively increases until 
the mandrel is engaged and the counter rotating 
mandrel gyration drive is triggered. This delivers 
multiple compression at high pressure to the 
rotating particle bed allowing a high power inten-
sity and extreme compression forces. The axially 
displaced rotation of the compression chamber 
effectively distributes the breakage forces 
throughout the particle bed. A detailed descrip-
tion of the mechanism can be found in Kelsey 
and Kelly ( 2014 ). 

 The “IMP” superfi ne crusher  technology   is 
presently in the pilot scale testing phase but has 
the potential for developing a broad range of 
application options as the technology matures.  

2.7.4.5     High Pressure Grinding Rolls  
 Schonert ( 1982 ,  1987 ) fi rst introduced the  HPGR 
technology   to the cement industry as an energy 

effi cient alternative to ball milling, demonstrat-
ing about 25 % reduction in energy consumption 
for compressing and dis-agglomeration of the 
limestone and cement clinker. Since then  many   
equipment manufacturers have developed HPGR 
technology for use in cement and minerals indus-
try viz. KHD Humboldt Wedag AG (Germany), 
Krupp Polysius AG (Germany), FLSmidth 
(Denmark and USA), Maschinenfabrik Koppern 
GmBH (Germany), and Alpine AG (Germany). 

 Over the last two to three decades, HPGR is 
slowly being adopted in a wide range of mineral 
industry application such as diamond, iron ore, 
tin, copper, chrome, and gold (Erickson  2014 ). 
HPGR size ranges from installed power of 
440–6800 kW. 

 Recent successes of  HPGR   in hard rock 
 applicatio  n include Freeport’s Cerro Verde in 
Peru (Vanderbeek et al.  2006 ; Koski et al.  2011 ) 
and Newmont’s Boddington in Western 
Australia (Dunne et al.  2007 ; Hart et al.  2011 ) 
with a target of grinding energy savings of 
15–20 %. Both these operations have two stages 
of coarse crushing using gyratory and cone 
crushers followed by a third stage of crushing 
 involvi  ng HPGR and a single stage ball milling 
circuit as shown in Fig.  2.2 .

2.7.5      Primary Grinding  

• Since the advent of AG and SAG milling tech-
nologies in the late 1950s, they have estab-
lished themselves as the present standard and 
are commonly used in the industry now. These 
technologies have replaced the previous “con-
ventional” comminution circuits involving 
crushing-ball mill or rod mill–ball mill circuits 
at least in the precious and base metals sectors. 
At present, there is a wide spectrum of proven 
milling technologies to a plant designer than 
say 20–30 years ago. Although such choice 
may be seen as an improvement, but also poses 
challenge in the selection of the most appropri-
ate technologies for an application.    

 Pokrajcic et al. ( 2010 ) have demonstrated 
using their sustainability analysis tool “ EcoNomics     ” 
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that signifi cant savings in energy consumption 
could be achieved through the use of more effi -
cient comminution equipment along with appro-
priate circuit design. They emphasized that there 
are signifi cant benefi ts to business profi tability 
when the energy effi ciency features in comminu-
tion circuit design. 

 Grinding mills have increased from 4.5 MW 
in the late 1960s to 8 MW in 1980, 13 MW in 
1996 and 20 MW in 1997. Large 28 MW, 
12.2 m × 11 m long AG have been manufactured 
by CITIC recently for an iron ore operation in 
WA (Meka and Lane  2010 ).  

2.7.5.1      Autogenous Milling   
 The largest  autogenous (AG) mill   (40′ × 33″ @ 
28 MW GMD) is now operational at the Sino 
Iron mine at Cape Preston, about 100 km south 
west of Karratha in Western Australia. This is the 
largest magnetite mining and processing facility 
with design capacity of 24 million tons of iron 

concentrate produced through six processing 
lines (Tian et al.  2014 ).  

2.7.5.2      Semi-Autogenous Milling   
 Metso designed and supplied the world’s larg-
est semi-autogenous grinding mill for 
Newmont Mining’s Yanacocha Conga copper-
gold project in Peru. The 12.8 × 7.6 m SAG 
mill will be the first to exceed 12.2 m in diam-
eter. The SAG is equipped with an ABB gear-
less motor to allow operation at variable 
speeds. The Conga project is located approxi-
mately 900 km north of Lima at an altitude of 
4100 m above sea level at the Yanacocha gold 
mine. The project reached the feasibility stage 
and while full funding was expected from the 
Newmont board in the first half of 2011, the 
project development has been on hold since 
then. 

 A brief comparison of AG and SAG mills 
given by (Tian et al.  2014 ):

  Fig. 2.2    Comminution fl ow  sheet   using HPGR at Boddington and Cerro Verde (Kirsch and Daniel  2009 )       
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•    AG milling circuit offers higher power effi -
ciency with high SG ores  

•   AG doesn’t need grinding media, a major 
operating cost item for SAG  

•   Recent development of gearless mill drive 
(GMD) allows the application of larger AG 
mill  

•   Relatively insensitive to F80  
•   Lower  operating cost    
•   Safer mill access conditions because of no steel  
•   Simpler layout, operation and potential lower 

maintenance cost     

2.7.5.3     Comparison of  SAG and HPGR   
 SAG milling technology has now successfully 
replaced conventional multistage crushing and 
rod/ball mill comminution circuits gradually 
over two to three decades mainly for base met-
als and precious metals applications. The main 
reasons for the attraction for SAG milling are 
circuit simplicity and typically lower capital 
and operating costs to meet the needs for oper-
ations with higher throughputs. SAG mills 
work well for handling clay rich sticky ores, 
which is a challenge for multistage crushing 

circuits requiring washing plants. Figure  2.3  
shows a conventional SAG and Ball mill cir-
cuit (SABC).

   SAG mills, however, are less energy effi cient 
in handling harder and abrasive ores. As the ore 
bodies are steadily becoming more competent 
along with increasing energy costs, the industry 
has been looking for alternatives to SAG. It is 
interesting to note that the traditional crusher and 
ball milling technology has returned this time 
albeit with a more innovative approach to crush 
rocks using HPGR. 

 Morley and Staples ( 2010 ) carried out eco-
nomic trade off studies of SAG vs HPGR and 
concluded that at the current stage of develop-
ment of HPGR, the capital costs are generally 
higher than for the equivalent SAG based circuit. 
For highly competent ores and where power and 
grinding media costs are high, HPGR can offer 
substantial operating cost benefi ts with around 
15 % energy savings. 

 It appears that HPGR has a niche application 
for very hard ores but further validation is 
required to demonstrate its advantages over SAG 
milling technology for a range of ore hardness 
and abrasiveness.

  Fig. 2.3    Conventional semi-autogenous and ball milling circuit (SABC)       
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2.7.6      Ultrafi ne Grinding   

• The emergence of  ultrafi ne grinding technolo-
gies   is a response for treating low grade ore 
bodies with complex mineralogy requiring the 
need for grinding ores to as low as 5–7 μm to 
enable suffi cient liberation for an effi cient sep-
aration. There are a wide range of ultrafi ne 
grinding technologies worldwide. This section 
will discuss select few technologies that have 
made a signifi cant impact in the industry.     

2.7.6.1      IsaMills™   
 The  IsaMill technology   is an outcome of the sig-
nifi cant efforts made in the early 1990s to 
develop a process for Mount Isa Mines (MIM) 
McArthur River deposit requiring regrinding to 
80 % passing seven microns to produce a sale-
able zinc concentrate. IsaMill technology was 
jointly invented by MIM of Australia and 
Netzsch Feinmahltechnik GmbH of Germany 
for ultrafi ne and fi ne grinding duties in the min-
erals industry (Gao et al.  2002 ). Since the origi-
nal installation at the MIM Pb-Zn concentrator 
in 1994, IsaMills totaling 130–140 MW of 
installed power have been installed in various 
facilities around the world (Rule  2011 ). IsaMills 
presently marketed by Glencore Technologies 

range from M500 (250 kW) to M50,000 (8 MW) 
though the most common installed unit is 
M10,000 (3 MW). Figure  2.4  shows a detailed 
schematic of a large IsaMill.

2.7.6.2         Stirred Mills   (VertiMills ®  
and Detritors) 

 There are two categories of stirred mills offered 
by Metso Minerals viz. gravity-induced and fl u-
idized. The gravity-induced stirred mills, known 
as  Vertimill ®   , use rotational movement of screw 
to initiate a ball charge motion; whereas the fl uid-
ized stirred mills,  Stirred Media Detritors (SMD),   
use rotational energy to fl uidize a media-slurry 
mixture for providing a grinding action. Typical 
feed size for Vertimill ®  is from 6 mm to produce 
grind sizes to sub 15 μm, using high density 
media such as steel or ceramic. Typical feed size 
for  SMD   ranges from 250 μm with  product   sizes 
to sub 5 μm. 

 Lichter and Davey ( 2006 ) have provided 
examples of many applications of stirred mills in 
different operations. Newcrest’s Cadia, Ridgeway 
Concentrator in New South Wales have recently 
installed the largest unit VTM-3000-W (3000 hp 
or 2240 kW) supplied by Metso Minerals. 
Figure  2.5a, b  shows a schematic of the Metso 
SMD and Vertimill ® , respectively.
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  Fig. 2.4    A schematic of IsaMill™ (with permission from Glencore technologies)       
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  Fig. 2.5    ( a ) Application 
of Metso’s  Stirred Media 
Detritor (SMD),   
( b ) VertiMill ®  in mineral 
processing plants (with 
permission from Metso 
Minerals)       

 

2 Physical Processing: Innovations in Mineral Processing



26

2.7.7       Comminution Modeling and 
Ore    Characterization   

• One of the major advances in comminution 
innovation is the development of models as 
well as modeling and simulation techniques. 
Morrell ( 2014 ) has iterated that JKMRC has 
been in the forefront with over 30 years of 
research and development resulting in accep-
tance of JKSimMet and the Drop-weight test 
as being a commonplace, reliable design and 
optimization tool for comminution circuits. 
Development and commercialization of 
bench-scale ore characterization tests such as 
the SPI (TM), Starkey SAGDesign, Drop 
Weight Test, and SMC Test that are relevant to 
AG/SAG mill grinding circuits which have 
come to dominate circuit design. As discussed 
earlier, Bond’s model is still an industry stan-
dard for comminution modeling even after its 
fi rst publication more than 60 years ago.   

2.7.8      Development of Classifi cation 
Technologies in    Grinding 
Circuits   

• It is well known that a closed circuit grinding 
circuit with a classifi cation device results in 
signifi cant benefi ts to the comminution pro-
cess. In the early days, mechanical rake and 
spiral classifi ers were used in closed circuit 
grinding circuits. Due to capacity limitations 
and high operational costs because of wear 
and tear, these technologies are not commonly 
used in the present comminution circuits. 
Hydrocyclones became popular since the 
early 1950s as they are high capacity devices 
that allowed the industry to meet the demands 
of increasing throughputs to treat low grade 
ores. Since hydrocyclone separation is a func-
tion of both size and density, a sharp size sepa-
ration is not always possible for many ore 
containing high specifi c gravity minerals and 
metals such as gold, PGMs and lead. This 
results in building of  these   small heavies, 
which are mostly liberated, in the recircula-

tion stream in cyclone underfl ow leading to 
unnecessary grinding with poor gravity and 
fl otation responses.    

 The ineffi ciency of the hydrocyclone separa-
tion requires the use of high circulating loads to 
minimize the mill residence time. High circulat-
ing loads increase the power requirements per 
tonne of ore (Albuquerque et al.  2008 ). 

 The key for great improvements in capacity 
and in energy consumption in closed circuit 
grinding is improved sharpness of classifi cation 
(Hukki and Allenius  1968 ). This is where screen 
separation has a signifi cant advantage because of 
its sharp separation. However, fi ne particle sepa-
ration has been challenging due to blinding 
issues, low capacity, and high screen panel con-
sumption (Albuquerque et al.  2008 ).  

2.7.8.1      Derrick Stack Sizer ®    
  Derrick Stack-Sizer ®    is a recent innovation 
(developed in 2005) in fi ne screening which 
allows high separation effi ciency and high ton-
nage capacity on a much smaller footprint than 
possible using conventional screens (Clark  2007 ). 
The Derrick Stack-Sizer ®  is now available for 
separations from 10 mm down to 44 μm using 
Derrick Corporation’s patented urethane screen 
surface technology, which provides an alternative 
to conventional hydrocyclones. There are many 
cases of application of the Derrick Stack-Sizer ®  
replacing hydrocyclones in a closed circuit grind-
ing applications for a large variety or minerals 
with signifi cant metallurgical benefi ts reported 
(Valine et al.  2009 ). There are now over 400 
installations around the globe in grinding cir-
cuits, as an alternative to hydrocyclones, for both 
metal and nonmetal benefi ciation applications 
(Perkins  2015 ). Figure  2.6  shows  an   installation 
of the Derrick Stack-Sizer ®     in a grinding circuit.

2.7.8.2         Cavex Recyclone ®    
 This is a double classifi cation unit in  one   stage, 
which seems to increase the sharpness of separa-
tion by reducing the bypass of fi nes to the under-
fl ow. This technology uses wash water injection 
mainly to rupture the viscous layer to release the 
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trapped fi nes for proper classifi cation. Recent tri-
als and installations in grinding circuits have 
shown to signifi cantly reduce fi nes misreporting 
to mill from 30 to 13 % resulting in reduction of 
circulating loads by around 50–60 % (Castro 
et al.  2009 ).   

2.8      Froth Flotation   

  No metallurgical process developed in the twen-
tieth century compares with that of froth fl otation 
and the profound effect it had on the mineral 
industry  (Fuerstenau  2007 ). 

 The fi rst commercial process using froth fl ota-
tion, patented by Adolf Bessel and his brother in 
1877, was a  graphite fl otation process   utilizing 
the natural hydrophobicity of graphite along with 
addition of oil and boiling the pulp. They also 
developed another patent in 1886, referred to as 
generation of bubbles by decomposition of lime-
stone in an acid solution. It is interesting to note 
that they used oil, a nonpolar reagent, for improv-
ing the hydrophobicity of graphite. Lynch et al. 
( 2010 ) have provided some interesting insights 

into the history of fl otation developments before 
1900s and also the breakthrough in fl otation for 
the silver-lead-zinc ore deposit at Broken Hill in 
Australia during 1902–1920. Since then interest 
in fl otation has exploded globally with further 
innovations and development in the USA, 
Canada, and Europe, and has now become a ver-
satile process to concentrate billions of tonnes of 
ore annually, and is rightly regarded as one of the 
great technical achievements of the twentieth 
century. 

 The froth fl otation process can be considered 
as an   interactive engineering system    consisting 
of three broad groups of variables for selective 
separation of a mineral from a liquid–solid  sus-
pe  nsion composed of both valuable and unwanted 
gangue mineral particles. The three key variables 
for the fl otation process are

    1.    Chemical   
   2.    Operational   
   3.    Machine    

  The control of surface chemistry of the miner-
als to provide the potential conditions for bubble 

Circuit
ProductNew Feed
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Derrick
Stack Sizer

Pump

Ball Mill

  Fig. 2.6    Use of  Derrick Stack-Sizer ®    in a grinding circuit (with permission from DerrickCorp)       

 

2 Physical Processing: Innovations in Mineral Processing



28

particle attachment is fundamental to the fl ota-
tion process. The operating conditions in a fl ota-
tion machine fi rst develop the attachment of 
particles with bubbles and then permit levitation 
of particle bubble aggregates to the froth. The 
manner in which bubbles and particles interact 
with each other depends on the type of fl otation 
machine used. Flotation machines used in the 
mineral industry can be classifi ed into four types: 
mechanical, pneumatic, column, and froth sepa-
rators. Of these, mechanical fl otation machines 
have dominated the mineral industries since the 
early days of froth fl otation all over the world.

2.8.1      Mechanical Flotation Cells   

The fi rst mechanical fl otation cell was introduced 
by the Minerals Separation Company in 1905 
which led to the development of Hoover’s froth-
ing machine used fi rst at the Central Mine in 
Broken Hill, Australia. The fi rst generation of 
sub-aeration machines came around 1915 and by 
1927 many manufacturers introduced their own 
design of sub-aeration machines such as 
Fahrenwald (Denver sub-aeration), Fagergren, 
Agitair, Ruth, Kraut, Weinig, and Geco. From 
1930 to 1960, the sub-aeration machines domi-
nated the market with cell sizes increasing up to 
100 cubic feet. The focus in the 1960s and 1970s 
shifted towards the design of large capacity 
machines ranging in cell sizes from 200 to 500 
cubic feet in response to the falling ore grade and 
higher plant throughput. By early 2000, the cell 
sizes had increased up to 200 m 3 , a 100-fold 
increase over 1940s volume. Detailed description 
of the different cell sizes and design offered by 
different manufacturers during the early 2000s 
has been provided elsewhere (Gorain et al.  2007 ). 
Cells as large as 700 m 3  are being designed and 
characterized by some fl otation cell manufactur-
ers (Grau et al.  2014 ). At present  there   are three 
major manufacturers of mechanical fl otation 
cells representing most of the mechanical cells 
installations around the world viz. FLSmidth, 
Metso Minerals, and Outotec. Nelson et al. 
( 2009 ) have provided a detailed description of 
the different mechanical fl otation cell sizes, 

design, and operating principles of these three 
different cell manufacturers.    

2.8.1.1     Flash Flotation 
  Flash fl otation technology      uses specialized 
mechanical cell design mainly to remove high 
specifi c gravity liberated minerals or metals from 
within the grinding circuit to reduce the over-
grinding and consequent loss as slimes in the fl o-
tation circuit. Flash mechanical fl otation normally 
treats cyclone underfl ow containing a high recir-
culating load of heavy minerals or metals that are 
signifi cantly fi ner than the cyclone cut-size. Flash 
fl otation has many applications in copper-gold 
and gold fl otation circuits with an aim to recover 
free gold and gold associated with sulfi des such 
as pyrite or copper minerals, in a high grade con-
centrates that could either be sold as copper or 
pyrite concentrates or processed onsite using 
enhanced gravity separators (Falcon or Knelson) 
and cyanide leaching. Newcombe ( 2014 ) has car-
ried out an extensive study of fl ash fl otation cells 
in Barrick operations and has provided some sig-
nifi cant insight into optimization of fl ash fl ota-
tion circuits. Outotec’s SkimAir ®  cells are 
commonly used in the grinding circuit as an unit 
cell operation to fl oat valuable liberated particles 
from the circulating load of the grinding circuit 
while still relatively coarse. There are over 200 
SkimAir ®  cells installed worldwide, many in 
gold and copper-gold operations with recent 
installation of four SK2400 fl ash units at 
Esperanza operation in Chile (Lamberg and 
Bernal  2008 ). Figure  2.7  shows a conventional 
fl ash fl otation circuit typically used in the grind-
ing circuit for gold and copper-gold ores.

2.8.1.2         Operation of Large 
 Mechanical Flotation Cells   

 The large cells provide signifi cant advantages 
such as reduced plant footprint, lower power con-
sumption, reduced maintenance and operating 
costs, and easier control. The economic benefi ts 
of these large cells have not been fully realized 
by the industry due to lack of understanding of 
large cell operation. The problem of machine 
design and metallurgical scale-up has increased 
with larger cells. Effective froth transportation 
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and recovery is critical for effi cient operation of 
large cells. Research efforts over the last two 
decades under the AMIRA P9 project and other 
work have provided signifi cant insight into  the   
understanding of hydrodynamics of  l  arge cell 
operations (Gomez and Finch  2009 ; Schwarz and 
Alexander  2006 ; Nesset et al.  2006 ; Gorain  2000 , 
 2005 ). Different fl otation manufacturers have 
also reported some operating data of their 
machines (Nelson et al.  2009 ). These contribu-
tions have undoubtedly improved our under-
standing of large cell operation, still more work is 
required to obtain a rational basis for selecting 
cell operating conditions and to understand the 
reasons for poor froth recovery in large cells, 
especially for treating ultrafi ne ( P  80  < 10 μm) and 
coarse particles ( P  80  > 150 μm). 

 Recent studies suggest that signifi cant 
improvements in  metallurgical performance   of 
fl otation banks with large cells are possible 
through a three-level cell optimization program. 
The fi rst level is aimed at identifi cation of the 
range of cell operating conditions for optimum 
mixing, gas dispersion, entrainment, froth fl ow 
behavior, and metallurgical performance in indi-
vidual cells. The second level is aimed at identifi -
cation of the optimum bank operating profi le for 
cells down the bank in a circuit. The third level is 
focused at controlling these cell operating condi-
tions and bank operating profi les for tighter con-

trol of concentrate grade and recovery. Higher 
metallurgical benefi ts are obtained once the fi nd-
ings of the three-level studies are integrated to 
develop an effective strategy for control of the 
optimum bank operating profi le (Gorain and 
Stradling  2002 ). 

 Installation of few large cells in a circuit needs 
better cell control. The trend in many operations 
is the use of instrumentation like air fl ow control, 
variable speed control, as well as online measure-
ment equipment for monitoring bubble size, 
superfi cial gas velocity, gas holdup, and bubble 
surface area fl ux. Froth vision system with an 
expert control is gaining prominence for better 
control of cell operating conditions. The develop-
ment of fl otation cells will continue as more and 
more fi ne particle processing and higher through-
puts will be necessary in future. The large cells 
will have to be designed to generate very small 
bubbles and a high degree of micro-turbulence 
for effective bubble-particle collision. 
Entrainment will be a major issue in concentra-
tors which will need refi nement of froth washing 
technologies in mechanical fl otation cells. An 
integrated approach to fl otation  cell operation   
will be required for effi cient utilization of fl ota-
tion cell capacity with focus on optimization of 
both Mine-to-Mill and Mill-to-Market. The dom-
inance of mechanical cells over other types is 
expected to continue until the economies of scale 

  Fig. 2.7    Conventional fl ash fl otation circuit in gold and copper-gold operations (with permission from Outotec)       
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with very large mechanical cells get exhausted as 
the disadvantages of these large cells outweigh 
the overall benefi ts. At this juncture, more inno-
vative cell design is needed to treat a wide range 
of low grade complex ore bodies.

2.8.2     Nonmechanical Flotation Cells 

• Nonmechanical  cells   are increasingly being 
accepted by the industry mainly in applica-
tions where the traditional mechanical cells 
fall short. Some examples are fl otation of 
ultrafi ne particles below 10 μm and coarser 
particle beyond 180–300 μm depending on 
ore types. Also for certain ores requiring 
intensive rejection of non-sulfi de gangue min-
erals, nonmechanical cells are sometimes pre-
ferred. Considerations such as energy savings, 
capital costs, and footprint are important as 
well in fl otation cell selection. Details of the 
various nonmechanical cells developed for the 
mineral industry have been provided else-
where (Yoon et al.  1992 ; Finch  1995 ; Zhou 
et al.  1997 ; Young et al.  2008 ; Kohmuench 
et al.  2009 ; Sanchez- Pino et al.  2014 ). Only a 
select few that are popular or becoming popu-
lar in the industry is described below.     

2.8.2.1      Column Cells      
 Column fl otation cells were fi rst successfully 
used in the industry during the early 1980s 
(Cienski and Coffi n  1981 ), though the concept 
has been patented by Tremblay and Boutin 
( 1964 ). Unlike mechanical fl otation cells, this 
technology doesn’t use any agitation mechanism 
to generate bubbles or for solids suspension. As 
the name suggests, this technology utilizes tall 
columns fi tted with a froth washing system on 
top of the columns mainly to reduce entrained 
gangue minerals. Columns use the countercur-
rent principle with feed introduced via a distribu-
tor located at about two-thirds of the height of the 
column and the tailings removed  f  rom the bottom 
of the column. Bubbles are generated indepen-
dently using a sparging system and introduced 
near the base of the column. The principles of 
column operation have been discussed by Finch 
et al. ( 2007 ). 

 Industrial column height could range from 9 
to 14 m with a diameter up to 3–4 m, and the 
froth depths are signifi cantly deeper than 
mechanicals ranging from 0.5 to 2 m. Columns 
normally operate with a positive bias, where 
there is a net downward fl ow of liquid allowing a 
stable froth and better rejection of entrained 
gangue. Process control and automation of col-
umn fl otation operation, using sensors to mea-
sure the main operating parameters such as air 
fl ow rate, froth depth, bias rates, gas holdup, 
feed, and tailings fl ow rate, is considered critical 
for its success in any operation (Bergh and 
Yinanatos  2003 ; Bouchard et al.  2009 ). 
Mechanical cells, in general, are easier to control 
than columns and therefore preferred by many 
design engineers and operators though with the 
advent of large mechanical tank cells, control is 
increasingly becoming important for their opti-
mum performance. 

 There are two important developments in col-
umn technology over the last two decades, one is 
better froth washing system design and the other 
is generation of fi ne or ultrafi ne bubbles for 
improving fl otation recovery of fi ne particles. 
There are two fi ne  bubble   generation technolo-
gies that have gained popularity viz. Microcel 
and Cavitation device, and have helped columns 
to compete with the new generation of mechani-
cal tank cells with regards to better unit recover-
ies in cleaner applications. Development of the 
concept of bubble surface area fl ux and its rela-
tionship with fl otation performance and operat-
ing conditions has helped in better cell control 
and performance optimization (Gorain et al. 
 1997 ; Desbiens et al.  2009 ).  

2.8.2.2      Microcel™   
  Microcel™ technology   was developed at the 
Virginia Polytechnic Institute by Professor Yoon 
and his team (Yoon et al.  1992 ). This involves an 
in-line mixer where slurry drawn from the base 
of the column is mixed with pressurized air at 
high intensity to produce microbubbles outside 
the column. The operation of Microcel has been 
 desc  ribed in other publications (Brake  1998 ; 
Phillips et al.  1997 ). 

 There are at present more than Microcel™ 
100 installations worldwide, initially popular in 

B.K. Gorain



31

coal cleaning but later came to base metals as 
well. Microcel™ spargers generate fi ner bubbles 
and have been shown to improve metallurgical 
performance. Installation of Microcel™ spargers 
on the zinc retreat columns at the Red Dog Mines 
reduced the mean bubble diameter from 3.4 to 
1.9 mm, with the metallurgical improvements 
with a payback period of 1.5 months (Pyecha 
et al.  2005 ). Installation of Microcel™ technol-
ogy at Antamina showed reduction in bubble size 
from 2.7 to 3.7 mm down to 1.6–2.6 mm in cop-
per column cleaners and molybdenum circuits. 
This resulted in increased unit copper recovery 
by 6 % points and molybdenum recovery by 
20 % points, along with improved selectivity 
against insols (Lizama et al.  2008 ). Figure  2.8  
shows a schematic of a Microcel™ column 
installation.

2.8.2.3         CavTube™   
 This technology uses hydrodynamic cavitation to 
generate micron size (picobubbles) ultrafi ne bub-

bles through controlled pumping of slurry with a 
sparger of specifi c geometry to induce cavitation. 
Picobubbles are known to naturally exist in liq-
uids such as seawater and distilled water and are 
found to be more readily attached to particles 
than larger bubbles. Studies have shown that 
combining cavitation-induced bubbles with 
mechanically generated bubbles produce higher 
fl otation recoveries than by either method alone. 
This synergistic effect is caused by the deposition 
of picobubbles on the  particl  e surfaces, which 
promotes attachment of larger bubbles (Fan et al. 
 2010 ; Krasowska and Malysa  2007 ). More details 
on the principles and applications of cavitation 
tube devices for columns have been provided by 
Wasmund ( 2014 ). Figure  2.9  shows a model of 
the CavTube™.

2.8.2.4         Imhofl ot™      
  Imhofl ot™ technology   has been developed by 
Dr. Rainer Imhof of Germany based on previous 
work on pneumatic fl otation cells at Clausthal 

  Fig. 2.8    Schematic of 
the  Microcel™   column 
fl otation cell (with 
permission from Metso 
minerals)       
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and Berlin universities and is now marketed by 
Maelgwyn Mineral Services Limited.    The devel-
opment of Imhofl ot™ pneumatic fl otation has 
been well documented in many technical papers 
(Battersby et al.  2011 ; Sanchez-Pino et al.  2008 ; 
Imhof et al.  2003 ). 

 There are two different types of self-aspirated 
Imhofl ot™ pneumatic fl otation cells viz. verti-
cally fed (V-Cell) and tangentially fed (G-Cell). 
Pneumatic fl otation differs from conventional 
fl otation in that the bubble particle contact takes 
place outside of the cell itself, within the aerator. 
The associated pulp then enters a froth separation 
chamber to separate the froth from slurry. There 
are no moving parts in the Imhofl ot™ cell where 
all the energy for mineral collection comes from 
the feed pump with energy focused into the 
restricted volume of the aerator. The net effect of 
this is very high air utilization rates up to an order 
of magnitude higher than conventional fl otation. 
In the vertical type—Imhofl ot V-Cell, the sepa-
rating zone is essentially a vertical cone. Slurry is 
injected through nozzles upwards from the base 
of the cone, i.e., cocurrent with bubble move-
ment. Sizing of the Imhofl ot V-Cell vertical type 
is dictated by the time required for effi cient froth 
separation. 

 The largest cells can treat around 1200 m 3 /h 
with a diameter of 5 m. There are many success-
ful applications reported in base metals, coal and 

iron ore applications (Sanchez-Pino et al.  2014 ; 
Imhof et al.  2005 ). Figure  2.10  shows an Imhofl ot 
G-cell in an operation.

2.8.2.5         Jameson Cell   
 The  Jameson cell   fl otation cell was developed at 
Mount Isa Mines in the late 1990s. This is a 
pneumatic fl otation cell, and the fundamentals of 
its operation have been described by Clayton 
et al. ( 1991 ). The fi rst installation of Jameson 
was in the lead fl otation cleaners at Mt. Isa Mines. 
Jameson and Manlapig ( 1991 ) showed signifi -
cant advantages of Jameson cells compared to 
mechanical and column cells including kinetics, 
footprint, and cost. During the 1990s, Jameson 
cells had great success in coal fi nes fl otation and 
in SX-EW for removal of organics. With better 
understanding during various installations and 
through design improvements, Jameson cells are 
slowly being accepted in the lead, zinc, copper, 
and copper- gold    operations    (Young et al.  2008 ). 
Schematic of a Jameson cell is shown in Fig.  2.11 .

2.8.2.6        The  Woodgrove Staged 
Flotation Reactor   

 The Staged Flotation Reactor ( SFR  ) was devel-
oped by Glenn Kosick and Glenn Dobby, who are 
also well known for their development of Contact 
Cell and jet sparging technologies for columns. 
The  SFR   technology uses different chambers for 

  Fig. 2.9    A model of the  CavTube™ sparging system   (with permission from Eriez)       
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particle collection and froth separation and 
appears to leverage the best features of fl otation 
columns and mechanically agitated fl otation cells 
within its design. The fi rst commercial SFR was 
installed during July 2010 in the fi nal stage of 
roughing at Anaconda’s Pine Cove operation in 
Newfoundland. Their second installation was at 
Dundee’s Chelopech copper-gold mine in 
Bulgaria during 2012 in cleaner applications with 
signifi cant benefi ts (Dundee  2012 ). This is an 
emerging technology with ongoing pilot testing 
in various operations. This technology is pres-
ently being developed and evaluated further in 
full scale applications under a consortium spon-
sored by major mining companies. An installa-
tion of a large scale SFR in an operation is shown 
in Fig.  2.12 .

2.8.3       Flotation Reagents   

• A number of recent publications have pro-
vided details on the history of fl otation reagent 
development since the early days (Nagaraj 
and Farinato  2014 ; Fuerstenau  2007 ; Nagaraj 
and Ravishankar  2007 ). This section will 
highlight only the key developments that have 
made a major impact in the industry.    

 A very important innovation during the early 
1900s was the introduction of air or in situ gen-
eration of CO 2  which removed or reduced the 
need for large quantities of oils as buoyant sepa-
ration medium used previously. With this reduc-
tion in oil consumption, inherent differences in 
the frothing and collecting powers of various oils 
were observed, which promoted the development 
of selective or differential fl otation. Several 
important modifi ers such as lime, sulfur oxide, 
sodium carbonate, sodium sulfi de, and copper 
sulfate were used to enhance separation. It was 
also discovered that alkaline circuits provided 
much better fl otation performance with lower 
reagent consumption compared to the popular 
sulfuric acid circuits. Perkins and his coworkers 
revealed numerous small organic compounds 
such as thiourea, thio alcohols, dyes, diazo, and 
amine compounds, which were vastly different 
from the fatty oils used then. There was a gradual 
realization that organic fl otation reagents pro-
vided two different functions which led to the 
classifi cation of collectors and frothers. 

 The period of 1921–1950 established itself as 
an era of   chemical fl otation    due to phenomenal 
innovation and development in fl otation chemis-
try (Nagaraj and Farinato  2014 ). This period was 
one of expanding on the concept of using small 
amount of short-chain (C 2 –C 6 ) organic mole-
cules, many of them were water soluble, as col-
lectors for froth fl otation of sulfi de ores to replace 
large amounts of long chain (>C12) that are rela-
tively insoluble oils. The reagents named in many 
patents all contained either sulfur or nitrogen or 
both. Most notable of these collectors were short 
chain amines, naphthol, chelating agents, xanthates, 

Feed

Self-aspirated Air

Concentrate
Tailings

  Fig. 2.10    Schematic of the  Imhofl ot™   G-cell (with per-
mission from Maelgwyn Mineral Services)       
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  Fig. 2.11    Schematic of 
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cell   (with permission 
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potassium salts of dithiocarbamic acid, and 
dithiophosphates (especially the cresylic acid 
derivative). Both xanthates and dithiophosphates 
(DTP) with applications in sulfi de fl otation are 
still commonly used in the industry. 
Dithiocarbamates, on the other hand, were not 
widely used and their usage is still relatively 
small. The importance of sulfur compounds in 
xanthates and DTPs was recognized, which led to 
the further search for these compounds from nat-
ural sources such as rubber and agricultural 
industries that were prevalent. Bolton ( 1928 ) pat-
ented mercaptobenzothiazole, which became 
popular and has applications even today. 
Synthetic mixtures of different collectors were 

also developed and commercialized during the 
1930s. 

 Taggart and his coworkers laid the foundation 
for identifying and establishing chemical func-
tional group features such as collectors, depres-
sors, and frothers. This work along with 
contributions from Gaudin, Wark, Sutherland, 
and others led to signifi cant advancement in fur-
ther reagent development for both sulfi de and 
non-sulfi de mineral systems (Nagaraj and 
Farinato  2014 ). Work at U.S. Bureau of Mines 
and other institutions beginning in the late 1920s 
led to development of collectors, such as fatty 
acids, for oxide, carbonate, and phosphate miner-
als. Taggart ( 1951 ) has discussed development of 
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new reagent and schemes for oxides during the 
1930s and 1940s. New collectors for non-sulfi de 
ores such as hydroxamates and chelate forming 
reagents were also developed during this time. 
During this  chemical fl otation  era, it was  also   
realized that addition of certain modifi ers, such 
as NaCN, dextrin, tannin, starch, dyes, and que-
bracho, work synergistically with collectors to 
facilitate differential fl otation. 

 The next phase of innovation in fl otation 
reagents during 1950–1990 came from better 
understanding of mechanisms rather than through 
screening and exploration (Nagaraj  1988 ; Jensen 
 1980 ). Like the 1920s, the 1980s was a period of 
intense activity in fl otation reagent development 
with many chemical companies involved such as 
American Cyanamid (now Cytec), Dow Chemicals, 
Phillips Chemicals, Clariant (formerly Hoechst), 
Henkel, Montan Chemicals, and Elf Aquitaine. 
Some examples of new collectors developed were 

alkoxycarbonyl thionocarbamates, alkoxycarbonyl 
thioureas, dithiophosphinates, monothiophosphi-
nates and monothiophosphates, dialky thionocar-
bamates, allyl alkyl thionocarbamates, allyl 
xanthate esters, alkyl hydroxamates, phosphonic 
acids, and sulfosuccinamates (Nagaraj and Farinato 
 2014 ). Examples of modifi ers include synthetic 
polymers with mineral-specifi c functional groups 
containing the donor N, O, and S for both sulfi de 
and non-sulfi de systems. 

 Enhancements were also made during this 
period by merely changing the hydrocarbon (non-
polar) part of the reagent molecule without chang-
ing the functional group. Some remarkable 
developments of effi cient and economical manu-
facturing processes for certain fl otation reagents 
had a profound impact in the industry by catalyz-
ing the much needed widespread applications of 
the specifi c reagents in many innovative ways 
(Nagaraj and Farinato  2014 ). This period also saw 

  Fig. 2.12    Installation of  staged fl otation reactor (SFR)   in an operation (with permission from Woodgrove 
technologies)       
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new developments of frothers for sulfi de fl otation 
such as polyglycol ethers and glycols, which are 
still in use along with alcohol frothers. Some new 
modifi ers were also developed to address specifi c 
industry challenges such as development of zinc 
cyanide, guar gum, carboxymethyl cellulose 
(CMC), and sodium-ferrocyanide. 

 The intense R&D efforts and innovations of 
the 1980s in reagent development slowed down 
during the 1990s mainly due to lower metal 
prices and reduced mining activities. A holistic 
approach to reagent selection was becoming 
more important due to increased ore complexities 
and also the advent of quantitative mineralogy 
tools and better understanding of fl otation cell 
hydrodynamics. In addition, due to stringent 
environmental regulations, there is now a focus 
on developing greener fl otation reagents to meet 
sustainability goals (Somasundaran  2012 ). More 
recent  applicatio  n of electrochemical and surface 
analytical techniques has allowed better under-
standing of the fundamentals of fl otation mecha-
nism and chemistry (Smart et al.  2007 ). This is an 
important development that is already helping in 
better understanding of fl otation behavior of 
complex ores and in developing solutions to 
complex fl otation problems (Ralston et al.  2007 ; 
Fuerstenau  2007 ; Gorain  2013 ).

2.8.4      Flotation Circuit Design and 
Optimization using Modeling 
and Simulation 

• The conventional approach to designing fl ota-
tion circuit focuses on the use of safety factors 
in scaling-up residence time obtained from 
bench scale test work. Typically the  s  afety 
factors range from 2 to 4 depending on ore 
type, personal preference, and inventive 
guesswork. There is no scientifi c basis for 
selection of this scale-up factor although sev-
eral practitioners have hypothesized the scale-
 up factor to relate to power input and froth 
recovery factors. There are several instances 
of underestimation of fl otation capacity lead-
ing to the operating plant not being capable of 
meeting the metallurgical design target. This 

could be a very risky proposition leading to 
lost opportunities due to production losses and 
the need for further capital expenditure for 
additional fl otation capacity. The reason for 
high risks in conventional design is that the 
safety factors are based on previous experi-
ence on simpler ores whereas most of the 
present ores deposits are metallurgical com-
plex requiring a deeper understanding of the 
mechanisms that drive fl otation performance.    

 Flotation modeling and simulation  techniques   
have recently emerged as important toolset to pro-
vide a more rational basis to design and optimiza-
tion of fl otation circuits (Manlapig et al.  1997 ; 
Gorain and Stradling  2002 ; Harris et al.  2002 ; 
Dobby and Savassi  2005 ; Herbst and Harris  2007 ; 
Connolly and Dobby  2009 ). This initiative has 
been driven by some of the major mining compa-
nies mainly to increase the  confi dence level in 
designing fl otation circuits with minimal risks. 
This also allows simulation of “what-if” scenarios 
mainly to understand trade- off between incre-
mental recovery and fl otation capacity require-
ments or capital expenditure which helps in 
optimization of fl otation circuit. Once a robust 
model has been developed for a deposit, simula-
tions can be done to understand the effect of ore 
 variab  ility and circuit confi guration on fl otation 
performance. Flotation modeling and simulation 
techniques are not perfect due to diffi culties in 
modeling complex ore types. The assumptions 
made for simulations should be carefully judged 
for better confi dence in model predictions.   

2.9      Physical Separation   

2.9.1  Gravity Separation      

  Gravity separation      is one of the oldest concentra-
tion techniques, with the use of jig screens and 
sluices for the separation of heavy metals as early 
as the sixteenth century. With industrialization 
and the need for large scale production of miner-
als, continuously operating Jigs and shaking 
tables were developed and commercialized in the 
late nineteenth century. Inventions that provided 
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enhanced gravity separators in the mechanically 
applied centrifugal fi eld were patented in the 
1890s and served the basis of recently commer-
cialized technology (Honaker et al.  2014 ). The 
early twentieth century brought continued devel-
opment of high capacity separators for coarse 
particle concentration such as Baum jig and the 
Chance Cone. As the mining started to shift 
towards lower grade ores, the development activ-
ities shifted towards fi nes treatment. Flowing 
fi lm separators such as spiral and Reichert cone 
concentrators were developed with wide range of 
commercial applications in the mid-twentieth 
century. The late twentieth century was the era of 
enhanced gravity separators to recover ultrafi ne 
gold and tin as fi ne as 10 μm. A detailed overview 
of commercially available density based separa-
tors can be found in Burt ( 1999 ).    

2.9.1.1      Pulsed Devices   
 The Baum jig was a major development in 1892 
which replaced the plungers used in older ver-
sions of jigs such as Harz with compressed air. 
This allowed better control of the pulsed cycle in 
larger compartments (bed width of around 2.5 m) 
for more effi cient separation over a wide range of 
particle size at higher throughputs (Sanders et al. 
 2002 ). With the need for higher throughput and 
more effi cient machines to maintain a uniform 
pulse across the bed, Batac jig was introduced in 
1947, which uses compressed air injection in a 
chamber directly below the fi xed jig screen 
instead of a separate chamber. Sanders et al. 
( 2002 ) have summarized the benefi ts of Batac 
jigs, which included the possibility of larger beds 
with commercial units of 7 m wide along with the 
ability to achieve separation density values as 
high as 7.85. 

 A major development in the 1980s was the 
Humboldt ROMJIG, which utilizes a moving jig 
screen providing the jigging through mechanical 
motion provided by a hydraulic arm. The opera-
tional characteristics include mass feed rates up 
to 350 tph, with maximum and minimum feed 
particle sizes being 400 and 30 mm, respectively, 
with low water requirement of 185 lpm and no air 
requirements (Honaker et al.  2014 ; Sanders and 
Ziaja  2003 ). The In-Line Pressure jig (IPJ) was 

another interesting development in the 1990s, 
which also utilizes a moving jig screen attached 
to a hydraulic ram, and can treat particles up to 
30 mm with a maximum throughput of 250 tph 
(Gray  1997 ).  

2.9.1.2      Flowing Film Separators   
 During the 1960s, Reichert cone concentrator 
was developed for heavy mineral sand applica-
tions with a capacity of 45–75 tph and can treat 
minus 1.5 mm feed with an effective concentra-
tion to a particle size of 45 μm. Reichert concen-
trator was a signifi cant improvement over the 
earliest forms of fl owing fi lm separators such as 
buddle used in the early nineteenth century to 
treat metallic ores such as tin, lead, and zinc. 
During the late nineteenth century, the vibrating 
fl owing fi lm separators were developed mainly 
to improve the effi ciency of the earlier separa-
tors. Shaking tables became popular for recov-
ery of gold, tin, and other heavy minerals in the 
particle size range of 1.65 × 0.074 mm and for 
coal in the 6.7 × 0.15 mm size range. Wilfl ey 
table is the most common shaking device, which 
has an oblong table with riffl es that extend from 
the table deck and run across most of the deck 
length. 

 The most widely used fl owing  fi l  m separator 
is the Spiral Concentrator, based on Humphreys 
spiral introduced in 1943. The advancement in 
construction material such as fi berglass and spray 
coated with polyurethane during the 1980s 
allowed signifi cant alternations to the spiral 
trough geometry and design to address the needs 
for more diffi cult separation applications 
(Honaker et al.  2014 ). This resulted in higher 
throughput spirals with a wide range of applica-
tions. The compound spiral was a later modifi ca-
tion in the 1990s to further improve separation 
effi ciencies for coal and heavy mineral applica-
tions (Luttrell et al.  2007 ).  

2.9.1.3     Fluidized Bed Separators 
  Fluidized bed separators   have been used in coal 
and mineral processing operations traditionally 
for particle size separation based on teetered bed 
or hindered bed settling principles. Stokes unit is 
one of the oldest fl uidized bed separators that 
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also provides a very effi cient density based sepa-
ration by using an upward  fl ow   of fl uidization to 
suspend the fi nest density particles in the feed 
stream (1 × 0.15 mm), thus creating an autoge-
nous dense medium in the separation unit. This 
creates a density bed that doesn’t allow low den-
sity particles to penetrate and are carried by the 
fl uidization water in an overfl ow stream of the 
separator. When the bed level reaches a certain 
height and bed pressure, the high density parti-
cles are allowed to fall through a discharge spigot 
in the underfl ow stream. 

 There are various commercial units based on 
Stokes unit such as Floatex, Lewis hydrosizer, 
Linatex hydrosizer, Allfl ux separator, and the 
Hydrosort (Honaker et al.  2014 ). The Allfl ux 
separator, however, is unique which allows two 
stages of density separation in one unit. 

 Several developments have taken place over 
the last two decades to resolve some of the 
issues with conventional fl uidized bed separa-
tors such as high turbulence due to feed injec-
tion into the center of the unit, disturbing the 
density separation. The Refl ux classifi er is one 
key development consisting of a lower fl uidiza-
tion zone and an upper system of parallel 
inclined channels, which results in enhanced 
segregation due to the development of a phe-
nomenon called “ laminar- shear mechanism  ” 
(Gavin et al.  2010 ). The advantage of Refl ux 
classifi ers is that it can carry out signifi cant 
upgrading along with de-sliming in only one 
stage for separating much fi ner or coarser parti-
cles than possible in a spiral separator. The 
inclined channels provide signifi cant  capacity   
advantage and the system is insensitive to low 
pulp density with no need for thickening 
cyclones compared to that for spirals. 

 The  HydroFloat separator   is another develop-
ment that uses air bubbles that are injected into 
the fl uidized particle bed to fl oat the coarse low 
density particles to allow the bubble-particle 
aggregates to move upward to the  overfl   ow 
stream. Hence this technology can be used to 
treat a higher particle size ratio of 6:1 compared 
to 3–4:1 for a conventional fl uidized bed separa-
tor (Luttrell et al.  2006 ).  

2.9.1.4     Enhanced Gravity Separators 
 The  enhanced gravity separators      are based on 
applying centrifugal forces to enhance the particle 
settling behavior by G times the normal accelera-
tion due to gravity (g). This is widely referred to as 
the G force, which signifi cantly increases the ter-
minal velocity of particles and the dependence of 
particle velocity on the particle size decreases. 
Though these separators have been in practice 
since the 1800s, but their recent resurgence over 
the past three decades can be attributed to the need 
to economically concentrate minerals such as gold 
at particle sizes approaching 1 μm at higher 
throughput capacities (Honaker et al.  2014 ). 

 A review of the various enhanced gravity sep-
aration technologies has been recently provided 
by Cole et al. ( 2012 ). These technologies use 
various levels of G forces along with different 
separation mechanisms and are applied even for 
particle size ranging from 1 to 10 μm. The semi-
continuous machines are normally used for less 
than 1 % concentration of heavy minerals with 
high throughput capacity machines of 1000 t/h. 
The continuous machines are more effective for 
greater than 1 % heavy mineral concentration but 
are available at a lower capacity of 400 t/h. 

 The  Falcon concentrator   utilizes a G force up 
to 300 g’s for their continuous machines, which 
is a vertically aligned, open topped bowl shaped 
as a truncated cone which is mounted on a rotat-
ing shaft. The semicontinuous unit uses G forces 
ranging from 50 to 200 g’s, which however has a 
fl uidization base added to the upper zone of the 
 bowl  . Recent development is a unit with an abil-
ity to deliver a G force of 600 g’s and targets par-
ticle sizes of 37–3 μm. 

 The  Knelson concentrators      employ fl uidized 
particle bed separation in a mechanically applied 
centrifugal force for both their continuous and 
semicontinuous machines. They operate by intro-
ducing water through a series of fl uidization holes 
located in rings that circle the circumference of 
the bowl. The bowl is truncated cone shape and 
can deliver a G force of 200 g’s. The semicontinu-
ous machines are more popular in the industry. 
Figure  2.13a, b  shows photographs of the popular 
Knelson and Falcon concentrators, respectively.
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  Fig. 2.13    ( a ) Knelson 
continuous variable-
discharge (CVD) 
concentrator (with 
permission from 
FLSmidth). ( b ) Falcon 
SB concentrator (with 
permission from Sepro 
systems)       
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    Kelsey jig   is also an enhanced gravity device 
that can deliver a G force of up to 100. This tech-
nology has been successfully applied to many 
heavy metal applications with a 30–40 units 
installed globally. However, Knelson and Falcon 
separators are more popular with a few thousand 
installations worldwide. 

  Multi-Gravity Separator   is another technology 
that seems to provide effi cient separation, using 
riffl ing technology with three main component 
viz. cylindrical rotating drum, internal scraper 
network, and variable speed differential drive. 
Selective separation of fi ne particles are achieved 
along the internal surface of the rotating drum 
using the same basic principles employed by a 
conventional shaking table but replacing the table 
surface with a rotating drum resulting in many 
times the normal gravitational pull. 

 The  Graviton   is a centrifugal device that 
incorporates typically eight Refl ux Classifi er 
units with a system of parallel inclined channels 
aligned at 20° to the horizontal. This technology 
leverages the benefi ts of inclined channels and G 
forces based on the key fi nding by Gavin and 
Dickinson ( 2012 ). This technology is not com-
mercial yet but has signifi cant potential.  

2.9.1.5     Pneumatic Density Based 
Separations 

  Air based density separation      has been the focus 
of signifi cant development in the early twentieth 
century, mainly focusing on coal cleaning. The 
Pneumatic technologies incorporate the same 
basic mechanisms used in wet separators includ-
ing dense media separations, air jigging, riffl ed 
tabling, and air fl uidized launders (Honaker et al. 
 2014 ). Due to water shortages in certain parts of 
the world, pneumatic separators have signifi cant 
potential especially in conjunction with HPGR 
and optical sorting for dry processing.

2.9.2     Magnetic separation 

• The largest use of  magnetic separation   is for 
iron ore processing in the minerals industry. 
There are tens of thousands of low-intensity 
magnetic separation (LIMS) and thousands of 

high-intensity magnetic separations (HIMS) 
used in the minerals industry today. 
Continuous HIMS for dry processing of 
industrial minerals were developed in the 
1940s, but had limited unit capacities and 
could only process fi ne particles typically less 
than 1 mm. The continuous Wet High-
Intensity magnetic separators (WHIMS) were 
introduced later in the 1960s to remove mod-
erately magnetic particles from slurries, with 
larger Jones type machines introduced in the 
1970s. During this time, the High-Gradient 
magnetic separators (HGMS) were also intro-
duced mainly for kaolin clay processing and 
these machines were further developed that 
continued until the 1990s.    

 A signifi cant magnetic separation develop-
ment that made a major impact in the minerals 
industry was the drum separator for magnetite 
ores, mainly to treat fi ne grained and low grade 
magnetite ores for producing high grade concen-
trates for sinter feed, pellets for blast furnace feed 
and also for direct reduction iron processes 
(Arvidson and Norrgran  2014 ). The German 
made large capacity Jones type WHIMS became 
practically an industry standard for hematite and 
limonite/goethite iron ores around the world. In 
the industrial minerals area, the  HGMS   became 
an industry standard following a new concept of 
high-gradient generating matrix of fi lamentary 
material, which originated from Massachusetts 
Institute of Technology (MIT) in collaboration 
with J.M. Huber Company in the USA. The con-
tinuous HGMS made it possible to process ores 
with a high content (+10 %) of weakly magnetic 
material. The magnetic intensity for typical mag-
netite ore applications vary from around 800 to 
1800 G, whereas for removing weakly magnetic 
components from kaolin clays requires a mini-
mum of 18,000–20,000 G. 

 During the 1980s, the Rare-Earth Roll ( RER        ) 
magnetic separators, using permanent mag-
net alloys involving rare-earth elements, came 
into the market with rapid acceptance by the 
industry. These separators are usually the high- 
intensity separator of choice for new operations 
now. The Rare-Earth Drums (RED) are now 
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becoming prevalent for the concentration of some 
paramagnetic minerals such as hematite and 
ilmenite at relatively high capacity (Gover et al. 
 2011 ). The old induced magnetic rolls (IMR) are 
still in use but are increasingly being replaced by 
RER and RED as the latter have better separation 
effi ciency and lower operating costs. 

 The  Wetherill separator   type is still in use 
today in various forms for separating high value 
minerals, typically after calcination of ore feed. 
In addition, other applications are removal of 
tramp iron or metals removal from conveyor 
belts, tin ores, removing wolframite and other 
moderately magnetic materials from cassiterite 
(Arvidson and Norrgran  2014 ). 

 Due to declining grades along with the pres-
ence of higher detrimental elements in iron ores, 
the need for sophisticated high capacity magnetic 
separators is becoming important. Drums for 
low-intensity magnetic separators in iron ore pro-
cessing are becoming larger, with drum diame-
ters around 1.5 m and widths exceeding 4 m. Use 
of RER and RED have allowed to extend the 
needed magnetic fi eld despite increased operat-
ing gaps between the rolls to meet the high capac-
ity requirements. The same trend of increasing 
size also applies to WHIMS. Other than the trend 
of increasing size, the use of cryogen-free super-
conducting coil system is also becoming preva-
lent, which is the most recent technology for 
superconducting magnetic separators using a 
niobium-titanium conductor to generate the mag-
netic fi eld without the need for helium to cool the 
coil (Norrgran et al.  2009 ).  

2.9.3     Electrostatic Separation 

•  Electrostatic separation ( ESS  )    is mainly used 
for mineral sands application, though earlier 
patents suggest applications in iron ore and 
phosphate separations. The relative electric 
conductivity property of the mineral surfaces is 
exploited to make the separation. For example, 
conductive minerals such as ilmenite, mona-
zite, and rutile are separated from non-conduc-
tive silica and zircon present in mineral sands. 
ESS works best on clean surfaces and in many 

cases the feed needs to be washed and classifi ed 
for effi cient separation. ESS was also success-
fully implemented at several precious metals 
smelters recovering metal prills from slag,  typ  i-
cally after the Merrill  Crowe   process. In addi-
tion, this technology has been successfully 
applied in gold mines to recover gold and silver 
from slag (Hearn  2014 ). Dry grinding is typi-
cally used to liberate metal prills, de-dusting 
and then ESS to recover these prills for direct 
smelting rather than the conventional wet mill-
ing, gravity tabling followed by drying before 
sending for smelting (Maki and Taylor  1987 ). 

 The company that dominates the electrostatic 
mineral separation market is Ore Kinetics’ 
Corona Stat, and their focus has been on funda-
mentals of good operating practices such as 
moisture control, feeding systems, roll, and elec-
trode cleaning (Gates  2004 ). 

 The use of  Triboelectric separation      for sepa-
rating hard salts was practiced since the late 
1940s. This technique relies on electrical charge 
differences inducted in nonconductor materials 
by surface contacting, whereas minerals with a 
lesser tendency to acquire these electrons will 
tend to become positively charged and this dif-
ferential charge is exploited to effect a separa-
tion. Gasiorowski et al. ( 2012 ) have described the 
STI technology, which is based on triboelectric 
separation but with a horizontal belt system with 
open mesh belts moving in opposite directions so 
that the material is collected by each discharges 
at opposite ends of the separator. These machines 
are mainly used to separate fl y ash from carbon in 
the form of unburnt coal, and also in recycling 
and limited applications in potash. 

 Over the last few decades, the main develop-
ment focus has been on bigger, more power, and 
better feed systems along with state-of-the-art 
process control systems. Corona Stat is still 
dominating the mineral sands but still uses the 
same principles employing similar grounded 
drums, charging and static electrodes as used 
previously in the  Carpco separators   in the 1950s. 
It is the innovation of applications and cleaning 
of these electrodes that has led to Corona’s 
 success (Hearn  2014 ). 
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 The two dominant forms of electrostatic sepa-
rators in the mineral sands have been a combina-
tion of high tension rolls (HTRs) and electrostatic 
plate separators (ESPs) and are in use mainly in 
Australia and South Africa. Recirculation of mid-
dlings is an important issue facing ESS and has 
signifi cant implications on plant throughputs 
(Spiller and Norgren  2014 ; Germain et al.  2003 ). 
The Carrara HTR was a new development with 
the application of plate electrode into an HTR’s 
body, which resulted in a vastly more effi cient 
process with a sharper separation with noticeable 
reduction in middling streams and better capacity 
utilization (Germain et al.  2003 ). 

 Cytec is active in the fi eld of surface coating 
of minerals to augment natural conductivity or 
non-conductivity properties, though its industrial 
application is not widely established yet 
(Ravishankar and Kolla  2009 ; Maki and Taylor 
 1987 ).   

2.10      Dewatering and Thickening   

 Dewatering is an important process in mineral 
processing. The purpose of dewatering is to 
remove water absorbed by the particles which 
increases the pulp density. This is done for a 
number of reasons, specifi cally, to enable ore 
handling and concentrates to be transported eas-
ily, allow further processing to occur and to dis-
pose of the gangue. The water extracted from the 
ore by dewatering is recirculated for plant opera-
tions after being sent to a water treatment plant. 
The main processes that are used in dewatering 
include dewatering screens, sedimentation, fi lter-
ing, and thermal drying. These processes increase 
in diffi culty and cost as the particle size decreases. 

 Dewatering screens operate by passing parti-
cles over a screen. The particles pass over the 
screen while the water passes through the aper-
tures in the screen. This process is only viable for 
coarse ores that have a close size distribution as 
the apertures can allow small particles to pass 
through. 

  Sedimentation   operates by passing water into 
a large thickener or clarifi er. In these devices, the 
particles settle out of the slurry under the effects 

of gravity or centripetal forces. These are limited 
by the surface chemistry of the particles and the 
size of the particles. To aid in the sedimentation 
process, fl occulants and coagulants are added to 
reduce the repulsive forces between the particles. 
This repulsive force is due to the double  l  ayer 
formed on the surface of the particles. The fl oc-
culants work by binding multiple particles 
together while the coagulants work by reducing 
the thickness of the charged layer on the outside 
of the particle. 

  Thermal drying   is usually used for fi ne parti-
cles and to remove low water content in the par-
ticles. Some common processes include rotary 
dryers, fl uidized beds, spray driers, hearth dryers, 
and rotary tray dryers. This process is usually 
expensive to operate due to the fuel requirement 
of the dryers.

•     Thickener technologies     

2.10.1      Flocculants   

 Development of synthetic polymers is a major 
advancement in physical separation during the 
last 50 years and they have largely replaced the 
organic polymers (Ballentine et al.  2011 ; 
Schoenbrunn  2011 ). Thickener applications often 
require handling particles fi ner than 0.1 μm and 
these particles are diffi cult to settle down due to 
electrostatic charge causing them to repel each 
other and hinder gravity settling. Economical use 
of fl occulants requires constant attention due to 
dynamic changes in feed properties and the con-
tinuous need for controlling dosage, addition 
points and the type of fl occulants used (McCaslin 
et al.  2014 ).  

2.10.2      High Capacity Thickeners   

 Innovation in fl occulants was the key driver for 
high capacity thickeners, which allowed 
increased tonnage in a smaller footprint. High 
capacity thickeners are now the norm in minerals 
industry. They require much stronger rakes than 
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conventional thickeners especially for high spe-
cifi c gravity solids. Other than simply building 
robust rakes, other innovations include minimiz-
ing surface area in high-scale applications such 
as alumina refi ning and including spikes on 
blades to re- suspend   heavily thickened materials 
like magnetite. Streamlined designs reduce 
torque on both drive and rakes, and posts create 
space between the blades and rake arms for sticky 
and/or viscous applications (Schoenbrunn and 
Laros  2002 ).  

2.10.3      High Density and Deep Cone 
Thickeners   

 Outokumpu (now Outotec) and EIMCO devel-
oped competing High Density Thickener designs 
in the late 1980s. In 1996 EIMCO licensed the 
Alcan technology, leading to marketing of Deep 
Cone thickeners outside of coal and alumina 
(Schoenbrunn  2011 ). Higher under fl ow densities 
have also driven robust rake designs and have 
lower profi les to reduce load. Another universal 
modifi cation extends above the rake arms to cre-
ate channels that aid in water removal 
(Schoenbrunn  2007 ). Advancements in fl occu-
lants, feed dilution, and robust drives along with 
better tank design have made high density and 
deep cone technologies practical. Tall sidewalls 
in High density Thickeners permit 2–3 m bed 
depths, as compared to 1 m bed depth in conven-
tional and high capacity thickeners. Floor slopes 
are in the range of 1:6, which is similar to tradi-
tional thickeners. Deep cone thickeners use high 
sidewalls and steep cone bottoms in the range of 
30–60° (McCaslin et al.  2014 ).  

2.10.4      Thickener Feed Dilution   

 Contrary to beliefs and practices in the earlier 
days, dilution of thickener feed has resulted in 
numerous advantages emanating from decreased 
interference between adjacent solid particles 
without reducing settling velocity. Dilution has 
improved thickening with greater underfl ow con-
centration resulting in the need for relatively 

smaller unit sizes. Different pumping arrange-
ments have evolved in which the thickener 
 overfl ow water is used for the dilution needs. 
EIMCO’s patented dilution method utilizes an 
eductor in the feed line that draws in diluting 
supernatant from the upper reaches of the thick-
ener. Flocculant addition and thorough mixing 
occurs before the feed reaches the feedwell. 
Proper  educ  tor design considers the amount of 
dilution required but operators adjust with feed 
velocity (McCaslin et al.  2014 ). Thickener manu-
facturers are still looking at new ways of feed 
dilution along with optimization of equipment 
costs.  

2.10.5      Thickener Drives   

 The adoption of large diameter precision bear-
ings for the main gear is one of the most signifi -
cant advancements in thickener drives in the 
early days. The present ring gears are as large as 
3.56 m (140 in.) from a single forging process. 
This has greatly improved concentricity and per-
mits higher loads. Advances in variable fre-
quency drives, and the ability to link them, 
eliminated any concerns about imbalance and 
brought better control. This allows the rakes to be 
reversed easily and automatically speed up as 
torque increases (McCaslin et al.  2014 )

•      Filtration technologies   : The horizontal pres-
sure fi lters has been in use since the 1800s but 
they eventually lost ground to vertical presses 
in the metallurgical processing. While hori-
zontal fi lters have not caught up in the number 
of installed unit on concentrates and tailings, 
they have caught up in process performance 
with the advent of better control and automa-
tion systems. Many operators and designers 
consider them a better value for many applica-
tions. Current trends are for larger units that 
require less fl oor space per area of fi ltration.    

  Vertical press fi lters   were among the many 
innovations in processing and Larox was widely 
successful with many installations in copper, 
lead, zinc, nickel, and PGMs. Vertical presses 

2 Physical Processing: Innovations in Mineral Processing



44

generally have the highest capital cost per unit 
area of fi ltration, however, when evaluated from a 
total life-cycle cost, they are often second only to 
automated horizontal fi lter presses and can be a 
better option with fi lter cakes that are diffi cult to 
discharge (McCaslin et al.  2014 ). 

  Rotary vacuum disc fi lters   are most frequently 
used in the minerals industry with an advantage 
that they offer continuous fi ltration with high sol-
ids throughput with a low cost and smaller foot-
print per fi ltration area. These fi lters are now 
available in disc diameters as large as 6 m with 
total fi ltration area approaching 200 m 2  operating 
with up to 20 discs. A recent innovation is simpli-
fi ed bayonet mounting the disc sectors. Rim 
retaining devices that permit quick and easy 
removal and installation are also a recent 
advancement. Rotary disc fi lters have been 
largely  replaced   by pressure fi lters in the 1980s 
and 1990s for concentrate fi ltration. Rotary discs 
are still used widely in tailings fi ltration where 
fi nal cake moisture is less of a factor than many 
concentrate applications (McCaslin et al.  2014 ). 

  Horizontal belt vacuum fi lters   are typically 
used for tailings dewatering, hydrometallurgical 
and zinc processing. They have the advantage of 
high wash effi ciency utilizing only minimal wash 
liquor. The initial challenges of tearing and abra-
sion of the fi lter cloth were overcome through 
technology improvements that resulted in explo-
sion of installations in the 1960s and 1970s. The 
indexing belt fi lters developed in the 1980s fur-
ther improved its prospects with Delkor in 1986 
installing 26 belt fi lters at the Nchanga tailings 
leach plants in Zambia for 80 m 2  fi ltration area 
(Chisakuta et al.  2005 ). This was a milestone in 
the race to build larger machines. Innovations in 
support deck design followed with introduction 
of wear belt decks and roller decks in the 1990s.  

2.10.6      Filter Media   

 The trend of growing use of synthetic fi bers since 
the 1940s is continuing, with materials such as 
nylon, polyester, polypropylene, polytetrafl uro-
ethylene (PTFE), and polyetheretherketone 
(PEEK). They offer signifi cant advantages over 

the natural fi bers such as cotton, wool, and paper 
in that they have better wear characteristics, 
improved strength, and greater stability along 
with improved fi lter cake release and reduced 
blinding depending on the fi bers used. They also 
offer superior life leading to reduced down time 
and lower operating costs. Advances in weaving 
and fi nishing during the 1990s have allowed 
improved fi ltration of fi ner particles using the 
synthetic fi bers. Plain weaving was  commo  n in 
the early days but developments in satin weaves 
and double layer weaves greatly affected fi lter 
performance. The former offered high airfl ow 
and a slick surface on the cake side for excep-
tional cake release, whereas the latter provided 
better fi ltration and high strength. The quality of 
fi nishing signifi cantly improves fi lter media’s 
performance (Hoijer and Grimm  2011 ).   

2.11      Tailings Retreatment 
and Water Quality   

 The generation of mine tailings is likely to 
increase as the industry is processing low grade 
ores with high throughputs to meet the demands 
of metals and minerals. This is posing a signifi -
cant environmental and community relations 
issue. The volume ratio between concentrate and 
tailings is suggested to be as high as 1:100. It is 
estimated that there are at least 3500 tailings 
dams and ponds globally. In European Union 
alone, 34 % of the total waste is generated by 
mining and about 2–5 tailings dam accidents 
occur with signifi cant environmental impact, 
despite some stringent regulations (Riina et al. 
 2014 ). For every ton of copper metal produced, it 
is estimated that about 128 t of solid copper tail-
ings is generated (Gordon  2002 ). About 230,000 t 
of dry copper tailings is produced daily at the 
Escondida mines in Chile (Boger  2009 ). 

 It is interesting to note that the Chilean 
Environment Impact Assessment System (EIAS) 
has evaluated 1257 mining projects during 1997–
2013, with an investment of US$ 103 billion, of 
which 78 % of the projects were approved. It is 
important that mining companies have a clear 
understanding of similar regulations in various 
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countries and their evaluation methodologies 
along with the critical steps involved for all the 
mining projects to ensure a “license to operate.” 

  Mine   tailings presents a very important source 
of future ores; as an example, the content of cop-
per and precious metals in copper mine tailings is 
few times higher than the primary copper ores 
(Han et al.  2014 ). Retreatment of mine tailings is 
gaining attention and there are a number of inves-
tigations being carried out to recover base  and   
precious metals along with some environmental 
remediation efforts (Riina et al.  2014 ; Han et al. 
 2014 ; Ebell and Capstick  2013 ; Dudeney et al. 
 2013 ; Primeau and Gilbert  2012 ; Pal et al.  2010 ; 
Newell and Bradshaw  2007 ; Xie et al.  2005 ). 
There is also a growing interest in using mine 
tailings for construction and building materials 
(Onuaguluchi and Eren  2012 ). 

2.11.1     Seawater  Processing   

 With the trend of declining head grades requiring 
high throughputs to improve economics, the need 
for water has increased signifi cantly over years. 
A review of water needs in the mining industry 
has been presented by Global Water Intelligence 
(Arowoshola et al.  2011 ). 

 In temperate and equatorial latitudes, there is 
no shortage of water in general, although the dis-
posal of used water is a signifi cant issue. In other 
arid parts of the world such as in Chile, Western 
Australia, and South West USA, water is scarce 
or unavailable requiring the need to use sea, 
hypersaline or brackish water for mining. The 
situation has become so dire in Chile that, in 
March 2012, authorities declared a state of emer-
gency on the Copiapó River watershed and it is 
impossible to capture any more water from the 
aquifers. 

 Desalination of seawater is expensive as new 
desalination plants and associated pumping and 
pipeline systems can easily have a capital cost 
exceeding $500 million along with high operat-
ing costs (Blin and Dion-Ortega  2013 ). In addi-
tion, the impact of raw seawater and hypersaline 

water on processing such as grinding, gravity, 
fl otation, leaching, and electrowinning is also not 
favorable for some ore types due to issues with 
high density, viscosity, and pH buffering issues 
(Aral et al.  2010 ). Seawater is used in Chile, 
Indonesia, and Australia using hypersaline and 
raw seawater but the processes need modifi ca-
tions. KCGM in Western Australia uses hypersa-
line water with 30–200 g/L of dissolve solids, 
which results in high cyanide consumption as the 
cyanide leaching process is operated at pH 9 due 
to buffering issues. Minera Michilla Copper in 
Chile carries out washing of the leached solution 
before electrowinning to avoid generation of dan-
gerous chlorine gas. Use of raw seawater in cop-
per and copper-molybdenum processing plants in 
Chile requires innovative processing such as use 
of the patented  AMBS   fl otation process at 
Antofagasta Minerals Esperanza operation and 
dilution of seawater with tailings water in the 
process plant at Las Luces (Blin and Dion-Ortega 
 2013 ; Moreno et al.  2011 ). 

 The Escondida mine, also located in the 
Atacama Desert, has been desalinating seawater 
since 2006, while Freeport MacMoRan has 
nearly completed a desalinating plant and pipe-
line to feed its Candelaria project, located South 
of Copiapó. Other major mines have made simi-
lar choices in Australia, such as Newmont’s 
Boddington, which has contracted Osmofl o to 
process the brackish water coming out of its dam. 
It is estimated that there are about 20–30 mines 
globally that use desalinated water right now, 10 
of which are located in Australia or Chile alone. 
About 15 more desalination projects have already 
been commissioned, and several dozen are under 
evaluation (Blin and Dion-Ortega  2013 ). 

 Barrick Gold has developed a new process 
viz. Air-Metabisulfi te treatment ( AMBS  ), which 
allows use of seawater or brackish water for 
pyrite depression in copper fl otation with mini-
mal metallurgical impact  comp  ared to that with 
the conventional lime based process (Gorain 
2012). The  AMBS   treatment has also resolved 
the issue of molybdenum fl otation in copper- 
molybdenum ores using seawater.   
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2.12     Automation, Control, 
and Integration 

2.12.1       Automation and Control   

• The mineral industry has made signifi cant 
progress in instrumentation and control with 
contributions from different players, with 
major benefi ts in improving productivity, 
increase in equipment availability and utiliza-
tion along with safety. The early efforts were 
focused on regulatory control, driven mainly 
by the introduction of mini-computers and 
computer savvy process engineers. These suc-
cesses helped drive development in new anal-
ysis techniques and the early adoption of new 
generation of control hardware. Regulatory 
control improvements led to an interest in 
advanced process control and this sparked the 
exploration of advanced instrumentation. 
Over the past few years, a new innovation path 
has emerged—peripheral applications that 
harmonize well with the goals of process con-
trol (Flintoff et al.  2014 ).    

 The fi rst step in any process control is to have 
a deeper understanding of the key variables (or 
drivers) of the process and the relationship 
between these drivers with metallurgical perfor-
mance. The importance of these variables will 
vary depending on ore  types   and the target perfor-
mance for each ore type. As an example, some of 
the key variables in a fl otation operation could be:

    1.    Grind size P80 (primary and regrinding)   
   2.    Slurry fl ow rate (feed, concentrate, and 

tailings)   
   3.    Slurry density or % solids by weight (mill, 

rougher, cleaners)   
   4.    pH (mill, rougher, cleaners)   
   5.    Eh (mill, rougher, cleaners)   
   6.    Dissolved oxygen levels (rougher, cleaners)   
   7.    Assays (feed, concentrate and tailings)   
   8.    Reagent addition rates (mill, roughers, and 

cleaners)   
   9.    Particle size distribution (concentrates and 

tailings)   
   10.    Mineralogy (feed, concentrate, and tailings)   

   11.    Air fl ow rates (rougher and cleaner cells and 
banks)   

   12.    Froth depth (rougher and cleaner cells and 
banks)    

  It is best to target a limited number of these 
variables to simplify the control system other-
wise it becomes an expensive undertaking and 
overwhelming for many plant operators resulting 
in loss of trust in the system and eventually 
results in implementation failure. 

 There are different levels of process  control   
one can utilize in a process plant. It is important 
to note that the effectiveness of controllers 
depends on the foundation upon which they are 
built. Reliable measurement of control variables 
is critical for effective process control. The best 
control system also incorporates a strong interac-
tion between process operators, metallurgists, 
and process control personnel to ensure the sys-
tem is actually utilized. The need of the operation 
must be met through leveraging the experience of 
operating personnel along with the capabilities of 
the process control system. 

 Technology advancements have now made it 
possible to monitor several key drivers with a 
much higher level of accuracy. Instrumentation 
for process control should be based on the value 
they bring in to make control decisions. More 
instrumentation is not always better. Reliable 
sensors are always better than virtual sensors or 
model estimates and model estimates are better 
than no sensor at all. Issues with sensor reliability 
force the need to include virtual sensors for 
higher data reliability in better control (McKay 
et al.  2009 ).

2.12.2      Online Monitoring Systems      

• Technology advancements have now made it 
possible to monitor several important plant 
measurements with a much higher level of 
confi dence than possible earlier. It is impor-
tant that we utilize these technologies as much 
as possible to assist in better control of our 
operations along with improved reconciliation 
between geology, mining, milling, and metal 
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production. In the early 1960s, online chemi-
cal analysis using X-ray fl uorescence (XRF) 
allowed continuous analyses of process 
streams in mineral processing operations. This 
allowed more productive work than testing of 
routine samples.    

2.12.2.1    On-Stream Analysis 
 Development of on-stream analysis ( OSA     ) sys-
tems has been critical for fl otation circuit control 
and optimization. This technology enabled online 
measurement of assays of key fl otation streams 
such as plant feed, tailings, and fi nal concen-
trates, which allowed estimation of recovery 
every few minutes. The development of radioiso-
tope based on-stream analysis system was due to 
a decade long work by different players, which 
led to the commercialization of a radioisotope 
 OSA   system in Australia (Lynch et al.  2007 ).  

2.12.2.2       Split Online Fragmentation 
Analysis      

  Optical sizing technology   for measuring the size 
distribution of fragmented rocks has been used 

for many years now. The WipFrag fragmentation 
sizing system was originally designed using a 
roving camera and operator assisted analysis. 
Using optical sizing technology, mining blast 
professionals could evaluate, reassess, and rede-
sign their blasts, while understanding the effect 
of their design on their fi nal product. In addition, 
they could begin to quantitatively evaluate the 
effect of geological structure on their blasts. 
Although the accuracy of this method was low, it 
was found to be useful as the alternative method 
of screening large masses of rocks which is 
almost impractical. 

 More recently, the new Split-Online digital 
image analysis has been applied for accurate, con-
tinuous, and rapid measurement of rock fragmen-
tation. Cameras are installed along key stages of 
crush, convey, and milling processes to determine 
rock fragmentation size. The critical data for min-
ing operations, including particle size, shape, 
color, and texture, are calculated by the advanced 
Split algorithms and can be reported to a central-
ized database to enable real-time evaluation by 
mine operators and management. Figure  2.14  
shows installation of the Split-Online camera 
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  Fig. 2.14    Installation of the Split-Online camera systems at the Morila gold mine in West Africa (Gillot  2006 )       
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 systems in various stages of the comminution 
 process at the Morila gold mine in West Africa. 
A 10 % mill throughput improvement was 
achieved with this system. Split-Online cameras 
along with ore tracking system have signifi cant 
potential for operations and can provide informa-
tion on the less understood interface between 
mine and mill, which is key to successful imple-
mentation of an integrated operations strategy.

2.12.2.3         Slurry Flow Meters 
and Density Gauges   

 Accurate and sustainable measurement of fl ows 
in a process plant is fundamental to successful 
process control in any operation. Also this is crit-
ical to reliable solids, water, and metal balance 
along with recovery calculations needed to meet 
the criteria for an operational metal accounting 
standards (MAS). Many of the electromagnetic 
fl ow meters used in operations have several limi-
tations to accurate fl ow measurements over a 
long period of time. The coupling of electromag-
netic fl ow meters with nuclear density gauges is 
prone to errors due to entrained air and scale 
build-up on the pipe inner wall. Scaling is com-
mon due to corrosive environment in our metal-
lurgical processing, which causes eventual 
measurement deterioration and the need for 
maintenance and scheduled replacement of both 
electromagnetic and ultrasonic meters. Critical 
lines are costly to shut down because that will 
interrupt plant operation. Installation of invasive 
meters in old piping carries a risk of pipe crack-
ing that will require costly repair. Installing a 
large, heavy invasive electromagnetic fl ow meter 
is logistically diffi cult and carries safety risks to 
personnel. 

 One key to an accurate and reliable fl ow mea-
surement is selecting the best available fl ow 
meter technology for the application. In some 
operations, increasing scarcity of water has sub-
stantially increased the need for accurate and 
reliable water measurements. This need is being 
driven by water use restrictions imposed by the 
government along with our desire to operate in a 
sustainable manner as good corporate citizens. It 
is important for us to demonstrate to both the 
communities and the government that we are 

operating within their agreed-upon consumption 
limits, which may even be reduced in the future. 

  The    SONARtrac  ®    fl ow meters from  CiDRA ®    
have recently achieved wide acceptability in the 
mining industry with some signifi cant benefi ts 
compared to the traditional fl ow meter technolo-
gies such as Electromagnetic, Ultrasonic Doppler, 
Differential Pressure, or Coriolis (Markoja  2011 ). 
The CiDRA ®  fl ow meters are light  weight  , nonin-
vasive as they clamp on to the existing pipes and 
have no wetted parts, which maintains the full 
integrity of the piping system and eliminates the 
possibility of leakage associated with fl ow meter 
fi ttings. These fl ow meters are easy to install, 
unaffected by internal scale, work on pipe of any 
material, both lined and unlined, and are mainte-
nance free. In addition, the  SONARtrac  ®  fl ow 
meters have demonstrated better accuracy com-
pared to the existing magnetic meters. Figure  2.15  
shows some of the typical applications of 
 CiDRA ®    fl ow meters in a process plant.

   These CiDRA ®  fl ow meters have recently 
been used for better quantifi cation of re- 
circulating loads in a grinding circuit and also for 
detecting the presence of coarse or even rock par-
ticles in cyclone overfl ow, which allows opera-
tors to optimize cyclone performance (Cirulis 
and Russell  2011 ). Also these fl ow meters are 
being used to monitor the  performance   and con-
dition of centrifugal slurry pumps (Van der Spek 
et al.  2009 ). The ability to measure slurry fl ow 
rates in pipes with air holdups such as in fl otation 
has been an important development using the 
CiDRA ®  fl ow meters. It is important that these 
new robust fl ow meters be evaluated to allow bet-
ter metal balancing and reconciliation in a pro-
cess plant.  

2.12.2.4     Online Monitoring 
of Mineralogy and Assays 

  Online mineralogy and assays      measurements 
provide opportunity to optimize process plant in 
real time. This will allow a tighter control of tail-
ings losses, which otherwise is diffi cult to achieve 
in an off-line based mineralogy and assays mea-
surements that we use presently. Not all assays 
such as gold or platinum can be measured online 
accurately, but for every ore type a proxy for gold 
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can be used with a higher level of confi dence 
through frequent calibration using the centralized 
database. For refractory gold ores, this proxy 
could be pyrite or iron assays. 

 The recent development of Laser-Induced 
 B  reakdown Spectroscopy ( LIBS  ) provides real- 
time online assay measurement on belt conveyor 
and has potential for ore sorting and also  for   
obtaining online assays of mill feed for plant con-
trol (SonicSampDrill  2014 ). 

 Online mineralogy measurement from 
BlueCube Systems (Pty) Ltd. is a major break-
through and has recently been successfully 
implemented in many precious and base metals 
industries (Mumbi  2012 ). This technology is 
based on diffused refl ective spectroscopy com-
bined with propriety chemometric techniques. 

 BlueCube’s MQi Slurry analyzer is used for 
an in-line real-time measurement of slurry stream 
composition viz. mineral grade, elemental grade 
and particle size. With the availability of real- 
time data, the effect of process changes can be 
tracked without having to do a full plant survey. 
This technology along with slurry fl ow measure-
ments such as with  CiDRA ®    fl ow meters can be 

effectively used to optimize recovery. This is an 
important tool for maximizing revenue from a 
process stream. In a fl otation application, this 
technology can be used in conjunction with froth 
cameras for better control of fl otation banks. 

 BlueCube’s MQi Hydromet Analyser is used 
for an in-line measurement of the composition of 
solutions in a hydrometallurgical process plant. 
Ionic species in clear solutions are measured in- 
line and in real time. The technology is based on 
absorption spectroscopy combined with proprie-
tary chemometric techniques. The technology 
appears to be suitable for installation in any plant 
environment as long as the feed to the system is 
fi ltered and free of suspended solids. This is an 
important development for optimization of pres-
sure oxidation and leaching systems. Figure  2.16  
shows a  BlueCube ®  system   for controlling a 
fl otation circuit.

2.12.2.5       Ore Tracking for Mine to Mill 
Integration   

• Ore tracking system      is becoming a necessity as 
the mining operations are becoming immensely 
complex. This system provides an effective 

  Fig. 2.15     SONARtrac ®    fl ow meters (depicted in  yellow ) in various duties in a process plant for accurate and sustain-
able measurements (with permission from CiDRA ® )       
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integration tool between mine and the mill. It is 
essentially a system to track ore types from the 
mine to the mill and through the process plants 
using RFID tags. Physical RFID tags are now 
available from a number of suppliers, with 
some tags specially designed for mining appli-
cations. They can be passive or active RFID 
tags which affects how close the reader needs 
to be to detect the presence of the tag. Also 
active tags require a battery power source and 
therefore may not be appropriate for long-term 
stockpile applications.    

 This system helps to identify the origin of the 
 ore   and its behavior throughout the mining pro-
cess.  Metso’s SmartTag™   ore tracking has 
recently been successfully implemented in pro-
cess integration and optimization (Isokangas 
et al.  2012 ). These tags travel through a mine and 
process plant in a series of steps. Initially the tag 
and insertion location is logged using a hand- 
held computer or PDA, and then it is inserted into 
the rock mass in the same holes where blasting 
explosives are placed. The tag travels with the ore 
through digging, transport, and processing before 
being detected by sensors that are positioned 
along conveyor belts after crusher and in the 

stockpile reclaim belt or SAG feed, when the 
time and specifi c tag is recorded. The RFID tag 
data is then loaded into a centralized database 
and analyzed as required. 

 The use of a  SmartTag™ system   allows devel-
opment of relationships between ore characteris-
tics (available in the mine block models) and 
operating parameters in the mine and processing 
plant (such as ore dilution, fragmentation, 
 stockpile residence times, segregation, energy 
consumption, and ore grade) along with actual 
mine production and metal recovery. With this 
knowledge, operating parameters can be opti-
mized to respond rapidly to changes in ore char-
acteristics, thus resulting in controlling operating 
costs and improving productivity. 

 Some of the key benefi ts of using SmartTag™ 
include linking of spatial mine data to time-based 
processing data, increased confi dence in measur-
ing ore blend, proactive process changes for 
known ore types, identifying material handling 
logistics issues and accurate measurement of resi-
dence times in stockpiles and bins thus assisting in 
better stockpile management (Jansen et al.  2009 ). 

 A signifi cant advantage of using  SmartTag™   
is that every tag that travels from the mine to the 
plant is a geometallurgical data point. By utiliz-

  Fig. 2.16    Control of a fl otation circuit using inline real-time measurement of mineralogy and assays using the 
 BlueCube ®  system   (with permission from BlueCube Systems Pty Ltd.)       
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ing this data and process knowledge, one can cre-
ate models and refi ne existing mine block models 
to predict plant performance based on geological 
data. Figure  2.17a, b  shows some for the advan-
tages of using SmartTag™ systems.

   Ultimately a link between the spatial under-
standing of the mine and the temporal understand-
ing of the process plant has immense long-term 
benefi ts such as Grade Engineering (McKee 
 2013 ). Having a central database with estimates 

  Fig. 2.17    ( a ) A snapshot of the Metso SmartTag ore 
tracking system to characterize ores from different blast 
holes (Wortley and La Rosa  2013 ). ( b ) The use of 

SmartTag for mine to mill reconciliation and continuous 
refi nement of the mine block models (Wortley and La 
Rosa  2013 )       
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of key value drivers and KPIs allows benchmark-
ing of an operation in terms of its unique set of 
KPIs. For example, a relatively simple throughput 
forecasting model can be developed which con-
siders the range of ore types and how they will 
interact as blends. This can provide benchmark-
ing estimates and KPIs can then be developed as a 
percentage of actual vs. benchmark.

2.12.3     Integration: mine-to-mill 
strategy: optimization of 
blasting costs vs. milling costs 

   Mine-to-Mill is an operating strategy for mining 
operations to enhance the performance of mining 
and downstream processing activities. One of the 
key objectives of the  Mine-to-Mill strategy   is to 
maximize operations profi tability through a 
holistic approach to the optimization of ore frag-
mentation. Generation of fi nes by blasting can 
have a signifi cant impact on the following:   

•    SAG mill throughput increase (10–30 %)  
•   Reduced overall energy costs (up to 30 % 

decrease in kWh/t)  
•   Higher excavator productivity  
•   Higher truck loading  
•   Better primary crusher productivity  
•   Better heap leach permeability    

 The key task for Mine-to-Mill optimization is to 
 identify   the optimum feed size distribution for the 
crusher or the mill. The optimum feed size distribu-
tion is typically generated through blasting (ROM 
size distribution), crusher settling along with stock-
pile and feeder management. Figure  2.18  demon-
strates that the size reduction starts from mine itself 
and the mine must deliver a product that will pro-
duce the optimum economic outcome.

   Table  2.2  shows that the energy costs for mill-
ing are signifi cantly higher than blasting costs, 
which provides an opportunity in maximizing 
value from the blasting. This is a strong justifi ca-
tion for Mine-to-Mill.

   Mine-to-Mill now is a proven methodology 
and has been applied at many large open-pit 
operations around the world (McKee  2013 ). 

This involves rock characterization, benchmarking, 
and process modeling. Many of the projects have 
achieved 10–30 % increase in mill throughput. 
The issues facing success with this approach are 
not just technical, but involve cultural change and 
sustained implementation, such as departmental 
silos and lack of proper systems to retain know- 
how, that exist in many mining operations.

2.12.4     Integrated Operations 
(integration with upstream 
and downstream processes) 

      One of the key approaches that is of immense 
value in this new operating philosophy is the con-
cept of “Integrated Operations.” The goal is to 
drive improvement through better integration of 
operations. It is about optimizing the individual 
parts but it is also about optimizing the value 
across the whole value chain (Sherring  2013 ). 
This model has proven to be successful in many 
industries including oil and gas, manufacturing 
and recently in mining by bringing many frag-
mented solutions together.    

 Some mining companies are increasingly inte-
grating their operating data scattered across multi-
ple locations, into centralized database with 
dashboards and analytics capability with an aim to 
make a step change in improving productivity and 
reducing  operat  ing costs through better collabora-
tion between different business units. This strategy 
is proving to be immensely benefi cial for many 
operations resulting in improved mill through-
puts (10–30 %), reduced grinding energy costs 
(10–20 %), improved metals production, better 
reconciliation between mine to mill and also 
between reserve model, mine production and bullion 
production along with many intangible benefi ts 
such as improved communication and cooperation 

   Table 2.2    A typical comparison of the blasting and mill-
ing costs (JKTech  2004 )   

 Cost ($/tonne)  Energy (kWh/T) 

 Blasting  0.20  0.2 

 Crushing  0.80  2.0 

 Grinding  4.00  20.0 
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through data transparency and knowledge sharing, 
effective problem solving through quick root cause 
analysis and ultimately better decision making. 

 This “optimization of the parts,” no doubt, 
allows improving effi ciency of individual units 
and is an important part of the business. But this 
results in potential economic benefi ts to be 
missed as the focus is on constant execution to 
meet the targets of the individual business units, 
and the improvement opportunities associated 
with a systemic approach come only as an after-
thought. This is typical of operators working in 
various business unit silos resulting in limited 
conformance to life-of-mine (LOM) plan and 
looking beyond the plan is often challenging. 

 To address these challenges and to improve prof-
itability of operations, it is becoming imperative to 
look at a mining operation holistically requiring a 
strong interaction of professionals in various busi-
ness disciplines involving Geology, Mining, 
Processing, Maintenance, Environment, Health and 
Safety, Finance, Supply Chain and Logistics, IT, 
HR, Community and Public Relations. 

 There are many examples that suggest that 
integrating different business disciplines such as 
Mine-to-Mill involving true integration of geol-
ogy, mining, and processing functions have led to 

signifi cant productivity gains and cost savings 
along with intangible benefi ts including a more 
cohesive, satisfi ed, and performance oriented 
workforce transcending the traditional boundar-
ies (McKee  2013 ). 

 A photograph of Kairos Mining’s 
Collaboration Centre (a joint venture of Codelco 
and Honeywell) in Santiago, Chile, is shown in 
Fig.  2.19 . This center provides real-time monitor-
ing of plant operating data and automated control 
systems for multiple sites with a focus on knowl-
edge management and long-term process perfor-
mance improvements (Zamora et al.  2010 ).

   Based on recent successes in operations of 
some companies, this Integrated Operations 
strategy provides an opportunity for companies 
to make a paradigm shift in our approach to pro-
ductivity improvements and operating cost sav-
ings. Figure  2.20  shows an integrated operation 
strategy with a stage wise focus.

2.12.5        4D-BIM (Building Information 
Model) 

  4D-BIM   is an emerging socio-technical commu-
nication tool using time as an add-on to 3D mod-

  Fig. 2.18    A key strategy for size reduction in Mine-to-Mill optimization (Dance  2013 )       

 

2 Physical Processing: Innovations in Mineral Processing



54

els. This is defi ned as digital representation of 
physical and functional characteristics of an oper-
ation, and is a shared knowledge resource for 
information about a facility forming a reliable 
basis for decisions during its life cycle (from proj-
ect conception to operation closure). This tech-
nology will allow mining construction to be more 
effi cient, less costly and can bridge potential 
information loss caused by hand over to produc-

tion. The best use of this tool is to improve com-
munication of the proposed project phasing to all 
stakeholders. This will allow stakeholders to visu-
alize how the project affects them throughout the 
life cycle of a mining operation along with any 
environmental and community issues. This is 
communication tool for the public to provide 
feedback and therefore improves dialogue and 
engagement between stakeholders (Huls  2014 ).   

  Fig. 2.19    Kairos 
Mining’s Integrated 
Collaboration Centre in 
Santiago, Chile; a joint 
venture of Codelco and 
Honeywell (with 
permission from 
Honeywell)       
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2.13      Shifting Paradigm   in Mining 
and Processing 

2.13.1      In situ leach recovery 
( The merging of mining 
and processing ) 

   In situ recovery (ISR), also called  in situ leaching 
(ISL)   or solution mining, is a mining process used 
to recover minerals such as copper and uranium 
through boreholes drilled into a deposit. The pro-
cess initially involves drilling of holes into the ore 
deposit. Explosive or hydraulic fracturing may be 
used to create open  pathways   in the deposit for 
solution to penetrate. Leaching solution is pumped 
into the deposit where it makes contact with the 
ore. This process allows the extraction of metals 
and salts from an ore body without the need for 
conventional mining involving drill-and-blast, 
open-cut or underground mining.    

 In 2013, 47 % of world uranium  mine  d was 
from  ISL   operations. Most uranium mining in the 
USA, Kazakhstan, and Uzbekistan is now by in 
situ leach methods. ISL mining of uranium is 

undertaken in Australia, China, and Russia as 
well (World nuclear association website  2014 ). 
ISL is seen as a cost-effective and environmen-
tally acceptable method of mining, and is now 
getting some attention due to various challenges 
with the conventional mining. 

 In situ leaching of copper is usually carried 
out using acid (sulfuric acid or hydrochloric 
acid), then recovered from solution by solvent 
extraction electrowinning (SX-EW) or by chemi-
cal precipitation. The San Manuel copper mine, 
owned by BHP Billiton, was a successful opera-
tion that integrated ISR methods with open-pit 
and underground mining and produced approxi-
mately 3.25 billion pounds of copper in 14 years 
of production. Two additional projects owned by 
BHP Billiton, Pinot Valley and the Miami Unit, 
also used ISR to extract copper (combined with 
SX-EW in the case of the Miami Unit). The 
Florence Copper Project, owned by Curis 
Resources Ltd., is located roughly 150 km to the 
northwest of Gunnison and is host to a resource 
of 2.84 billion pounds of oxide copper (Excelsior 
Mining Website  2014 ). 

  Fig. 2.20    An integrated operation strategy with a stage-wise focus: fi rst on value chain optimization for an operation 
followed by integration of multiple operations (Sinclair  2012 )       
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 Ores most amenable to leaching include the 
copper carbonates malachite and azurite, the 
oxide tenorite, and the silicate chrysocolla. Other 
copper minerals, such as the oxide cuprite and the 
sulfi de chalcocite may require addition of oxidiz-
ing agents such as ferric sulfate and oxygen to the 
leachate before the minerals are dissolved. The 
ores with the highest sulfi de contents, such as 
bornite and chalcopyrite, will require more oxi-
dants and will dissolve more slowly. Sometimes 
oxidation is expedited by the bacteria  Thiobacillus 
ferrooxidans , which feeds on sulfi de compounds. 

 In situ leaching has not been used on a com-
mercial scale for gold mining. A 3-year pilot pro-
gram was undertaken in the 1970s to in situ leach 
gold ore at the Ajax mine in the Cripple Creek 
district in the USA, using a chloride and iodide 
solution. After obtaining poor results, perhaps 
because of the complex telluride ore, the test was 
halted (Chamberlain and Pojar  1984 ). 

 Figure  2.21  shows a pictorial representation of 
the ISL process for recovering uranium.

   Some of the main advantages of ISL mining 
are no creation of open holes, waste dumps and 
leaching or leach pads, with minimal visual dis-
turbance, resulting in lower capital and operating 
costs as no waste or ore is moved. Fewer permits 
are required for ISR compared to other mining 
processes. Despite these advantages, one of the 
key barriers to this technology is the environmen-
tal concern associated with ground water con-
tamination from injection of hazardous lixiviants 
such as cyanide or sulfuric acid. Lixiviant pro-
duction recovery is an issue with the existing ISL 
technology for many ore types due to poor rock 
permeability and inadequate understanding of 
lixiviant fl ow control. 

 Recent developments in  discrete fracturing 
network (DFN)   site characterization, analysis 
and modeling, have the  pote  ntial to address 
both the production effi ciency and environmen-
tal issues, with improved well-design and 
through transfer of learnings from the oil and 
gas industry (Dershowitz  2011 ). Dershowitz 
has also reiterated that global experience in ISL 
has better understanding of hydraulic cage con-
trol of lixiviant to ensure all fl uids are captured 
and regulated.

2.13.2     Zero waste mining ( The future 
of mining and mineral 
processing ) 

   The root cause of most of the problems in the exist-
ing mining paradigm is  the   generation of signifi -
cant amount of waste and the need for handling, 
storing, and processing of this waste with valuables 
representing only a very small fraction. As the ore 
bodies are becoming more and more complex with 
lower head grades along with greater  proport  ions 
of deleterious elements, the innovations in mining 
and processing so far hasn’t been able to keep pace 
with the increasing degree of challenges confront-
ing the industry. These challenges include subopti-
mal metallurgy, high operating and capital costs, 
environmental issues associated with tailings and 
deleterious elements, ever increasing mine foot-
print, lack of resources including energy, quality 
water, skilled personnel, and ever-growing com-
munity issues. The more waste we generate, the 
more these challenges magnify.    

 Signifi cant efforts have been made by many 
players in the industry to address these challenges 
with some remarkable successes, but unless we 
address the root cause of the problem, which is 
waste generation, it will be diffi cult to fi nd a 
robust sustainable solution. The ideal scenario 
will be the case for Zero Waste Mining, in which 
mining will target only the valuables without the 
need to remove the host rock and also all mined 
material will be used to create value added prod-
ucts with no waste dumps or tailings disposal. 

  Zero waste mining   is best approached in stages 
as follows:

•    Stage 1: Improve effi ciencies of unit opera-
tions in the present mining value chain para-
digm to maximize recovery of valuables 
presently being lost to tailings. Synergies of 
various processes with integrated goals to 
optimize the overall mining process have been 
recognized as key to success (USNMA  2000 ). 
Retreatment of old tailings to recover valuables 
previously lost due to ineffi cient processes is 
being pursued (Riina et al.  2014 ). This stage 
also includes recovery of by- products, not 
previously considered due to lack of technolo-
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gies, such as rare earth elements and iron 
metal from base and precious metal mining 
tailings ponds (PRO  2014 ). This stage also 
involves reduced wastage of limited resources 
such as water, energy, and technical skills.  

•   Stage 2: Focus on bringing the process plant 
as close as possible to the mine with pre- 
concentration either underground or close to 
the mining phase in open-pit with an aim to 
signifi cantly reduce transportation, process-
ing, and storage of mine waste. This is also 
known as near-to-face processing. Studies 
have suggested that integrated mining and 
waste rejection processes has high potential 
for deep underground mining (Dammers et al. 
 2013 ; Bamber  2008 ; Batterham  2003 ). Other 
concepts such as rejection of waste as coarse 
as possible with an aim to reduce energy and 
water requirements along with tailoring this 
coarse waste for value added products such as 
building materials needed for local commu-
nity and markets are also being pursued 

(Onuaguluchi and Eren  2012 ). Stage 2 entails 
a much smaller mining and processing foot-
print with a focus on high recovery of several 
by- products along with the main valuable 
minerals and a step-change in capital and 
operating costs for a robust economics.  

•   Stage 3: This stage is the ultimate zero waste 
scenario where the conventional boundaries 
of mine and mill merge with no overburden or 
waste removal to start-with, resulting in a 
complete shift in mineral extraction para-
digm. In situ recovery (ISR) defi nitely falls 
into this category and has signifi cant poten-
tial, but requires further development and 
novel technologies to address environmental 
and lixiviant production issues for  differ  ent 
ores types. New technologies involving bac-
terial leaching, chemical comminution, and 
discrete fracturing network (DFN) appear to 
have potential and are subjects of further 
research and development (Follink  2010 ; 
Dershowitz  2011 ; Muir  2014 ).    

  Fig. 2.21    Pictorial representation of the ISL process for uranium ore (with permission from Heathgate Resources, 
  www.heathgate.com.au    )       
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 The concept of  zero waste mining   is not new, 
but to make it a reality requires a phased approach 
working through the existing mining paradigm 
for most commodities. Different phases will be 
required for different commodities depending on 
geology, ore types, mineralogy associations, 
location, and other factors such as availability of 
technologies. Multidisciplinary collaboration 
involving various stakeholders is a must to real-
ize its full benefi ts. During these challenging 
times for the mining industry, the only way for-
ward is to transcend to a higher level than where 
the problem was created in the fi rst place. The 
underlying premise is that zero waste mining is 
economically very attractive, environmentally 
friendly, and fully integrated with the needs of 
local communities, societies, and other stake-
holders. A vision for the zero waste mining is a 
subject of another discussion and will be pre-
sented by the author elsewhere.     
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